
DOUBLY FED INDUCTION
MACHINE



IEEE Press

445 Hoes Lane

Piscataway, NJ 08854

IEEE Press Editorial Board
Lajos Hanzo, Editor in Chief

R. Abari T. Chen O. Malik

J. Anderson T. G. Croda S. Nahavandi

S. Basu S. Farshchi M. S. Newman

A. Chatterjee B. M. Hammerli W. Reeve

Kenneth Moore, Director of IEEE Book and Information Services (BIS)



DOUBLY FED INDUCTION
MACHINE
MODELING AND CONTROL
FOR WIND ENERGY GENERATION

Gonzalo Abad
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PREFACE

Over the last years, there has been a strong penetration of renewal energy resources

into the power supply network. Wind energy generation has played and will continue

to play a very important role in this area for the coming years.

Doubly fed induction machine (DFIM) based wind turbines have undoubtedly

arisen as one of the leading technologies for wind turbine manufacturers, demon-

strating that it is a cost effective, efficient, and reliable solution. This machine, a key

element of the wind turbine, is also known in the literature as the wound rotor

induction machine (WRIM). It presents many similarities with the widely used and

popular squirrel cage induction machine (SCIM). However, despite the parallelism

of both machines, the DFIM requires its own specific study for an adequate

understanding.

Although there have been a significant number of excellent textbooks on the

subject of induction machine modeling and control, books containing a significant

portion of material related to the DFIM are less common. Therefore, today this book

seems to be the unique and comprehensive reference, exclusively dedicated to the

DFIM modeling and control and applied to wind energy generation.

This book provides the reader with basic and advanced knowledge about DFIM

based wind turbines, including market overview and tendencies, discussing realistic

and practical problems with numerical and graphical illustrative examples, as well as

providing guidance to help understand the new concepts.

The technical level of the book increases progressively along the chapters,

covering first basic background knowledge, and later addressing advanced study of

the DFIM. The book can be adopted as a textbook by nonexpert readers, undergradu-

ate or postgraduate students, to whom the first chapters will help lay the groundwork

for further reading. In addition, a more experienced audience, such as researchers or

professionals involved in covered topics, would also benefit from the reading of this

book, allowing them to obtain a high level of understanding and expertise, of DFIM

based wind turbines.

It must bementioned that, bymeans of this book, the reader not only will be able to

learn from wind turbine technology or from the DFIM itself, but also enhance his/her

knowledge on AC drives in general, since many aspects of this book present universal

character and may be applied to different AC machines that operate on different

applications.

On the other hand, it is the belief of the authors that what makes this DFIM based

wind turbine technology cost effective (i.e., its reduced size converter requirement

due to the double supply nature of the machine), makes its study challenging for new

xiii



readers. The combination and coordination of the converter supply and grid supply,

compared to single supplied machines such as asynchronous or synchronous ma-

chines, lead us to amore enriching environment in terms of conceptual understanding.

In addition, the direct grid supply can be a disadvantage, when the machine must

operate under a faulty or distorted grid voltage scenario; especially if its disconnection

must be avoided, fulfilling the generation grid code requirements. This mainly occurs

because the stator windings of the machine are directly affected by those perturba-

tions. In order to move forward with these problematic but realistic and unavoidable

situations, additional active hardware protections or increased size of supplying

converter are commonly adopted, accompanied by special control adaptations.

Because of this, the work focuses on voltage disturbance analysis for DFIM

throughout the book.

It is clear that this work is not intended to be a defense of DFIM based wind

turbines, as the best technological solution to the existing alternative ones. Instead, the

objective of this book is to serve as a detailed and complete reference, of the well

established wind turbine concept.

No matter what the future holds, DFIM based wind turbines have gained an

undoubtedly distinguished place that will always be recognized in the history of wind

energy generation.

Finally, we would like to first express our sincere gratitude to Professor M. P.

Kazmierkowski, for encouraging us towrite this book.Wewish to also thank everyone

who has contributed to the writing of this book. During the last ten years, there have

been a significant number of students, researchers, industry, and university colleagues

who have influenced us, simply with technical discussions, or with direct and more

concise contributions. Thanks to your daily and continuous support, this project has

become a reality.

To conclude, we would like also to acknowledge IEEE Press and John Wiley &

Sons, for their patience and allowance of the edition of the book.

GONZALO ABAD

JESÚS LÓPEZ

MIGUEL A. RODRÍGUEZ

LUIS MARROYO

GRZEGORZ IWANSKI

xiv PREFACE



CHAPTER 1

Introduction to A Wind Energy
Generation System

1.1 INTRODUCTION

The aim of this chapter is to provide the basic concepts to understand a wind energy

generation system and the way it must be operated to be connected to the utility grid.

It covers general background on wind turbine knowledge, not only related to the

electrical system, but also to themechanical and aerodynamics characteristics ofwind

turbines.

In Section 1.2 the components and basic concepts of a fixed speed wind turbine

(FSWT) are explained, as an introduction to a modern wind turbine concept; also,

energy extraction from the wind and power–torque coefficients are also introduced.

In Section 1.3 a simple model for the aerodynamic, mechanical, and pitch systems

is developed together with a control system for a variable speed wind turbine

(VSWT). This section explains the different configurations for the gearbox, generator,

and power electronics converter, used in a VSWT.

Section 1.4 describes the main components of a wind energy generation system

(WEGS), starting with a VSWT based on a doubly fed induction motor (DFIM); then

a wind farm electrical layout is described and finally the overall control strategy for

the wind farm and the wind turbine.

InSection1.5, thegrid integration concepts are presented since the rising integration

of wind power in the utility grid demands more constraining connection requirements.

Since the low voltage ride through (LVRT) is the most demanding in terms of

control strategy, Section 1.6 deals with the LVRT operation description. The origin,

classification, and description of voltage dips are given in order to understand

specifications for the LVRT. The section finishes by describing a grid model suitable

to validate the LVRT response of wind turbines.

Section 1.7 provides a survey of solutions given by different wind turbine

manufacturers. And finally a 2.4MW VSWT is numerically analyzed.

To conclude, the next chapters are overviewed in Section 1.8.

Doubly Fed Induction Machine: Modeling and Control for Wind Energy Generation,
First Edition. By G. Abad, J. López, M. A. Rodr�ıguez, L. Marroyo, and G. Iwanski.
� 2011 the Institute of Electrical and Electronic Engineers, Inc. Published 2011 by JohnWiley& Sons, Inc.
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1.2 BASIC CONCEPTS OF A FIXED SPEED WIND TURBINE (FSWT)

1.2.1 Basic Wind Turbine Description

The basic components of a wind turbine are described bymeans of a fixed speed wind

turbine, based on a squirrel cage (asynchronous machine) and stall–pitch power

control. This technology, developed in the late 1970s by pioneers in Denmark, was

widely used during the 1980s and 1990s, andwas the base ofwind energy expansion in

countries like Spain, Denmark, and Germany during the 1990s.

The main manufacturers developing this technology have been Vestas, Bonus

(Siemens), Neg-Micon andNordtank, inDenmark, Nordex andRepower inGermany,

Ecot�ecnia (Alstom), Izar-Bonus and Made in Spain, and Zond (Enron-GE) in the

United States. At present, many other small manufacturers and new players such as

Sulzon in India or GoldWind in China are in the market.

The first fixed speed wind turbines were designed and constructed under the

concept of reusingmany electrical andmechanical components existing in themarket

(electrical generators, gearboxes, transformers) looking for lower prices and robust-

ness (as the pioneers did when they manufactured the first 25 kW turbines in their

garages in Denmark). Those models were very simple and robust (most of them are

still working, and there is a very active secondhand market).

To achieve the utility scale of 600,750, and 1000 kW, development ofwind turbines

took only ten years, and around two-thirds of theworld’s wind turbines installed in the

1980s and 1990s were fixed speed models.

Beforewe describe the FSWT, let’s have a look at the main concepts related to this

technology:

. The fixed speed is related to the fact that an asynchronous machine coupled to a

fixed frequency electrical network rotates at a quasifixed mechanical speed

independent of the wind speed.

. The stall and pitch control will be explained later in the chapter, but is related to

the way the wind turbine limits or controls the power extracted from the wind.

Figure 1.1 shows the main components of a fixed speed wind turbine.

The nacelle contains the key components of the wind turbine, including the

gearbox and the electrical generator. Service personnel may enter the nacelle from the

tower of the turbine.

To the left of the nacellewe have thewind turbine rotor, that is, the rotor blades and

the hub. The rotor blades capture the wind and transfer its power to the rotor hub. On

a 600 kW wind turbine, each rotor blade measures about 20 meters in length and is

designed much like the wing of an aeroplane.

Themovable blade tips on the outer 2–3meters of the blades function as air brakes,

usually called tip brakes. The blade tip is fixed on a carbon fiber shaft, mounted on a

bearing inside the main body of the blade. On the end of the shaft inside the main

blade, a construction is fixed, which rotates the blade tipwhen subjected to an outward

movement. The shaft also has a fixture for a steel wire, running the length of the blade

from the shaft to the hub, enclosed inside a hollow tube.

2 INTRODUCTION TO A WIND ENERGY GENERATION SYSTEM



Figure 1.1 Main components of a fixed speed wind turbine.
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During operation, the tip is held fast against the main blade by a hydraulic cylinder

inside the hub, pulling with a force of about 1 ton on the steel wire running from the

hub to the blade tip shaft.

When it becomes necessary to stop thewind turbine, the restraining power is cut off

by the release of oil from the hydraulic cylinder, thereby permitting centrifugal force

to pull the blade tip outwards. Themechanism on the tip shaft then rotates the blade tip

through 90 degrees, into the braking position. The hydraulic oil outflow from the

hydraulic cylinder escapes through a rather small hole, thus allowing the blade tip to

turn slowly for a couple of seconds before it is fully in position. This thereby avoids

excessive shock loads during braking.

The tip brakes effectively stop the driving force of the blades. They cannot,

however, normally completely stop blade rotation, and therefore for everywind speed

there is a corresponding freewheeling rotational speed. The freewheeling rotational

speed is much lower than the normal operational rotational speed, so thewind turbine

is in a secure condition, even if the mechanical brake should possibly fail.

The hub of the rotor is attached to the low speed shaft of the wind turbine. The low

speed shaft of the wind turbine connects the rotor hub to the gearbox. On a 600 kW

wind turbine, the rotor rotates relatively slowly, about 19–30 revolutions per

minute (rpm).

The gearbox has a low speed shaft to the left. It makes the high speed shaft to the

right turn approximately 50 times faster than the low speed shaft.

The high speed shaft rotateswith approximately 1500 revolutions perminute (rpm)

and drives the electrical generator. It is equipped with an emergency mechanical disk

brake. The mechanical brake is used in case of failure of the aerodynamic brake

(movable blade tips), or when the turbine is being serviced.

The electrical generator is usually a so-called induction generator or asynchronous

generator. On amodern wind turbine, themaximum electric power is usually between

500 and 1500 kilowatts (kW).

The shaft contains pipes for the hydraulics system to enable the aerodynamic

brakes to operate. The hydraulics system is used to reset the aerodynamic brakes of the

wind turbine.

The electronic controller contains a computer that continuously monitors the

condition of the wind turbine and controls the yaw mechanism. In case of any

malfunction (e.g., overheating of the gearbox or the generator), it automatically

stops the wind turbine and calls the turbine operator’s computer via a telephone

modem link.

The cooling unit contains an electric fan, which is used to cool the electrical

generator. In addition, it contains an oil cooling unit, which is used to cool the oil in the

gearbox. Some turbines have water-cooled generators.

The tower of the wind turbine carries the nacelle and the rotor. Generally, it is an

advantage to have a high tower, since wind speeds increase farther away from

the ground.

Towers may be either tubular towers (such as the one in Figure 1.1) or lattice

towers. Tubular towers are safer for the personnel who have to maintain the turbines,

as they may use an inside ladder to get to the top of the turbine. The advantage of

4 INTRODUCTION TO A WIND ENERGY GENERATION SYSTEM



lattice towers is primarily that they are cheaper. A typical 600 kW turbine will have a

tower of 40–60 meters (the height of a 13–20 story building).

Wind turbines, by their nature, are very tall slender structures. The foundation is a

conventional engineering structure that is designedmainly to transfer the vertical load

(dead weight). However, in the case of wind turbines, due to the high wind and

environmental loads experienced, there is a significant horizontal load that needs to

be accounted for.

The yawmechanism uses electricalmotors to turn the nacellewith the rotor against

the wind. The yaw mechanism is operated by the electronic controller, which senses

the wind direction using the wind vane. Normally, the turbine will yaw only a few

degrees at a time, when the wind changes its direction. The anemometer and the wind

vane are used to measure the speed and the direction of the wind.

The electronic signals from the anemometer are used by the wind turbine’s

electronic controller to start the wind turbine when the wind speed reaches

approximately 5 meters per second (m/s). The computer stops the wind turbine

automatically if the wind speed exceeds 25 meters per second in order to protect the

turbine and its surroundings.

The wind vane signals are used by the wind turbine’s electronic controller to turn

the wind turbine against the wind, using the yaw mechanism.

The wind turbine output voltages were in the low voltage range—380, 400,

440V—for the first wind turbine models (20–500 kW) in order to be connected

directly to the low voltage three-phase distribution grid, but the increasing power

demand and the integration in wind farms has increased this voltage to 690V. When

the wind turbine must be connected to the medium voltage distribution grid, a

transformer is included (inside the tower or in a shelter outside).

1.2.2 Power Control of Wind Turbines

Wind turbines are designed to produce electrical energy as cheaply as possible.

Wind turbines are therefore generally designed so that they yield maximum output

at wind speeds around 15 meters per second. Its does not pay to design turbines that

maximize their output at stronger winds, because such strong winds are rare.

In the case of strongerwinds, it is necessary towaste part of the excess energy of the

wind in order to avoid damaging the wind turbine. All wind turbines are therefore

designed with some sort of power control.

There are two different ways of doing this safely on modern wind turbines—pitch

and stall control, and a mix of both active stall.

1.2.2.1 Pitch ControlledWind Turbines On a pitch controlled wind turbine,

the turbine’s electronic controller checks the power output of the turbine several times

per second. When the power output becomes too high, it sends an order to the blade

pitch mechanism, which immediately pitches (turns) the rotor blades slightly out of

the wind. Conversely, the blades are turned back into the wind whenever the wind

drops again.
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The rotor blades thus have to be able to turn around their longitudinal axis (to pitch)

as shown in Figure 1.1.

During normal operation, the bladeswill pitch a fraction of a degree at a time—and

the rotor will be turning at the same time.

Designing a pitch controlled wind turbine requires some clever engineering to

make sure that the rotor blades pitch exactly the amount required. On a pitch

controlled wind turbine, the computer will generally pitch the blades a few degrees

every time thewind changes in order to keep the rotor blades at the optimum angle and

maximize output for all wind speeds.

The pitch mechanism is usually operated using hydraulics or electrical drives.

1.2.2.2 Stall Controlled Wind Turbines (Passive) stall controlled wind

turbines have the rotor blades bolted onto the hub at a fixed angle.

Stalling works by increasing the angle at which the relativewind strikes the blades

(angle of attack), and it reduces the induced drag (drag associated with lift). Stalling is

simple because it can be made to happen passively (it increases automatically when

thewinds speed up), but it increases the cross section of the blade face-on to thewind,

and thus the ordinary drag.A fully stalled turbine blade,when stopped, has the flat side

of the blade facing directly into the wind.

If you look closely at a rotor blade for a stall controlled wind turbine, you will

notice that the blade is twisted slightly as youmove along its longitudinal axis. This is

partly done in order to ensure that the rotor blade stalls gradually rather than abruptly

when the wind speed reaches its critical value.

The basic advantage of stall control is that one avoids moving parts in the rotor

itself, and a complex control system. On the other hand, stall control represents a very

complex aerodynamic design problem, and related design challenges in the structural

dynamics of the whole wind turbine, for example, to avoid stall-induced vibrations.

1.2.2.3 Active Stall Controlled Wind Turbines An increasing number of

larger wind turbines (1MW and up) are being developed with an active stall power

control mechanism.

Technically, the active stall machines resemble pitch controlled machines, since

they have pitchable blades. In order to get a reasonably large torque (turning force) at

lowwind speeds, themachineswill usually be programmed to pitch their bladesmuch

like a pitch controlled machine at low wind speeds. (Often they use only a few fixed

steps depending on the wind speed.)

When the machine reaches its rated power, however, you will notice an important

difference from the pitch controlled machines: If the generator is about to be

overloaded, the machine will pitch its blades in the opposite direction from what

a pitch controlled machine does. In other words, it will increase the angle of attack of

the rotor blades in order to make the blades go into a deeper stall, thus wasting the

excess energy in the wind.

One of the advantages of active stall is that one can control the power output more

accurately than with passive stall, so as to avoid overshooting the rated power of the

machine at the beginning of a gust of wind. Another advantage is that themachine can
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be run almost exactly at rated power at all high wind speeds. A normal passive stall

controlled wind turbine will usually have a drop in the electrical power output for

higher wind speeds, as the rotor blades go into deeper stall.

The pitch mechanism is usually operated using hydraulics or electric stepper

motors.

Aswith pitch control, it is largely an economic questionwhether it is worthwhile to

pay for the added complexity of the machine, when the blade pitch mechanism is

added.

1.2.3 Wind Turbine Aerodynamics

The actuator disk theory explains in a very simply way the process of extracting the

kinetic energy in the wind, based on energy balances and the application of

Bernoulli’s equation. The rotor wind capturing energy is viewed as a porous disk,

which causes a decrease in momentum of the airflow, resulting in a pressure jump in

the faces of the disk and a deflection of downstream flows (Figure 1.2).

The theory of momentum is used to study the behavior of the wind turbine and to

make certain assumptions. The assumptions are that the air is incompressible, the fluid

motion is steady, and the studied variables have the same value on a given section of

the stream tube of air.

The power contained in the form of kinetic energy in the wind crossing at a speed

Vv, surface A1, is expressed by

Pv ¼ 1

2
rA1V

3
v ð1:1Þ

where r is the air density.

The wind turbine can recover only a part of that power:

Pt ¼ 1

2
rpR2V3

v Cp ð1:2Þ

A1 Vv Pv

A0 V0

A2 v2 P2

F

P+

P –

Figure 1.2 Schematic of fluid flow through a disk-shaped actuator.
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where R is the radius of the wind turbine and Cp is the power coefficient, a

dimensionless parameter that expresses the effectiveness of the wind turbine in the

transformation of kinetic energy of the wind into mechanical energy.

For a given wind turbine, this coefficient is a function of wind speed, the speed of

rotation of the wind turbine, and the pitch angle.

Cp is often given as a function of the tip speed ratio, l, defined by

l ¼ ROt

Vv

ð1:3Þ

where R is the length of the blades (radius of the turbine rotor) and Ot is the angular

speed of the rotor.

The theoretical maximum value of Cp is given by the Betz limit:

Cp_theo_max ¼ 0:593 ¼ 59:3%

The rotor torque is obtained from the power received and the speed of rotation of

the turbine:

Tt ¼ Pt

Ot

¼ rpR2V3
v

2Ot

Cp ¼ rpR3V2
v

2l
Cp ¼ rpR3V2

v

2
Ct ð1:4Þ

where Ct is the coefficient of torque. The coefficients of power and torque are related

by the equation

CpðlÞ ¼ l �CtðlÞ ð1:5Þ

Using the resulting model of the theory of momentum requires knowledge of the

expressions for Cp(l) and Ct(l). These expressions depend mainly on the geometric

characteristics of the blades. These are tailored to the particular site characteristics,

the desired nominal power and control type (pitch or stall), and operation (variable or

fixed speed) of the windmill.

The calculus of these curves can only be done by means of aeroelastic software

such as Bladed or by experimental measurements.

From these curves, it is interesting to derive an analytical expression. This task is

much easier than obtaining the curves themselves. Without analytical expression, it

would save in table form a number of points on the curves and calculate the coefficient

corresponding to a given l (pitch angle) by means of a double interpolation.

The analytical expression for Cp(l) or Ct(l) may be obtained, for example, by

polynomial regression. One typical expression that models these coefficients will be

described in the next section.

Figure 1.3 shows an example of Cp(l) and Ct(l) curves for a 200 kW pitch

regulated wind turbine.

The power and torque of the turbine are shown in Figure 1.4.

Thewind speed Vn of precedent equations is not real; it is a fictitious homogeneous

wind. It’s a wind, expressed as a point of the area swept by the wind turbine, but the

wind must be traceable torque Tt near the field that produced the true wind speed

incident on the entire area swept by the rotor.
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The generation of this fictitious wind can be really complicated depending on the

phenomenon to be analyzed, for example, for flicker studies.

1.2.4 Example of a Commercial Wind Turbine

The Nordex N60 (1.3 MW nominal power) is a typical example of a fixed speed wind

turbine based on the concepts explained previously. The main characteristics of the

turbine are:

. The diameter of the turbine is 60 meters and has a stall power regulation.

. The rotor rotates at 12.8 and 19.2 fixed speeds.

. The gearbox is a three-stage design with a ratio of 78.3 for a 50Hz wind turbine,

with the first stage as a high torque planetary stage and the second and third

stages as spur stages.

. The generator is a water-cooled squirrel cage asynchronous type. It is

connected to the gearbox by a flexible coupling and it can turn at two speeds
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Figure 1.4 Curves of power and torque of a 200 kW pitch regulated wind turbine.
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Figure 1.3 Curves of coefficients of power and torque of a 200 kW pitch regulated wind

turbine, for different pitch angles b.
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(1000 and 1500 rpm), changing the number of pairs of poles of the machine

(3 and 2).

. The generator is provided with a thyristor based soft-starter.

. The primary brake system is the aerodynamic blade tip brake. The secondary

mechanical brake is a disk brake.

Figure 1.5 shows a picture of the Nordex N60, the main components located in the

nacelle, and their power curve.

1.3 VARIABLE SPEED WIND TURBINES (VSWTs)

Figure 1.6 shows the nacelle layout of a Nordex N80 (2.5 MW nominal power),

2.5MW variable speed wind turbine.

One must appreciate the big differences between the fixed speed and the variable

speed wind turbines; it is a technological evolution from the first one. An increase

Figure 1.5 Nordex N60 fixed speed wind turbine: (a) picture of the complete wind turbine,

(b) nacelle components, and (c) Power curve. (Source: Nordex).
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in size equals an increase in mechanical efforts, and the variable speed and the

power control provide the tools to do this without risks. The major differences

between them are:

. Power control is by means of pitchable blades.

. Doubly fed induction generator and power converters provide variable speed.

The main components of the nacelle and rotor are: (1) pitch bearing, (2) rotor hub,

(3) pitch drive, (4) framework, (5) yaw adjustment bearing, (6) main rotor shaft,

(7) yaw brakes, (8) gearbox, (9) holding brake, (10) coupling to generator, (11) gen-

erator, (12) cooler for the generator, (13) cooler for the gearbox, (14) wind sensors,

(15) on-board crane, (16) yaw drive mechanism, (17) support of the gearbox,

(18) nacelle fiberglass housing, (19) rotor bearing, and (20) stem of the rotor blade.

The following subsections will explain the basic models and control for the wind

turbine. In Section 1.7 a more detailed description is given of commercial wind

turbines.

1.3.1 Modeling of Variable Speed Wind Turbine

The proposed wind turbine model is composed of the following systems:

. Aerodynamic model, evaluates the turbine torque Tt as a function of wind speed

Vv and the turbine angular speed Ot

. Pitch system, evaluates the pitch angle dynamics as a function of pitch reference

bref
. Mechanical system, evaluates the generator and turbine angular speed (Ot and

om) as a function of turbine torque and generator torque Tem
. Electrical machine and power converters transform the generator torque into a

grid current as a function of voltage grid

. Control system, evaluates the generator torque, pith angle and reactive power

references as a function of wind speed and grid voltage

Figure 1.7 shows the interaction between the different subsystems.

Figure 1.6 Nordex variable speed pitch regulated wind turbine. (Source: Nordex).
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1.3.1.1 Aerodynamic Model The aerodynamic model represents the power

extraction of the rotor, calculating themechanical torque as a function of the air flowon

the blades. The wind speed can be considered as the averaged incident wind speed on

the swept area by the blades with the aim of evaluating the average torque in the low

speed axle.

The torque generated by the rotor has been defined by the following

expression:

Tt ¼ 1

2
rpR3V2

v Ct ð1:6Þ

As mentioned in a previous section, the most straightforward way to represent the

torque and power coefficientCp is by means of analytical expressions as a function of

tip step ratio (l) and the pitch angle (b). One expression commonly used, and easy to

adapt to different turbines, is

Cp ¼ k1
k2

li
� k3b� k4b

k5 � k6

� �
ðek7=liÞ ð1:7Þ

li ¼ 1

lþ k8
ð1:8Þ

with the tip step ratio,

l ¼ ROt

Vv

ð1:9Þ

Figure 1.7 Block scheme of a variable speed wind turbine model.
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1.3.1.2 Mechanical System The mechanical representation of the entire wind

turbine is complex. Themechanical elements of awind turbine and the forces suffered

or transmitted through its components are very numerous.

It is therefore necessary to choose the dynamics to represent and the typical values

of their characteristic parameters. The first is the resonant frequency of the power

train. The power transmission train is constituted by the blades linked to the hub,

coupled to the slow shaft, which is linked to the gearbox, which multiplies the

rotational speed of the fast shaft connected to the generator.

For the purpose of this simulation model, representing the fundamental resonance

frequency of the drive train is sufficient and a two mass model, as illustrated in

Figure 1.8, can then model the drive train. The second resonance frequency is much

higher and its magnitude is lower.

All the magnitudes are considered in the fast shaft. Inertia Jt concerns the turbine

side masses, while Jm concerns those of the electrical machine. These inertias do not

always represent exactly the turbine and the electrical machine. If the fundamental

resonance frequency comes from the blades, part of the turbine inertia is then

considered in Jm.

The stiffness and damping coefficients, Ktm and Dtm, define the flexible coupling

between the two inertias. As for the inertias, these coefficients are not always directly

linked to the fast shaft but to the fundamental resonance, which may be located

somewhere else.

Dt andDm are the friction coefficients and they represent the mechanical losses by

friction in the rotational movement.

The turbine rotational speed and driving torque are expressed in the fast

shaft by

Ot_ar ¼ NOt ð1:10Þ

Tt_ar ¼ Tt

N
ð1:11Þ

where N is the gearbox ratio.

Dtm

Tt_ar Jt

K tm

Wind energy transfer

TemJm

Dt Dm

Ω t_ar Ωm

Figure 1.8 Two mass mechanical model.
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Next,

Jt
dOt_ar

dt
¼ Tt_ar � DtOt_ar � Tem

Jm
dOm

dt
¼ Tem � DmOm þ Tem

dTem

dt
¼ KtmðOt_ar � OmÞ þ Dtm

�
dOt_ar

dt
� dOm

dt

� ð1:12Þ

The model can be simplified by neglecting the damping coefficients (Dt, Dm, and

Dtm), resulting in a model with two inertias (Jt and Jm) and the stiffness (Ktm). The

resulting transfer function relating the generator torque and speed presents a pole at

o01 pulsation and a zero o02 pulsation:

o01 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ktm

Jt þ Jm

JtJm

r
ð1:13Þ

o02 ¼
ffiffiffiffiffiffiffiffi
Ktm

Jt

r
ð1:14Þ

The pole has a frequency in the range between 1 and 2 hertz for a multimegawatt

wind turbine.

1.3.1.3 Pitch System The controller is designed for rotating all the blades at

the same angle or each of them independently. This independent regulation gives

more degrees of freedom to the control system. This particular operation would

reduce the stresses in the blades. The independent regulation of blades is an important

innovation that will bring more intelligence into the control system of wind turbines.

In studying a dynamic control system, a blade pitch involves many torques and

forces. The representation of this torques requires modeling the structural dynamics

of the blade, the behavior of the air around the blades, or the inclusion of friction in the

bearings.Moreover, regulation of the speed of rotation around the longitudinal axis of

the blades has a bandwidth much greater than that of the control of the angle itself.

Given these last two observations, the most standard approach is to represent the

loop control, the rate of change of pitch angle, and a linear system of first order

containing the main dynamics of the actuator (hydraulic or electric).

In fact, when modeling the pitch control, it is very important to model the rate of

change of this angle. Indeed, given the effort sustained by the blades, the variation of

the pitchmust be limited. It is limited to about 10�/s during normal operation and 20�/s
for emergencies.

Regulation of the blade angle is modeled as shown in Figure 1.9, by a PI controller

that generates a reference rate of change of pitch; this reference is limited and a first-

order system gives the dynamic behavior of speed control of pitch variation. The pitch

angle itself is then obtained by integrating the variation of the angle.
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1.3.2 Control of a Variable Speed Wind Turbine

Control of a variable speed wind turbine is needed to calculate the generator torque

and pitch angle references in order to fulfill several requirements:

. Extract the maximum energy from the wind.

. Keep the turbine in safe operatingmode (power, speed, and torque under limits).

. Minimize mechanical loads in the drive train.

Design of this strategy is a very complicated task strongly related with the aerody-

namic and mechanical design of the turbine, and indeed only known by the

manufacturers. In this section only the aspects related to the energy extraction and

speed–power control will be treated.

Figure 1.10 shows a general control scheme for the VSWT, where the two degrees

of freedom are the generator torque and the pitch angle.

Generator 
Torque 

Regulator 

Pitch 
Regulator 

β
Vv

Tem
*

Tblade 

Tem 

Elec. Variables

Ωm

dβ/dt
Wind 

Turbine 
Control 
Strategy 

Aerodynamic, pitch and
mechanical systems

β∗

Figure 1.10 Pitch regulated variable speed wind turbine control schema.
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Figure 1.9 Pitch system and control model.
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This control is independent of the generator technology and can be simulated

without modeling the electrical machine, power converters, and their associated

controls just including the torque dynamics as a first-order system.

Moreover, for DFIG based wind turbines this limitation also serves to limit the slip

of the electrical machine and therefore the voltage must provide the rotor converter.

The following subsections describe the wind turbine control strategy and the

control objectives.

1.3.2.1 Turbine Speed Control Regions The wind turbine control

strategy most commonly used is illustrated in Figure 1.11 and consists of four

operation zones:

1. Limit the minimum speed of operation.

2. Follow the curve of maximum power extraction from variable speed operation

with partial load.

3. Limit the maximum speed at partial load operation.

4. Limit the maximum operating speed at rated power output.

Figure 1.11 shows the wind turbine speed as a function of the wind speed.

The minimum speed limit is explained by the fact that we must prevent the turbine

from rotating at speeds corresponding to the resonant frequency of the tower. This

resonance frequency is about 0.5Hz and a rotational speed too small can excite it.

Moreover, for DFIMbased turbines this limitation also serves to limit the sliding of

the electricalmachine, and hence the rotor voltage, and therefore the voltage thatmust

provide the drive rotor.

The imposition of a maximum speed can also be explained by the limitation of

sustained efforts by the blades. Indeed, a rotation speed too high can cause inertial

Vv_nom

Generator mechanical speed

Wind speed

Ωm_max
Maximum power 

tracking

Vv_in Vv_out

Partial load Operation

1

2

3 4

Vv_ m_min

Ωm_min

Ω Vv_ m_ maxΩ

Full load Operation

Figure 1.11 Wind turbine control strategy based on four speed regions.
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loads unbearable by the blades and the turbine shaft. Also, the linear speed of the tip of

the blade must be limited.

For DFIM based turbines, this limitation responds to the desire to limit the slip but

also the maximum power that passes through the rotor and therefore by the rotor

converter and network. With this strategy, the power to operate the converters will be

around 25% of the rated power of the electric generator.

Therefore, the wind generator starts to run at the wind speed connection (cut-in

wind speed) with a rotating speed Ot_min.

When the wind speed becomes more important, it reaches the maximum aerody-

namic performance operating in Zone 2. As wind speed increases, the rotation speed

also increases until the maximum rotation speed Ot_max. The wind generator then

operates in Zone 3. When wind speed reaches its nominal value, the generator works

at the rated mechanical power and the energy captured for higher wind speeds should

be regulated at this nominal value.

Zone 4 corresponds to operation at full load. Here, the mechanical power can be

limited either by varying the pitch or by torque control. Typically, the electromagnetic

torque is maintained at nominal value and adjusts the pitch angle to keep the turbine at

maximum speed and rated power.

Figure 1.12 shows the torque and power in different operation modes.
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Figure 1.12 Curves of power and torque of a 200 kW pitch regulated wind turbine.
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1.3.2.2 Regions 1 and 3: Minimum and Maximum Speed Control The

main objective is tomaintain a constant speed of rotation of the turbine at itsminimum

value in Zone 1 and its nominal value in Zone 3.

Regarding energy efficiency, maximization is not as high a priority as in Zone 2,

where the speed of the turbine may evolve to maintain a specific speed lopt
corresponding to the maximum power coefficient Cp_max. Here, the generator

operates at constant speed.

The specific speed l varies with wind speed. Depending on the shape of the curves
of power coefficient parameterized by the pitch angle, it might be interesting to vary

this angle to optimize aerodynamic performance.

It is therefore interesting to plot the curve representing the optimum blade angle,

giving it amaximum power coefficient for a given l. The reference pitch ofmaximum

energy efficiency is l, a given specific speed obtained from this curve. See Figure 1.13.

1.3.2.3 Region 2: Maximum Power Tracking In this operation region, the

objective of the speed control is to follow the path of maximum power extraction. In

the literature, different methods are proposed to regulate the wind turbine at partial

load following the maximum power extraction trajectory.

Two different types of controllers have been considered; one consists of taking as

the electromagnetic torque reference the electromagnetic torque related to the

maximum power curve of Figure 1.12 for each turbine rotational speed value and

using the dynamically stable nature of the VSWTaround this curve. This controller is

called the indirect speed controller (ISC).

The second controller generates the optimal turbine rotational speed (this is linked

to the optimal tip speed ratio) for each wind speed value, and uses this as the turbine

rotational speed reference. Then, it controls the turbine rotational speed with a

regulator. It is called the direct speed controller (DSC).

Indirect SpeedController It can easily be shown that theWTis dynamically stable

around any point of the maximum power curve of Zone 2 of Figure 1.12. This means

that for any rotational speed variation around a point in themaximumpower curve, the

VSWT naturally goes back to its operating point.

Imagine that theVSWTis operating at point aof the curve in Figure 1.14a, thewind

speed and the electromagnetic torque being fixed. If the turbine rotational speed is
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+
-

m

Estimator 

Tem

est

Tem*

Vv

*

m_min

Figure 1.13 Control schemes for regions 1 and 3.
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reduced to Ot_b, the operating point passes to point b, and the turbine torque is then

Tt_b. The electromagnetic torque is fixed to its preceding value corresponding to Tt_a,

so Tt_b is higher than Tem, and the turbine rotational speed increases until it is again

stabilized around the Ot_a value.

Considering this stability property, the aerodynamic torque Tt can be kept in the

maximum power curve in response to wind variations, if the electromagnetic torque

Tem is controlled in a way to follow this curve. Actually, imagine that the VSWT is

operating at point a of the curve in Figure 1.14b.

When the wind speed value increases from Vv1 to Vv2, the operating point

becomes b, and the turbine torque becomes Tt_b. The controller provides the

electromagnetic torque corresponding to the maximum power curve (point c),

which is smaller than Tt_b. This makes the turbine rotational speed increase until it

reaches the equilibrium point c.

When the turbine is working on the maximum power point,

lopt ¼ ROt

Vv

; Cp ¼ Cp_max; and Ct ¼ Ct_opt

The aerodynamic torque extracted by the turbine is then given by

Tt ¼ 1

2
rpR3 R

2O2
t

l2opt

Cp;max

lopt
ð1:15Þ

That is,

Tt ¼ 1

2
rp

R5

l3opt
Cp;maxO

2
t ¼ kopt_tO

2
t ð1:16Þ

where

kopt_t ¼ 1

2
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Figure 1.14 Stability study around a point of the maximum power curve.
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It results in an optimal torque evolving as a quadratic function of the wind turbine

speed.

Moreover, from Equation (1.12) written in steady state,

0 ¼ Tt

N
� DtOtN � KtmðOt_ar � OmÞ

0 ¼ Tem � DmOm � KtmðOm � Ot_arÞ
ð1:17Þ

where Om ¼ NOt.

Tem ¼ � Tt

N
þ ðDt þ DmÞOm ð1:18Þ

Replacing Tt in Equation (1.18) by the expression (1.16), we have

Tem ¼ �koptO
2
m þ ðDt þ DmÞOm ð1:19Þ

where

kopt ¼ 1

2
rp

R5

l3optN3
Cp_max ð1:20Þ

This last expression leads to the controller illustrated in Figure 1.15.

As seen in Equation (1.19), the behavior of the rotational speed Ot depends on the

dynamics of the mechanical coupling.

With the ISC method, the behavior of the electromagnetic torque Tem and that of

Ot is the same, since the relation between Ot and Tem has no dynamics. The

electromagnetic torque is not used to increase the Ot dynamics as it could be if it

were the output of a regulator. Thus, the main disadvantage of the ISC is that the

mechanical coupling dynamics is not cancelled out, leading to a fixed soft response of

the system.

Direct SpeedController The DSC tracks the maximum power curvemore closely

with faster dynamics.

Tem*

m

−
kopt 

Dt_m 

+

m

2

^2

Vv

*= opt

Figure 1.15 Indirect speed control (Dtm¼Dt þ Dm).
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Knowing the definition of the tip speed ratio l, the optimal VSWT rotational

speed Ot_opt could be found from the wind speed (Vv). Unfortunately, Vv cannot be

measured because it is a fictitious wind speed; it does not exist.

The rotational speed optimal value can nevertheless be obtained from an estima-

tion of the aerodynamic torque. An observer based on Equation (1.12) and using

magnitudes such as the electromagnetic torque Tem and the turbine rotational speed

Ot, directly linked to measured signals, can easily be designed to estimate the turbine

aerodynamic torque Tt_est.

Thus, from Equation (1.16), in the optimal operating point,

O�
m ¼ N

ffiffiffiffiffiffiffiffiffiffiffi
Tt_est

kopt_t

s
ð1:21Þ

Once the rotational speed reference is generated, a regulator controls Ot using the

electromagnetic torque value Tem. The diagram of the DSC is illustrated in

Figure 1.16.

1.3.2.4 Region 4: Power Control The most common control structure for

controlling the wind turbine in this region is illustrated in Figure 1.17. Here the

electromagnetic torque is held constant at its nominal value. Most of the electrical

power generated is that of the stator, that is, the electromagnetic torque produced

by the electrical stator pulsationos; this structure leads to proper regulation of electric

power. The flicker emission is therefore low with this configuration. The

electromagnetic torque does not, however, contribute to regulation of the speed of

m*

Controller 

+
-

m

Max Power 

Tracking 

Tem

Vv

Tem*

Vv

*= opt

m

Observer 

kopt_t

Tt_est

Tem

Tt_est
m

*

N

Figure 1.16 Direct speed control.
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rotation. Another disadvantage is that, since Tem is constant, the mechanical coupling

at low fundamental resonance and flexibility of this coupling cannot be dumped.

1.3.3 Electrical System of a Variable Speed Wind Turbine

Until the mid-1990s, most of the installed wind turbines were fixed speed ones, based

on squirrel cage inductionmachines directly connected to the grid, and the generation

was always done at constant speed.

Today, most of the installed wind turbines are variable speed ones, based on a

doubly fed induction generator (DFIG), sharing the market with the wound rotor

synchronous generators (WRSGs) and the new arrivals, based on the permanent

magnet synchronous generators (PMSGs). All of these generator choices allow

variable speed generation.

In this section, the evolution of the variable speed generation systems is briefly

described. Looking at the generator used in the generation system of thewind turbine,

the variable speed wind turbine basic topologies can be classified into three different

categories.

1.3.3.1 Doubly Fed Induction Generator Solutions The doubly fed

induction generator has been used for years for variable speed drives. The stator

is connected directly to the grid and the rotor is fed by a bidirectional converter that is

also connected to the grid (Figure 1.18).

Using vector control techniques, the bidirectional converter assures energy

generation at nominal grid frequency and nominal grid voltage independently of

the rotor speed. The converter’s main aim is to compensate for the difference between

the speed of the rotor and the synchronous speed with the slip control.

The main characteristics may be summarized as follows:

. Limited operating speed range (�30% to þ 20%)

. Small scale power electronic converter (reduced power losses and price)

. Complete control of active power and reactive power exchanged with the

grid

Tem*=Tem_nom

m

Vv

*m_Nom

+
-

Controller 

Figure 1.17 Power control in region 4: b controls Om with Tem constant at nominal value

Tem_nom.
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. Need for slip-rings

. Need for gearbox (normally a three-stage one)

1.3.3.2 Full Converter Geared Solutions The full converter with gearbox

configuration is used with a permanent magnet synchronous generator (PMSG) and

squirrel cage induction generator (SCIG). Using vector control techniques again, a

bidirectional converter assures energy generation at nominal grid frequency and

nominal grid voltage independently of the rotor speed.

The SCIG uses a three-stage gearbox to connect the low speed shaft to the high

speed shaft. Although today the PMSG machine also uses a two-stage gearbox, the

objective is to decrease the gearbox from two stages to one, since the nominal speed of

the machine is medium.

The induction generator–squirrel cage rotor has the followingmain characteristics

(Figure 1.19):

. Full operating speed range

. No brushes on the generator (reduced maintenance)

. Full scale power electronic converter

. Complete control of active power and reactive power exchanged with the grid

. Need for gear (normally three-stage gear)

rotor 
filter 

grid 
filter 

Doubly Fed  
Induction Machine 

Wind 

Transformer 

Network 

Rotor side VSC Grid side VSC

GEARBOX 

Figure 1.18 Doubly fed induction machine based wind turbine.
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Induction Machine 

Transformer 
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GEARBOX
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Figure 1.19 Induction machine (SCIG) based wind turbine.
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The synchronous generator–permanentmagnet has the followingmain characteristics

(Figure 1.20):

. Full operating speed range

. No brushes on the generator (reduced maintenance)

. Full scale power electronic converter

. Complete control of active power and reactive power exchanged with the grid

. Possibility to avoid gear

. Multipole generator

. Permanent magnets needed in large quantities

. Need for gear (normally one- or two-stage gear)

1.3.3.3 Full ConverterDirectDriveSolutions Two solutions are proposed in

the market:

. Multipole permanent magnet generator (MPMG)

. Multipole wound rotor synchronous generator (WRSG)

Themultipole permanentmagnet generator allows connecting the axis of themachine

directly to the rotor of the wind turbine. Using vector control techniques, a bidirec-

tional converter assures energy generation at nominal grid frequency and nominal grid

voltage independently of the rotor speed.

The biggest disadvantage of this technique is the size of the bidirectional converter,

which must be of the same power level as the alternator. Also, the harmonic distortion

generated by the converter must be eliminated by a nominal power filter system. The

advantage of this technique is the elimination of the mechanical converter (gearbox

stator 
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Figure 1.20 Synchronous machine (PMSG) based wind turbine.
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Figure 1.21 Synchronous machine direct drive based wind turbine.
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coupling) because themachine can operate at low speed. Another disadvantage is that

the multipole machine requires an elevated number of poles, with the size of the

machine being bigger than the generators with the gearbox coupling. See Figure 1.21.

1.4 WIND ENERGY GENERATION SYSTEM BASED ON DFIM VSWT

1.4.1 Electrical Configuration of a VSWT Based on the DFIM

The configuration adopted in this book (Figure 1.22) connects the stator directly to the

grid, and the rotor is fed by a reversible voltage source converter, as first proposed

Peña and co-workers.

The stator windings are supplied at constant frequency and constant three-phase

amplitude, since it is directly connected to the grid.

The rotor windings are supplied by a power electronics converter able to feed the

DFIM with a variable voltage and frequency three-phase voltages.

This configuration is especially attractive as it allows the power electronic

converter to deal with approximately 30% of the generated power, reducing consid-

erably the cost and the efficiency compared with full converter based topologies.

The following subsections briefly describe the main components of the electrical

system.

1.4.1.1 Generator The doubly fed induction machine (DFIM), doubly fed

induction generator (DFIG), or wound rotor induction generator (WRIG) are

common terms used to describe an electrical machine with the following

characteristics:

. A cylindrical stator that has in the internal face a set of slots (typically 36–48), in

which are located the three phase windings, creating a magnetic field in the air

gap with two or three pairs of poles.

rotor 

filter 

m

grid

filter

DFIM 

Rotor side VSC Grid side VSC 

Stator breaker Main breaker 

Crowbar 

Wind 

Figure 1.22 General DFIM supply system.
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. A cylindrical rotor that has in the external face a set of slots, in which are located

the three phasewindings, creating amagnetic field in the air gap of the same pair

of poles as the stator.

. The magnetic field created by both the stator and rotor windings must turn at the

same speed but phase shift to some degrees as a function of the torque created by

the machine.

. As the rotor is a rotating part of the machine, to feed it, it’s necessary to have

three slip rings. The slip ring assembly requires maintenance and compromises

the system reliability, cost, and efficiency.

Figure 1.23 shows the different components of the machine.

From the point of view of a variable speed wind turbine (VSWT), several

characteristics are required:

. The stator windings are designed for low voltage levels (400, 690, 900V) in the

majority of manufacturers with the exception of Acciona, which uses a medium

voltage winding (12 kV) with the aim of reducing the size of the input

transformer.

. The rotor windings are designed for medium voltage windings in order to fit the

nominal voltage of the converter with the rotor voltage at maximum speed (slip).

For example, for a machine with nominal stator and rotor line-to-line voltage of

690V, with a maximum slip of 33%, the maximum rotor voltage will be 0.33 of

the rotor nominal voltage, that is, 228V. If the rotor winding is sized to 2090.9

volts (690/0.33), the maximum voltage will be 690V, that is, the maximum

available voltage for a back-to-back converter connected to a 690 grid. Note that

in oldermachines the rotor voltagewas 420Vin order to reduce the voltage level

of the power converter.

. The number of pole pairs is currently selected as two. This implies synchronous

speeds of 1500 rpm for a 50Hz grid frequency, and a typical speed range from

1000 to 2000 rpm approximately. Several manufacturers select three pole pairs

in order to minimize mechanical efforts or to use a cheaper converter. This

implies synchronous speeds of 1000 rpm, and a typical speed range from 750 to

1250 rpm approximately for a four-quadrant converter.

. Operational speed range is 900 to 2000 rpm, with a maximum overspeed up to

2200 rpm for two pole pair machines.

. The machine is forced air or water cooled and a water–air heat exchanger is

necessary in the nacelle.

1.4.1.2 Reversible Power Electronic Converter The generator torque

active power and reactive power through the rotor and the stator are controlled by

adjusting the amplitude, phase, and frequency of the voltage introduced in the rotor.

Most manufacturers adjust the synchronous speed to be centered in the middle of

the variable speed operation range (1500 rpm for two pole generators in wind turbines

with a variable speed range from 1000 to 2000 rpm), which means that the machine,
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working at subsynchronous and hypersynchronous speeds with positive and negative

torques, needs to be fed by a four-quadrant power electronic converter.

The standard power electronic converter used in this application is a back-to-back

converter composed of two three-phase inverters sharing theDC bus. At present, most

Figure 1.23 (a) Picture of themachine; (b) CAD representation of DFIG components; (c) slip

rings (source ABB); (d) picture of the machine; and (e) CAD representation. (Source: Indar-

Ingeteam.)
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manufacturers uses two-level converters with standard IGBTs in order to reduce

the cost for the 1.5 to 3MW wind turbines; but for the most powerful offshore ones

(3 to 6MW), three-level converters are expected to be the best option. Both options

will be studied in Chapter 2.

The two converters have two degrees of freedom that can be used in different

ways:

. The rotor side converter (RSC) and filter generates a three-phase voltage with

variable amplitude and frequency in order to control the generator torque and the

reactive power exchanged between the stator and the grid. The rotor converter

control strategywill be explained in the next few chapters, but twomain concepts

should be kept in mind:

T The rotor voltage frequency will be the difference between the stator

frequency and the mechanical speed in electrical radians.

T The rotor voltage amplitude (for a machine with a turns ratio equal to 1,

identical nominal voltage for stator and rotor) will be the nominal voltage

multiplied by the slip.

. The grid side converter (GSC) and filter exchangeswith the grid the active power

extracted or injected by the rotor side converter from the rotor. The output

frequency will be constant but the output voltage will change in order to modify

the exchanged active and reactive power. The active power is indirectly

controlled by means of the DC bus controller and the reactive power.

The sizing (rated current) of both converters is different depending on the strategy

selected for magnetizing the machine:

1. If the machine is magnetized from the rotor, the RSC must be sized for

delivering the quadrature torque component and the direct magnetizing current

(around 30% of the nominal current of the machine). The GSC only must

deliver the active power current component.

2. If the machine is magnetized from the stator, the RSC must be sized for

delivering the quadrature torque component. The GSC only must deliver the

active power current component and the reactive power current component.

The typical characteristics of these converters are the following:

. Vector control or direct torque control (DTC) for generator and grid converter

control; active and reactive power control; and grid code support

. Two-level, three-phase converter with IGTBs, at switching frequency of

2.5–5 kHz

. LCL filter for the GSC, and dv/dt filter for the RSC

. Nominal power: 500 to 2500 kVAs

. Nominal voltage 690V, þ 10% to �15%.
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. Nominal DC bus voltage 1000V

. Very low total harmonic distortion (THD< 3%)

. Air or water cooled, in order to reduce the size of the cabinets

Figure 1.24 shows two examples of converters.

1.4.1.3 Crowbar Protections When a voltage dip occurs in the network,

current transients in the stator windings (due to the stator’s direct connection to

the grid) and grid side converter are produced. Hence, these two behaviors are

completely different:

. The grid side converter doesn’t lose current control in most cases.

. Stator disturbance is transmitted to the rotor, causing uncontrollable currents that

can produce damage to the rotor converter due to the overcurrents and the

Figure 1.24 Back-to-back IGBT based 2L-VSC for 690V DFIM based wind turbines.

(Source: Ingeteam (a) and ABB (b).)
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overvoltage of the DC link. Frequently, there is a high transformation ratio

between the stator and rotor windings; thus, the rotor converter has restricted

control over the generator.

A circuit called crowbar is connected to the rotor to protect the RSC. The crowbar

avoids voltage bus exceed his maximum value once the RSC loses current control

providing a path for the rotor currents. The crowbar short-circuit the rotor and the

machine operates as a squirrel cage machine, see Figure 1.22.

The crowbar power converter may be implemented with several power structures.

In this section we will analyze two configurations that allow a passive and an active

crowbar. Both schemas rectify the rotor current and short-circuit the rotor bymeans of

a resistance. The passive crowbar is constructedwith a thyristor and allows closing the

circuit but does not allow it to open until the crowbar current is extinguished. The

active crowbar is constructed with an IGBT and allows opening the circuit in forced

commutation.

The control systemof the crowbarmay bematerialized inmanyways depending on

the power converter structure and the desired performances. After a voltage dip, the

rotor current regulators lose control and an energy flow from the stator to the rotor

charges the bus capacitor. To avoid the bus voltage from reaching the converter limits,

it is necessary to break this energy flow, and the simplest method is to short-circuit the

rotor when the bus voltage reaches a limiting value.

With a passive control, the crowbar act as a protection system; the time necessary

to open the stator breaker is approximately 100 milliseconds, causing at the end the

disconnection of the wind turbine. When the control objective is to keep the wind

turbine connected to the grid during fault, it is necessary to control the bus voltage.

The simplest technique consists of comparing the bus voltage with its maximum

and normal operation reference values and, depending on that comparison, keeping

the crowbar circuit open or closed. This technique is called active crowbar control.

The bus capacitor load dynamics is determined by the rotor–bus energy flow, and

the discharge is determined by the capacity of the grid side inverter (bus to grid

energy flow).

1.4.1.4 Transformer Generally, the output voltage of the wind turbine is not

designed to fit with low voltage or medium voltage networks, and a transformer is

necessary to adapt the turbine voltage to the coupling point.

There are several ways to connect the stator and the back-to-back converter to the

grid (Figure 1.25):

. If the stator voltage and the back-to-back converter are the same (commonly

690VAC), one transformer rated at full power, with a medium voltage primary

of several kilovolts (10–30 kV) and a low voltage secondary, is used.

. If the stator voltage is in the range of medium voltage, one transformer rated at

the rotor power is used. In this case, the stator voltage is directly connected to a

medium voltage distribution grid or to the medium voltage grid of a wind farm.
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. If the stator and back-to-back converter voltages are both in the low voltage

range, but different, two secondary windings are used.

All three ransformer configurations have advantages, and the main advantages and

disadvantages are summarized in Table 1.1.

The most common technologies used for these transformers are cast resin when

they are located in the wind turbine: the nacelle or tower.

Figure 1.26 shows two examples of transformers in liquid filled and resin

encapsulated technological solutions.
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Network 

Rotor side VSC Grid side VSC 

Figure 1.25 Different transformer connections.
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TABLE 1.1 Transformer Topology Comparison

Option Advantages Disadvantages

a . One single secondary winding . Full power transformer
. The primary MV winding can

be adapted to different MV

grids

b . The transformer is rated at 30%

of the wind turbine power

. The transformer leakage

impedance limits the short-

circuit current
. Less transformer loses . The MV grid must fit the stator

MV voltage
. Stator electrical design . Security concerns, as the MV

range means more capacitating

courses for maintenance

employees

c . The stator voltage and the

power electronics can be

designed with different voltage

levels

. The transformer is more

expensive

Figure 1.26 Picture of (a) a dry transformer (cast resin) and (b) a liquid filled (oil) transformer.

(Source: ABB.)
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1.4.2 Electrical Configuration of a Wind Farm

The first commercial wind turbines were installed as single units on farms or in small

villages in Denmark and Germany and were connected directly to the low voltage

distribution grid. Due to the financial support of the government, Danish farmers find

in wind energy a new income that improves the always complicated economic

situation of agriculture.

The increased power of turbines, and their connection to the medium voltage

distribution grids, made it necessary to include a transformer in the turbine to connect

it to themedium voltage distribution grids (rated 10–33 kV). In the first wind turbines,

this transformer and the breaker and protection system were located in shelters near

thewind turbine andwere shared by several wind turbines. Once the size of the towers

became adequate, the transformers were located in the tower. At present, the

transformer is located in the nacelle in the biggest wind turbines.

Once wind technology acquires the necessary maturity and governments adopt a

green policy for renewable energy generators, utility scale wind energy generation

systems will appear. At present, most of the wind turbines are installed in groups

currently called “wind farms” or “wind parks”; for example, in Spain the maximum

powerofa farmis50MW,while in theUnitedStatesyoucanfindwindfarmsof200MW.

These kinds of wind farms are directly connected to the transmission or sub-

transmission grids by means of an electrical substation especially constructed for the

wind farm.

Electrical collection from each of the wind turbines at the point of interconnection

with the wind farm can be done in many different ways but the most standard one is

shown in Figure 1.27.

A wind farm has the following components:

. The substation:

T The input breaker in the high voltage side of the transformer.

T The coupling transformer to the transmission grid. The primary voltage will

vary with each country’s standards from 66 to 220 kV. The secondary voltage

will vary from 10 to 33 kV.

T One output breaker on the medium voltage side of the transformer.

T Static VAR compensation (capacitor banks and inductors), connected by

means of medium voltage breakers.

T Dynamic VAR compensation based on SVC or STATCOM, this last con-

nected by means of a coupling transformer.

T Inductor or transformer to limit fault currents.

. Medium voltage feeders and circuits for each turbine cluster.

. Wind turbines. In each wind turbine there is a medium voltage breaker, a

transformer, and two sectionalizers to open the input and output circuits.

Inside the substation building are located the electrical cabinets for the protective

relays and the measuring, communication, and Scada system.
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From the point of view of wind turbine grid integration, the electrical layout of the

wind farm is important because of theway the grid outages affect the turbine behavior.

In the following subsections we analyze how the transformer connection types can

influence the types of dips that can affect the wind turbine.

1.4.3 WEGS Control Structure

Modernwind farmsmust be operated as conventional power plants due to the political

and institutional agreement for clean energy following the Kyoto Protocol.

As will be explained in the next section, grid codes—the rules that transmission

system operators (TSOs) and distribution system operators (DSOs) impose, are more

and more restricted, mainly due to the increased penetration of this technology in the

generation mix.

One good example of this is Spain. With 19.5GWof wind power installed in 2009

and a valley consumption of 22GW, countermeasures must be taken in order to

guarantee the stability of the power system when wind power is a 30–40% of the

generation mix.

In the last few years, operation and control of wind farms has been one of the most

important tasks for the Spanish TSOs, due to the high increment of the wind energy

capacity connected to the grid and, specifically, to the high voltage transmission

network. This new scenario has modified the traditional criteria for operating the

AUX

M

PCC

Figure 1.27 Electrical layout of a wind farm connected to the transmission grid.
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Spanish power system with the same confidence levels of reliability and security that

existed in the past, when this high amount of variable energy did not exist in the

generation mix.

This situation has led to the recent publication of technical documents (grid codes)

for regulating all aspects of the integration of wind farms in the power systems. At

present, in Spain, it is mandatory for all wind farms with a power capacity higher than

10MW to be connected to a dispatching center with some specific requirements for

communication and measurements that must be fulfilled.

Likewise, Spanish TSOs have proposed that when several wind farms evacuate

energy to a common point of the transmission network, only one mediating body

(usually the owner with the most power connected) must be between the TSO and the

rest of the wind farm owners.

The functions of this new figure, named the connection point manager (CPM), are

mainly to be in charge of the operation and management of all the power evacuated at

that point and to be the only speaker (intermediary) with the TSO.

At present, modern variable speed wind turbines (VSWTs) are capable of

exchanging reactive power with the grid and reducing active power by using pitch

control systems and dynamic torque control on the electrical generator.

This scenario is where the wind farm controller plays an important role in

controlling the active and reactive power injected by the wind farm into the grid

according to the references and control mode signals received from the TSO or the

CPM. This provides wind farms with the possibility to participate actively in the

control tasks of the grid in the same way as conventional power plants do.

Figure 1.28 shows a proposal of the overall control strategy necessary to operate, in

a secure way, a grid with increased penetration of renewable energy systems.

At the top, the control center of the TSO or the DSO communicates with the wind

farm controller and receives information about the generation state and reactive power

capacity of the generators, and sends the references of active–reactive power

LEVEL II

LEVEL I

LEVEL III

WIND FARM

WIND TURBINE

TSO-DSO

Figure 1.28 Hierarchic control structure for a WEGS.
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requirements to operate the grid in an efficient way and maintain the necessary

security level. TheWEGSmust have the same behavior as conventional power plants.

1.4.3.1 WindFarmControl System The references from the TSO-DSO arrive

at thewind farm control and define the requirements for each wind turbine and for the

substation reactive power static compensation (capacitor banks or inductors); this is

sent by a communication channel in real time.

An overall diagramof this control level is illustrated in Figure 1.29. The centralized

control objective must be that the wind farm behaves as a single unit (like a

conventional power plant).

The inputs will be the system operator references, measurements from the point of

common coupling (PCC), and the state and available power of each wind turbine.

In order to implement a centralized control it is necessary to have an effective

communication between the wind farm centralized control (WFCC) and each of the

wind turbines. Thus, while each of the wind turbines report to the WFCC the active

power and reactive power that they can deliver at any moment, the WFCC should

provide each of the wind turbines with references of active and reactive power.

The control objective of the WFCC is the regulation of active and reactive powers

injected at the point of common coupling. Figure 1.30 shows a commonly used control

structure and flow of signals between different subsystems.

The control system must perform the following tasks for active power:

1. Evaluate the operation mode for active power control: receive a reference or

deliver all available power, automatic frequency control, delta or balance

control.

2. Limit the generation deviation if necessary (power gradient limiter).

3. Regulate the active power in the PCC.

4. Dispatch the wind turbine active power reference (PWTi
ref ) as a function of the

wind farm power reference (PWF
ref ). The dispatch function can be done in many

different ways, for example, as a function of the available power (PWTi
disp) of each

TSO-DSO Wind Farm Centralised 
Control

PCC

df/dtmeas
VPCC,meas
PPCC,meas
QPCC,meas

FC
PWF,ref
QWF,ref

df/dtmeas
PWF,ref
QWF,ref

PWT,disp
QWT,disp

Figure 1.29 Signal flow between grid operator, wind farm control, and wind turbine.
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wind turbine:

PWTi
ref ¼ PWTi

disp

PWF
disp

PWF
ref ; where PWF

disp ¼
Xn
i¼1

PWTi
disp

An other option is to send the wind farm reference (per unit) to all the wind

turbines and each one will translate the reference to the available wind turbine

power.

The control system must perform the following tasks for reactive power:

1. Evaluate the operation mode for reactive power control: receive a reference or

deliver all available power, automatic voltage control, reactive control.

2. Regulate the reactive power in the PCC.

3. Dispatch the wind turbine power reference (QWTi
ref ) as a function of the wind

farm power reference (QWF
ref ). The dispatch function can be done in many
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Figure 1.30 Wind farm control: (a) active power control and (b) reactive power control.
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different ways, for example, as a function of the available power (QWTi
disp) of

each wind turbine:

QWTi
ref ¼ QWTi

disp

QWF
disp

PWF
ref ; where QWF

disp ¼
Xn
i¼1

QWTi
disp

The active and reactive operation modes will be detailed in following subsections.

1.4.3.2 Wind Turbine Control System The general control strategy of a

variable speed wind turbine can be divided into three different control levels, as

depicted in Figure 1.31.

Control level I regulates the power flow between the grid and the electrical

generator.

The rotor side converter is controlled in such a way that it provides independent

control of the electromechanical torque of the generator (sometimes the stator active

power is used, both are related directly by means of the stator frequency, as will be

studied in subsequent chapters) and the stator reactive power.
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Figure 1.31 General wind turbine control strategy based on DFIM.
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In Chapter 7 the vector control techniques for the DFIG will be studied in detail,

and in Chapter 8 direct power control techniques will be analyzed.

The grid side converter provides decoupled control of active and reactive power

flowing between the converter and the grid. The active power is exchanged between

the rotor and the DC bus and the control calculates the active power exchanged with

the grid to keep the DC bus voltage constant. In Chapter 2, vector control and direct

power control techniques for this converter will be detailed.

The crowbar converter protects the rotor side converter when a voltage dip occurs.

In Chapter 9 the most significant hardware solution will be explained.

Control level II is responsible for controlling wind energy conversion into

mechanical energy, that is, the amount of energy extracted from the wind by the

wind turbine rotor. This control level calculates the references for control level I. Two

main operating modes are commonly used:

. Extract the maximum power from the wind, coordinating torque (stator active

power) and pitch angle (b) references, always keeping thewind turbine under the
speed limits, as explained in preceding subsections. This is the normal operation

mode, in order to maximize the return on investment.

. Respond to active and reactive power references from the higher control level.

This is necessary to have reserve power in the wind turbine. This is a future

operationmode,necessary ingrid scenarioswith largedependenceonwindpower.

Control level III is dedicated to the wind turbine–grid integration. This control level

performs the same functionalities as the wind farm control:

. Provide ancillary services: voltage (Vgrid) and frequency (fgrid) control (droop

characteristics), or inertial response.

. Respond to active and reactive power references from the grid operator or wind

farm centralized control.

1.5 GRID CODE REQUIREMENTS

The grid codes of most countries generally aim to achieve the same thing. Electricity

networks are constructed and operated to serve a huge and diverse customer

demographic.

Electricity transmission and distribution systems serve, by way of example, the

following types of user:

. Large high-consumption industrial factories

. High-sensitivity loads requiring high quality and reliable uninterrupted supplies

. Communications systems (e.g., national)

. Farms

. Shops and offices
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. Domestic dwellings

. Large power stations

In simple terms, it is vital that electricity supplies remain “on.” To do this, the system

operator not only balances the system with suitable levels of generation to meet

demand, but also requires larger capacity users of the system, including both

generation and load, to actively participate in ensuring system security.

To achieve this, the following technical requirements are possibly the most crucial

and appear common across most European countries:

. Frequency and voltage tolerance

. Fault ride through

. Reactive power and voltage control capability

. Operating margin and frequency regulation

. Power ramping

And future technical requirements may include:

. Inertial response

. Power system stabilizer

. Wind farm control

1.5.1 Frequency and Voltage Operating Range

The electrical behavior of the network, in terms of frequency and voltage, due to its

dynamic nature is continuously changing. Generally, these changes occur in very small

quantities. It is a requirement that users of the transmission system are able to continue

operating inanormalmannerovera specified rangeoffrequencyandvoltageconditions.

With respect to frequency and for a 50Hz system, this would be in the range of 49 to

51Hz. With respect to voltage, this range could be �10% of the nominal voltage.

However, at times the ranges could be wider, although it would normally be

expected that the user would continue operating under an extreme condition for a

defined period of time, for example, 47Hz for 15 seconds or þ20% of the nominal

voltage for 1 hour. Beyond these extremes, the user would normally be required to

disconnect from the system.

Table 1.2 shows a common range of conditions within which a user would be

required to operate.

TABLE 1.2 Example of Possible Frequency and Voltage Tolerance Requirements

Normal Continuous

Operation Required Very Short Term

Frequency 49–51Hz 47.5–49Hz and 51–52Hz 47–47.5Hz

Voltage �5% �10%
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As an example, the EON grid code related to the operating times as a function of

frequency is illustrated in Figure 1.32.

1.5.2 Reactive Power and Voltage Control Capability

1.5.2.1 Power Factor Control To minimize losses and thus maintain high

levels of efficiency, it is preferable that networks operate with voltage and current in-

phase—that is, the power factor is unity.

However, users of electrical systems often tend to have inductive loads or

generation facilities that operate such that voltage and current are out-of-phase. In

addition, power system components including lines and transformers, for example,

produce or consume large levels of reactive power. From the network user’s

perspective (looking from the installation toward the network) an inductive load/

generation facility is said to have a leading power factor because the current leads the

voltage. Put another way, the user is consuming reactive power.

As the behavior of the network is continuously changing, users are required to have

the ability to adjust their reactive power production or consumption, in order that

reactive power production and consumption are balanced over the entire network. In

most cases, it is the generators who provide this control ability. The range, for

example, could be from 0.95 leading to 0.95 lagging.

An example is the proposed curve of power factor as a function of grid voltage in

the EON grid code (see Figure 1.33).

1.5.2.2 VoltageSupport Agenerating stationmay be required to operate over a

range of power factors to provide or consume reactive power as discussed and shown

above. Alternatively, the installation may be required to operate in voltage control

mode, that is, to adjust its reactive power production or consumption in order to

control voltage on the local network.

If the network voltage decreases to a level below a predefined range, an installation

may be required to supply reactive power to the network to raise the voltage.

Conversely, if the network voltage increases to a level above a predefined upper

Figure 1.32 EON Netz GMBH grid code related to frequency.
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limit, then the installation would be required to consume reactive power to bring the

voltage back within acceptable limits.

1.5.2.3 Reactive Power Wind Turbine Operation Modes In order to

accomplish the functionalities mentioned, the following operation modes

(Figure 1.34) for the reactive power control of the wind turbine are typically defined:

. Reactive power control—the wind turbine is required to produce or absorb a

constant specific amount of reactive power.

. Automatic voltage control—the voltage in the wind turbine point of common

coupling (PCC) is controlled. This implies that the wind farm can be ordered to

produce or absorb an amount of reactive power.

Figure 1.33 Reactive power control as a function of grid voltage (EON Netz GmbH).

Reactive Power Control
Reactive Power

Time

Automatic Voltage Control
Reactive 
Power

deadband

droop

droop

Voltage

(a) (b)

Figure 1.34 Reactive power operation modes: (a) reactive power Control and (b) automatic

voltage control.
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1.5.3 Power Control

Some network operators impose limits on power output. This could be during normal

continuous operation and/or during ramping up to an increased output or ramping

down to a decreased output.

This requirement might be necessary in the first case to limit output because of

limitations in the capabilities of other generators or the transmission or distribution

networks. In the latter case, this might be necessary so that network control systems

and other generators have time to respond to a new operating state.

When a generator comes on-line it is providing the network with an increased

amount of power which not only affects frequency, but also requires existing

operating installations to adjust their operational characteristics to adapt to the “new”

operating state.

With respect to wind power, for decreasing wind speed conditions there are

limitations in the capabilities of wind turbines. If the wind speed is falling, a wind

turbine may not be able to maintain its output or fully control the rate of decrease of

output. However, wind speed profiles can be predicted and so if a controlled ramp

down or clearly defined power reduction rate is required, a wind turbine’s output can

be reduced early, thus reducing the maximum rate of change of output power.

An example is the proposed curve of power (as a percentage of the momentary

possible power production) as a function of grid frequency in the ESB National Grid

code (see Figure 1.35).

0

53525150494847

120

100

80

60

40

20

A

E

D

C
B

Voltage (%) 

Frequency (Hz) 

Figure 1.35 Power versus frequency in ESB National Grid
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1.5.3.1 Active Power Wind Turbine Operation Modes In order to

accomplish the functionalities mentioned, the following operation modes

(Figure 1.36) for the power control of the wind turbine are typically defined:

. Balance control—whereby wind turbine production can be adjusted downward

or upward, in steps, at constant levels.

. Delta control—whereby the wind turbine is ordered to operate with a certain

constant reserve capacity in relation to itsmomentary possible power production

capacity. This operationmode allows an installation to operate at amargin below

its rated power output–maximum power extraction so that it may respond to

significant changes in frequency by increasing or decreasing its output.

. Power gradient limiter—which sets how fast the wind turbine power production

can be adjusted upward and downward. Such a limiter helps to keep production

balance between wind farms and conventional power plants.

. Automatic frequency control—the frequency measured in the wind farm point

of common coupling (PCC) is controlled. The wind turbine must be able to

produce more or less active power in order to compensate for a deviant behavior

in the frequency.

1.5.3.2 Inertial Response Most wind turbine concepts utilize variable rotor

speed, as this has major advantages for reduction of drive train and structural loads.

All conventional generators are fixed speed; that is, the entire drive train rotates at

synchronous speed and therefore provides a substantial synchronously rotating

inertia. Rotating loads also provide such inertia, although the generators

dominate. This inertia provides substantial short-term energy storage, so that

small deviations in system frequency result in all the spinning inertias

accelerating or decelerating slightly and thereby absorbing excess energy from the

system or providing additional energy as required.

This happens without any control system, effectively instantaneously. Without

this, modern power systems could not operate.

In addition to this “smoothing” effect in normal operation, the spinning inertia also

provides large amounts of energy in the event of a sudden loss of generation: the rate of

Balance Control
Power

Time

Delta Control
Power

Time

Automatic Frequency Control
Power

deadband

droop

droop

Frequency

(a) (b) (c)

Figure 1.36 Active power operation modes: (a) balance control, (b) delta control, and

(c) automatic frequency control.
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decrease of system frequency in the first second or so after such an event is entirely

governed by the amount of spinning inertia in the system.

Variable speed wind turbines have less synchronously connected inertia, and in the

case of the FCconcept, none at all. Aswind turbines displace conventional generation,

there will be less spinning inertia, and therefore the system will become harder to

control and more vulnerable to sudden loss of generation.

It is feasible that future grid codes will require all or some generators to provide an

inertia effect.

This can in principle be provided by variable speed wind turbines, but this requires

a control function and cannot occur without intervention. The control function will

sense frequency changes and use this to adjust generator torque demand, in order to

increase or decrease output power.

The effect is similar to the frequency-regulation function discussed earlier, but is

implemented by generator torque control rather than pitch control. A more complex

implementation could also include pitch control.

It is possible that wind turbines would not need to provide this function for small-

scale frequency deviations, as conventional generation capacity may still be suffi-

cient. Instead, the requirement could be limited to responses to large-scale deviations

associated with a sudden loss of generation.

Initial studies show that, in principle, variable speed wind turbines can provide a

greater inertia effect than conventional synchronous machines, because generator

torque can be increased at will, extracting relatively large amounts of energy from

the spinning wind turbine rotor. This decelerates the wind turbine rotor rapidly, and

so may not be sustained for very long before aerodynamic torque is reduced. High

generator torque also results in high loads on the drive train, which may add

significant cost.

It is concluded that an inertia effect is available, in principle, but may have

implications for wind turbine design and cost. It is not clear if some of the FSWT

concepts may provide the necessary control.

1.5.4 Power System Stabilizer Function

Power system stabilizer (PSS) functions can be provided by conventional generators.

In essence, the output power of the generator is modulated in response to frequency

deviations, in order to damp out resonances between generators. These resonances are

most likely to occur between two groups of large generators separated by a relatively

weak interconnection.

Again, because of the tight control of generator torque provided by the DFIG

concept, and possibly also FSWT, this function should also be able to be provided

if required.

However, it should be pointed out that because variable speed wind turbines have

very little synchronously connected inertia, the risk of such resonances actually

reduces as wind penetration increases. Thus, there is an argument that PSS functions

should be provided only by conventional generation.
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1.5.5 Low Voltage Ride Through (LVRT)

The LVRT fulfillment for wind turbines has become a major requirement from the

TSO-DSOs all around the world.

The first wind turbines based on squirrel cage asynchronous generators were very

sensitive to grid outages. The protections were tuned in such a way that the wind

turbine disconnected with even minor disturbances.

This caused two major problems for the TSO-DSO:

1. The protectionswere unable to detect faults in lines near wind farms, due to loss

of short-circuit current from the wind farms.

2. The loss of wind power generation (reconnection of a fixed speed wind farm

takes several minutes) necessitates fast response generation plants (such as

hydro) or an increase in the fast reserve power.

So, as mentioned earlier, the first requirement of the TSO is to “keep connected.”

But wind turbine behavior during a grid fault is very different depending on the

technology (fixed speed or variable speed, and full converter technologies or doubly

fed) and also different from conventional power plants based on synchronous

generators.

Thus, the TSOs decided to standardize the pattern of current versus voltage during

faults, that is, the current that the generator consumes during the fault.

In Chapter 9, the crowbar control strategy and design will be studied in detail. The

control strategy must allow the wind turbine:

. To remain connected to the power system and not consume active power during

the fault

. To be provided with reactive power during the fault to assist voltage recovery

. To return to normal operation conditions after the fault

Voltage recovery is a complementary requirement; wind generators try to minimize

the impact of wind parks in the power system during a short circuit and fault clearing.

Voltage recovery is performed by reactive current injection of the wind generator.

1.6 VOLTAGE DIPS AND LVRT

If a defined fault occurs on the transmission system, it is a normal requirement of the

transmission system operator that a generating station remain in operation and

connected to the system—thus, it “rides through” the fault.

The definition of the fault is derived from the response time of the network

protection systems to clear the fault. A normal duration to clear a fault is in the range

of hundreds of milliseconds; hence, the requirement of the user will be to ride

through a fault that has a significant drop in voltage of some hundreds of milli-

seconds in duration.
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Because this issue is very important for the grid integration of wind energy

systems, the following subsections will be oriented to describe the basic concepts:

. The electric power system (EPS) and the origin of the dips in the EPS

. The definition, classification, and transmission in the EPS of dips

. The procedure to validate the simulated LVRT requirements for wind turbines in

Spain.

1.6.1 Electric Power System

1.6.1.1 Description The electric power system (EPS) is the set of infrastructures

responsible for the generation, transport, and distribution of electrical energy and can

be considered as some of the biggest infrastructures in the world.

Electric power transmission is the bulk transfer of electrical energy from generat-

ing power plants to substations located near population centers. This is distinct from

the local wiring between high voltage substations and customers, which is typically

referred to as electricity distribution. Transmission lines, when interconnected with

each other, become high voltage transmission networks.

Figure 1.37 shows a schematic diagram of an EPS, with traditional distribution

from generation to a residential user.

Historically, transmission and distribution lines were owned by the same company,

but over the last decade or so many countries have introduced market reforms that

have led to the separation of the electricity transmission business from the distribution

business. Thus, in many countries, there are one or two transmission system operators

(TSOs), several distribution system operators (DSOs), and trading companies.

Figure 1.37 Schematic diagram of an EPS.
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Wind power generators are commonly connected at all the voltage levels of the

EPS, from the most powerful wind farms (from 25 to 250MW) that are connected to

transmission or subtransmission lines (from 66 to 745 kV) to the lower power wind

turbines (50 to 500 kW) connected directly to the low voltage (380, 400, 440V)

distribution lines.

Therefore, the connection rules (grid codes) for each voltage level are elaborated

by the different companies that operate the networks.

Another important point is the connection of different transformers and ground

(related to the protective systems for lines) at different levels; for example, Figure 1.38

shows a diagram of the Spanish transmission and distribution network.

The transmission system operator is responsible for operating the high voltage

transmission system. In Spain the TSO operates the 220 and 400 kV transmission

system. The 220 and 400 kV systems are connected by means of autotransformers.

Big power generation plants such as nuclear, coal, and hydro are connected at this

level.

The distribution system operators are responsible for operating the distribution

lines and also the subtransmission system necessary to connect the consumer centers

to the transmission system. Typical voltages in this subtransmission system are 69 and

132 kV in Spain. The subtransmission system and the transmission system are

connected by means of star–star transformers with neutral connected to earth.

Once the lines arrive at the consumer centers, it’s necessary to step down the

voltage to the proper level for domestic customers. This is done in two steps:

. A high voltage line arrives at the distribution substations where the DSO

decreases the voltage levels to 10, 20, 30 kilovolts and distributes the power

in different feeders. These transformers have a Delta-Star connection with

neutral to ground.

. From each feeder several transformation centers reduce the voltage from

medium voltage to low voltage (400V) and distribute the single-phase lines

to domestic customers. These transformers have a Delta connection.

1.6.1.2 Origin of Voltage Dips Voltage dips are primarily caused by short-

duration overcurrents flowing through the power system. The principal contributions

to overcurrents are power system faults, motor starting, and transformer energizing.

Power system faults are the most frequent cause of voltage dips, particularly

single-phase short circuits. In the event of a short circuit, for a large area of the

adjacent network, the voltage in the faulted phase drops to a value between 0 and

1 p.u., depending on the impedance between the point of fault and the point of

measurement.

Voltage dips are caused by faults on the utility network or within the wind farm. A

network fault indicates either a short-circuit condition or an abnormal open-circuit

condition. The nature of voltage dips can be influenced by the symmetry of a network

fault.

Two types of voltage dips are depicted: asymmetrical dip and symmetrical dip.
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Figure 1.38 Spanish transmission and distribution network.

VOLTAGE DIPS AND LVRT 49



The supply network is very complex. The extent of a voltage dip at one site due to a

fault in another part of the network depends on the topology of the network and the

relative source impedances of the fault, load, and generators at their common point of

coupling.

The drop in voltage is a function of the characteristics of fault current and the

position of the fault in relation to the point of measurement. The duration of the dip

event is a function of the characteristics of system protection and recovery time of the

connected loads.

1.6.2 Voltage Dips

1.6.2.1 Definition Voltage dips—or sags, which are the same thing—are brief

reductions in voltage, typically lasting from a cycle to a second or so, or tens of

milliseconds to hundreds of milliseconds. (Longer periods of low or high voltage are

referred to as “undervoltage” or overvoltage.”)

Voltage dips are themost common power disturbance. At a typical industrial site, it

is not unusual to see several dips per year at the service entrance, and far more at

equipment terminals. The frequency is even higher in the interior of the site or in

developing countries that have not achieved the same levels of power quality as more

developed nations.

Dips do not generally disturb incandescent or fluorescent lighting, motors, or

heaters. However, some electronic equipment lacks sufficient internal energy storage

and therefore cannot ride through dips in the supply voltage. Equipment may be able

to ride through very brief, deep dips, or it may be able to ride through longer but

shallower dips.

Normally, the grid voltage fluctuates around its nominal value with variations

within a maximum range of �10% of that value. A dip is the sudden drop in voltage

from one or more phases followed by a rapid restoration to its nominal value after a

short space of time between half a period (10ms at 50Hz) and 1 minute.

For the voltage fall to be considered a dip, the voltage value must be between 1%

and 90%of its nominal value (IEC 61000-2-1, EN50160). A drop below1% is usually

called a short interruption. Above 90% it is considered that the voltage is within the

normal range of operation.

In three-phase grids, dips can be divided into two broad categories:

. Three-phase dips, when the voltages of the three phases fall into the same

proportion.

. Asymmetric dips, where all three phase drops are not equal and the voltage is

unbalanced: for example,
T Single-phase dips that affect only one phase.

T Biphasic dips that involve two phases.

The voltage dips are normally characterized by the depth and duration, as can be seen

in Figure 1.39.
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The depthmeasures the voltage drop in relative terms. It is measured at the deepest

point of the valley. The voltage is usually measured by the rms value calculated for

each half-period (RMS1/2); hence, the minimum duration for a voltage dip is set for

half a period. The duration is defined as the length of time that voltage is less than 90%

of the nominal value.

1.6.2.2 Classification Bollen and co-workers propose a more intuitive

approach to the characterization of three-phase voltage dips. The ABC

classification method distinguishes between seven dip types (A to G) by analyzing

the possible types of short circuits and the dip propagation through transformers.

Table 1.3 summarizes these dip classes as a function of fault type, location and

connection of measuring instruments in the AC grid.

Table 1.4 shows voltage phasors for different dip classes, in which the positive-

sequence, negative-sequence, andzero-sequence impedances are considered to be equal.

If the amplitude depth is definedwith thevariable p, the fault voltages are defined in

the equations for each fault type.

Voltage
(Vrms)

Measured Voltage r.m.s.

Nominal Voltage

Dip Threshold

Dip Magnitude

Voltage Dip Duration

Time
(ms)

Figure 1.39 Parameters of a dip.

TABLE 1.3 Dip Classes of Several Faults Measured at Different Locations

Fault Type

Dip Class

(measured

between

phase and

neutral)

Dip Class

(measured between

phase and neutral

after a Dy or

YD transformer)

Dip Class

(measured

between

phases)

Dip Class

(measured

between phases

after a Dy or

YD transformer)

Three-phase A A A A

Single-phase B C D C

Phase-to-phase C D C D

Two-phase-to-ground E F F G
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1.6.2.3 Transformer Effect The ABC classification method was introduced

to describe the propagation of voltage dips through transformers. This method of

voltage dip classification is the oldest and themost commonly used, possibly due to its

simplicity.

Three groups of transformer connections must be analyzed:

. Wye–wye with neutral point connected

. Delta–delta and wye–wye without connecting neutral point

. Wye–delta and delta–wye

The first group of transformers allow circulating common mode currents. The second

group of transformers do not allow circulating common mode currents. This means

that the common mode component is eliminated.

The third group of transformers, apart from common mode component elimina-

tion, introduce a phase angle between primary and secondary voltages. Note that

positive and negative sequences are phase shifted by the opposite signed angle.

Due to these reasons, the type of voltage dip in the primary side can be changed in

the secondary side.ATypeAvoltage dip does not changewith a transformer because it

only has a positive sequence.

Figure 1.40 represents the transformation of different types of voltage dip

according to the ABC classification method.

1.6.2.4 Transformer Effect in aWind Farm Thewind turbine can suffer grid

outages at the point where it’s connected to the high,medium, or low voltage network.

In low voltage networks the turbine is directly connected to the low voltage

distribution grid without a transformer. In medium voltage grids (distribution), the

turbine is connected by means of the turbine step-up transformer.

Turbines connected to high voltage grids (transmission and subtransmission)

are usually found in wind farms with the electrical layout explained in Sec-

tion 1.4.2. In this case a typical example of the electrical circuit between the point

of common coupling of the wind farm to the wind turbine is represented in

Figure 1.41.

In order to study the effect of transmission network short circuits on the wind

turbine, the following elements are modeled:

. The high voltage equivalent grid, represented by the equivalent Th�evenin circuit

. The substation transformer with a short-circuit impedance

. The impedance of the feeder from the substation to the wind turbine

. The coupling transformer with a short-circuit impedance

. The internal electrical circuit of the turbine

The short circuits can be located in high voltage (HV) or medium voltage (MV) grids

and will affect the wind turbine in different ways but due to the transformer
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configuration only three-phase and two-phase voltage dips will occur at the low

voltage connection point of the turbine.

The electrical configuration ofwind farms is different in each country and the same

goes for how the transmission and distribution systems are operated; each example

must be considered separately.

Wind Turbine 

Wind Farm MV grid 

 +  

Sub Station Transformer 

PCC 

Equivalent 

HV Grid  

ZFIL 

ZLV2

ZLV1 ZLV3 ZMV1 ZMV2
ZSC 

TR1
TR2 E

Figure 1.41 Transformer effect in the type of voltage dip for high voltage grid.

Figure 1.40 Transformer effect in the type of voltage dip.
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1.6.3 Spanish Verification Procedure

The purpose of the procedure is to measure and assess the response of wind farms in

the event of voltage dips. This procedure ensures uniformity of tests and simulations,

precision of measurements, and assessment of the response of wind farms in the event

of voltage dips. The requirements for the response to dips are specified in the electrical

system Operational Procedure 12.3.

The following subsections will describe the most relevant points of the procedure

related to the simulation of the behavior of the wind turbine to verify a response to

voltage dips.

1.6.3.1 Topology of Electrical System In order to carry out wind farm

simulations, an electrical configuration as described in Figure 1.42 will be used,

which must contain at least the following elements:

. Wind farm devices and their specifications.

. Medium to high voltage step-up transformer

. Evacuation line (AT - PCR)

. Grid equivalent

All groups of the WTGs connected through the electrical power circuits will be

connected at the medium voltage (MV) point. If additional loads or other wind farms

are connected between the high voltage (HV) point and Evacuation line (HV - PCC)

the grid connection point (GCP), also called point of common coupling (PCC), those

additional loads orwind farmswill be taken out of the simulation, in order to avoid any

modification of the equipment that connects to the GCP (transformers and lines).

1.6.3.2 Equivalent Electrical Grid The rest of the electrical grid that does not

belong to the wind farm being studied must be modeled so that the fault clearance at

the grid connection point reproduces the usual voltage profile in the Spanish electrical

system—a sudden increase upon clearing of the fault and a slower recovery

afterwards. This profile will be considered fixed and independent of the

geographic location of the wind farm to be studied.

Figure 1.42 Single-line schematic of the electrical system layout.
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In order to simulate the equivalent electrical grid, a dynamic systemhas been chosen

consisting of one node in which the equivalent dynamic model of the UCTE (UCTE

node) is modeled, along with another node in which an equivalent model reflects the

dynamic characteristics due to the hypothetical closest electrical grid (REDnode) and a

third that represents the GCP (GCP node). These nodes are separated by impedances of

predetermined values in such a way as to reproduce the typical voltage profile of the

Spanish electrical system. In this way, it is guaranteed that all of the wind farms are

tested, by simulation, for short circuits with equal characteristics.

The UCTE equivalent includes a synchronous generator (Generator 1) of an

apparent power that reflects a realistic value for the interconnected apparent power

and therefore the inertia of the UCTE system. This generator is modeled in 20 kV bars

with a step-up transformer. The demand of the UCTE system is modeled as a load in

the equivalent node of the system.

In order to consider the dynamic side of the equivalent of the closest grid, a

synchronous generator has been included (Generator 2) and a demand. Generator 2 is

modeled in 20 kV bars with a step-up transformer and the demand is modelled as a

load in 20 kV bars connected to the RED node through a transformer.

The properties of the equivalent electrical grid must include at least the elements

represented in Figure 1.43.

1.6.3.3 Evaluation of Response to Voltage Dips The final part of the

simulation procedure consists of the strict evaluation of the wind farm’s response

to voltage dips. Once the electrical system, its associated dynamic elements, and

the starting conditions before simulation have been defined, a fault can be applied to

the grid connection point.

Figure 1.43 Model of the equivalent electrical grid (single-line scheme).
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Once the initial conditions are adjusted at the WTG terminals, the active

generated power corresponding to the full or partial load and zero reactive power

will be considered the initial conditions prior to the simulation. Once the simula-

tions have been carried out, the following requirements must be achieved for each

test category:

1. Continuity of Supply. During the simulation, it must be shown that the wind

farm withstands the specified dips in the test procedure without disconnection. To

carry out these simulations, it is necessary that the simulation model includes internal

protections, which determine the triggering of the WTG in case of voltage dips and

return the resulting disconnection signal.

If the entire wind farm (without aggregation) is simulated, the simulated

installation guarantees a continuity of supply if the number of machines remaining

connected during the dip is such that the loss of generated active power does not

exceed 5% of the power previous to the fault. If an equivalent wind farm (with

aggregation) is used, the triggering of the WTG will determine the continuity of

supply for the complete wind farm.

2. Voltage and Current Levels at theWTGTerminals. After checking the voltage

level during the no load test, the voltage and current values in each phase for the four

categories described above must be measured and recorded during the load tests

(WTG connected during the short circuit).

3. Exchanges of Active and Reactive Power as Described in OP 12.3. In the

wind farm simulation, it must be shown that neither a specific beginning or clearance

point for the voltage dip nor a power factor for the WTGs, which are especially

favorable for compliance with the requirements set in OP 12.3, has been chosen.

1.7 VSWT BASED ON DFIM MANUFACTURERS

This section discusses manufacturers that propose wind turbines based on the DFIM,

and then develops a complete model for a 2.4MW wind turbine along with the basic

analysis of the aerodynamic, mechanical, and electrical magnitudes.

1.7.1 Industrial Solutions: Wind Turbine Manufacturers

The main players in the market have product solutions based on the DFIM. Table 1.5

shows some of their characteristics for the 50Hzmodel wind turbines. The aim of this

table is to give readers an idea of the main parameters of the turbines.

In order to understand the table, it’s necessary to explain some concepts.

. Turbine speed: minimal–nominal–maximum: The turbine operates in the maxi-

mum power tracking region between the minimal and the nominal speed. The

maximum speed limit is due to the difficulty in regulating the nominal speed

during gusts and lessening the mechanical stress on the turbinewhen the turbine

is operating at nominal power.
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. The rotor diameter is always a little bigger than the length of the blades, due to

the hub diameter and because sometimes the blades have extensions. The tip

maximum speed in meters per second is the turbine maximum speed in radians

per second; multiplied for the rotor ratio, this speed is around 300 kilometers per

hour in most turbines.

. Generator speed: minimal–nominal–maximal: The generator speed must be

calculated by multiplying the turbine speed by the gearbox ratio. The minimal,

nominal, and maximal values must correspond with the turbine ones.

. Generator pole number: The generator synchronous speed is 1500 rpm for a two

pole pair generator, and 1000 rpm for a three pole pair generator connected to a

50Hz grid.

. The typical stator voltage is 690V or less than 1000V, due to the fact that

security rules for low voltage implies AC voltages upto 1000 volts and DC

voltages upto 1500V. Medium voltage equipments, for example, in power

electronics, will require more strict security rules and ratified formation.

. The typical ratio between the rotor and stator voltages is in the range of 2.6 to 2.8,

resulting in open rotor voltages of 1794–1932V. As explained earlier, the rotor

voltage is a function of the slip, which is limited to 500/1500 rpm in most wind

turbines, resulting in a maximum rotor voltage in the range of 598–644V rms

line to line.

Before starting the next section, it’s necessary to mention that all the information

shown in this section comes from the manufacturer’s web pages and wind turbines

brochures.

1.7.1.1 Alstom-Ecot�ecnia Alstom-Ecot�ecnia was a manufacturer of FSWTs

until the 1990s when it started to developmodel ECO 74, the first VSWT based on the

DFIG that the company commercialized. At present the company’s product range is

based on two platforms—the 2 and the 3MW.

Figure 1.44 shows a picture, a three-dimensional CAD drawing, and the brochure

description of the main components of an ECO 100 wind turbine nacelle.

The main characteristics of the nacelle design are:

. Amodular design that permits on-site testing and assembly of components (rotor

hub, frame, housing).

. Housing that is made of three independent elements. Lateral housings provide

extra space to install the power transformer, the inverter, and control cabinets.

Placing the power transformer in the nacelle reduces the power lost during

transmission from the generator to the transformer.

Alstom wind turbines are based on a unique mechanical design concept: the

ALSTOM PURE TORQUETM concept. The hub is supported directly by a cast

frame on two bearings, whereas the gearbox is fully separated from the supporting
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structure, as shown Figure 1.45. As a consequence the deflection loads (red arrows)

are transmitted directly to the tower whereas only torque is transmitted through the

shaft to the gearbox.

Figure 1.46 shows the power curve.

Figure 1.44 Picture and main components of the nacelle for an ECO 100 wind turbine.

(Source: Alstom.)

Figure 1.45 Pure torque system to transmit the mechanical efforts between the rotor and the

tower. (Source: Alstom.)
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1.7.1.2 Gamesa Gamesa is a Spanish manufacturer with a wide range of

products, and one of the first to propose a VSWT based on DFIG. At present it

offers three platforms—G5X, G8X, and G9X based on DFIG.

Figure 1.47 shows a picture, the brochure description of the main components in

the nacelle, and the power curve for a G87 2MW wind turbine.

The main characteristics of the nacelle design are:

. Drive train with the main shaft supported by two spherical bearings that transmit

the side loads directly to the frame by means of the bearing housing. This

prevents the gearbox from receiving additional loads, thus reducing malfunc-

tions and facilitating its service.

. All the components of the drive train (low speed axel, gearbox, disk brake, and

generator) are located in series with the transformer after them to equilibrate the

weight.

Figure 1.48 shows the nacelle assembly procedure in the Gamesa facilities. The

nacelle is transported assembled in one single truck without the hub and cone.

1.7.1.3 Acciona The AW 3000 is the most powerful wind turbine manufactured

by Acciona. Figure 1.49 shows a wind turbine picture and a drawing with the main

components of the nacelle.

Some interesting characteristics of the nacelle mechanical design are:

. Robust double frame that reduces the stress on the drive train.

. Yaw system that uses a gear ring integrated into the tower and six geared motors

integrated into the nacelle.

Figure 1.46 Power curve of the ECO 100 wind turbine. (Source: Ecot�ecnia.)
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From the electrical point of view:

. The doubly fed generator generates at medium voltage (12 kVof stator voltage),

which reduces losses and avoids the need for a transformer in many cases. The

transformer is rated for the rotor power.

Figure 1.47 Picture, main components of the nacelle for a G87 wind turbine, and power

curve. (Source: Gamesa.)
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. The generator has three pole pairs.

. All the electric and electronic components are located in the tower.

1.7.1.4 General Electric The entity was created as a developer (not

manufacturer), Zond, in 1980. Enron acquired Zond in January 1997. In 2002 GE

acquired the wind power assets of Enron during its bankruptcy proceedings. Enron

Windwas the only survivingU.S. manufacturer of largewind turbines at the time, and

GE increased engineering and supplies for theWind Division and doubled the annual

sales to $1.2B in 2003. It acquired ScanWind in 2009.

The GE 1.5MW is the most widely used wind turbine in its class. Developed by

Zond in collaboration with the U.S. DOE (Department of Energy), it was initially

commercialized by Enron in 1996 and improved by GE from 2002 on. Some

interesting data as of March 2009 are the following:

. 12,000þ turbines are in operation worldwide.

. 19 countries employ them.

. 170þ million operating hours have been logged.

. 100,000þ GWh have been produced.

Figure 1.48 Assembly procedure of main components in a G87 nacelle. (Source: Gamesa.)

64 INTRODUCTION TO A WIND ENERGY GENERATION SYSTEM



Figure 1.50 shows a picture and the brochure description of the main components of

the nacelle.

Some of the performance characteristics of the turbine are:

. Variable speed control: GE technology features unique variable speed control

technology to maximize energy capture from the wind and minimize turbine

drive-train loads.

. Unique wind volt-amp-reactive (“WindVAR”) technology: This control pro-

vides support to and control of local grid voltage, improving transmission

efficiencies and providing the utility gridwith reactive power (VARs), increasing

grid stability.

. Low voltage ride-through technology: For the first time, wind turbines can

remain online and feed reactive power to the electric grid right through major

system disturbances.

Figure 1.49 Main components of an AW 3000 nacelle. (Source: Acciona.)
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. Advanced electronics: The wind turbine’s control system continually adjusts

the wind turbine’s blade pitch angle to enable it to achieve optimum rotational

speed and maximum lift-to-drag at each wind speed. This “variable speed”

operation maximizes the turbine’s ability to remain at the highest level of

efficiency.

. Variable speed operation enables the loads from the gust to be absorbed and

converted to electric power. Generator torque is controlled through the

frequency converter. This control strategy allows the turbine rotor to over-

speed operation in strong, gusty winds, thereby reducing torque loads in the

drive train.

. Active damping: The variable speed system also provides active damping of the

entire wind turbine system, resulting in considerably less tower oscillation when

compared to constant speed wind turbines. Active damping of the machine also

limits peak torque, providing greater drive-train reliability, reducedmaintenance

cost, and longer turbine life.

Figure 1.51 shows the power curve for a 1.5MW wind turbine.

1.7.1.5 Vestas Traditionally, Vestas has been using two technologies in most of

its models with power ranges between 600 and 2000 kW: the Opti Slip (speed control

by rotor resistance control) and the Active Stall (power control combining pitch

Figure 1.50 Pictures and main components of a 1.5MW nacelle. (Source: GE.)
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control and stall). These technologies provide a speed variation of 10%, enhancing

power quality and reducing mechanical stress during wind gusts.

The V80, V90, and V120 wind turbines have a wide range of variable speed and

are based on DFIG. Figure 1.52 shows a wind turbine picture and a drawing with the

main components of the nacelle.

An interesting characteristic of the mechanical design is the OptiTip� pitch

regulation system. This system features microprocessors that rotate the blades around

their longitudinal axes, thus ensuring continuous adjustment to maintain optimal

blade angles in relation to the prevailing wind. At the same time, sound levels are

maintained within the limits stipulated by local regulations.

From the electrical point of view, the OptiSpeed� system:

. Allows the turbine rotor speed to vary between 9 and 19 rpm, depending on

conditions.

. Reduces wear and tear on the gearbox, blades, and tower on account of the lower

peak loading. Moreover, as turbine sound is a function of wind speed, the lower

rotation speeds made it possible to reduce sound levels.

. Helps the turbine deliver better quality power to the grid, with rapid synchroni-

zation, reduced harmonic distortion, and less flicker.

Figure 1.53 shows the power curve for different noise levels.

1.7.1.6 Repower Repower is a German manufacturer, at present the property of

Sulzon, that specializes in multimegawatt wind turbines, such as the MM82–2MW

and the 5M, with 6M development just about complete.
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Figure 1.51 Power curve for a 1.5MW wind turbine. (Source: GE.)
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Figure 1.54 shows a picture, the brochure description of the main components of

the nacelle, and the power curve for a Repower MM82–2MW wind turbine.

The main characteristics of the design are:

. Rotor bearing and shaft: High performance spherical roller bearingwith adjusted

bearing housing and permanent lubrication for prolonged service life. Rotor

shaft forged from heat-treated steel and optimized for power flow.

. Holding brake: Secure holding of rotor due to generously dimensioned disk

brake. Soft-brake function reduces stress on the gearbox.

. Generator and converter: Yield-optimized variable speed range. Low conversion

loss and high total efficiency as converter output is limited to amaximumof 20%

Figure 1.52 Picture and main components of a V80 2MW nacelle. (Source: Vestas.)
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of the overall output. Fully enclosed generator with air/air heat exchanger.

Optimized temperature level in generator, even at high outside temperatures.

. All the components of the drive train (low speed axle, gearbox, disk brake, and

generator) are located in series over the main frame.

Figure 1.53 Power curve of the wind turbine. (Source: Vestas.)

Figure 1.54 Picture and main components of a MM82 nacelle. (Source: Repower.)
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. Pitch system: Virtually maintenance-free electronic system. High quality,

generously dimensioned blade bearing with permanent track lubrication.

Maximum reliability via redundant blade angle detection by means of two

separate measuring systems. Fail-safe design with separate control and regula-

tion systems for each rotor blade.

Figure 1.55 shows the power curve.

1.7.1.7 Nordex Nordex started with the VSWT DFIG based technology with

model S70 rated at 1.5MWand actually also offersmodels N80 andN90 rated at 2500

and 2300 kW.

Figure 1.56 shows the N80 nacelle in different versions, a picture, and the CAD

representation.

The main characteristics of the design are:

. The rotor consists of three rotor blades made of fiberglass-reinforced polyester,

the hub, the pitch bearings, and drives to change the pitch angle of the rotor

blades.

. The drive train consists of the rotor shaft, the gearbox, an elastic cardanic

coupling, and the generator.

. The gearbox is designed as a two-stage planetary gearbox with a one-stage spur

gear. The gearbox is cooled by means of an oil–water–air cooling circuit with

stepped cooling capacity. The bearings and tooth engagements are kept contin-

uously lubricated with cooled oil.

. The generator is a double-fed asynchronousmachine. The generator is kept in its

optimum temperature range by means of a cooling circuit.

Figure 1.55 Power curve of the MM82 wind turbine. (Source: Repower.)
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. The gearbox, generator, and converter have cooling systems that are independent

from each other. The cooling system for the generator and converter is based on a

water circuit. This ensures optimum operating conditions in all types of weather.

. The three redundant and independently controlled rotor blades can be set at full

right angles to the rotation direction for aerodynamic braking. In addition, the

hydraulic disk brake provides support in the event of an emergency stop.

. The hydraulic system provides the oil pressure for the operation of different

components: the yaw brakes, rotor brake, and nacelle roof.

. The nacelle consists of the cast machine frame and the nacelle housing. The

nacelle housing is made of high-quality fiberglass-reinforced polyester (GRP).

The roof of the nacelle is opened hydraulically.

. The wind direction is continuously monitored by two redundant wind direction

sensors on the nacelle. If the permissible deviation is exceeded, the yaw angle of

the nacelle is actively adjusted by means of two geared motors.

. Thewind turbine has two anemometers. One anemometer is used for controlling

the turbine, the second for monitoring the first. All operational data can be

monitored and checked on a control screen located in the switch cabinet.

Figure 1.57 shows the power curve of the turbine.

1.7.1.8 Mitsubishi Mitsubishi started with the VSWT DFIG based technology

with model MWT 92 rated at 2.4MWand actually also offers models MWT 95, 100,

and 102 rated at 2400 kW and MWT 92 rated at 2300 kW.

Figure 1.56 Nordex N90 variable speed pitch regulated wind turbine. (Source: Nordex).
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Figure 1.58 shows some pictures of theMWT92wind turbine and the components’

distribution in the nacelle.

The main characteristics of the turbine design are:

. All the components of the drive train (low speed axle, gearbox, disk brake, and

generator) are located in series in a lateral of the nacelle.

. The transformer is in the other lateral to equilibrate the weight.

. The power electronic converters are located at the bottom of the nacelle, and the

water to air heat exchanger after the cabinets.

. Individual blade pitch control for aerodynamic load reduction.

. “Smart yaw” technology to minimize extreme wind load.

Figure 1.59 shows the power curve of the turbine.

1.7.2 Modeling a 2.4 MW Wind Turbine

Notice that the information that manufacturers provide in their brochures is very

restrained. The aim of this section is to provide some basic numbers and ideas for

modeling a wind turbine.

A typical wind turbine has a nominal power between 1.5 and 3MW as shown in

preceding sections. In this section a 2.4MW wind turbine has been selected for

modeling. Themost significantmodels onmarket are theGE 2.5, theNordexN80, and

the Mitsubishi MWT 92.

Windturbinesizingisacomplextaskthat requiresknowledgeofmultipledisciplines,

starting with the aerodynamic behavior and finishing with the electrical machine.

Figure 1.57 Power curve of the wind turbine. (Source: Nordex.)
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From data extracted from manufacturers’ brochures and other specialized refer-

ences, it’s possible to propose some parameters that represent the energetic behavior

of the wind turbine and its main mechanical and electrical dynamics.

The two main aspects to take into account are:

. The aerodynamic behavior of the rotor. In our case the analytic expression

defined in Section 1.3 must be parameterized.

. The wind turbine control strategy parameters must be selected; that is, the

maximumandminimum turbine speed for a nominalwind speed and aminimum

wind speed.

Once the energetic behavior of the turbine is defined, it’s possible to proceed to the

sizing of the power electronic converters.

Figure 1.58 Mitshibishi MWT 92 wind turbine. (Source: Mitsubishi.)
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1.7.2.1 Model of the Aerodynamic System From manufacturers’ brochures

it’s possible to get the basic data for a 2.4MW turbine:

. The radius of the blade is in the range of 40–45 meters, depending on the wind

class of the turbine.

. The nominal power is extracted for a wind speed between 11 and 13m/s.

. The rotor speed (low speed axle) is in the range of 8.5 to 20 rpm.

. The gearbox ratio is around 100 for a two-pole generator and 50Hz grid.

Another important parameter is the tip blade maximum speed, which is around

80–90m/s (325 km/h), directly dependent on the turbine radius and maximum speed.

The aerodynamic behavior of the turbine rotor is more complicated because it is

one of the differential factors between manufacturers; only Nordex in their N80–90

brochure gives some information about the power coefficient of their turbine. In this

sense the only available information is the typical power versus wind speed curve.

Table 1.6 summarizes the selected parameters for turbine sizing.

It’s possible to adjust the coefficients of Equation (1.7) for the 2MWwind turbine.

The next expression shows the numerical result:

Cp ¼ 0:46

�
151

li
� 0:58b� 0:002b2:14 � 13:2

�
ðe�18:4=liÞ

li ¼ 1

lþ 0:02b
� 0:003

b3 þ 1

ð1:22Þ

Figure 1.59 Power curve of the wind turbine. (Source: Mitsubishi.)
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Figure 1.60 shows the plot of power coefficient as a function of tip speed ratio for

Equation (1.7); notice that the maximum power coefficient is 0.44, and the optimum

tip speed ratio is 7.2.

The power curves as a function of wind speed are shown in Figure 1.61, along with

the typical speed limits (9 and 18 rpm) and the nominal power (2.4MW).

1.7.2.2 Gearbox and Mechanical Model The gearbox ratio is a function of

the machine nominal and maximum speed and the turbine maximum speed, so a ratio

N of 100 has been chosen for a two-pole generator.

Table 1.7 shows the selected twomassmechanical system parameters translated to

the high speed axle.

The corresponding resonance frequency is 2Hz.

1.7.2.3 Generator Characteristics Table 1.8 shows the electrical generator’s

main characteristics.

Table 1.9 shows the electrical generator’s equivalent schema parameters.

TABLE 1.6 Turbine Parameters

Parameter Value Unit

Radius 42 m

Nominal wind speed 12.5 m/s

Variable speed ratio (minimum–maximum turbine speed) 9–18 rpm

Optimum tip speed ratio lopt 7.2 —

Maximum power coefficient Cp_max 0.44 —

Air density r 1.1225 kg/m3

Figure 1.60 Power coefficient versus tip speed ratio.
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Figure 1.61 Power versus tip speed ratio for wind speeds between 3.5 and 13m/s in steps of

0.5m/s.

TABLE 1.7 Mechanical System Parameters

Parameter Value Unit

Low speed axle inertia Jt,a 800 kg�m2

Low speed axle friction Dt,a 0.1 Nm�s/rad
Coupling stiffness Ktm 12500 Nm/rad

Coupling damping Dtm 130 Nm�s/rad
High speed axle inertia Jm 90 kg�m2

High speed axle friction Dm 0.1 Nm�s/rad

TABLE 1.8 Main Characteristics of the Generator

Parameter Value Unit

Nominal stator active power 2.0 MW

Nominal torque 12732 Nm

Stator voltage 690 V

Nominal speed 1500 rpm

Speed range 900–2000 rpm

Pole pairs 2 —

TABLE 1.9 Equivalent Model of the Generator

Parameter Value Unit

Magnetizing inductance Lm 2.5� 10�3 H

Rotor leakage inductance Lor 87� 10�6 H

Stator leakage inductance Los 87� 10�6 H

Rotor resistance Rr 0.026 O
Stator resistance Rs 0.029 O
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1.7.2.4 Power Curves as a Function of the Wind Turbine Control
Strategy In order to select the wind turbine control strategy, it is very

important to keep three parameters in mind:

1. The optimum tip speed ratio of 7.2

2. The rotor radius of 42

3. The speed range of the turbine from 900 to 1800 rpm

The next range of wind speed for the variable speed turbine is 5.5m/s for 900 rpm and

11m/s for 1800 rpm (maximum power tracking region). The nominal power of the

turbine is reached around 12.5m/s and 1800 rpm.

Figure 1.62 represents the evolution of generator speed as a function of wind speed

(averaged wind speed in the turbine swept area).

Notice that the incident wind on the turbine is not constant and varies widely.

Figure 1.62 shows that the average behavior of the turbine, during real operation,must

be defined as an envelope as a function of the control dynamics (maximum and

minimum values of turbine speed for each ideal operating point).

For that reason the turbine is designed towork in an overspeed range, for example,

2050 rpm.

Figure 1.63 shows the mechanical power of the turbine. In a real wind turbine, the

transition between variable speed–partial load operation is much smoother because:

1. The real turbines currently operatewith a slight speed slope (e.g., between 1850

and 1900 rpm).

2. At nominal speed the turbine operates in a stall mode in region 3 (from wind

speed of 11m/s until the nominal power is achieved).

Figure 1.64 shows the resulting torque of the turbine, resulting in a nominal torque for

the turbine of 12,700Nm.
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Figure 1.62 Wind turbine speed control.
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Once the wind turbine control strategy has been defined, the power extraction as a

function of the wind speed is represented in Figure 1.65.

The different control regions of the turbine are as follows:

1. Constant low speed region for wind speed in the range of 3.5–5.5m/s.

2. Maximum power tracking region for wind speed in the range of 5.5–11m/s.

3. Constant nominal speed region for wind speed in the range of 11–12m/s.

For increasing wind speeds, the pitch control will work in order to diminish the

aerodynamic performance of the turbine and limit the power extraction.
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Figure 1.64 Wind turbine torque versus wind speed.
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Figure 1.63 Wind turbine power versus wind speed.
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1.7.3 Steady State Generator and Power Converter Sizing

From the wind turbine power and speed, it’s possible to calculate all the main

electrical magnitudes of the wind turbine generator and its associated converters.

The starting point is the characteristic power as a function of the mechanical

speed. To simplify Table 1.10, only some points of Figure 1.65 have been
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Figure 1.65 Wind turbine control strategy as a function of different wind speeds.

TABLE 1.10 Operating Points for the Generator

Point

Generator

Speed (rpm)

Electric Power

Output (kW) Power Factor

Line Voltage

(VRMS)

1 900 212 1.0 690

2 1013 326 1.0 690

3 1216 563 1.0 690

4 1397 852 1.0 690

5 1509 1075 1.0 690

6 1600 1280 1.0 690

7 1712 1580 1.0 690

8 1800 1831 1.0 690

9 1800 2400 1.0 690

10 1800 2400 1.0 621

11 1800 2400 1.0 759

12 1800 2400 0.9 inductive 690

13 1800 2400 0.95 capacitive 690

14 1944 2592 0.95 capacitive 690

15 1944 2592 0.9 inductive 690
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taken, and some others have been added in order to consider special operating

points:

. Normal operation at nominal stator voltage and unity power factor is represented

in points 1 to 9.

. Operation at rated power with voltage variation of�10% from the nominal one

are represented in points 10 and 11.

. Operation at rated power and nominal voltage with 0.9 power factor inductive

and 0.95 capacitive is represented in points 12 and 13.

. Operation at rated voltage and overspeed of 8% is represented in points 14 and

15. This is a typical situation when the turbine is delivering the nominal power

and the speed is controlled by means of a pitch control that has a low dynamic

response, and it is normal to overpass the nominal speed (overspeed operation).

. Operating point 14 is a transient operating point; the control system maintains

nominal torque while the generator speed rises from 1800 to 1944 rpm.

. The last point defines the operating capacity of the system overload control. The

power factor under overload conditions must be inductive 0.9 or better.

The resulting operating table for the generator and converters is illustrated in

Table 1.10.

As mentioned in preceding subsections, the machine can be magnetized from the

stator or from the rotor; both solutions produce different sizing for the rotor and grid side

converter. The next few paragraphs will show the results for the first case. All variables

that can be seen in the following figures are represented as in-phase RMS values.

Figure 1.66 shows the evolution of electromagnetic torque and the generator slip.

In the first graph you can see the generator electromagnetic torque, calculated from the

mechanical generator and speed in Table 1.10. The torque increases as thewind speed

increases and thus the speed of the turbine until it arrives at this nominal value.
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Figure 1.66 Wind turbine torque and sliding versus generator speed.
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In the second graph the motor slip can be seen; as the speed increases, a change

from the hyper-to subsynchronous operating mode appears at synchronous speed

(1500 rpm). If the motor mechanical speed is less than the synchronous speed, the

engine is running in subsynchronous operatingmode, while if it is greater it is running

in hypersynchronous operating mode. In this particular case, the slip rises 40% at

minimum speed and 30% at overload speed.

Figure 1.67 represents the mechanical power and the active and reactive power

delivered by the rotor (RSC), the stator, and the grid side converter.

In the first graph we can see that the machine is running as a generator, the

mechanical power and the stator active power are always negative; in subsynchronous

operation, the rotor power is positive (the rotor is taking power from the grid).

However, in the hypersynchronous mode, the stator and rotor are delivering active

power to the grid (both take negative values).

In the second graph we can see the following:

. The power factor is unitary for the grid side converter (Qg is zero).

. The stator reactive power (Qs) is equal to zero while the RSC provides the

reactive power necessary to magnetize the machine; the first few dots occur

while the speed is lower than 1800 rpm. It is also seen that the rotor of the

generator consumes reactive power in subsynchronous operation (as an induc-

tor), while in hyper synchronous mode power returns (as a capacitor).

. However,when the power factor is different fromone, the statormust provide the

necessary reactive power to reach the required power factor (0.95 or 0.9). For

capacitive ones the reactive power of the rotor must increase while for inductive

ones it must decrease.

Figure 1.68 shows the rotor voltage and current; that is, the amplitude of the rotor side

converter (RSC) voltage and current.
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Figure 1.67 Active and reactive power for stator, rotor, and grid side converter.
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Figure 1.68 Rotor voltage and current.

In the first graph we can see that the magnitude of the rotor voltage is minimal near

the synchronism speed, while at subsynchronous and hypersynchronous operation,

the voltage increases. This voltage is proportional to the slip, but it’s modified by the

rotor resistance voltage. For a 690V grid (line-to-line voltage), the phase voltage is

400V; it can be appreciated that the rotor voltage is slightly lower at overspeed

operation (around 350V). For this example the relation between the rotor and stator

voltages has been selected as 2.6.

In the second graph you can see that as the electromagnetic torque increases, the

rotor current increases because the electromagnetic torque is controlled by the

quadrature component of the rotor current.

Figure 1.69 plots the stator voltage and current.

The stator voltage is established in the initial table, but the plotted value

corresponds to the calculated value once the magnetizing levels of the machine are

derived. That’s the reason for the slight difference from the 400V indicated.

The stator current increases as the machine torque grows. The reason is that this

current is directly related to the electromagnetic torque due to the fact that the

machine is magnetized from the rotor side.

Figure 1.70 plots the grid side converter voltage and current.

When the power factor is unitary, thevoltage of the grid side inverter is nearly equal

to the grid voltage; only a low voltage difference is introduced by the filter.

The current evolution is proportional to the active power of the grid side converter

as the power factor is one:

. In subsynchronous operation the rotor power is positive and decreasing to zero.

. At synchronous speed the rotor power is zero.

. In hypersynchronous operation the rotor power is increasing from zero to their

maximum value at maximum speed. Note than maximum rotor current is higher

than GSC one, due to the fact that generator is magnetized from rotor.
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1.8 INTRODUCTION TO THE NEXT CHAPTERS

Once this introductory chapter has immersed the reader in the most basic and general

knowledge about doubly fed induction machine based wind turbines, the following

chapters cover topics related to more technical electronic aspects.

Chapter 2 presents the back-to-back converter employed to supply the rotor of

thewind turbine’s generator, that is, the DFIM. It is possible to make thewind turbine

operate at variable speed, delivering energy from the wind to the grid and meeting

the grid code requirements. Thus, this chapter includes detailed and basic knowledge
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Figure 1.69 Stator voltage and current.
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Figure 1.70 Grid side converter voltage and current.
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related to converter modeling and control, permitting one to understand the function

of this element in the wind turbine system, as well as the supply capacities and

limitations of these kind of converters.

Chapter 3 deals exclusively with the DFIM model at steady state operation.

By inclusion of mathematical models and equivalent electric circuits, the basic

operation of this machine is analyzed. Then an exhaustive evaluation of the

machine is carried out, revealing the performance characteristics of this machine

at steady state.

Chapter 4 studies the dynamic modeling of the DFIM. Thanks to this more general

modeling approach, it is possible to study the machine in a more complete way.

Dynamic behavior as well as the steady state regime can be analyzed in detail,

enabling the reader to reach a reasonably high level of understanding of the machine.

Chapter 5 discusses the testing procedure of the DFIM. It includes practical

information to characterize machines on the basis of off-line experimental tests, when

they are performed during a realistic wind energy generation scenario.

Chapter 6 goes further with modeling, analyzing the dynamic behavior of the

DFIM supplied by a disturbed voltage. Grid voltage dips can strongly deteriorate

the performance of grid connected DFIM based wind turbines. Knowledge of how

these types of turbines are affected is crucial, in order to be able to improve their

behavior, by adopting the necessary corrective actions.

Chapters 7 and 8 present a wide range of control philosophies for machine DFIM

wind turbines. These control techniques can be grouped into two major concepts,

known as vector control (field oriented control, also a widely adopted notation) and

direct control. Both control philosophies and several alternative variants are

analyzed and evaluated in detail. Their adaptation to the wind energy generation

environment is considered, by studying their capacity to solve faulty situations such

as grid voltage dips and imbalances. These two chapters containing basic and

advanced control concepts allow the reader to reach a high level of knowledge of

DFIM based wind turbines.

Chapter 9 emphasizes analysis of the particular sensitivity of DFIM based wind

turbines to grid voltage dips. Additional hardware elements are required, to handle the

strong perturbations caused by voltage dips and meet the connection requirements of

grid codes. Therefore, several philosophies based on different hardware elements are

presented and discussed in this chapter.

Chapter 10 deals mainly with some particular needs of DFIM based wind turbines,

when they operate with a reduced size of back-to-back converter (cost-effective

solution). The specific start-up procedure of these kinds of wind turbines is analyzed,

accompanied by several illustrative examples.

Chapter 11 ends the comprehensive study of DFIM based wind turbines, extending

the analysis to a slightly different scenario: stand-alone operation. Thus, this concept

of wind turbines not connected to the grid, but supplying energy directly to one or

several loads, can be studied with most of the knowledge acquired in the preceding

chapters. However, there is also new and important modeling and control aspects

covered in this chapter, necessary to understand the stand-alone generation system

and its special traits.
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Finally, Chapter 12 discusses the future challenges and technological tenden-

cies of wind turbines in general, focusing not only on DFIM based ones, but also

looking at different and innovative wind turbine concepts and their supporting

technology.
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CHAPTER 2

Back-to-Back Power Electronic
Converter

2.1 INTRODUCTION

In Chapter 1, a wide perspective of the wind turbine technology in general and of the

doubly fed induction machine (DFIM) based wind turbines in particular is provided.

It has already been clearly established that themain subject of this book is the study of

DFIM based wind turbines. This broadly employed wind turbine is supplied by the

rotor with a back-to-back converter, also known in the literature as a reversible or

bidirectional converter.

Prior to addressing the analysis of theDFIMand its control, this chapter first covers

the most relevant knowledge about the back-to-back converter. Thus, once the most

important background of the back-to-back converter is understood, the book looks

ahead to the DFIM and its control, focusing always on the wind energy generation

application.

Therefore, in this chapter, the basic concepts related to the back-to-back converter

are analyzed, paying particular attention to the grid side rather than to the rotor side.

Thus, not only the converter itself is studied but also its closely associated elements

such as the filters, DC link, and the control (only grid side). In this way, the chapter is

structured as follows.

First, the classic and commonly used two-level voltage source converter (VSC) is

described, its model is examined, and presenting different pulse generation possibili-

ties for its controlled switches, togetherwith a brief description of the filters employed

to mitigate undesired but unavoidable effects of voltage source converters (current

ripples, dv/dt, etc.). These aspects are studied for both the rotor and grid side

converter.

Second, study of the converter is enhanced by extending the exposition to newer

emerging topologies, such asmultilevel converters. These newer topologies, among

other advantages, basically allow one to increase the power and voltage handled by

the converter, thus enabling an increase in the overall wind turbine power to the

Doubly Fed Induction Machine: Modeling and Control for Wind Energy Generation,
First Edition. By G. Abad, J. López, M. A. Rodr�ıguez, L. Marroyo, and G. Iwanski.
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range of multimegawatts. Special focus is paid to the most extended multilevel

topology—the three-level neutral point clamped (3L-NPC) VSC. However, some

other promising multilevel topologies suitable for the DFIM based wind turbines

are also presented briefly.

Finally, control of the grid side converter is examined, by studying steady state

and dynamicmodels of the grid side system formed by the grid, the grid side filter, and

the grid side converter itself first. Then, the vector control strategy for the grid side

converter is studied. This control strategy enables one to fulfill the two main

objectives of the grid side converter: control of the bus voltage of the DC link and

control of the active and reactive powers exchanged bidirectionally between the rotor

of the machine and the grid. Control of the rotor side converter, with which control of

the DFIM is performed, is described in subsequent chapters in detail.

In this way, thanks to the knowledge acquired by the reader in this chapter, it is

possible to understand the supply advantages and limitations for the DFIM due to the

usage of the back-to-back converter. Once the reader understands the DFIM, taking

into account the restrictions imposed by the converter, by means of Chapters 3–6, it

will be possible to combine all the knowledge to address DFIM control for wind

energy generation applications, by means of Chapters 7–11.

Consequently, the simplified schema of a DFIM based wind turbine already

presented in the previous chapter, again repeated as Figure 2.1, shows how the

back-to-back converter under study is connected. The back-to-back converter is

connected by the rotor side filter to the rotor of the DFIM; it is connected to the grid

by the grid side filter.

2.2 BACK-TO-BACK CONVERTER BASED ON TWO-LEVEL
VSC TOPOLOGY

This section describes the most important aspects of a back-to-back converter

based on the widely used two-level converter. Both side converters are described,
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Figure 2.1 System configuration of the DFIM based wind turbine.
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developing models considering ideal switches; in addition, several pulse generation

strategies, called modulations, are also studied.

2.2.1 Grid Side System

The grid side system is composed by the grid side converter, the grid side filter, and the

grid voltage. Figure 2.2 illustrates a simplified model of the grid side system. We can

distinguish the following elements.

. The grid side converter ismodeledwith ideal bidirectional switches. It converts

voltage and currents from DC to AC, while the exchange of power can be in

both directions from AC to DC (rectifier mode) and from DC to AC (inverter

mode). The ideal switch normally is created by a controlled semiconductor

with a diode in antiparallel to allow the flowof current in both directions. In this

exposition, the controlled semiconductor used is an insulated gate bipolar

transistor (IGBT). It must be remarked again that this chapter treats the

controlled switches ideally, not considering real characteristics such as switch-

ing time or voltage drops.

. The grid side filter is normally composed of at least three inductances (L), which

are the link between each output phase of the converter and the grid voltage.

When a high filter requirement is needed, each inductance can be accompanied

by one capacitor (LC) or even by one capacitor and one more inductance (LCL).

. The grid voltage is normally supplied through a transformer. This AC voltage is

supposed to be balanced and sinusoidal under normal operation conditions. The

effect of the transformer or grid impedances is neglected in this chapter.

The following subsections explain each element in more detail.

2.2.1.1 Converter Model The two-level converter is modeled with ideal

switches that allow the flow of current in both directions. The command of the
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Figure 2.2 Simplified converter, filter, and grid model.
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switches is made by means of Sa_g, Sb_g, and Sc_g signals. Note that under ideal

conditions, the following order of commands holds:

S0a_ g ¼ Sa_ g ð2:1Þ

S0b_ g ¼ Sb_ g ð2:2Þ

S0c_ g ¼ Sc_ g ð2:3Þ

What thismeans is that in a leg of the converter, it is not possible to have conduction

in both switches. Different output voltages can be distinguished in a converter, for

instance, the voltages referenced to the zero point of the DC bus:

vjo ¼ VbusSj_ g

with Sj_ g 2 f0; 1g and j ¼ a; b; c
ð2:4Þ

Thus, by different combinations of Sa_g, Sb_g, and Sc_g it is possible to create AC

output voltages with a fundamental component of different amplitude and frequency.

As depicted in Figure 2.3, this converter provides two possible voltage levels at

each phase.

On the other hand, for modeling purposes, it is very useful to know the converter

output voltages referred to the neutral point of the grid three-phase system (n). As

Figure 2.4 illustrates, the following voltage relationships are true:

vjn ¼ vjo � vno with j ¼ a; b; c ð2:5Þ

vao
Vbus Vbus

0 0

Figure 2.3 Two voltage levels of vao.

o n

vao
van

vno

Filter 
a

+

–

– +

–

+

Figure 2.4 Simplified equivalent single-phase grid circuit (a phase).
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Thevoltage between the neutral point (n) and the negative point of theDCbus (o) is

needed, so assuming a three-phase grid system that holds, we have

van þ vbn þ vcn ¼ 0 ð2:6Þ
Substituting expression (2.5) into the last expression yields

vno ¼ 1

3
ðvao þ vbo þ vcoÞ ð2:7Þ

Substituting again into Equation (2.5) this last expression, we finally obtain

van ¼ 2

3
vao � 1

3
ðvbo þ vcoÞ ð2:8Þ

vbn ¼ 2

3
vbo � 1

3
vao þ vcoð Þ ð2:9Þ

vcn ¼ 2

3
vco � 1

3
vbo þ vaoð Þ ð2:10Þ

Or more simply, directly from the order commands,

van ¼ Vbus

3
2Sa_g � Sb_g � Sc_g
� � ð2:11Þ

vbn ¼ Vbus

3
2Sb_g � Sa_g � Sc_g
� � ð2:12Þ

vcn ¼ Vbus

3
2Sc_g � Sa_g � Sb_g
� � ð2:13Þ

There are eight different combinations of output voltages, according to the eight

permitted switching states of Sa_g, Sb_g, and Sc_g. Table 2.1 and Figure 2.5 show all

TABLE 2.1 Different Output Voltage Combinations of 2L-VSC

Sa_g Sb_g Sc_g vao vbo vco van vbn vcn

0 0 0 0 0 0 0 0 0

0 0 1 0 0 Vbus �Vbus

3
�Vbus

3
2
Vbus

3

0 1 0 0 Vbus 0 �Vbus

3
2
Vbus

3
�Vbus

3

0 1 1 0 Vbus Vbus �2
Vbus

3

Vbus

3

Vbus

3

1 0 0 Vbus 0 0 2
Vbus

3
�Vbus

3
�Vbus

3

1 0 1 Vbus 0 Vbus

Vbus

3
�2

Vbus

3

Vbus

3

1 1 0 Vbus Vbus 0
Vbus

3

Vbus

3
�2

Vbus

3

1 1 1 Vbus Vbus Vbus 0 0 0
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thesevoltage combinations. Asmentioned previously, the output voltages vao, vbo, and

vco take only two different voltage levels: Vbus and 0; that is why this converter is

identified as a “two-level converter.” On the other hand, output voltages van, vbn, and

vcn take five different voltage levels: �2Vbus=3, �Vbus=3, 0, Vbus=3, 2Vbus=3. With a

simple six pulse generation schema, the output voltage waveforms take the shape

depicted in Figure 2.6.

(000)

Sa_g

Sa_g
’

Sb_g

Sb_g
’ Sc_g

’

Sc_g
a

b

c

(001) 

Sa_g

Sa_g
’

Sb_g

Sb_g
’ Sc_g

’

Sc_g
a

b

c

(010)

Sa_g

Sa_g
’

Sb_g

Sb_g
’ Sc_g

’

Sc_g
a

b

c

(011)

Sa_g

Sa_g
’

Sb_g

Sb_g
’ Sc_g

’

Sc_g
a

b

c

(100) 

Sa_g

Sa_g
’

Sb_g

Sb_g
’ Sc_g

’

Sc_g
a

b

c

(101)

Sa_g

Sa_g
’

Sb_g

Sb_g
’ Sc_g

’

Sc_g
a

b

c

(110) 

Sa_g

Sa_g
’

Sb_g

Sb_g
’ Sc_g

’

Sc_g
a

b

c

(111)

Sa_g

Sa_g
’

Sb_g

Sb_g
’ Sc_g

’

Sc_g
a

b

c

Figure 2.5 Eight different output voltage combinations of the two-level VSC.
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By applying Fourier analysis, the amplitude of the harmonics of the output voltage

are expressed as

hvanix ¼ hvbnix ¼ hvcnix ¼ 2Vbus

3xp
2þ cos x

p
3

� �
� cos x

2p
3

� �� 	
x ¼ 1; 5; 7; 11; 13; . . .

ð2:14Þ

Thanks to this harmonics decomposition, it is possible to know the amplitude of the

fundamental component of the output voltage created, hvani1 ¼ hvbni1 ¼ hvcni1,
together with the rest of the harmonics. With the constant DC bus voltage, this pulse

generation strategy achieves fixed fundamental component amplitude ð2Vbus=pÞ, a
value that cannot be modified. On the contrary, by modifying the period of the

pulses, output voltages of different periods or frequencies are also achieved.

Sa_g

Sb_g

Sc_g
’

van

vbn

vcn

2Vbus /3

Vbus /3

-2Vbus /3

-Vbus/3

2Vbus/3

Vbus /3

-2Vbus /3

-Vbus /3

2Vbus /3

Vbus/3

-2Vbus /3

-Vbus/3

Figure 2.6 Output voltage waveforms of two-level VSC with six pulse generation.

BACK-TO-BACK CONVERTER BASED ON TWO-LEVEL VSC TOPOLOGY 93



On the other hand, sometimes it is useful to represent these converter output

voltages in space vector form. Hence, by applying the Clarke transformation, it is

possible to express the three phase voltages in the ab components (see the Appendix

for the basis of space vector notation):

va

vb

" #
¼ 2

3
�

1 � 1

2
� 1

2

0

ffiffiffi
3

p

2
�

ffiffiffi
3

p

2

2
6664

3
7775 �

van

vbn

vcn

2
6664

3
7775 ð2:15Þ

Table 2.2 shows all the voltage possibilities in ab. Representing these ab voltages

in the space vector diagram, the eight combinations configure a hexagon, as shown in

Figure 2.7. Two of the voltage combinations, V0 and V7, are called zero vectors, since

they produce zero voltage at each phase output. On the other hand, the rest of the

voltages appear 60� phase shifted in the space vector diagram.

In subsequent sections, we show how, by using the eight different combinations of

output voltage vectors, the two-level converter is able to create three-phase output

voltages of different characteristics such as frequency and fundamental component

amplitude.

2.2.1.2 Converter, Inductive Filter, and Grid Model Once the two-level

converter model has been presented, the rest of the grid side system components

are analyzed next: the inductive filter and the grid voltage model. Coming back

TABLE 2.2 Voltage ab Components

Sa_g Sb_g Sc_g va vb Vector

0 0 0 0 0 V0

0 0 1 �Vbus

3
�

ffiffiffi
3

p
Vbus

3
V5

0 1 0 �Vbus

3

ffiffiffi
3

p
Vbus

3
V3

0 1 1 �2

3
Vbus 0 V4

1 0 0 2

3
Vbus 0 V1

1 0 1
Vbus

3
�

ffiffiffi
3

p
Vbus

3
V6

1 1 0
Vbus

3

ffiffiffi
3

p
Vbus

3
V2

1 1 1 0 0 V7
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again to the grid side system model shown before in Figure 2.2, notice that a

three-phase filter is located between the grid voltage and the converter’s

outputs.

A simple and reliable solution adopts an inductive filter, locating an inductance in

each phase. The grid voltage ismodeled as an ideal three-phase balanced voltage. The

three-phase system can bemodeled as three independent, but equivalent, single-phase

systems as depicted in Figure 2.8. Note that the output AC voltages of the converter,

referred to the neutral point are named with the sub-index ‘f ’.

n n

vaf vag 

Filter iag 

+

– –

+

Figure 2.8 Simplified equivalent single-phase grid circuit (a phase).

V1 (100)

V2 (110)V3 (010)

V4 (011)

V5 (001) V6 (101)

V0 (000)

V7 (111)

β

α

Figure 2.7 Space vector representation of the eight different output voltage combinations.
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Thus, the electric equations of the system can easily be derived as

vaf ¼ Rf iag þ Lf
diag

dt
þ vag ð2:16Þ

vbf ¼ Rf ibg þ Lf
dibg

dt
þ vbg ð2:17Þ

vcf ¼ Rf icg þ Lf
dicg

dt
þ vcg ð2:18Þ

where

Lf ¼ inductance of the grid side filter (H)

Rf ¼ resistive part of the grid side filter (O)
vag, vbg, vcg ¼ grid voltages (V), with os electric angular speed in (rad/s)

iag, ibg, icg ¼ currents flowing thorough the grid side converter’s output (A)

vaf, vbf, vcf ¼ output voltages of the converter referred to the neutral point of the

load n (V)

Note again that there has been a modification of notation, since these are just the

voltages defined in expressions (2.8), (2.9), and (2.10).

Consequently, formodeling purposes, it is necessary to isolate the first derivative of

the currents:

diag

dt
¼ 1

Lf
vaf � Rf iag � vag
� � ð2:19Þ

dibg

dt
¼ 1

Lf
vbf � Rf ibg � vbg
� � ð2:20Þ

dicg

dt
¼ 1

Lf
vcf � Rf icg � vcg
� � ð2:21Þ

Thus, the model of the grid side system is represented in Figure 2.9. The converter

voltage outputs are created with the help of a modulator, to be studied in subsequent

sections. The grid ideal sinusoidal voltages are generated at constant amplitude and

frequency. Then the currents exchanged with the grid are calculated, taking into

consideration the filter, according to expressions (2.19), (2.20), and (2.21).

2.2.2 Rotor Side Converter and dv/dt Filter

The rotor side converter that supplies the rotor of the DFIM, in general terms, is equal

to the grid side converter shown in the previous section. Figure 2.10 illustrates the

converter and the dv/dt filter used to supply the rotor of the DFIM. In this case also, a

two-level VSC feeds the rotor. Between the rotor and the converter, in general, a dv/dt

filter is located mainly with the objective to protect the machine from the harmful
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effects of the voltage source converter, such as capacitive leakage currents, bearing

currents, and increased stress on the motor insulation.

The rotor side converter is connected to the grid side converter by the DC link. The

model of the rotor togetherwith themodel of themachine is studied in the next chapter

in detail.

The dv/dt filter mainly tries to attenuate the step voltages in the rotor terminals of

the machine, coming from the converter. The combination of mainly three factors

determine how harmful the effects are on the machine, which the dv/dt filter tends to

mitigate. These factors are the type of voltage steps generated by the converter, the

characteristics and length of cable used for connecting the converter and themachine,

and finally the characteristics of themachine that is being supplied. The attenuation of

the step voltages can be achieved, in general, by different types of filters.

Therefore, one possible solution to attenuate the overvoltages at the terminals of

the motor is to locate a resistance and an inductance in parallel at the output of the

converter, as shown in Figure 2.11. The resistance damps the reflection in the cable,

while the inductance is necessary to reduce the voltage drop and the losses due to low

frequencies.

This filter is generally composed of two passive elements. However, some authors

propose to reproduce the effect of the resistance by increasing the power losses of the

inductance, avoiding the necessity of a physical resistance.

Filters whose objective is to couple the input impedance of the motor with the

impedance of the cable are normally located at the terminals of the motor. Among

Figure 2.11 The dv/dt filter at the output of the converter.

Vbus

Sa_r

Sa_r
’

Sb_r

Sb_r
’ Sc_r

’

Sc_r
a

b

c

o

dv/dt 
Filter iar

icr

ibr

DFIM 

ωm

+

–

Figure 2.10 Rotor side converter and dv/dt filter supplying the rotor at the machine.
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different solutions, it is possible to locate an RC or an RLC filter, as shown in

Figure 2.12.

Finally, at the output of the converter it is also possible to locate filter networks, as

shown in Figure 2.13, to reduce the dv/dt at the converter itself.

Hence, the effect that produces the inclusion of a dv/dt filter is graphically depicted

in Figure 2.14. It is possible to see how,without the filter, the overvoltage that occurs at

the terminals of the motor is quite significant, while thanks to the inclusion of the

proper filter this overvoltage is reduced.

2.2.3 DC Link

The DC part of the back-to-back converter is typically called the DC link. Thanks to

the energy stored in a capacitor (or combination of several capacitors), it tries to

maintain a constant voltage in its terminals. It is the linkage between the grid side and

rotor side converters. Figure 2.15 shows a possible simplified model of a DC link. It is

composed of a capacitor in parallel with a high resistance.

In order to derive the model of the DC link, the DC bus voltage must be calculated.

This voltage is dependent on the current through the capacitor:

Vbus ¼ 1

Cbus

ð
icdt ð2:22Þ

Figure 2.12 Possible filters for coupling the impedances at motor terminals.

Figure 2.13 The dv/dt filter at the output of the converter.
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The current through the capacitor can be found as

ic ¼ ir_dc � ig_dc � ires ð2:23Þ
where

ires¼ current through the resistance (A)

ig_dc¼DC current flowing from the DC link to the grid (A)

ir_dc¼DC current flowing from the rotor to the DC link (A)

On the other hand, the DC currents can be calculated as follows from the output AC

currents of the converters:

ig_dc ¼ Sa_giag þ Sb_gibg þ Sc_gicg ð2:24Þ

ir_dc ¼ �Sa_riar � Sb_ribr � Sc_ricr ð2:25Þ

Grid side Rotor side 

ir_dc 

ic
ires 

Rbus Vbus

ig_dc

Cbus 

+

–

Figure 2.15 DC link system.

Figure 2.14 The dv/dt filter effect on voltage at the terminals of the motor: (a) overvoltages

without filter and (b) reduction of the overvoltages due to filter inclusion.
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The current through the resistance is

ires ¼ Vbus

Rbus

ð2:26Þ

Consequently, with all these equations, the model of the DC link system can be

illustrated in Figure 2.16.

2.2.4 Pulse Generation of the Controlled Switches

The order commands for the controlled semiconductors of the two-level converter can

be generated according to different laws called “Modulation.” This section presents

some of the most commonly used modulation techniques.

. Sinusoidal pulse width modulation (PWM) technique

. Sinusoidal pulse width modulation (PWM) technique with injection of third

harmonic

. Space vector modulation (SVM) technique

For simplicity the modulations are studied for a general two-level converter,

eliminating in the notation of the order commands the subindexes referring to the

gird or rotor side converters: Sa, Sb, and Sc. Thus, everything in this section can be

applied at both the rotor and grid side converters.

2.2.4.1 Sinusoidal Pulse Width Modulation (PWM) This modulation is a

widely extendedmodulation technique among voltage sourced converters. By using a

triangular signal and comparing it with the reference signal (an image of the output

voltage that is wanted at the output of the converter), it creates the output voltage

according to the following law:

Sj ¼ 1 if v�j > vtri with j ¼ a; b; c ð2:27Þ

s
1ci

cgc_gbgb_gaga_g iSiSiS .+.+.

Sa_r 

Sb_r 

Sc_r

iar

ibr

icr 

crc_rbrb_rara_r iSiSiS .−.−.− –

–
1/Cbus 

busV

1/Rbus

+

resi

r_dci

g_dci

Sa_g 

Sb_g 

Sc_g

iag 

ibg 

icg

Figure 2.16 DC link model.
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where

v�a, v
�
b, v

�
c ¼ reference voltages for each phase

vtri¼ triangular signal

The relationships between the amplitudes and frequencies of the signals need the

following indexes:

1. Frequency Modulation Index (mf). The relationship between the frequency of

the triangular signal and the reference signal can be expressed as

mf ¼ ftri

fref
ð2:28Þ

In general, in order to create a good quality output voltage, mf should be a high

number. However, since the imposed frequency of the triangular signal ( ftri)

determines the switching frequency of the switches of the converter, this frequency

should not be too high, in order not to produce high switching losses in the

semiconductors. Therefore, when it comes to choosing a value for mf, it

is necessary to find a compromise between the quality of the voltage created and

the power losses in the converter.

2. Amplitude Modulation Index (ma). The relationship between the amplitude of

the reference signal and the triangular signal can be expressed as

ma ¼ jv�j
jvtrij ð2:29Þ

Under ideal conditions, the amplitude relationship between the fundamental

component of the achieved output voltage and the DC bus voltage is given by the

amplitude modulation index as follows:

hvani1 ¼ ma � Vbus

2
if ma � 1 ð2:30Þ

Therefore, the obtained output voltages according to this PWM law are shown in

Figure 2.17. The schematic block diagram for the implementation is shown in

Figure 2.18. Note that the maximum achievable fundamental voltage without

over-modulation (ma� 1) is Vbus/2. It is possible to find several alternative sinusoidal

PWM laws from the presented version. In the literature, this sinusoidal PWM

technique is typically known as unipolar PWM.

Note that, as seen before, the output voltages vao, vbo, and vco take only two

different voltage levels—Vbus and 0—while output voltages van, vbn, and vcn take five

different voltage levels: �2Vbus=3, �Vbus=3, 0, Vbus=3, 2Vbus=3.
In addition, the normalized spectrum of the phase to neutral van voltage is shown in

Figure 2.19. The fundamental voltage appears with amplitude 0.9 at fref, accompanied

by dominant harmonics in multiples of ftri. Note that as the frequency ftri gets higher
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va
*

–
+

–
+

–
+

vb
*

vc
*

Sa

Sb

Sc

Figure 2.18 Simplified block diagram of the sinusoidal PWM schema.

Figure 2.17 Output voltages of two-level converter with sinusoidal PWM:mf¼ 20,ma¼ 0.9.
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(switching frequency of switches), the group of harmonics can be displaced further

away from the fundamental frequency. This fact is advantageous in obtaining good

quality currents at the output of the converter; however, as said before, this increases

power losses in the switches.

2.2.4.2 Sinusoidal PWM with Third Harmonic Injection The sinusoidal

PWM technique allows different modifications in order to achieve several specific

improvements. In this case, an increase of the maximum achievable output voltage

amplitude is studied. Hence, by simply adding a third harmonic signal to each of the

reference signals, it is possible to obtain a significant amplitude increase at the output

voltage without loss of quality, as represented in Figure 2.20.

It is remarkable that the reference signal resulting from the addition of the third

(V3) and first harmonic (V1) is smaller in amplitude than the first harmonic. At the

output, the obtained amplitude of the first harmonic is equal to the amplitude of

the first harmonic reference. Note also that the third harmonic is not seen at the

output voltage.

0

V1

1

V1 + V3

V3

θ1 θ2

–1 

1.15 

Figure 2.20 Third harmonic injection to the reference signal, for amplitude increase of the

fundamental component.

Figure 2.19 Spectrum of the output voltage van: mf¼ 20, ma¼ 0.9.
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On the other hand, the reference signal takes two maxima at �1 ¼ p=3 and

�2 ¼ 2p=3, equal to 1. The first and third harmonic equations are given by

V1 ¼ V1maxsin� ð2:31Þ
V3 ¼ V3maxsinð3�Þ ð2:32Þ

Therefore, when �1 ¼ p=3, the first harmonic of the output voltage (line to neutral)

takes the value Vbus/2. By substituting in Equation (2.31), we find

Vbus

2
¼ V1maxsin

p
3

� �
¼

ffiffiffi
3

p

2
V1max ð2:33Þ

Consequently, the amplitude of the first harmonic yields

V1max ¼ Vbusffiffiffi
3

p ¼ Vbus

1:73
ð2:34Þ

In this case, the amplitude modulation index is still defined as in Equation (2.29);

however, since the reference is composed of the addition of two signals (fundamental

component and injected third harmonic), ma is referred only to the fundamental

component:

ma ¼ jv�1j
jvtrij ð2:35Þ

Thanks to the third harmonic injection, not considering the overmodulation region,

the maximum achievable fundamental output voltage amplitude is 2=
ffiffiffi
3

p ¼ 1:15
times greater than the classic PWM. Consequently, the amplitude modulation index

can be extended to

Linear modulation region: 0 � ma � 1:15 ð2:36Þ

The resulting output voltages with ma¼ 0.9 and mf¼ 20 are represented in

Figure 2.21. The spectrum is also illustrated in Figure 2.22. In addition, if the rest

of harmonics are compared to the spectrum in Figure 2.19, we see that the quality of

the voltage waveform has not been significantly degraded.

For each phase reference, the third harmonic injected is equal:

V1maxsin wtð Þ þ V3maxsin 3wtð Þ ð2:37Þ

V1maxsin wt� 2p
3

� �
þ V3maxsin 3wtð Þ ð2:38Þ

V1maxsin wtþ 2p
3

� �
þ V3maxsin 3wtð Þ ð2:39Þ
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Figure 2.21 Output voltages of two-level converter with sinusoidal PWM: mf¼ 20,

ma¼ 0.9, with third harmonic injection.

Figure 2.22 Spectrum of the output voltage van: mf¼ 20, ma¼ 0.9, with third harmonic

injection.
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An easy procedure to inject the third harmonic is given by the expression

V3 ¼ �max v�a; v
�
b; v

�
c

� �þmin v�a; v
�
b; v

�
c

� �
2

ð2:40Þ

The block diagram for implementation is depicted in Figure 2.23.

Note that, with this procedure, not only the third harmonic is injected, since the

resulting added signal takes a triangular shape, as illustrated in Figure 2.24.

2.2.4.3 Space Vector Modulation (SVM) The space vector modulation

(SVM) generates the AC output converter voltage, based on the space vector

representation principle. As an alternative to the PWM method seen in the

previous sections, with SVM the pulses for the controlled switches of the

converter are generated by a slightly different philosophy.

Therefore, as seen in Section 2.2.1, the two-level converter provides eight different

output voltage combinations on the AC side (V0, V1, V2, V3, V4, V5, V6, V7) that can

be represented in a spacevector diagram as illustrated in Figure 2.25. The region in the

plane covered by the voltage vector disposition is a hexagon divided into six different

Figure 2.24 Resulting injected signal and voltage reference, with simplified third harmonic

generation.

max min 

+ +

–1/2

*
av
*

bv
*

cv

+
+

+
+

+
+

*
av
*

bv
*

cv

Figure 2.23 Block diagram for simplified third harmonic injection.
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sextants. On the other hand, the three-phase output AC voltage reference can also be

represented in the plane, as a rotating space vector of circular trajectory:~v�. (See the
Appendix for more information.)

The required voltage space vector can be obtained by switching the nearest three

voltage vectors of the converter at the correct time during one constant switching

period. Depending on where the voltage reference space vector is located, two of the

used voltage vectors are different; however, the third injected voltage vector is always

the zero vector (two possibilities—V0 and V7).

For instance, when the reference voltage vector is located in the first sextant, the

activevoltagevectors used areV1 andV2 (Figure 2.26). Each voltagevector is injected

t1 and t2 time intervals in a constant switching period h. Combined with the injection

of the zero vectors, it is possible to modify the generated space vector.

The synthesis of the required output voltage vector is carried out as follows:

v� ¼ V1d1 þ V2d2 þ V0ð1� d1 � d2Þ ð2:41Þ

The duty cycles (normalized injecting time) for each voltage vector can be

calculated as follows:

d1 ¼ mn cos�n � sin�nffiffiffi
3

p
� �

ð2:42Þ

 V1 (100)

 V2 (110) V3 (010)

 V4 (011)

 V5 (001)  V6 (101)

 V0 (000)
 V7 (111)

*
v
→

θ

β

α

Vbus3
2

Sextant 1 

Sextant 2 

Sextant 3 

Sextant 4 

Sextant 5 

Sextant 6 

Figure 2.25 Space vector representation for SVM.
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d2 ¼ mn � 2 sin�nffiffiffi
3

p ð2:43Þ

Therefore, the injecting time for the zero vectors is (the remaining time)

d0;7 ¼ 1� d1 � d2 ð2:44Þ
where

mn ¼ normalized voltage amplitude of the reference space vector,

mn ¼
~jvj�

2
3
Vbus

ð2:45Þ

�n ¼ equivalent angle of the voltage space vector in the first sextant. It as the

relationship given in Table 2.3.

Thus, by applying symmetry, the duty cycles are simply calculated by means of an

equivalent space vector in the first sextant of the hexagon, as illustrated in the

graphical examples of Figure 2.27.

 V1 (100)

 V2 (110)

*
v
→

nθ

busV
3
2

busV
3
2

busV
3
2

11 tV .

22 tV .

β

α

Sextant 1 

Figure 2.26 Space vector representation for SVM.

TABLE 2.3 Equivalent Angle hn in the First Sextant (hn ! (0, p /3))

Sextant

1 2 3 4 5 6

� ! 0; p=3ð Þ � ! p=3; 2p=3ð Þ � ! 2p=3;pð Þ � ! p; 4p=3ð Þ � ! 4p=3; 5p=3ð Þ � ! 5p=3; 2pð Þ
�n ¼ � �n ¼ ��þ 2p

3
�n ¼ �� 2p

3
�n ¼ ��þ 4p

3
�n ¼ �� 4p

3
�n ¼ ��þ 6p

3
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Then, once the duty cycles are obtained, the injecting time can be calculated as

follows, taking into account the switching period h:

t1 ¼ d1h ð2:46Þ
t2 ¼ d2h ð2:47Þ

t0;7 ¼ d0;7h ð2:48Þ

Consequently, when the injecting times are calculated, the next step is to create the

corresponding pulses for the controlled switches of the two-level converter (Sa, Sb, Sc).

This can be achieved with a comparison of the calculated injecting times, with a

carrier (triangular) signal. The voltage and pulse generation in one switching period is

shown in Figure 2.28.

Notice that the time dedicated to the zero vector injection is divided into two equal

parts: (h� t1� t2)/2. One part is dedicated to the V0 zero vector and is injected

symmetrically at the beginning and at the end of the switching period. The other part is

dedicated to the V7 zero vector and is injected just in the middle of the switching

period.

On the other hand, the pulses can be generated with only one carrier signal

(triangular) and, by comparing it to three constant levels, we can represent the

applied duty cycles. The result of these three comparisons corresponds to the pulses

for each controlled semiconductor of each phase, in the equivalent first sextant:

Sa_eq, Sb_eq, Sc_eq.

Thus, according to the voltage reference space vector rotation, the injecting times

t1 and t2 are altered, modifying the injecting times of the vectors and the correspond-

ing voltage vectors as well.

Finally, the resulting vab and van voltages are also represented in Figure 2.28. It

must be highlighted that there are several alternative ways to inject the zero vector at

each switching period. Depending on how they are placed and distributed in the

voltage vector sequence injection, different performances can be obtained: output

voltage properties, switching behavior of the switches, and so on.

Consequently, once the pulses are created in a fictitious equivalent space vector

located in the first sextant, the real vectors must be created. Depending on the real

(a)

 V1 (100)

 V2 (110)

*v
→ →

→

nθ

Sextant 1 

 V3 (010)

Sextant 2 

θ
*

eqv

V4 (011)

Sextant 3 

(b)

 V1 (100)

 V2 (110)

*
v

nθ

Sextant 1 

 V3 (010)

θ

*

eqv→

Figure 2.27 Equivalent space vector in sextant 1: (a) when the space vector is in sextant 3 and

(b) when the space vector is in sextant 2.
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sextant where the space vector is located, it is only necessary to perform a change of

phases as defined in Table 2.4.

To conclude, the simplified block diagram of Figure 2.29 illustrates the imple-

mentation schema of the SVM.

On the other hand, from the maximum achievable fundamental output voltage

point of view, the SVM is equivalent to the PWM with the third harmonic injection

Figure 2.28 Pulses and output voltages of two-level converter with SVM in one switching

period of sextant 1.

TABLE 2.4 Real Vector Generation by Changing the Phases, Depending on the

Sextant

Sextant

1 2 3 4 5 6

Sa! Sa_eq Sa! Sb_eq Sa! Sc_eq Sa! Sc_eq Sa! Sb_eq Sa! Sa_eq
Sb! Sb_eq Sb! Sa_eq Sb! Sa_eq Sb! Sb_eq Sb! Sc_eq Sb! Sc_eq
Sc! Sc_eq Sc! Sc_eq Sc! Sb_eq Sc! Sa_eq Sc! Sa_eq Sc! Sb_eq

BACK-TO-BACK CONVERTER BASED ON TWO-LEVEL VSC TOPOLOGY 111



modulation. The maximum achievable output voltage (phase to neutral point n),

without considering overmodulation, is

V1max ¼ Vbusffiffiffi
3

p ¼ Vbus

1:73
ð2:49Þ

which correspond to the amplitude of the space vector inscribed in the hexagon as

graphically represented in Figure 2.30.

Hence, the amplitudemodulation index, in this case, normalizes the output voltage

with respect to the maximum achievable fundamental component, not considering

overmodulation:

ma ¼ jvj�
Vbus=

ffiffiffi
3

p ð2:50Þ

Figure 2.31 shows the generated output voltages according to the presented SVM

schema during one outputACvoltage cycle. The used switching frequency, that is, the

*

*

tan

3
2

|| *

TABLE 2.3 
3

sin
cos

3

sin
2

Sextant 

Sextant 

TABLE 2.4 

Figure 2.29 Simplified block diagram of the SVM schema.
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 V2 (110)

*
v
→

θ

busV
3
2

busV
3

2

β

α

Sextant 1 

3
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Figure 2.30 Maximum fundamental component amplitude with SVM.
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frequency of the triangular shape employed for the pulse generation (1/h) is 20 times

higher than the output frequency. Hence, the frequency modulation index defined in

the PWM method is still valid, in the SVM yielding mf¼ 20. On the other hand, the

amplitude modulation index (ma) is set to 0.9.

In addition, the calculated duty cycles are modified every switching period,

resulting in an output voltage waveform similar to the one obtained with PWM.

By means of the SVM as well as by sinusoidal PWM schemas, the output voltages

vao, vbo, and vco, take only two different voltage levels: Vbus and 0, while output

Figure 2.31 Output voltages of two-level converter with SVM: mf¼ 20, ma¼ 0.9, with

symmetrical zero vectors (tV0¼ tV7).
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voltages van, vbn, and vcn take five different voltage levels: �2Vbus=3, �Vbus=3, 0,
Vbus=3, 2Vbus=3.

Finally, Figure 2.32 shows the spectrum of the output voltage van, with the

presented SVM schema. Notice the similarity of this spectrum with respect to the

spectrum obtained with PWMwith third harmonic injection (Figure 2.22). However,

due to a different definition of the amplitude modulation index (ma) in PWM and

SVM, the obtained fundamental output voltage amplitude is different (note that the

amplitude of the harmonics are normalized by Vbus=2).

2.3 MULTILEVEL VSC TOPOLOGIES

Multilevel voltage source converter topologies allow the handling of high power with

standard components (semiconductors and drivers) and smaller filters, enabling

operation to higher voltage levels. This is achieved by arranging a higher number

of switches than in the classical two-level converters, configuring more complicated

converter topologies. In general, the increased number of switching devices provides

extra degrees of freedom, which are also used to improve the performance and quality

of the output power and voltage.

The nature of the converter topology employed is closely related to the switch that

is used. The silicon based existing semiconductor technology is continuously

evolving in order to improve the performance of the components, increasing their

voltage and current rating, reliability,modularity, and so on.A clear trend in the recent

evolution of semiconductors imposed by market demands has been the increase of

their voltage rating. For instance, IGBTmodules have reached experimentally 8 kVof

collector–emitter voltage (Vce) while the IGBT press-packs have been discovered as a

good solution for 6.5 kV of Vce. Moreover, 10 kV IGCTs have also been developed

experimentally. Today, IGBTs and IGCTs are commercially available with a

maximum voltage rating of 6.5 kV. Added to this, new semiconductor technologies

are being developing, such as SiC based semiconductors or diamond based ones.

(See Figure 2.33.)

On the other hand, considering the trend of using voltage source converters (VSCs)

with increasing converter output voltage and power, the restriction of the classical

Figure 2.32 Spectrum of the output voltage van:mf¼ 20,ma¼ 0.9, with SVM (amplitude of

the harmonics are normalized by Vbus=2).
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two-level converter imposed by the voltage rating of the semiconductors and the need

to use series connected semiconductors, has led to the development of multilevel

topologies. Although the most common topology is the 3L-NPC VSC, some other

topologies are emerging, such as the FC (flying capacitor) and cascaded H bridge

as well as the SMC (stacked multicell) and MMC (modular multilevel converter).

Each of them focuses on strengthening different converters’ characteristics, in order

to be used under different conditions.

Hence, this section presents some of the most suitable multilevel VSC topologies

for the DFIM based wind turbines. However, only the 3L-NPC VSC topology is

studied in detail. Thus, Figures 2.34 and 2.35 show one leg of the most classical

multilevel topologies (3L, 4L, and 5L) and their output voltages: the three-level

neutral point clamped converter (3L-NPC), the four-level flying capacitor converter

(4L-FC), and the five-level cascaded H-bridge converter (5L-CHB).

Vbus /2

Vbus/2

Vbus a

Vbus /4

Vbus /4

z

aVbus/32Vbus/3Vbus
z

N

+

–

+

–

a

(a)

(b)

(c)

Figure 2.34 One leg of most classical multilevel topologies: (a) 3L-NPC, (b) 4L-FC, and

(c) 5L-CHB.

Figure 2.33 IGBTmodule (ABB – 5SNA1000G450300) of 4.5 kVand 1 kA. (Source: ABB.)
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It is possible to find newermultilevel converter topologies, suitable for the back-to-

back converter of a doubly fed induction machine based wind turbine. These

topologies effectively allow increasing the operating voltages and powers with given

semiconductors, by only increasing the levels of the converter—thus avoiding the

necessity of isolating transformers and keeping their capacity of power reversibility.

There are reports of many innovative multilevel topologies in the literature, but this

text only shows four of those converters: the three-level neutral point piloted (3L-

NPP) topology, also reported as the three-level stackedmulticell (3L-SMC) topology,

the extension of this concept to five levels (i.e., the 5L-SMC topology), the five-level

active neutral point clamped (5L-ANPC) topology, and the modular multilevel

converter (MMC) concept. Figures 2.36 to 2.38 illustrate these topologies. There

are many different advantages and disadvantages between them; however, it is

possible that different wind turbine manufacturers could adopt these topologies in

the future. Nevertheless, as mentioned before, this section only covers the detailed

description of one of the multilevel topology, that is, the 3L-NPC VSC.

2.3.1 Three-Level Neutral Point Clamped VSC Topology (3L-NPC)

2.3.1.1 Basic Description The three-level neutral point clamped multilevel

converter (Figure 2.39) is a VSC from the family of diode clamped multilevel

converters. It generates output phase voltage waveforms (vao, vbo, vco) comprising

three switching levels of amplitude Vbus/2 (0, Vbus/2, and Vbus). These voltages are

Figure 2.35 Output voltages of (a) 3L-NPC, (b) 4L-FC, and (c) 5L-CHB topologies.
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created on the AC side by switching the controlled switches (Sa1, Sa1
0, Sa2, Sa20, Sb1,

Sb1
0, Sb2, Sb20, Sc1, Sc10, Sc2, Sc20), connecting the DC bus to the AC output. The DC bus

is created by two DC sources (C1 and C2 capacitors in practical cases), providing a

neutral point z. This topology connects clamping diodes (Da, D
0
a, Db, D

0
b, Dc, D

0
c)

from the neutral point to each arm (a, b, c) to achieve themedium voltage levelVbus/2.
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Figure 2.37 One leg of 5L-ANPC topology.
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Figure 2.36 Stacked multicell topologies: (a) 3L-SMC or 3L-NPP and (b) 5L-SMC.
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Figure 2.38 One leg of the modular multilevel converter topology with six modules.
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To perform a bidirectional flow of the current through the converter, each controlled

switch is accompanied by one diode in antiparallel, as done in two-level converters.

Ideally, the switching states of the converter at each phase are restricted in such a

way that each switch presents its complementary switch. Thus, in order to avoid

nonpermitted states that would result in improper operation of the converter, the

following switching status is imposed:

S0a1 ¼ Sa1 and S0a2 ¼ Sa2 ð2:51Þ
S0b1 ¼ Sb1 and S0b2 ¼ Sb2 ð2:52Þ
S0c1 ¼ Sc1 and S0c2 ¼ Sc2 ð2:53Þ

The commutation of the converter in normal operation produces a current flow

through the neutral point z, of different characteristics depending on the operating

conditions. This current flow makes the DC bus capacitors (C1 and C2) charge and

discharge, yielding to an imbalance in the voltage share for each capacitor. In general,

with a finite value of the capacitors, this converter requires a special modulation

algorithm that achieves DC bus voltage balance.

Compared with the classic 2L-VSC studied in previous sections, this multilevel

converter topology is suitable to achieve higher ranges of power and voltage. Thus,

using semiconductors with equal voltage ratio, the AC output voltage provided by the

3L-NPC VSC can be significantly increased, since the switches see only half of the

DC bus, that is, Vbus/2.

Table 2.5 shows the three permitted switching states of one phase of the 3L-NPC

VSC (only phase a is represented). Notice that state Sa1¼ 1, Sa2¼ 0 is not allowed in

this converter. The rest of the phases work equivalently. Only in state Sa1¼ 0, Sa2¼ 1

do the clamping diodes work. Finally, the voltage at each controlled semiconductor

(Vce: collector to emitter voltage) is 0 or Vbus/2 under any switching state.
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Figure 2.39 3L-NPC VSC topology.
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Figure 2.40 shows the three voltage levels provided by the converter at each phase

(referred to as the zero of the DC bus).

2.3.1.2 Model of the 3L-NPC VSC The output AC voltages of the converter

referred to as the zero of the DC bus can be expressed as follows:

vao ¼ Sa1vC1 þ Sa2vC2 ð2:54Þ
vbo ¼ Sb1vC1 þ Sb2vC2 ð2:55Þ
vco ¼ Sc1vC1 þ Sc2vC2 ð2:56Þ

From expressions (2.8)–(2.10) derived for the two-level converter, but valid also for

this topology, combined with expressions (2.54)–(2.56), the output AC voltage

expressions are calculated depending on the order commands:

van ¼ vC1

3
2Sa1 � Sb1 � Sc1ð Þ þ vC2

3
2Sa2 � Sb2 � Sc2ð Þ ð2:57Þ

vbn ¼ vC1

3
2Sb1 � Sa1 � Sc1ð Þ þ vC2

3
2Sb2 � Sa2 � Sc2ð Þ ð2:58Þ

vcn ¼ vC1

3
2Sc1 � Sb1 � Sa1ð Þ þ vC2

3
2Sc2 � Sb2 � Sa2ð Þ ð2:59Þ

Note that the voltages of the capacitors in general are not necessarily exactly equal.

On the other hand, the currents flowing through the DC bus capacitors can be

calculated first by deducing the currents:

i1 ¼ Sa1ia þ Sb1ib þ Sc1ic ð2:60Þ
iz ¼ Sa2 � Sa1ð Þia þ Sb2 � Sb1ð Þib þ Sc2 � Sc1ð Þic ð2:61Þ

i2 ¼ �ði1 þ iZÞ ¼ � Sa2ia þ Sb2ib þ Sc2icð Þ ð2:62Þ

TABLE 2.5 Possible Switching States of 3L-NPC VSC and the Collector–Emitter

Voltages of the Switches

Sa1 Sa2 vao Vce of Sa1 Vce of S
0
a1 Vce of Sa2 Vce of S

0
a2

0 0 0 Vbus/2 0 Vbus/2 0

0 1 Vbus/2 Vbus/2 0 0 Vbus/2

1 1 Vbus 0 Vbus/2 0 Vbus/2

vao
Vbus

Vbus/2

0

Vbus/2

Vbus

Figure 2.40 Three voltage levels.
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Thus, depending on the state of the switches, the output phase currents (abc)

determine the current though the capacitors as follows:

iC1 ¼ �i1 ¼ �Sa1ia � Sb1ib � Sc1ic ð2:63Þ
iC2 ¼ i2 ¼ �Sa2ia � Sb2ib � Sc2ic ð2:64Þ

Thanks to these expressions, it is possible to know how the DC bus capacitors C1

and C2 are charged and discharged, depending on the switching states and the output

AC currents.

In a similar way, the reader can find the currents through the diodes or controlled

switches (only phase a).

Controlled switches:

iIGBT1 ¼ Sa1 � ðia > 0Þ � ia ð2:65Þ
iIGBT2 ¼ Sa2 � ðia > 0Þ � ia ð2:66Þ

iIGBT10 ¼ Sa1 � ðia < 0Þ � ia ð2:67Þ

iIGBT20 ¼ Sa2 � ðia < 0Þ � ia ð2:68Þ
Diodes:

iDiode1 ¼ iDioide2 ¼ Sa1 � Sa2ð Þ � ðia < 0Þ � ia ð2:69Þ

iDiode10 ¼ iDiode20 ¼ Sa1 � Sa2
� � � ðia > 0Þ � ia ð2:70Þ

Clamp diodes:

iDiode_clamp ¼ Sa1 � Sa2
� � � ðia > 0Þ � ia ð2:71Þ

iDiode_clamp0 ¼ Sa1 � Sa2
� � � ðia < 0Þ � ia ð2:72Þ

Finally, Figure 2.41 shows the schematic block diagram of the converter model.
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Figure 2.41 Ideal output voltage model of the 3L-NPC VSC.
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2.3.1.3 Sinusoidal Pulse Width Modulation (PWM) with Third Harmonic
Injection The sinusoidal PWMphilosophy of the 3L-NPCVSC is very similar to a

2L-VSC PWM. The scalar PWM pattern employed per phase uses a single voltage

reference (v*), which is compared to two-level shifted triangular carriers (vtri_1
and vtri_2).

The output voltages for each phase are created according to the following law

(only a phase represented):

Sa1 ¼ 1 if v�a � vtri_1 ð2:73Þ
Sa1 ¼ 0 if v�a < vtri_1 ð2:74Þ
Sa2 ¼ 1 if v�a � vtri_2 ð2:75Þ
Sa2 ¼ 0 if v�a < vtri_2 ð2:76Þ

A third harmonic signal can also be injected into the reference signal, in order to

increase by 1.15 the maximum available output for a given DC bus voltage, as was

done in 2L-VSC PWM. Therefore, the maximum achievable voltage of the funda-

mental component becomes

V1max ¼ Vbusffiffiffi
3

p ¼ Vbus

1:73
ð2:77Þ

Figure 2.42 illustrates the PWM pulse generation philosophy together with the

output voltages with mf¼ 20, ma¼ 0.9. The following can be observed:

. During half of the period, only one controlled switch (and its complement)

commutates. In the positive semicycle of v�a, only Sa1 and S
0
a1 commutate, while

Sa2 and S0a2 are maintained in the ON and OFF states, respectively. On the

contrary, in the negative semicycle of v�a, only Sa2 and S
0
a2 commutate, while Sa1

and S0a1 are maintained in the OFF and ON states, respectively.

. As mentioned before, the output voltage vao presents three voltage levels (0,

Vbus/2, and Vbus).

. The output voltage vab presents five voltage levels (�Vbus,�Vbus/2, 0,Vbus/2 and

Vbus).

. Finally, the output voltage van presents nine voltage levels (�4Vbus/6,�3Vbus/6,

�2Vbus/6, �Vbus/6, 0, Vbus/6, 2Vbus/6, 3Vbus/6, and 4Vbus/6).

The spectrum of van is also shown in Figure 2.43. Compared with the previously

presented 2L VSC spectra, we see that this multilevel signal shows less harmonic

content.

Finally, this PWM technique does not ensure the balancing of the DC bus

capacitor’s voltages. Depending on the operating conditions of the converter (modu-

lation index, power factor of the load, etc.), the voltages of the capacitors will drift,

until the output AC voltages are too distorted and the converter does not operate
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Figure 2.42 Output voltages of 3L-NPC VSC with PWM and third harmonic injection:

mf¼ 20, ma¼ 0.9.

Figure 2.43 Spectrum of the output voltage van of 3L-NPC VSC with PWM and third

harmonic injection: mf¼ 20, ma¼ 0.9, with SVM.
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properly. For that reason, theDC bus capacitors should be replaced byDC supplies or,

alternatively, the sinusoidal PWMcan be replaced by a SVM that performs thevoltage

balancing. This fact is studied in next subsection.

2.3.1.4 SVM of 3L-NPC VSC [17] The SVM for a 3L-NPC VSC is able to

incorporate an algorithm to balance theDCbus capacitor’s voltages. It is able to exploit

all the voltage combinations provided by the converter, allowing multilevel output

voltages on the AC side as well as balancing the capacitor’s voltages. Compared with

the 2L-VSC that presents eight voltage combinations at the AC side, the 3L-NPCVSC

provides 27 allowable switching states, as exhibited in Figure 2.44.

Table 2.6 shows all the switching states that provide an output AC voltage vector in

the first sextant of the plane. It is possible to distinguish voltage vectors with different

natures:

. Large vectors: V1(200) and V2(220) are the vectors with the highest amplitude.

They do not connect the AC side with the neutral point z, so they do not

contribute to the charge or discharge of the capacitors of the DC bus.
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Figure 2.44 Output AC voltage vectors of 3L-NPC VSC, with SVM.
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. Medium vectors: The amplitude of the V12(210) medium vector defines the

maximum achievable output voltage vector in liner modulation. These vectors

connect the AC side with the neutral point so they charge or discharge the

capacitors of the DC bus.

. Short vectors: V10(100), V10(211), V20(110), and V20(221) have half the

amplitude of the large vectors. They charge and discharge the capacitors. They

always appear in pairs; this means that two different switching combinations of

the converter produce the same AC output voltage vector. This is advantageous

in balancing the voltages of the DC bus capacitors.

. Zero vectors: V0(000), V0(111), and V0(222) produce a zero AC output voltage

and zero current through the neutral point z.

. In the rest of the sextants of the hexagon, due to symmetry, we can find voltage

vectors with the same properties as the vectors that appear in the first sextant.

. Each sextant of the hexagon formed by the space vector can be divided into four

different regions. Each region is delimited by the different voltage vector

locations.

As we did for the 2L-VSC SVM and the 3L-NPC VSC SVM, for simplicity in

implementation, we perform all the calculations of duty cycles and define the

injecting vectors in the first sextant; later, we can extrapolate to the real sextant

where the reference voltage vector is located.

First, the voltage reference vector is normalized as we did in the 2L-VSC SVM:

mn ¼
~jvj�

Vbus=3
ð2:78Þ

Note that the base voltage for the normalization is two times smaller than in

the 2L-SVM. In this way, by applying the same normalization to the hexagon

produced by the converter voltage vectors, the normalized first sextant yields the

results in Figure 2.45.

The duty cycles or the projections of the normalized reference space vectors can be

calculated as follows:

d1 ¼ mn cos�n � sin�nffiffiffi
3

p
� �

ð2:79Þ

d2 ¼ mn � 2 sinð�nÞffiffiffi
3

p ð2:80Þ

�n is derived from Table 2.3 as seen in the 2L-VSC SVM. These expressions are

only useful when the reference voltage lies is region 4. In this case, the voltage vectors

used to reproduce the reference vectors are the nearest three converter’s voltage

vectors: V10(211)-(100), V0(000)-(111)-(222), and V20(221)-(110). Therefore, the
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duty cycles of the voltage vectors used can be calculated directly as

d100�211 ¼ d1 ð2:81Þ
d110�221 ¼ d2 ð2:82Þ

d111 ¼ 1� d1 � d2 ð2:83Þ
Note that only vector (111) is used as the zero vector due to the fact that it reduces

the commutations when the voltage vectors are applied (this fact is better seen later in

this section).

When the voltage reference vector lies in the rest of the regions of the first sextant,

the situation is graphically represented as in Figure 2.46.

Therefore, the duty cycle calculations, once Equations (2.79) and (2.80) are

computed, for the choice of the nearest three vectors and in all the regions of the

first sextant are summarized in Table 2.7.
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Figure 2.46 Projections in regions 1, 2, and 3.
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Figure 2.45 Normalized first sextant and voltage reference vector.

MULTILEVEL VSC TOPOLOGIES 127



From the calculation of the duty cycles themselves (Table 2.7), the region where

the voltage vector is located is deduced at the same time. Therefore, once the duty

cycles are computed, it is necessary to choose the actual redundant vector that is going

to be injected. As seen before, from the AC output voltage point of view, there is no

difference in the choice. However, the voltage of the DC bus capacitor is affected in a

different manner, depending on which redundant vector is employed. Therefore, this

fact is exploited in order to balance the voltages of the DC bus capacitors.

As graphically illustrated in Figure 2.47, the redundant vector provokes different

current flows through the neutral point z. The current iz is an image of the AC output

currents (ia, ib, and ic). Thus, for instance, if vector 100 is injected, the current iz is

equal to ia output current (it goes entirely through the C2 capacitor), assuming a

balanced load supply of the converter. On the other hand, the injection of vector 211

makes iz¼�ia—just the opposite effect in the charge and discharge of the capacitors

(it goes entirely through the C1 capacitor).

Exploiting this fact, the medium vectors can be selected according to Table 2.8.

The decision for choosing the medium voltage vector is made after considering the

following information:

. Voltages of the capacitors vc1 and vc2. The objective is always to have the same

voltages at each capacitor.

. Equivalent phase currents ia_eq (for vectors 100-211), ic_eq (for vectors 110-221).

Depending on the sector in which the voltage reference vector is located as well

as the redundant vector that is going to be applied, the sign of these equivalent

currents must be checked (Table 2.9).

Therefore, checking the sign of the currents (ia_eq, ia_eq) and the voltages of the

capacitors (vc1, vc2), the redundant vector choice in made in order to equalize the

voltages of the capacitors vc1 and vc2.

TABLE 2.7 Duty Cycle Relations in Regions 1, 2, 3, and 4 of the First Sextant

Case Region Duty Cycles

d1> 1 1 d200¼ d1� 1

d210¼ d2
d100–211¼ 2-d1� d2

d1� 1 2 d100-211¼ 1� d2
d2� 1 d110-221¼ 1� d1
d1 þ d2> 1 d210¼ d1 þ d2� 1

d1> 1 3 d210¼ d1
d220¼ d2� 1

d110-221¼ 2� d1� d2

d1� 1 4 d100-211¼ d1
d2� 1 d110-221¼ d2
d1 þ d2� 1 d111¼ 1� d1� d2
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Figure 2.47 Example of control of the neutral point z current (iz). Vector 100 produces iz¼ ia
while vector 211 produces iz¼�ia.

TABLE 2.8 Medium Vector (V10 and V20) Selection to Perform the Capacitor

Voltage Balancing

vc1> vc2 ia_eq> 0 Vector V10 vc1> vc2 ic_eq> 0 Vector V20

0 0 100 0 0 221

0 1 211 0 1 110

1 0 211 1 0 110

1 1 100 1 1 221
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On the other hand, once the redundant vectors are also chosen, the sequence of

vector injection must be checked in order to reduce the number of commutations at

each switching period. Table 2.10 summarizes all possible vector sequences in the first

sextant, for a triangular based pulse generation. Figure 2.48 illustrates the pulse

generation for the sequence 100-200-210–210-200-100 of region 1. In this 3L-NPC

SVM, although the same philosophy as the SVM for the 2L-VSC has been used, the

sequence of vectors is created according to a slightly different procedure. In this case,

depending on the regions where the voltagevector lies (1, 2, or 3), there is no necessity

to inject the zero vector.

Note that the duty cycles must be transformed into time intervals according to

Equations (2.46) and (2.47).

Finally, once the voltage vectors are chosen in the first sextant and the duty cycles

are also selected, the changes of phase in Table 2.11 are applied, in order to obtain the

real output voltage vector.

The simplified block diagramof Figure 2.49 illustrates the implementation schema

of the SVM.

2.3.1.5 Example 2.1: Grid Side Converter Performance Based on 3L-
NPC VSC with SVM This example shows a 3L-NPC VSC connected to the grid,

exchanging currents that are 60� phase shiftedwith the output voltages. The switching

TABLE 2.10 Vector Sequences of Sextant 1 that Reduce the

Commutations of the Switches

Region Double Vector Sequence

1 100 100-200-210–210-200-100

211 200–210–211–211–210-200

2 100-110 100-110-210–210-110-100

100-221 100-210-221–221-210-100

211-110 110-210-211–211-210-110

211-221 210-211-221–221-211-210

3 110 110-210-220–220-210-110

221 210-220-221–221-220-210

4 100-110 100-110-111–111-110-100

100-221 100-111-221–221-111-100

211-110 110-111-211–211-111-110

211-221 111-211-221–221-211-111

TABLE 2.9 Equivalence of the Currents to Perform Capacitor Voltage Balancing

Equivalent Current Sextant 1 Sextant 2 Sextant 3 Sextant 4 Sextant 5 Sextant 6

ia_eq ia ib ib ic ic ia
ic_eq ic ic ia ia ib ib

130 BACK-TO-BACK POWER ELECTRONIC CONVERTER



frequency is set to 2.5 kHz and the modulation is the SVM presented in this section.

Figure 2.50 shows the most interesting moments of the simulation experiment.

In Figure 2.50a, two and a half cycles of the output phase to neutral voltage is

illustrated. In this signal, it is possible to distinguish the nine levels of voltage

achieved by the 3L-NPC VSC.

Figure 2.48 Triangular based pulse generation schema: 100-200-210–210-200-100 sequence

of vector injections.

TABLE 2.11 Real Vector Generation by Changing the Phases, Depending on the

Sextant in which the Reference Voltage Vector is Located

Sextant

1 2 3 4 5 6

Sa! Sa_eq Sa! Sb_eq Sa! Sc_eq Sa! Sc_eq Sa! Sb_eq Sa! Sa_eq
Sb! Sb_eq Sb! Sa_eq Sb! Sa_eq Sb! Sb_eq Sb! Sc_eq Sb! Sc_eq
Sc! Sc_eq Sc! Sc_eq Sc! Sb_eq Sc! Sa_eq Sc! Sa_eq Sc! Sb_eq
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Figure 2.50 3L-NPC VSC operating with SVM, at 2.5 kHz switching frequency. (a) The van
output voltage, (b) sextant, (c) abc converter output currents, (d) region, (e) vc1 and vc2 voltages

of capacitors, and (f) duty cycles in the first sextant according to Equations (2.79) and (2.80).
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Figure 2.49 Simplified block diagram of the SVM schema for 3L-NPC VSC.
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On the other hand, Figure 2.50b shows the sextant inwhich the spacevector voltage

reference lies. In an equivalent way, the converter’s output currents are shown in

Figure 2.50c.

In order to generate this type of voltage and current performance, Figure 2.50d

shows the region that the voltage reference space vector crosses in its rotation. In this

case, the regions are 1, 2, and 3.

By paying attention to the DC side of the converter, Figure 2.50e illustrates

the voltages of the DC bus capacitors. Under these operating conditions, the voltage

balancing algorithm ensures a proper voltage balance. Notice that there exist voltage

oscillations above the medium voltage that depends on the operating conditions of

the converter as well as the capacitors’ value of the DC bus.

Finally, Figure 2.50f shows the duty cycles in the first sextant calculated according

to Equations (2.79) and (2.80).

2.4 CONTROL OF GRID SIDE SYSTEM

This section tackles the control of the grid side converter. For that purpose, it is

necessary first to understand themodel of the grid side system. As done later when we

study the DFIM in subsequent chapters, the model of the grid side system is studied in

two steps.

First, the steady state model of the grid side system is developed by using phasor

theory, allowing the reader to understand the basic relationships between active and

reactive powers, voltage, and currents at different operating modes.

Second, control of the grid side converter is studied, developing first the grid side

dynamic model based on space vector theory. Thanks to these modeling develop-

ments, the reader is ready to understand the philosophy of the control strategy.

Therefore, the control studied is the vector control technique, which employs a

rotatory reference frame (dq), aligned with the grid voltage space vector. Bymeans of

this control strategy, it is possible to achieve the main two objectives of the grid side

converter: control of the DC bus voltage and assured transmission of power through

the converter, with controlled reactive power exchange.

2.4.1 Steady State Model of the Grid Side System

As studied in previous sections, the system configured by the grid side converter, filter,

and grid voltage can ideally be represented as shown in Figure 2.51. The grid voltage

(vag, vbg, vcg) is sinusoidal with constant amplitude and frequency. The voltage

imposed by the grid side converter (vaf, vbf, vcf) can be modified in amplitude and

phase as seen in previous sections. The filter considered in this section is the simplest

solution, that is, a pure inductive filter (Lf). Note that a parasitic resistance (Rf) is also

considered within the model of the filter.

For analysis purposes, if an ideal grid side system is considered, it is equivalent to a

single-phase grid system as illustrated in Figure 2.52. In this way, it is only necessary

to analyze one phase (e.g., a phase) to then extrapolate to the other two phases.
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The output voltage generated by the converter depends on the characteristics of the

converter itself (two-level, multilevel topology, etc.) and the modulation technique

employed. Under steady state operation conditions, all the magnitudes of the system

(vaf, iag, vag) have constant amplitude phase shift between each other’s and frequency.

As seen in previous sections, themaximum achievable fundamental output voltage by

the converter (in linear modulation, by SVM or by sinusoidal PWM with third

harmonic injection) depends on the DC bus voltage:

Maximum hvaf i1 ¼
Vbusffiffiffi
3

p ð2:84Þ

Thus, the voltage imposed by the converter can be modified depending on the

requirements of the application. So under steady state operation, the electric equations

of the system represented in Figure 2.52 are:

Vaf ¼ Vag þ Rf þ jLfos

� �
I ag ð2:85Þ

Rfiag
Lf

–

+

vag

–

+

vaf

Qg

Pg

n

Figure 2.52 Simplified model of single-phase grid side system.
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Figure 2.51 Simplified representation of the three-phase grid system.
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Note that phasor representation is used (Vaf ,Vag, and Iag) for the steady state. The

general phasor diagram is constructed in Figure 2.53. It is built up in the following

next steps:

. First, the grid voltage phasor is drawn (Figure 2.53a). The phase angle can be

arbitrarily chosen.

. Second, the current is drawn (Figure 2.53b).Note that the phase shift between the

grid voltage and current must be known.

. Third, once the current is drawn, the voltage drop in the filter is calculated and

accordingly drawn (Figure 2.53c).

. Fourth, bymeans of Equation (2.85), the voltage of the converter is calculated and

drawn (Figure 2.53d). Note that Vaf is considered to be the phasor representation

of the fundamental voltage of the converter output voltage (hvaf i1).

In general, it is possible to understand the process in a real system in the opposite

direction. First, the grid voltage is established, then one specific voltage is imposed

with the converter (specific voltage amplitude and phase shift), to finally establish the

corresponding current (phase and amplitude).

The power flow study is normally carried out in the grid voltage (Vag) rather than in

the converter (Vaf ). Hence, the active and reactive powers calculated in the grid

voltage point are (single phase)

Pg ¼ jVagj � jI agj � cos ’ ð2:86Þ

Qg ¼ jVagj � jI agj � sin ’ ð2:87Þ

We adopt the power sign convention shown in Figure 2.54. When Pg> 0, the

converter is delivering power to the grid; whereas when Pg< 0, the converter is

receiving power from the grid.

Two particular operating conditions exist for the grid side converter: transmitting

active power in both directions (positive and negative), but with unity power factor,

that is, zero reactive power exchange at the grid point. Figure 2.55 shows these two

(a) (b)

(c) (d)

Figure 2.53 Phasor diagram construction of the grid side system.
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particular cases, where the current is shifted 0� (grid receives power from the

converter) or 180� (grid delivers power to the converter) from the grid voltages.

On the other hand, if the voltage drop in Rf is neglected compared with the voltage

drop in Lf, the active and reactive power expressions (2.86) and (2.87) can be

reformulated, eliminating the dependence on the current (the derivation of

these expressions is not addressed):

Pg ¼
jVagj � jVaf j

osLf
sin d with Rf ! 0 ð2:88Þ

Qg ¼ jVagj �
jVaf jcos d� jVagj

osLf
with Rf ! 0 ð2:89Þ

(a)

(b)

Figure 2.55 Phasor diagrams at unity power factor: (a) Pg> 0 and (b) Pg< 0.

Figure 2.54 Power sign convention.
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Therefore, it is possible to rapidly know the active and reactive power flow through

the grid, if only the converter voltage amplitude and phase shift with respect to the grid

voltage is known.

2.4.1.1 Example 2.2: Operation at cos w¼ 1 and cos w¼�1 The

following practical case is studied:

Filter Rf¼ 0.01O; Lf¼ 0.0005H;

Grid voltage amplitude 690V (50Hz) (line to line rms voltage)

Grid current amplitude 400 A (rated rms current)

Power factor cos ’¼ 1

Therefore, the required converter voltage amplitude is (Figure 2.55a):

jVaf j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Vag þ Rf Iag

� �2

þ LfosI ag

� �2
r

¼

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
563:4þ 0:01 � 565:7ð Þ2 þ 0:0005 � 314:16 � 565:7ð Þ2

q
¼ 575:5 V

Note that this is the fundamental component voltage amplitude. Consequently, the

required DC bus voltage for proper operation of the grid side converter is (margin of

10% is added for control, not considering nonlinearities, losses, etc)

Vbus ¼ ð1:1ÞjVaf j �
ffiffiffi
3

p

¼ 1096:5 V

In a similar way, we can consider that the grid is delivering active power to the

converter:

Power factor: cos ’ ¼ �1

Therefore, the required converter voltage amplitude is (Figure 2.55b)

Vaf j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Vag � Rf Iag

� �2

þ LfosI ag

� �2
r

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
563:4� 0:01 � 565:7ð Þ2 þ 0:0005 � 314:16 � 565:7ð Þ2

q
¼ 564:7 V

Consequently, the required DC bus voltage for proper operation of the grid side

converter is slightly less than in the previous example. However, if the converter can

operate under both studied conditions, the DC bus voltage is imposed by the previous

case, that is, Vbus¼ 1096.5V.
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2.4.1.2 Example 2.3: Operation at cos w¼ 0 There is also a different case

when the active power exchange with the grid is minimum. With an equal grid side

converter as in the previous example,

Power factor: cos’ ¼ 0

It is possible to distinguish two situations (neglecting thevoltage drop in the resistance

for a simpler exposition).

As seen in Figure 2.56, these two situations depend on the current phase (leading or

lagging). In addition, the grid voltage and the converter voltage are in phase. The

reader can note that these are the two extreme cases (maximum and minimum) in

terms of the required converter voltage jVaf j for grid side system operation.

The required converter voltage amplitude is (Figure 2.56a):

jVaf j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Vag þ LfosI ag

� �2

þ 0ð Þ2
r

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
563:4þ 0:0005 � 314:16 � 565:7ð Þ2

q
¼ 652:3 V

The required DC bus voltage for proper operation of the grid side converter,

assuming the same criteria of the previous two examples, is

Vbus ¼ ð1:1ÞjVaf j �
ffiffiffi
3

p

¼ 1242:7 V

(a)

(b)

Figure 2.56 Phasor diagrams at zero power factor: (a) Qg> 0 and (b) Qg< 0.
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On the contrary, for the case of Figure 2.56b,

jVaf j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Vag � LfosI ag

� �2

þ 0ð Þ2
r

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
563:4þ 0:0005 � 314:16 � 565:7ð Þ2

q
¼ 474:5 V

Therefore, the required DC bus voltage is

Vbus ¼ ð1:1ÞjVaf j �
ffiffiffi
3

p

¼ 904:1 V

Note that for the final choice of the DC bus voltage, at the design stage, one must

consider the operating conditions for the grid side converter and then, accordingly,

find the case demanding the higher DC bus voltage.

2.4.2 Dynamic Modeling of the Grid Side System

Prior to the exposition of the vector control based schema, in this section, the grid side

system was represented in a space vector form. This representation serves as the

mathematical basis for understanding the dynamic behavior of the grid side system

(dynamic model) and then deriving the vector control. The space vector representation

(see theAppendix formore information) allows thederivationof adynamicmodelof the

grid side system. By means of the space vector tool, it is possible to use the differential

equations defining the behavior of the grid side system’s variables, such as current and

voltages. Hence, once the dynamic model is studied, we will proceed to analyze the

control in the next section, accompanied by a simulation based illustrative example.

2.4.2.1 ab Model As studied in the previous section, the system configured by

the grid side converter, filter, and grid voltage can ideally be represented as shown

in Figure 2.51. By applying the space vector notation to the abc modeling

equations (2.16)–(2.18), it is possible to represent the electric equations in ab
components (for more information see the Appendix). Simply multiplying

expression (2.16) by 2
3
, then Equation (2.17) by 2

3
a, and then Equation (2.18) by

2
3
a2, the addition of the resulting equations yields

vaf ¼ Rf iag þ Lf
diag

dt
þ vag ð2:90Þ

vbf ¼ Rf ibg þ Lf
dibg

dt
þ vbg ð2:91Þ

Or in a compact version, referred to a stationary reference frame,

~vsf ¼ Rf
~i
s

g þ Lf
d~i

s

g

dt
þ~vsg ð2:92Þ
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where

~vsf ¼ vaf þ jvbf ð2:93Þ

~vsg ¼ vag þ jvbg ð2:94Þ

~i
s

g ¼ iag þ jibg ð2:95Þ

The schematic representation of the resulting electric circuit is depicted in

Figure 2.57.

2.4.2.2 dqModel In a similar way, by multiplying Equation (2.92) by e�j�, from

the ab expressions the dq expressions are also derived (rotating frame):

~vsf � e�j� ¼ Rf
~i
s

ge
�j� þ Lf

d~i
s

g

dt
e�j� þ~vsge

�j� ð2:96Þ

yielding

~vaf ¼ Rf
~i
a

g þ Lf
d~i

a

g

dt
þ~v a

g þ joaLf~i
a

g ð2:97Þ

– –

––

vα f

vβ f

Figure 2.57 ab Model of the grid side system in stationary coordinates.
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Note that since � ¼ oat, the angular position of the rotatory reference frame, we have

d~i
s

g

dt
e�j� ¼

d ~i
s

ge
�j�

� �
dt

þ joa
~i
s

ge
�j� ð2:98Þ

With dq components,

~vaf ¼ vdf þ jvqf ð2:99Þ

~vag ¼ vdg þ jvqg ð2:100Þ

~i
a

g ¼ idg þ jiqg ð2:101Þ

Therefore, by decomposing into dq components, the basic equations for vector

orientation are obtained:

vdf ¼ Rf idg þ Lf
didg

dt
þ vdg � oaLf iqg ð2:102Þ

vqf ¼ Rf iqg þ Lf
diqg

dt
þ vqg þ oaLf idg ð2:103Þ

The schematic representation of the equivalent electric circuit is depicted in

Figure 2.58.

Figure 2.58 dq Model of the grid side system in stationary coordinates.
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2.4.2.3 Alignment of the dq Reference Frame These last two expressions

are the dq equations of the electric system, referred to a reference frame dq rotating at

speed oa. In order to decouple and further simplify the system, typically the

synchronous angular speed oa is chosen equal to the angular speed of the grid

voltage os, and the d axis of the rotating frame is aligned with the grid voltage

space vector~vag as shown in Figure 2.59. This choice corresponds to one of the most

important requirements, in order to perform the vector control technique discussed in

the next section.Note that in thegraphical representation of Figure 2.59, the superindex

of the space vectors are omitted, but both reference frames (ab and dq) are represented.
The resulting dq components of the grid voltage yield

vdg ¼ j~vagj ð2:104Þ
vqg ¼ 0 ð2:105Þ
oa ¼ os ð2:106Þ

� ¼ oat ) � ¼ �g ¼ ost ð2:107Þ
Therefore, expressions (2.102) and (2.103) are simplified to

vdf ¼ Rf idg þ Lf
didg

dt
þ vdg � osLf iqg ð2:108Þ

vqf ¼ Rf iqg þ Lf
diqg

dt
þ osLf idg ð2:109Þ

This grid voltage alignment not only slightly simplifies the voltage equations of the

system, but also reduces the active and reactive power computations. Thus, if the total

active and reactive powers exchanged with the grid are calculated, we find

Pg ¼ 3

2
Re ~vg �~i �g

n o
¼ 3

2
vdgidg þ vqgiqg
� � ð2:110Þ

Qg ¼ 3

2
Im ~vg �~i �g

n o
¼ 3

2
vqgidg � vdgiqg
� � ð2:111Þ

Figure 2.59 Alignment with d axis of the grid voltage space vector.
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Considering relations (2.104) and (2.105), the power calculation can be simplified

to

Pg ¼ 3

2
vdgidg ¼ 3

2
j~vagjidg ð2:112Þ

Qg ¼ �3

2
vdgiqg ¼ �3

2
j~vagjiqg ð2:113Þ

Note that the voltage terms of these last two expressions are constant under ideal

conditions; this means that a decoupled relationship between the current dq compo-

nents and active and reactive powers has been obtained. Thus, the idg current is

responsible for the Pg value, while the iqg current is responsible for theQg value. This

fact is exploited in the control of the grid side system, as studied later.

On the other hand, the active and reactive power calculated in the terminals of the

converter is not the same as the power in the grid terminals. The power at the converter

output is calculated as follows:

Pf ¼ 3

2
Re ~vf �~i �g

n o
¼ 3

2
vdf idg þ vqf iqg
� � ð2:114Þ

Qf ¼ 3

2
Im ~vf �~i �g

n o
¼ 3

2
vqf idg � vdf iqg
� � ð2:115Þ

Substituting the voltage expression (2.108) and (2.109) into these last two equations,

we find

Pf ¼ 3

2
Rf j~igj2 þ Lf

didg

dt
idg þ Lf

diqg

dt
iqg þ vdgidg

� �
ð2:116Þ

Qf ¼ 3

2
Lfosj~igj2 � Lf

didg

dt
iqg þ Lf

diqg

dt
idg � vdgiqg

� �
ð2:117Þ

Assuming that, at steady state, the first derivatives of the dq current components are

zero, we find

Pf ¼ 3

2
Rf j~igj2 þ vdgidg

� �
ð2:118Þ

Qf ¼ 3

2
Lfosj~igj2 � vdgiqg

� �
ð2:119Þ

Notice that the converter also provides the active and reactive power of the filter

(Figure 2.60). In the converters’ power expressions, the power part assumed by the

filter also appears.

Now that the steady state and dynamic models of the grid side system have been

studied, we turn to the control.

2.4.3 Vector Control of the Grid Side System

Control is a necessary part of the grid side system.Without having control of some of

the magnitudes of the grid side part, it is not possible to make it work properly. In this
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section, a vector control based schema is studied. This control technique is widely

extended among the control strategies for grid connected converters. It provides good

performance characteristics with reasonably simple implementation requirements.

The vector control technique follows the philosophy of representing the system that is

going to be controlled—in our case the grid side system—in a space vector form.

Thanks to this basis, reasonably good decoupled control of currents and power is

achieved. In chapter 7, the same basic principles of vector control are applied to the

machine’s control.

2.4.3.1 Grid Voltage Oriented Vector Control The grid side converter is in

charge of controlling part of the power flow of the DFIM. The power generated by the

wind turbine is partially delivered though the rotor of the DFIM as advanced in

the previous chapter. This power flow that goes through the rotor flows also through

the DC link and finally is transmitted by the grid side converter to the grid. The

simplified block diagram of the grid side system, together with a schematic of its

control block diagram, is given in Figure 2.61.

Subsequent paragraphs give the basic principles of control of the grid side

converter. In this case, for a simpler exposition, the VSC topology chosen to present

the control is a 2L-VSC. However, from a vector control point of view, nothing would

change in the control if a multilevel VSC topology is used.

The pulses for the controlled switches (Sa_g, Sb_g, Sc_g) of the 2L-VSC, that is, the

output voltage of the converter, are generated in order to control the DC bus voltage

(Vbus) of the DC link and the reactive power exchanged with the grid (Qg). This is

done, in general, according to a closed loop control law. Some typical controls are

vector control or direct power control. However, this section only studies the grid

voltage oriented vector control (GVOVC).

On the other hand, control of Vbus is necessary since, as seen in previous sections,

the DC link is mainly formed by a capacitor. Thus, the active power flow through the

rotor must cross the DC link and then it must be transmitted to the grid. Therefore, by

only controlling the Vbus variable to a constant value, this active power flow through

the converters is ensured, together with a guarantee that both grid and rotor side

converters have available the required DC voltage to work properly.

Figure 2.60 Power flow diagram.
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In a similar way, one variable that can also be controlled with this schema is the

reactive power exchange with the grid (Qg). In general, it can take different values

depending onwhich current are to beminimized: the current through the back-to-back

converter or the current through the stator of the machine.

Since, in general, a sensorless strategy is not typically adopted, for control the

magnitudes that must be measured are the grid side current and voltage, together with

the DC link voltage.

Therefore, the grid voltage oriented vector control (GVOVC) block diagram is

shown in Figure 2.62. From the Vbus and Qg references, it creates pulses for the

controlled switches Sa_g, Sb_g, and Sc_g.

Thus, the modulator creates the pulses Sa_g, Sb_g, Sc_g from the abc voltage

references for the grid side converter: v�af , v
�
bf , and v

�
cf . The modulator can be based on

any of the schemas presented in this chapter for the 2L-VSC.

In thisway, these abcvoltage references are first created in dq coordinates (v�df , v
�
af ),

then transformed to ab coordinates (v�af , v
�
bf ), and finally generate the abc voltage

references.

Then, the dq voltage references (v�df , v
�
af ) are independently created by the dq

current (i�dg, i
�
qg) controllers. Note that this cause–effect law comes from expres-

sions (2.108) and (2.109).

Vbus

Sa_g

Sa_g
’

Sb_g

Sb_g
’ Sc_g

’

Sc_g

n

a

b

c

o

Filter

ibg

iag

icg

vag

vbg

vcg

Grid Voltage 

Oriented 

Vector Control

Pg , Qg

Sa_g , Sb_g , Sc_g

iag, ibg , icg

vag, vbg , vcg

Vbus

Vbus
* Qg

*

+

–

–

–

–

+

+

+

Figure 2.61 Grid side system control.
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This indicates that bymodifying vdf, idg ismainlymodified;while bymodifying vqf,

iqg is mainly modified. There is also one coupling term in each equation that is best

considered in the control as a feed-forward term (at the output of the current

controllers), for better performance in the dynamic responses:

edf ¼ �osLf iqg ð2:120Þ
eqf ¼ osLf idg ð2:121Þ

Note that, under ideal conditions, the term vdg is equal to the grid voltage amplitude

and is constant as mentioned before.

It must be highlighted that the current references (i�dg, i
�
qg) are totally decoupled

from the active and reactive powers, thanks to the alignment of the grid voltage space

vector and the d axis of the rotating reference frame. Thus, i�dg control implies Pg

control, while i�qg control implies Qg control. The constant terms needed are easily

deduced form Equations (2.112) and (2.113):

KPg ¼ 1
3
2
vdg

ð2:122Þ

KQg ¼ 1

� 3
2
vdg

ð2:123Þ

As mentioned before, the power Pg reference is created by the Vbus regulator.

Indirectly, by this loop, active power flow through the back-to-back converter is

ensured.

Finally, for voltage and current coordinate transformations, the angle of the grid

voltage is needed: �g. In general, this angle is estimated by a phase locked loop (PLL).

Its closed loop nature provides stability and perturbation rejections to the angle

estimation.

Figure 2.62 Grid voltage oriented vector control (GVOVC) block diagram.

146 BACK-TO-BACK POWER ELECTRONIC CONVERTER



Consequently, the presented control strategy is able to control the variables

(Vbus, Qg) as specified, providing also good dynamic response performance due to

its vector control structure.

2.4.3.2 Phase Locked Loop (PLL) for the Grid Angle Estimation As

introduced in the previous section, a PLL is used to estimate the angle of the grid

voltage �g, in a closed loopway.Many different PLL structures have been proposed in

the specialized literature; however, in this section, only a simple but efficient solution

is presented.

The PLL seeks synchronization to a sinusoidally varying three-phase variable, in

this case the grid voltage. The presented PLL is synchronized by using the dq

coordinates of the voltage with which it is required to be synchronized. Thus, the d

component of the grid voltage (vdg) must be aligned with the d rotating reference

frame; this means that the estimated �gmust be modified until the q component of the

voltage (vqg) is zero. At thatmoment, it can be said that the rotating reference frame dq

and the grid voltage space vector are synchronized and aligned to the d axis.

The closed loop PLL structure is illustrated in Figure 2.63. It takes the input abc

voltages and transforms them into dq coordinates by using its own estimated �g angle.
Then the calculated d component is passed through a PI controller, modifying

the estimated angular speed until the d component is made zero; this means that

the synchronization process has been stabilized (check Figure 2.64 for an illustrative

graphical example).

Figure 2.64 Grid voltage angle estimation with PLL.

abc
dq

PI dt

Figure 2.63 Classic PLL structure block diagram.
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This PLL must be continuously running with the control strategy, since the angle

does not have a constant magnitude but is modified according to the angular speed of

the grid voltage. The dynamic of the synchronization can be altered by tuning the PI

controller. Unfortunately, the synchronization dynamics depend on the amplitude of

the input voltages. Consequently, with this PLL structure, it is highly recommended

that the input voltages be given in p.u. (see next section for details) so it is not

necessary to use a new tuning process of the PI, if this PLL is used in a system with

different input voltage amplitudes.

Figure 2.65 shows the proposed PLL performance when it is connected to a 380V

grid voltage. Until second 0.2, the PLL is disabled, so the estimated angle �̂g is zero, as
illustrated in Figure 2.65a. In order to reduce the computational cost of the PLL

implementation, the angle is saturated between 3p/2 and �p/2.
Figures 2.65b and 2.65c show how the PLL needs approximately 2.5 cycles to

synchronizewith the grid voltage. Depending on how the PI is tuned, a faster dynamic

could be achieved if necessary.

2.4.3.3 Per Unit (p.u.) Representation In some cases, it is useful to express

the magnitudes of the grid side system as normalized. This normalization is done by

selecting some basevalues and then dividing themagnitudes of the grid side systemby

these selected base values. In this book the normalizing values are called base values,

while the normalized magnitudes are called per unit (p.u.) magnitudes.

In general, the normalizing or base values are chosen as the ratedmagnitudes of the

system (voltage, currents, etc.); therefore, this normalization is often useful to give a

6

4

2

0

–2

–4

2

1.5

1

0.5

0

–0.5

–1

–1.5

–2

700

600

500

400

300

200

100

0

0.1             0.15           0.2            0.25           0.3             0.35

0.1             0.15           0.2            0.25           0.3             0.35 0.1             0.15           0.2            0.25           0.3             0.35

(a)

(b) (c)

Time (s)

Time (s) Time (s)

θg

νag cos(θg)

ωs

Figure 2.65 PLL performance: (a) estimated angle �g, (b) cos �g and vag, and (c) os.
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quick view of how far one instantaneous magnitude is varying, for instance, the grid

current from its rated value. On the other hand, the p.u. values are also useful to

compare magnitudes of different systems (e.g., currents) rated to different power.

In the next chapter, when the model of the DFIM is presented, a more detailed

analysis of the p.u. representation is made, applying p.u. to the model of the machine

itself, to its parameters, and, of course, to the varying magnitudes of the machine

(voltages, currents, fluxes, etc.). However, in this chapter, the p.u. is only applied to

the magnitudes present in the grid side system.

Base Values As mentioned before, any magnitude of the grid side system can be

normalized by dividing the magnitude by a base value. For example,

Voltage ðVÞ
Voltagepu ¼ Voltage=Vbase ðno unitsÞ

Asmentioned earlier in this book, this normalization is called the p.u. transformation.

The p.u. values of magnitudes will be accompanied by the subscript “pu”.

The base values for the grid side system are chosen as the rated AC rms or DC

values:

Base AC voltage: Vbase_ac ¼ jVgjratedðVÞ ð2:124Þ

Base current: Ibase ¼ jIgjratedðAÞ ð2:125Þ

Base DC voltage: Vbase_dc ¼ Vbus ratedðVÞ ð2:126Þ

where

jVgjrated ¼ rated rms grid voltage (Vrms)

jI gjrated ¼ rated rms grid current (Arms)

Vbus rated ¼ rated DC bus voltage (V)

For the base values of AC magnitudes, the rms is chosen instead of the peak values,

basically because the p.u. transformation is going to be applied to phasors expressed in

rms values. If phasors were expressed in peak values, the base values accordingly

could be chosen as peak values.

From these basic base values, it is possible to derive the base value for the AC

power:

Base power: Sbase ¼ 3Vbase_acIbase ð2:127Þ

It must be remarked that the choice forVbus rated can bemade in different ways. The

required DC bus voltage depends on the operating conditions of the grid side system

(see Sections 2.4.1.1 and 2.4.1.2) as well as the type ofmodulation employed, the grid

side filter, and so on. In this case, supposing that the grid side converter can operate at
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any operating condition, the DC bus voltage required would be (covers the maximum

output AC voltage demand neglecting Rf)

Vbus rated ¼ ð1:1Þ Vbase_ac þ LfosIbase
� � � ffiffiffi

3
p

Note that a 10% higher voltage is imposed (for transient control purposes) than the

required theoretical DC bus voltage for the steady state. Several different choices

could also be valid for Vbus rated.

Per Unit Transformation ofMagnitudes Consequently, from the base values, it is

possible to derive the magnitudes in p.u., according to the following expressions:

Grid voltage in p:u:: Vg pu ¼
Vg

Vbase_ac

ð2:128Þ

Grid current in p:u:: Ig pu ¼
Ig

Ibase
ð2:129Þ

Active power in p:u:: Pg pu ¼ 3
Re Vg � I�g

n o
Sbase

ð2:130Þ

Reactive power in p:u:: Qg pu ¼ 3
Im Vg � I �g

n o
Sbase

ð2:131Þ

DC bus voltage in p:u:: Vbus pu ¼ Vbus

Vbase_dc
ð2:132Þ

Therefore, by following these guidelines for p.u. transformation, it is possible to

normalize the magnitudes of the grid side system. Note that only the amplitude of the

phasors is modified by this p.u. transformation; the angle remains unaltered.

2.4.3.4 Example 2.4: Back-to-Back Converter Supplying a 15 kW and
380 V DFIM This example shows the most interesting magnitudes of a back-to-

back converter supplying a 15 kW DFIM. The grid side converter is connected to a

grid of 380Vand its nominal power is rated to 5 kW.The simulation experiment shows

the steady state and the transient performance of the grid side system when it is

controlled by the GVOVC presented in the previous section. The converter used is a

2L-VSC. Figure 2.66 shows the captured variables.

Thus, Figure 2.66a illustrates the grid voltage where the stator of the DFIM as

well as the grid side converter is connected in p.u. In Figure 2.66b, the power

exchange with the grid is shown. Notice that, during the experiment, the active

power (Pg) delivered to the grid is 5 kW, due to the fact that the DFIM is generating

through the rotor to its nominal power. On the other hand, in the middle of the

experiment, the reactive power exchange with the grid is modified from 0 VAR

(unity power factor) to �2 kVAR (0.4 p.u.).
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Figure 2.66 The 5 kW power exchange with the grid of a 2L-VSC, back-to-back converter

supplying a 15 kW DFIM: (a) grid voltages in p.u., (b) power exchange with the grid in p.u.,

(c) abc grid side converter currents in p.u., (d) dq grid side converter currents in p.u., (e) grid side

converter output voltage in p.u., (f) DCbus voltage in p.u, (g) estimated grid angle, and (h) zoom

of grid side converter output voltage.
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Under these circumstances, the current exchanges with the grid are shown in

Figure 2.66c. These currents are controlled according to the vector control principles

presented in the previous sections in dq coordinates. Figure 2.66d shows the current

control performance. A reasonably good decoupling is achieved during the transient.

On the other hand, Figure 2.66e shows the converter’s voltage reference of phase a,

and the actual voltage.

Checking the DC side, Figure 2.66f illustrates the DC bus voltage performance.

The Qg transient is almost not seen due to a reasonably good and decoupled control

performance. The PLL performance is exhibited in Figure 2.66g. Its closed loop

nature produces a very stable grid angle estimation.

Finally, Figure 2.66h shows the detail of the aphase of the converter output voltage,

in one cycle.

2.5 SUMMARY

This chapter provides the background and basic knowledge of the back-to-back

converter for supplying DFIM based wind turbines. The principles of the converter

based on the two-level VSC topology are studied in detail by considering ideal

switches. Different modulation techniques for this converter are analyzed, exploring

the improvement capacities of each of them.

Attention is paid to emerging multilevel converter topologies, by analyzing the

most generally employed one—the 3L-NPC VSC topology. The particularities and

special characteristics of this converter are described, including one example of a

voltage balancing algorithm for the DC bus capacitors. In recent years, this topology

has gained popularity as a good and effective alternative solution to the classic two-

level converter when this must handle higher power ranges.

On the other hand, the steady state model of the grid side system is studied with

phasor theory. By means of this mathematical tool, the basic behavior as well as the

different operating modes of the grid side system are studied. By means of the space

vector form, the dynamic behavior (dynamic model) of the grid side system is

developed. This model, in contrast with the steady state model, permits one to

represent the behavior of the grid side system variables (voltages, currents, powers)

under the dynamic and steady states.

Therefore, once the dynamic model is understood, it is possible to study the

control of the grid side system. The vector control strategy, based on the space

vector representation of the system that is going to be controlled, in our case

the grid side system, is revealed as an effective control that provides reasonably

simple and easy to understand characteristics, accompanied by a good perfor-

mance. Hence, by means of this control, the main objectives of the grid side

converter are achieved: control of the DC bus voltage and control of the power flow

through the grid side converter.

Finally, once the basic knowledge about the back-to-back converter is acquired by

the reader, it is possible to proceed to study the DFIM with the help of subsequent
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chapters. It is necessary to keep inmind that the rotor of theDFIM is not supplied by an

ideal sinusoidal voltage source, but is supplied by the back-to-back converter studied

in this chapter, accompanied by all of its restrictions and limitations.
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CHAPTER 3

Steady State of the Doubly Fed
Induction Machine

3.1 INTRODUCTION

Chapter 1 presented the basic background of wind turbines, introducing the most

general aspects related to wind energy generation applications. It revealed that the

generator and the converter in charge of feeding and controlling the machine are very

important parts of the wind turbine and of the energy generation process itself.

Thus, once the converter was studied in Chapter 2 in detail, this chapter analyzes

the generator: the doubly fed induction generator (DFIG) or, more generally, the

doubly fed induction machine (DFIM). This crucial element of the wind turbine is

treated as a machine, in general, that can operate in both modes—generating and

motoring. However, in the normal operation of awind turbine, it works as a generator,

delivering energy from the wind to the electric grid.

In this chapter we study the DFIM, considering only the steady state. First, the

steady state electric circuit of the machine is developed, deriving the steady state

model electric equations along with its physics. Then, by means of these model

equations, themodes of operation of themachine are presented and analyzed. Finally,

based also on the model equations, a detailed performance evaluation of the machine

is carried out, developing steady state performance curves that can reveal current,

voltage, or different magnitude requirements, depending on the specific operating

conditions of the machine.

Hence, this chapter serves as the first modeling approach of the machine, focusing

analysis only on the steady state. Later, Chapters 4, 5, and 6 complete the material

dedicated to the model of the machine, by means of dynamic modeling analysis, the

testing procedure of the machine, and the dynamic behavior of the machine during

voltage dips.
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3.2 EQUIVALENT ELECTRIC CIRCUIT AT STEADY STATE

3.2.1 Basic Concepts on DFIM

3.2.1.1 InducedForce/Torque As advanced in Chapter 1, the DFIM consist of

two three-phase winding sets: one placed in the stator and the other in the rotor.

These two three-phase windings need to be supplied independently and also both

windings can be bidirectionally energy supplied. The rotor three-phase windings

can be connected in a star or delta configuration and they are supplied thanks to the

brushes and the slip ring assembly. This machine is similar to a cage rotor induction

machine; however, from the construction perspective, the rotor of the DFIM

is bigger and requires maintenance due to the deterioration of the brushes and

the slip rings.

Therefore, the stator is composed of three windings 120� spatially shifted and p

pairs of poles. When these three stator windings are supplied by a balanced three-

phase voltage of frequency fs, the stator flux is induced. This stator flux rotates at

constant speed. That is, the synchronous speed (ns) is given by the expression

ns ¼ 60 fs

p
ðrev=minÞ ð3:1Þ

In principle, this rotational stator flux induces an emf in the rotor windings according

to Faraday’s law:

eind ¼ ðv� BÞL ð3:2Þ
where

eind¼ induced emf in one conductor of the rotor

v¼ speed of the conductor in relation to the stator flux rotation

B¼ stator flux density vector

L¼ length of the conductor

Due to this induced voltage in the rotor windings and the voltage that can be injected

externally through the brushes, a current is induced in the rotor windings. This

current, according to Laplace’s law, creates an induced force in the rotor of the

machine:

F ¼ i � ðL� BÞ ð3:3Þ
where

F¼ induced force (in relation to the induced torque of the machine)

i¼ current of the rotor conductor

B¼ stator flux density vector

L¼ length of the conductor
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3.2.1.2 Slip Concept As described in the previous subsection, the induced

voltage in the rotor depends on the relation between the stator flux rotational speed and

the rotational speed of the rotor. In fact, the angular frequency of the induced rotor

voltages and currents is given by the relation

or ¼ os � om ð3:4Þ
where

or¼ angular frequency of the voltages and currents of the rotor windings (rad/s)

os¼ angular frequency of the voltages and currents of the stator windings (rad/s)

om¼ angular frequency of the rotor (rad/s)

and

om ¼ pOm ð3:5Þ
where

Om¼mechanical rotational speed at the rotor (rad/s)

Note that in normal operation at steady state, since the induced voltages and currents

in the rotor windings haveor angular frequency, the externally supplied voltage in the

rotor should also have or angular frequency.

Hence, the commonly used term to define the relation between the speed of the

stator and the rotor angular frequency is the slip, s:

s ¼ os � om

os

ð3:6Þ

By combining expressions (3.4) and (3.6), the relation between the slip, the stator, and

the rotor angular frequency is given by

or ¼ sos ð3:7Þ
From this last expression, equivalently, the relation between the frequencies can also

be derived:

fr ¼ sfs ð3:8Þ
Depending on the sign of the slip, it is possible to distinguish three different operating

modes for the machine:

om<os ) or> 0 ) s> 0 ) Subsynchronous operation

om>os ) or< 0 ) s< 0 ) Hypersynchronous operation

om¼os ) or¼ 0 ) s¼ 0 ) Synchronous operation
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3.2.2 Steady State Equivalent Circuit

3.2.2.1 Equivalent Circuit with Different Stator and Rotor
Frequencies Based on the principles presented in Section 3.2.0, the steady

state equivalent electric circuit of the DFIM can be ideally simplified, as depicted

in Figure 3.1, with the following assumptions:

. It is assumed that both the stator and the rotor are connected in the star

configuration; however, only one phase of the stator and rotor three-phase

windings is represented.

. The stator is supplied by the grid at constant and balanced three-phase AC

voltage amplitude and frequency.

. The rotor is supplied also at constant and balanced AC voltage amplitude and

frequency, independently from the stator, for instance, by a back-to-back voltage

source converter.

. To represent steady state voltage and current magnitudes, the analysis is carried

out using classical phasor theory:

Vs ¼ supplied stator voltage

V 0
r ¼ supplied rotor voltage

I s ¼ induced stator current

I 0r ¼ induced rotor current

Es ¼ induced emf in the stator

E 0
rs ¼ induced emf in the rotor

. The electric parameters of the stator and rotor are:

Rs¼ stator resistance

R0
r ¼ rotor resistance

Xss¼ stator leakage impedance

X0
sr ¼ rotor leakage impedance

Ns¼ stator winding’s number of turns per phase

Nr¼ rotor winding’s number of turns per phase
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Figure 3.1 One phase steady state equivalent electric circuit of theDFIMwith different stator

and rotor frequencies.
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It must be highlighted again that the voltage and currents of the stator and the rotor

circuits have different frequencies. The stator frequency ( fs) is fixed if the stator is

connected directly to the grid, while the frequency of the rotor voltages and currents is

variable ( fr) and depends on the speed of the machine according to expression (3.8).

Consequently, the impedance X0
sr of the rotor will also be dependent on the speed of

the machine.

Analyzing the stator and rotor separately, the steady state model electric equations

may be derived as follows.

Stator

Vs � Es ¼ ðRs þ XssÞI s at fs ð3:9Þ
where

V s ¼ supplied stator voltage with frequency fs (Vrms)

Es ¼ induced emf in the stator windings with frequency fs (Vrms)

I s ¼ induced stator current with frequency fs (Arms)

Xss ¼ j�os�Lss ¼ stator leakage impedance (O)

Similarly, for the rotor circuit, we can obtain the needed equations.

Rotor

V 0
r � E 0

rs ¼ ðR0
r þ X0

srÞI0 r at fr ð3:10Þ
where

E 0
rs ¼ induced emf in the rotor with frequency fr, due to the slip between the stator

and rotor fields, that is, the induced voltage in the rotor (Vrms); laterwe show that

this voltage depends on the speed of the rotor.

V 0
r ¼ supplied rotor voltage; its frequency should be fr at steady state, that is, the

same frequency as the induced E 0
rs voltage in the rotor (Vrms)

I 0r ¼ induced rotor current with frequency fr (Arms)

X0
sr ¼ jorL

0
sr ¼ rotor leakage impedance (O); or, according to expression (3.7),

X0
sr ¼ jsosL

0
sr

3.2.2.2 Equivalent Circuit Referring the Rotor to the Stator In general,

the equivalent circuit of Figure 3.1 together with the model equations (3.9) and (3.10)

are used as a first step to derive the final steady state circuit of the DFIM. The fact that

the stator and rotor equivalent circuits and their model equations operate at different

frequencies ( fs and fr) make them not very practical beyond analysis of the machine.

Consequently, a much more practical and useful approach is to transform the

equivalent circuit of Figure 3.1 to an equivalent circuit in which all the rotor and stator

currents and voltages operate at the same frequency.
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Referring Rotor emf to the Stator For that purpose, it is first necessary to find

the relation between the induced emfs of the stator and rotor. Hence, according to the

basic form of Lenz’s law:

E ¼ N
d�

dt
ð3:11Þ

The induced voltage E depends on the flux � variation and the number of turns N.

Consequently, the induced voltage Es in the stator windings is

Es ¼
ffiffiffi
2

p
pKsNsfs�m

ðVrmsÞ ð3:12Þ
where

�
m
¼magnetizing flux

Ks¼ stator winding factor; in general, slightly smaller than 1 due to the geometry

of the machine

Similarly, in the rotor windings, due to the slip speed, the induced emf E 0
rs is

E 0
rs ¼

ffiffiffi
2

p
pKrNrfr�m

ðVrmsÞ ð3:13Þ
where

Kr¼ rotor winding factor; in general, as occurs in the stator, slightly smaller than 1

due to the geometry of the machine

Hence, by equating Equations (3.12) and (3.13) and taking into account

expression (3.8), the relation between the induced emf in the sator and rotor

yields

E 0
rs

Es

¼ s
KrNr

KsNs

ð3:14Þ

We often define a constant factor, u, that relates the stator and rotor induced voltages

at zero speed (s¼ 1):

1

u
¼ KrNr

KsNs

ð3:15Þ

In general and particularly also in wind energy generation applications, the

machines are specially designed, in such a way that the u factor is mostly defined

by the stator and rotor turns ratio:

Kr

Ks

ffi 1; ) u ffi Ns

Nr

ð3:16Þ
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Referring the Rotor Impedances, Currents, and Voltages to the Stator
According the u Factor In order to refer the rotor circuit to the stator, it is

necessary to refer the parameters, currents, and voltages of the rotor to the stator.

Before we consider the difference in frequencies between the rotor and the stator, the

influence of the u factor will be taken into account first.

As in ideal transformer theory, the stator and rotor of a DFIM can equivalently be

treated as the primary and secondary of a transformer, respectively. Hence, the

impedances of the rotor, referred to the stator side, can be calculated as

Rr ¼ R0
ru

2 ð3:17Þ
Lsr ¼ L0sru2 ð3:18Þ

where

Rr ¼ rotor resistance referred to the stator due to the u factor

Lsr ¼ rotor leakage inductance referred to the stator due to the u factor

We do the same thing for the rotor voltages and currents:

I r ¼
I0r
u

ð3:19Þ

V r ¼ V 0
ru ð3:20Þ

Ers ¼ E 0
rsu ð3:21Þ

where

I r ¼ rotor current, referred to the stator side due to the u factor

V r ¼ supplied rotor voltage, referred to the stator side due to the u factor

Ers ¼ induced emf in the rotor, referred to the stator side due to the u factor

Consequently, the equivalent steady state circuit of Figure 3.1 is transformed into the

equivalent circuit of Figure 3.2. Note that the frequencies of the stator and rotor

magnitudes are still different.

According to the adopted notation, the prime superscript (0) for a rotor magnitude

or parameter means real or measurable. On the contrary, when there is no prime

superscript on the parameter or magnitude, it means that it has been referred to

the stator. For stator magnitudes or parameters this distinction is unnecessary.

Final Equivalent Circuit Finally, the equivalent steady state stator referred circuit

is derived. The steady state model equation of the rotor winding, from

expression (3.10), is now expressed as

Vr � Ers ¼ ðRr þ jsosLsrÞI r at fr ð3:22Þ
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By substituting the relation between the stator and rotor emf, Equation (3.14), we find

Vr � sEs ¼ ðRr þ jsosLsrÞI r at fr ð3:23Þ
In order to transform this equation, to stator frequency, itmust be divided by the slip, s:

Vr

s
� Es ¼

Rr

s
þ josLsr

� �
I r at fs ð3:24Þ

Consequently, this last expression represents one phase of the rotor winding entirely

referred to the stator. Now, by combining it with Equation (3.9) of the stator winding:

V s �
Vr

s
� ðRs þ josLssÞI s þ

Rr

s
þ josLss

� �
I r ¼ 0 at fs ð3:25Þ

It is now possible to derive the steady state equivalent circuit of the DFIM, completely

referred to the stator, as illustrated in Figure 3.3.

The stator induced emf is equal to

Es ¼ josLmðI s þ I rÞ at fs ð3:26Þ
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Figure 3.3 One-phase steady state equivalent electric circuit of the DFIM referred to the

stator.
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where Lm is the magnetizing inductance of the machine, normally measured at the

stator side.

3.2.3 Phasor Diagram

From the steady state equivalent circuit of Figure 3.3, it is possible to derive the phasor

diagram of the machine for specific operating conditions. In this subsection, we show

how the phasor diagram is deduced, by using the model equations of the machine.

For that purpose, from the stator and rotor currents, the stator and rotor fluxes are

calculated according to the following expressions:

Cs ¼ LmðI s þ I rÞ þ LssI s ¼ LsI s þ LmIr ð3:27Þ
Cr ¼ LmðI s þ I rÞ þ LsrI r ¼ LmIs þ LrI r ð3:28Þ

where Ls and Lr are the stator and rotor inductances:

Ls ¼ Lm þ Lss ð3:29Þ
Lr ¼ Lm þ Lsr ð3:30Þ

Hence, substituting the fluxes into the voltage expressions (3.9) and (3.24), new

voltage equations related to the fluxes can be derived:

Vs � RsI s ¼ josCs ð3:31Þ
Vr � RrI r ¼ jsosCr ð3:32Þ

Thus, by using expressions (3.27) to (3.32), the phasor diagram can be derived. Note

that all these equations are referred to the stator and frequency fs. Figure 3.4 shows

the phasor diagram derivation procedure, for a DFIM operating in motor mode, with

Qs¼ 0 (Section 3.3.3 analyzes how to derive it) at subsynchronous speed.

Assuming that the parameters of the machine are known, we have the following

steps:

Step a. Since the machine is operating as a motor with Qs¼ 0, the stator voltage

and current phasors are placed (supposed known amplitudes).

Step b. From expression (3.31), the stator flux phasor is placed.

Step c. From expression (3.27), the rotor current phasor is placed.

Step d. Once the rotor current is known, with expression (3.28), the rotor flux

phasor is derived. Note that, in this example, the amplitude of the rotor phasor is

greater than the stator flux’s amplitude.

Step e. Once the rotor flux is placed, from expression (3.32), finally the rotor

voltage phasor is derived. Note that at s> 0 or at s< 0, the location of the rotor

voltage vector would be modified.

Step f. The final phasor diagram is shown.
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If the phase shift angles between the phasors are noted according to Figure 3.5, it is

possible to distinguish five different phase angles:

d: Phase shift between the stator and rotor flux phasors

gv: Phase shift between the stator voltage and stator flux phasors

gi: Phase shift between the stator current and stator flux phasors
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Figure 3.4 Phasor diagram of a DFIM operating as a motor, with Qs¼ 0 at subsynchronous

speed, following steps (a) through (f).
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Figure 3.5 Phasor diagram of a DFIM operating as a motor, with Qs¼ 0 at subsynchronous

speed.

164 STEADY STATE OF THE DOUBLY FED INDUCTION MACHINE



jv: Phase shift between the rotor voltage and rotor flux phasors

ji: Phase shift between the rotor current and rotor flux phasors

For this particular case, the resulting angles have the following meanings:

d: Stator flux leading the rotor flux implies motoring operation of the machine.

gv: Always very close to 90�.
gi: Since it is equal to gv the stator reactive power is zero,Qs¼ 0, and positive stator

active power, Ps> 0 (the grid is providing power to the stator).

jv: Always very close to 90
� (leadingVr toCr at subsynchronous speed, lagging at

hypersynchronous speed).

ji: Sincejv þ ji> 90�, leading Vr to I r, the rotor active power is negative,Pr< 0

(the rotor is absorbing power) and Qr> 0 (inductive, the DFIM is magnetized

through the rotor).

Finally, Figure 3.6 shows the phasor diagrams of two typical operating modes,

when the DFIM operates in wind energy generation; generating (Ps< 0) with

lagging (Qs> 0) and leading (Qs< 0) power factors. Notice that the relative position

between the two stator and rotor fluxes is not altered, but the amplitude relations

change.

3.3 OPERATION MODES ATTENDING TO SPEED AND
POWER FLOWS

3.3.1 Basic Active Power Relations

From the steady state equivalent circuit of Figure 3.3, it is possible to study the phasor

diagrams of the machine as shown in the previous subsection. It is also important to

analyze the power relations of the DFIM, since it would allow us to study different

operation modes of this machine. Hence, in this subsection, the basic power and

torque expressions are derived from the steady state equivalent circuit. However, for

that purpose, it is more suitable to modify the equivalent circuit of Figure 3.3, to the

slightly modified equivalent circuit illustrated in Figure 3.7.
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Figure 3.6 Phasor diagram in generator mode: (a) Qs> 0 and (b) Qs< 0.
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The only modification consists of redefining the rotor resistance and rotor voltage

terms, to two new terms—one nondependent on the slip and the other dependent:

Rr

s
) Rr þ Rr

1� s

s

� �
ð3:33Þ

V r

s
) Vr þ V r

1� s

s

� �
ð3:34Þ

In this way, it is easy to know which electric element is responsible for power losses

and which element is responsible for generating mechanical power. Hence, the three

phase active power losses of the machine are given in terms of the stator and rotor

resistances:

Pcu_s ¼ 3RsjI sj2 ð3:35Þ
Pcu_r ¼ 3RrjI rj2 ð3:36Þ

Note that these copper losses always take a positive sign. Connected to this, the active

power balance of the machine can be represented graphically as depicted in

Figure 3.8.
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Figure 3.8 Schematic of the active power balance of the DFIM with motor convention.
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Mathematically,

Ps þ Pr ¼ Pcu_s þ Pcu_r þ Pmec ð3:37Þ
where

Ps¼ stator active power (W)

Ps ¼ 3Re V s � I �s
� � ¼ 3jVsj � jI sjcos gv � gið Þ ð3:38Þ

If Ps> 0 ) the machine is receiving power through the stator.

If Ps< 0 ) the machine is delivering power through the stator.

where

Pr¼ rotor active power (W)

Pr ¼ 3Re Vr � I�r
� � ¼ 3jVrj � jI rjcos jv � jið Þ ð3:39Þ

If Pr> 0 ) the machine is receiving power through the rotor.

If Pr< 0 ) the machine is delivering power through the rotor.

where

Pmec¼mechanical power (W), that is, the power transmitted though the electrical

circuit to the mechanical shaft

The sign of this power defines the operation of the machine as a motor or a

generator.

If Pmec> 0 ) the machine is delivering power through the shaft: MOTORING.

If Pmec< 0) the machine is receiving power through the shaft: GENERATING.

This convention is called the “motor convention.” It gives a positive sign to the

motor operation. When the mechanical power losses are neglected, the mechanical

power gives us the next relation:

Pmec ¼ TemOm ¼ Tem
om

p
ð3:40Þ

where

Tem¼ electromagnetic torque in the shaft of the machine

Consequently, themechanical power can be calculated from the electrical circuit in

two different ways.
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1. Directly from Expression. (3.37).

Pmec ¼ Ps þ Pr � Pcu_s � Pcu_r ð3:41Þ
yielding

Pmec ¼ 3jVsj � jI sjcos gv � gið Þ þ 3jVrj � jI rjcos jv � jið Þ
�3Rs � jI sj2 � 3RrjI rj2

ð3:42Þ

2. From the Equivalent Circuit of Figure 3.7. Since the inductances are only

responsible for the reactive power, the elements that contain the slip term (s) are

associated with the mechanical power:

Pmec ¼ 3Rr

1� s

s

� �
jI rj2 � 3

1� s

s

� �
�Re V r � I �r
� � ð3:43Þ

Finally, the efficiency of the machine can be defined as

� ¼ Pmec

Ps þ Pr

if Pmec > 0

� ¼ Ps þ Pr

Pmec

if Pmec < 0

ð3:44Þ

3.3.2 Torque Expressions

Accordingly, from expressions (3.43) and (3.40), the electromagnetic torque can be

calculated by means of the electric magnitudes:

Tem ¼ 3pRr

om

1� s

s

� �
jI rj2 �

3p

om

1� s

s

� �
�Re V r � I �r
� � ð3:45Þ

or more simply by taking into account that

1� s

s

� �
¼ om

or

yielding

Tem ¼ 3pRr

or

jI rj2 �
3p

or

jVrj � jI rjcos jv � jið Þ ð3:46Þ

In addition, there is a very useful alternative approach for calculating the torque.

It consist of deriving the power expression by making the voltages disappear.

Hence, from the steady state equivalent circuit of Figure 3.3, the stator voltage can

be expressed as

Vs ¼ ðRs þ josLssÞI s þ josLmðI s þ I rÞ ð3:47Þ
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Substituting this into the stator active power expression (3.38), we find

Ps ¼ 3Re VsI
�
s

� �
¼ 3Re RsI s � I �s þ josLssI s � I �s þ josLmðI s þ I rÞ � I�s

� �
¼ 3Re RsjI sj2 þ josLmIr � I�s

n o
¼ 3RsjI sj2 þ 3Re josLmI r � I �s

� �
ð3:48Þ

Equivalently, with the rotor voltage expression (3.32) combined with (3.28), we find

Vr ¼ ðRr þ jsosLsrÞI r þ jsosLmðI s þ I rÞ ð3:49Þ
The rotor active power expression (3.39) yields

Pr ¼ 3Re Vr � I�r
� �

¼ 3Re RrI r � I�r þ jsosLsrI r � I �r þ jsosLmðI s þ I rÞ � I�r
� �

¼ 3Re RrjI rj2 þ jsosLmIs � I �r
n o

¼ 3RrjI rj2 þ 3Re jsosLmI s � I �r
� �

ð3:50Þ

Hence, by substituting these last two expressions, (3.48) and (3.50), into expres-

sion (3.41), the new mechanical power equation yields

Pmec ¼ Ps þ Pr � Pcu_s � Pcu_r

¼ 3Re josLmI r � I �s
� �þ 3Re jsosLmI s � I �r

� �
¼ �3osLm 1� sð Þ � Im I r � I�s

� �
¼ �3omLm � Im I r � I�s

� � ¼ 3omLm � Im I�r � I s
� �

ð3:51Þ

Finally, based on expression (3.40), the electromagnetic torque yields

Tem ¼ 3pLm � Im I�r � I s
� � ð3:52Þ

As mentioned in Section 3.2.1, I r and I s phasors are defined as rms amperes.

Note that if instead of the currents we use the fluxes in the torque expression, we

can achieve several equivalent torque equations:

Tem ¼ 3p
Lm

Ls
� Im Cs � I �r
� � ¼ 3p � Im C�

s � I s
� � ¼ 3p � Im Cr � I�r

� �
¼ 3

Lm

Lr
p � Im C�

r � I s
� � ¼ 3

Lm

sLrLs
p � Im C�

r �Cs

� � ð3:53Þ

where s ¼ 1� Lm
2=LsLr is the leakage coefficient.
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3.3.3 Reactive Power Expressions

As we did for the active powers, in this subsection the stator and rotor reactive power

expressions are derived. Similar to expression (3.48), the stator reactive power can be

calculated as

Qs ¼ 3Im Vs � I�s
� �

¼ 3Im Rs � I s � I�s þ josLssI s � I�s þ josLmðI s þ I rÞ � I �s
� �

¼ 3Im josLsjI sj2 þ josLmIr � I�s
n o

¼ 3osLsjI sj2 þ 3Im josLmI r � I �s
� �

¼ 3osLsjI sj2 þ 3osLm �Re I r � I�s
� �

ð3:54Þ

Equivalently, for the rotor side reactive power:

Qr ¼ 3Im Vr � I �r
� �

¼ 3Im RrI r � I �r þ jsosLsrI r � I�r þ jsosLmðI s þ I rÞ � I �r
� �

¼ 3Im jsosLrjI rj2 þ jsosLmIs � I�r
n 	

¼ 3sosLrjI rj2 þ 3Im jsosLmI s � I�r
� �

¼ 3sosLrjI rj2 þ 3sosLm �Re I s � I �r
� �

ð3:55Þ

3.3.4 Approximated Relations Between Active Powers, Torque, and
Speeds

From expressions (3.48) and (3.50), by neglecting the copper power losses in the stator

and rotor resistances, the relation between the stator and rotor power is immediate:

Pr ffi �sPs ð3:56Þ
Hence, from expression (3.41), the mechanical power can also be expressed as

Pmec ffi Ps � sPs ¼ 1� sð ÞPs ð3:57Þ
On the other hand, by substituting Equation (3.40), we find

Pmec ffi om

os

Ps ffi Tem
om

p
ð3:58Þ

Consequently, the relation between the torque and the stator power yields

Ps ffi Tem
os

p
ð3:59Þ
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Similarly, it easy to deduce that

Pr ffi Tem
or

p
ð3:60Þ

3.3.5 Four Quadrant Modes of Operation

From the power relations (3.56)–(3.60) of the previous subsection, it is easy to see that

the DFIM can operate under different conditions depending on the power and the

speed. Figure 3.9 shows a simplified scheme of the power flow.

Table 3.1 shows the four possible combinations. Note that only in generator mode

at hypersynchronism is it possible to deliver power through both the stator and rotor

side to the grid. In an equivalent way, Figure 3.10 graphically illustrates the four

quadrant operation modes.

For instance, Figure 3.11 shows the power balance of the DFIM at constant

electromagnetic torque in operation modes 1 and 4, that is, motoring at subsynchron-

ism and hypersynchronism.

Tem 

m

12

3 4

s

Figure 3.10 Four quadrant modes of operation of the DFIM.

Ps , Qs

Pmec 

Tem

m

Pr , Qr

sss
VI ,,

rrr
VI ,,

Figure 3.9 Schematic of the electric and mechanical inputs and outputs of the DFIM.
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Finally, Figure 3.12 summarizes the active power flow schematic as well as the

phasor diagrams of all the operating modes of the DFIM. Positive stator reactive

power consumption (Qs> 0) has been chosen for the phasor diagram representations.

The readermust pay special attention to the relative positions between phasors at each

operating mode.

3.4 PER UNIT TRANSFORMATION

In some cases, it is useful to express the model of the DFIM in per unit (p.u.) as we did

in Chapter 2 with the grid side system. In general, themachine’s parameters as well as

the magnitudes (currents, voltages, fluxes, torque, powers, etc.) can be transformed

into p.u. with the following advantages:

. Eases the comparison between different machines’ parameters and magnitudes.

. The magnitudes expressed in p.u. automatically provide information on how far

it is from the base or rated values, thus avoiding the necessity of knowing the

nominal value at first glance.

Pmec 

m

s

Ps

Pr

Power

1

-1

m

s

s

Figure 3.11 DFIM power balance at constant electromagnetic torque.
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Figure 3.12 Active power flow representations and phasor diagrams (with Qs> 0) of the

DFIM at different modes of operation: (a, b) mode 1, (c, d) mode 2, (e, f) mode 3, (g, h)

mode 4.
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Hence, this section shows the p.u. transformation of the machine parameters and

magnitudes, as well as the machinés alternative p.u. steady state model equations.

3.4.1 Base Values

As presented in the previous chapter when the grid side system was studied, any

magnitude of the machine can be normalized by dividing that magnitude by a base

value. For example,

Voltage ðVÞ
Voltagepu ¼ Voltage=Vbase ðno unitsÞ

In this chapter also, this normalization is called the p.u. transformation. The p.u.

values ofmagnitudes are accompanied by the subscript “pu,” aswas done inChapter 2

with the grid side system. From the different base choice possibilities, this analysis

selects stator rated rms values of voltages and currents:

Base voltage: Vbase ¼ jVsjrated ðVÞ ð3:61Þ

Base current: Ibase ¼ jI sjrated ðAÞ ð3:62Þ

Base angular frequency: obase ¼ os rated ðrad=sÞ ð3:63Þ
where

jVsjrated ¼ line to neutral rated rms stator voltage (Vrms)

jI sjrated ¼ rated rms stator current (Arms)

os rated ¼ rated stator angular frequency (rad/s)

The rms is chosen instead of the peak values, basically because the p.u. transformation

is going to be applied to phasors expressed in rms values in this chapter. If phasors

were expressed in peak values, the base values accordingly could be chosen as peak

values. From these three basic base values, it is possible to derive the rest of the

base values.

Base flux: Cbase ¼ Vbase

obase

ð3:64Þ

Base impedance: Zbase ¼ Vbase

Ibase
ð3:65Þ

Base inductance: Lbase ¼ Cbase

Ibase
ð3:66Þ

Base power: Sbase ¼ 3VbaseIbase ð3:67Þ
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Base speed: Om base ¼ obase

p
ð3:68Þ

Base torque: Tbase ¼ Sbase

Om base

ð3:69Þ

3.4.2 Per Unit Transformation of Magnitudes and Parameters

Consequently, from the base values, it is possible to derive the parameters in p.u.,

according to the following expressions:

Stator voltage in p:u:: Vs pu ¼
V s

Vbase

ð3:70Þ

Stator current in p:u:: I s pu ¼
I s
Ibase

ð3:71Þ

Stator flux in p:u:: Cs pu ¼
Cs

Cbase

ð3:72Þ

Stator active power in p:u:: Ps pu ¼ 3
RefVs � I�sg

Sbase
ð3:73Þ

Stator reactive power in p:u:: Qs pu ¼ 3
ImfVs � I�sg

Sbase
ð3:74Þ

Note that only the moduli of the phasors is transformed; that is, the angle is unaltered

when transforming to p.u. Similarly, for the rotor, we have the following expressions:

Rotor voltage in p:u:: Vr pu ¼
V r

Vbase

¼ V 0
r � u

Vbase

ð3:75Þ

Rotor current in p:u:: I r pu ¼
I r
Ibase

¼ I 0r
Ibase � u ð3:76Þ

Rotor flux in p:u:: Cr pu ¼
Cr

Cbase

ð3:77Þ

Rotor active power in p:u:: Pr pu ¼ 3
RefVr � I �rg

Sbase
ð3:78Þ

Rotor reactive power in p:u:: Qr pu ¼ 3
ImfVr � I �rg

Sbase
ð3:79Þ
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Note that for the rotor voltage and currents, the p.u. values are derived from the stator

referred voltages and currents.

Therefore, for the torque and speed, we find the following:

Torque in p:u:: Tem pu ¼ Tem

Tbase
ð3:80Þ

Speed in p:u:: Om pu ¼ Om

Obase

ð3:81Þ

Finally, the parameters of the machine are transformed to p.u. as follows:

Resistances in p:u:: r ¼ R

Zbase
¼ RIbase

Vbase

ð3:82Þ

Inductances in p:u:: l ¼ L

Lbase
¼ LIbase

Vbase

obase ð3:83Þ

Note that the parameters transformed into p.u. are written in lowercase. Both stator

and rotor parameters are transformed to p.u. using the same base, as occurs with the

magnitudes.

3.4.3 Steady State Equations of the DFIM in p.u

By considering the p.u. transformation studied in the previous two subsections, it is

also possible to transform the steady state equations of the DFIM into p.u. First, we

consider the stator voltage in Equation (3.84):

Vs ¼ RsI s þ josCs ð3:84Þ

We can transform the voltage, current, and flux to p.u. as follows:

Vs puVbase ¼ RsI s puIbase þ josCs pu �Cbase ð3:85Þ

This expression is equivalent to

V s pu ¼ Rs

Ibase

Vbase

I s pu þ josCs pu

Vbase

obase

� 1

Vbase

ð3:86Þ

Finally, the p.u. expression yields

Vs pu ¼ rsI s pu þ jCs pu ð3:87Þ

Equivalently, from the rotor voltage, Equation (3.88), the p.u. equation yields

Vr pu ¼ rrI r pu þ jsCr pu ð3:88Þ
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In a similar manner, with the fluxes it is possible also to derive the p.u. expressions.

From the stator flux expression (3.27):

Cs ¼ LsI s þ LmIr ð3:89Þ

Transforming the fluxes and currents to p.u.:

Cs pu

Vbase

obase

¼ LsIbaseI s pu þ LmIbaseI r pu ð3:90Þ

This expression is equivalent to

Cs pu ¼ Ls
Ibase

Vbase

obaseI s pu þ LmIbase
Ibase

Vbase

obaseI r pu ð3:91Þ

Therefore, the p.u. expression yields

Cs pu ¼ lsI s pu þ lmI r pu ð3:92Þ

Equivalently, for the rotor flux, from expression (3.28):

Cr ¼ LmIs þ LrI r ð3:93Þ

The rotor flux p.u. expression yields

Cr pu ¼ lmI s pu þ lrI r pu ð3:94Þ

On the other hand, for the electromagnetic torque in p.u., from one of the valid

expressions (3.53):

Tem pu ¼ 3pImfCr � I �rg
Tbase

ð3:95Þ

Is equivalent to

Tem pu ¼
3pIm Cr � I �r

� �
3VbaseIbase

p
obase

ð3:96Þ

So the torque in p.u. yields

Tem pu ¼ Im Cr pu � I �r pu
n o

ð3:97Þ

Finally, for thepowerexpression inp.u., fromEquations (3.73), (3.74), (378)and(3.79):

Ps pu ¼ 3jVsjjI sj
3VbaseIbase

cos gv � gið Þ

¼ jVs pujjI s pujcos gv � gið Þ
ð3:98Þ
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Qs pu ¼ jVs pujjI s pujsin gv � gið Þ ð3:99Þ

Pr ¼ jV r pujjI r pujcos jv � jið Þ ð3:100Þ

Qr ¼ jVr pujjI r pujsin jv � jið Þ ð3:101Þ

Therefore, the following set of three examples applies some of the basics we have seen

up to now in this chapter.

3.4.4 Example 3.1: Parameters of a 2 MW DFIM

Table 3.2 shows the characteristics and parameters of a 2 MW DFIM. All these

characteristics and parameter values are subject to how themanufacturer has designed

the machine; however, it is typical to find some basic common features among

the brands.

The rated active power of the machine is often associated with the rated generated

stator active power. Note that the machine can be generating or motoring more active

power than the rated power, depending on the speed or slip (Ps þ Pr). In essence, the

rated power can be understood as the rated power of the machine at synchronous

speed, that is, with Pr¼ 0 at s¼ 0.

TABLE 3.2 Multi-MW DFIM Characteristics

Characteristic Value Features

Synchronism 1500 rev/min Synchronous speed at 50Hz

Rated power 2MW Nominal stator three-phase active power

Rated stator voltage 690Vrms Line-to-line nominal stator voltage in rms

Rated stator current 1760Arms Each phase nominal stator current in rms

Rated torque 12.7 k�Nm Nominal torque at generator or motor modes

Stator connection Star

p 2 Pair of poles

Rated rotor voltage 2070Vrms Line-to-line nominal rotor voltage in rms

(reached at speed near zero)

Rotor connection Star

u 0.34

Rs 2.6mO Stator resistance

Lss 87mH Stator leakage inductance

Lm 2.5mH Magnetizing inductance

R0
r 26.1mO Rotor resistance

L0sr 783mH Rotor leakage inductance

Rr 2.9mO Rotor resistance referred to the stator

Lsr 87mH Rotor leakage inductance referred to the stator

Ls 2.587mH Stator inductance: Ls¼ Lm þ Lss
Lr 2.587mH Rotor inductance: Lr¼ Lm þ Lsr
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However, whenwe are speaking about awind turbine based on theDFIM, the rated

active power is associated with the total rated power (Pmec¼Ps þ Pr) that can be

generated by both the stator and rotor. This point is located at the maximum allowed

slip at hypersynchronism (typically s¼�0.3 or less). Thus, a 2MW DFIM, with a

back-to-back converter prepared to operate at a maximum of s¼ 0.3, for instance,

would lead to a wind turbine of

Pmec ¼ Ps þ Pr ffi Ps � 1� sð Þ 



!s¼�0:3
Pmec ffi 2 1þ 0:3ð Þ ffi 2:6MW

On the other hand, the rated stator current is associatedwith the thermal limit of the

machine, that is, the current that would result in the rated temperature rise. For this

machine, the exchange of the rated stator power at the rated stator current corresponds

to a stator power factor equal to 0.95:

Ps ¼
ffiffiffi
3

p
Vrated Iratedcos� ! 2000000ffiffiffi

3
p � 690 � 1760 ffi 0:95

Since this machine presents a factor u¼ 0.34, the nominal voltage of the real rotor

voltage is nearly three times bigger than the stator voltage. This amplitude of voltage

for the rotor voltage is reached at s¼�1, in this case, near zero speed (s¼ 1) or

3000 rev/min (s¼�1).

Nevertheless, in a typical wind turbine, the speed of the machine never ranges too

far away from the synchronous speed (typically s¼�0.3 or less), so the rotor voltage

never reaches those high voltage amplitudes (expression (3.32)), thus reducing the

scale of the power electronic converter in terms of the required voltage amplitude, and

thus operating at similar voltage amplitudes as the grid/stator voltages.

In addition, because this typical slip range operation (s¼�0.3) implies that the

rated rotor power exchange is �30% of the rated stator power, this leads to a

rated rotor current smaller than the rated stator current, thus also reducing the scale

of the power electronic converter in terms of current amplitude (see subsequent

Example 3.3, for detailed analysis).

3.4.5 Example 3.2: Parameters of Different Power DFIM

Table 3.3 shows the real characteristics and parameters of several doubly fed

induction machines of different powers. The machines presented have different

power ranges, voltages, and u factors.

In units, we can see how the resistances get smaller as the machine gets larger. The

same occurs with the leakage inductances and magnetizing inductances. However,

when the parameters are expressed in p.u. according to the base values choices

presented in the previous section (rated stator voltages and currents), this tendency

seems to be inverted for the inductances (magnetizing and leakages). However, as

mentioned before, these tendencies depend on the manufacturers’ designs. Thus, for

instance, the reader can see that the 250 kWmachine shown in this example does not

follow the p.u. parameter tendency of leakage inductances and resistances.
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3.4.6 Example 3.3: Phasor Diagram of a 2 MW DFIM and p.u. Analysis

This example illustrates the steady state of a 2MW DFIM. The operating point is

chosen as the rated stator power generating, with zero stator reactive power, 50Hz of

grid frequency, and s¼�0.25 slip (hypersynchronous speed).

First, the machine is supposed to be delivering 2MW to the grid:

Ps ¼ �2MW

with rated stator voltage (line to neutral)

Vs ¼ 398:4 0�V

This indicates that when Qs¼ 0 is chosen, the stator current phasor yields

Ps ¼ 3RefVs � I�sg ) I s ¼ 1673:8 180� A

TABLE 3.3 Different Power DFIM Characteristics

Characteristic 5 kW 15 kW 250 kW 2MW

Synchronous speed (rev/min) 1500 1500 1500 1500

Rated power (kW) 5 15 250 2000

Rated line-to-line stator voltage (Vrms) 380 380 400 690

Rated stator current (Arms) 8.36 32 370 1760

Rated torque (N�m) 31.8 95.5 1591 12732

Stator connection Star Star Star Star

p 2 2 2 2

Rated V r (Vrms) 205 380 400 2070

Rotor connection Star Star Star Star

u 0.54 1 1 0.34

Rs (mO) 720 161 20 2.6

Lss (mH) 5.8 3 0.2 0.087

Lm (mH) 85.8 46.5 4.2 2.5

R0
r(mO) 2566 178 20 26.1

L0sr(mH) 19.85 3 0.2 0.783

Rr (mO) 750 178 20 2.9

Lsr (mH) 6 3 0.2 0.087

Ls (mH) 91.6 49.5 4.4 2.587

Lr (mH) 91.6 49.5 4.4 2.587

Vbase 220 220 231 398.4

Ibase 8.36 32 370 1760

rs 0.027 0.023 0.032 0.011

lss 0.069 0.137 0.1 0.12

lm 0.976 2.12 2.11 3.45

rr 0.028 0.025 0.032 0.012

lsr 0.071 0.137 0.1 0.12
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On the other hand, the base values are found as

Vbase ¼ 398:4 V; Ibase ¼ 1760 A; Sbase ¼ 3 � 398:4 � 1760 ¼ 2:1MW

Cbase ¼ Vbase

obase

¼ 398:4

314:16
¼ 1:26Wb; Tbase ¼ Sbase

obase=p
¼ 2:1e6

314:16=2
¼ 13:3 k �Nm

Consequently, the stator flux can be calculated directly:

Vs � RsI s ¼ josCs )

Cs ¼
398:4 0� � 0:0026 � 1673:8 180�

j � 314:16 ¼ 1:28 �90� Wb )

Cs pu ¼
1:28

1:26
�90� ¼ 1:01 �90�

Continuing, the rotor current is found as

I r ¼
Cs � LsI s

Lm
)

I r ¼
1:28 �90� � 0:002587 � 1673:8 180�

0:0025
¼ 1807:4 �16:5� A )

I r pu ¼
1807:4

1760
�16:5� ¼ 1:02 �16:5�

Thus, the rotor flux can be derived:

Cr ¼ LmIs þ LrI r )
Cr ¼ 0:0025 � 1673:8 180� þ 0:002587 � 1807:4 �16:5�

Cr ¼ 1:358 �77:4� Wb )

Cr pu ¼
1:358

1:26
�77:4� ¼ 1:07 �77:4�

Finally, all the phasors are obtained with the rotor voltage:

Vr ¼ RrI r þ jsosCr )
Vr ¼ 0:0029 � 1807:4 �16:5� þ jð�0:25Þ � 314:16 � 1:358 �77:4�

Vr ¼ 102:2 �165:9� V )

Vr pu ¼
102:2

398:4
�165:9� ¼ 0:25 �165:9�
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Finally, from the obtained phasors, the rotor active and reactive powers as well as the

torque can be found:

Pr ¼ 3Re Vr � I�r
� �) Pr ¼ �0:55MW ) Pr pu ¼ Pr

Sbase
¼ �0:26

Qr ¼ 3Im Vr � I�r
� �) Qr ¼ 23:4 kVAR ) Qr pu ¼ Qr

Sbase
¼ 0:011

This shows that the machine is being magnetized though the rotor.

Tem ¼ 3p
Lm

Ls
� Im Cs � I �r
� �) Tem ¼ �12:9 k �Nm ) Tem pu ¼ Tem

Tbase
¼ �0:97

It is seen that the total power generated by the doubly fed machine is

Pr þ Ps ¼ �2� 0:55 ¼ �2:55MW

Therefore, the phasor diagram is depicted in Figure 3.13.

Note that all the rotor magnitudes are referred to the stator, so if real current and

voltage are needed, the u factor must be taken into account as follows (the rotor

powers remain unaltered):

V 0
r ¼ V r

u
¼ 102:2

0:34
�165:9� ¼ 300:6 �165:9� V with fr ¼ 12:5 Hz

I 0r ¼ uI r ¼ 0:34 � 1807:4 �16:5� ¼ 614:5 �16:5� A with fr ¼ 12:5 Hz

while the stator magnitudes have fs ¼ 50 Hz. Finally, as seen in the previous chapter,

from the required DC bus voltage perspective, taking into account that these phasors

are rms values, ideally, the required minimum DC bus voltage to handle this rotor

voltage amplitude would be (space vector modulation)

Vbus ¼
ffiffiffi
3

p
jV 0

rj �
ffiffiffi
2

p
¼

ffiffiffi
3

p
� 300:6 �

ffiffiffi
2

p
¼ 736 V

s
I

s
V

s

r
I

r

r
V

º5.16

º4.77

º9.165

Figure 3.13 Phasor diagram in p.u. of a DFIM operating as a generator, with Qs¼ 0,

Ps¼�2MW, and s¼�0.25.
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On the other hand, normally a larger voltage is given to the DC bus, in order to take

into account voltage drops in the switches of the converter, other operating points at

higher slip, margin of voltage for transient control, and so on.

Note by checking Examples 2.1 and 2.2 of Chapter 2 that the grid side converter,

due to the presence of the grid side inductivefilter, in general will requiremoreDCbus

voltage than the rotor side converter at this same speed (s¼�0.25).

Finally, this example shows that with this machine design, to generate 2MWand

0.55MWof power through the stator and rotor, the rotor side converter must be able

to handle approximately 300Vrms and 600Arms if the machine is magnetized

through the rotor. Therefore, the converter operates with AC voltages of similar

amplitudes as the stator/grid voltages, but with approximately three times smaller

current amplitude than the stator currents. This equalized voltage amplitude

operation at both sides of the back-to-back converter eliminates the necessity of

a transformer dedicated only to the converter.

3.5 STEADY STATE CURVES: PERFORMANCE EVALUATION

This section studies the steady state performance of the DFIM at different operating

points. It has been seen that depending on how is the machine supplied, the achieved

steady state point can be different. Therefore, three different supplying philosophies

for this machine are analyzed in detail. In all the cases, the DC bus voltage is

controlled by the grid side converter to a predetermined value, for proper operation of

both grid side and rotor side converters. However, the grid side variables are not

examined in this section.

1. Rotor Voltage Variation: Different Frequency, Amplitude, and Phase Shift

Angle. In this case, the supplied rotor voltage can be modified, independently

varying its amplitude, frequency, and phase shift angle. Thus, all the magni-

tudes of the machine (torque, currents, efficiency, powers, etc.) are evaluated

when the machine is driven at different rotor voltages in the open loop

configuration as represented in Figure 3.14.

2. Rotor Voltage Variation: Constant Voltage–Frequency (V-F) Ratio. In this

case, the rotor voltage presents a constant relation between its amplitude and

frequency. The phase shift angle can be independently modified. Hence, the

same analysis as in the previous example is carried out, but a constant rotor

voltage–frequency ratio is maintained (Figure 3.14).

3. Rotor Voltage Variation: Control of Stator Reactive Power and Torque. In

most of the real applicationswhere this machine is used, the closed loop control

strategy imposes the required rotor voltage (amplitude, frequency, and phase

shift), in order to achieve a certain desired operating point. In general, this

operating point is defined by the desired torque and stator reactive power values.

Hence, in this case, the reachable steady state points will be evaluated as a

function of the desired torque (Tem) and stator reactive power (Qs) references

(Figure 3.14).
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In all three cases, the mathematical expressions providing the steady state magnitude

value are derived and then graphically evaluated for a 2MW DFIM. Thanks to this

analysis, for instance, it is possible to immediately know all the steady state

magnitudes of the machine (efficiency, currents, powers, etc.), resulting in the desired

torque and reactive power.

3.5.1 Rotor Voltage Variation: Frequency, Amplitude, and
Phase Shift

The DFIM is supplied by the stator and the rotor. By changing the stator and rotor

voltages, the machine can operate at different operation points of torque and stator

and rotor active and reactive powers. In general, the stator of the machine will be

connected directly to the grid, what means that the stator voltage is fixed. On the

contrary, the rotor voltage is supplied by a bidirectional power electronic converter,

allowing modification of the rotor voltage amplitude, frequency and phase with

respect to the stator voltage as required; Figure 3.15 graphically shows this.

If we want, to control the speed of the machine, as shown by Equation (3.4), the

angular frequency of the rotor voltage must be modified accordingly. However, to

achieve a certain power exchange with the grid or, for instance, a specific torque, the

rotor voltage amplitude and phase shift must also be selected accordingly.

rotor 

filter 

m

grid

filter 

DFIM 

Wind 

Transformer 

Network 

Rotor side VSC Grid side VSC

Sabc_r 
Sabc_g 

Stator Circuit 

Breaker 

CONTROL 

Vbus* Qg*

|Vr|

MODULATOR

angle 
r

CONTROL 

     Tem* Qs*

Figure 3.14 Different supplying philosophies for the rotor side converter (open loop and

closed loop control).
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In the following, the relation between the stator and rotor voltages and the

electromagnetic torque is derived, allowing us to understand how it is possible to

modify the torque by changing the rotor voltage, when the machine is connected to a

fixed grid voltage.

Choosing the expression that relates the torque and the stator and rotor fluxes—

Equation (3.53)—we have

Tem ¼ 3
Lm

sLrLs
pIm C�

r �Cs

� � ð3:102Þ

It is necessary to modify this expression and relate the torque to the stator and rotor

voltages. Hence, by using expressions (3.31) and (3.32), we find

Vs ¼ RsI s þ josCs ð3:103Þ

Vr ¼ RrI r þ jorCr ð3:104Þ

The stator and rotor currents must be eliminated from these equations. From the

relation of the fluxes and currents—Equations (3.27) and (3.28)—we find

I s ¼
1

sLs
Cs �

Lm

sLsLr
Cr ð3:105Þ

I r ¼ � Lm

sLsLr
Cs þ

1

sLr
Cr ð3:106Þ

Hence, by substituting these last expressions into the voltage equations (3.103)

and (3.104), the direct relation between the fluxes and the voltages is derived:

V s

V r

" #
¼

Rs

sLs
þ jos � RsLm

sLsLr

� RrLm

sLsLr

Rr

sLr
þ jor

2
66664

3
77775 � Cs

Cr

" #
ð3:107Þ

s
V

DFIM 

r
V
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s
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||
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r
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Q

r
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m

Figure 3.15 Steady state as a function of different stator and rotor voltages.
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The inverse relation is

Cs

Cr

" #
¼ ðF1 � jF2Þ �

Rr

sLr
þ jor

RsLm

sLsLr

RrLm

sLsLr

Rs

sLs
þ jos

2
66664

3
77775 � V s

V r

" #
ð3:108Þ

with

F1 ¼ K1

K2
1 þ K2

2

; F2 ¼ K2

K2
1 þ K2

2

ð3:109Þ

F ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
F2
1 þ F2

2

q
; f ¼ a tan �F2

F1

� �
ð3:110Þ

and

K1 ¼ RsRr

s2LsLr
1� L2m

LsLr

� �
� osor; K2 ¼ osRr

sLr
þ orRs

sLs
ð3:111Þ

In this way, by developing expression (3.108), the stator and rotor fluxes can be found:

Cs ¼ FCsjVrjcos f þ eð Þ þ FArjV sjcos f þ Brð Þ� �
þj FCsjV rjsin f þ eð Þ þ FArjVsjsin f þ Brð Þ� � ð3:112Þ

Cr ¼ FCrjVsjcos fð Þ þ FAsjVrjcos f þ Bs þ eð Þ� �
�j FCrjV sjsin fð Þ þ FAsjVrjsin f þ Bs þ eð Þ� � ð3:113Þ

with

Cs ¼ RsLm

sLsLr
; Cr ¼ RrLm

sLsLr
ð3:114Þ

As ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Rs

sLs

� �2

þ o2
s

s
; Bs ¼ a tan

sLsos

Rs

� �
ð3:115Þ

Ar ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Rr

sLr

� �2

þ o2
r

s
; Br ¼ a tan

sLror

Rr

� �
ð3:116Þ

Hence, by substituting the fluxes into Equation (3.102), the torque is derived:

Tem ¼ 3
Lm

sLrLs
pF2
�
CsCrjVsjjVrjsine

þ ArCrjV sj2sinBr

� AsCsjV rj2sinBs

� AsArjVsjjVrjsinðeþ Bs � BrÞg

ð3:117Þ

STEADY STATE CURVES: PERFORMANCE EVALUATION 187



Consequently, assuming a constant grid voltage, the torque depends on three variables

and the parameters of the machine:

Tem ¼ f jV rj;or; e
� � ð3:118Þ

By following a similar procedure, it is possible to derive equivalent expressions for

the rest of the variables. The results are:

Ps ¼ 3jVsj
F

sLs

n
CsjV rjcos f þ eð Þ þ ArjV sjcos f þ Brð Þ

� Lm

Lr
CrjV sjcos fð Þ þ AsjV rjcos f þ Br þ eð Þ� �o ð3:119Þ

Pr ¼ 3jVrj
F

sLr
CrjV sjcos f � eð Þ þ AsjV rjcos f þ Bsð Þ
n

� Lm

Ls
CsjVrjcos fð Þ þ ArjVsjcos f þ Br � eð Þ� �o ð3:120Þ

Qs ¼ 3jVsj
F

sLs
�CsjVrjsin f þ eð Þ � ArjVsjcos f þ Brð Þ
n

þ Lm

Lr
CrjV sjc sin fð Þ þ AsjV rjsin f þ Br þ eð Þ� �o ð3:121Þ

Qr ¼ 3jV rj
F

sLr
CrjVsjsin �f þ eð Þ � AsjVrjsin f þ Bsð Þ
n

þ Lm

Ls
CsjVrjsin fð Þ � ArjV sjsin f þ Br � eð Þ� �o ð3:122Þ

jCsj2 ¼ F2 C2
s jVrj2 þ A2

r jVsj2 þ 2ArCsjVsjjV rjcosðe� BrÞ
n o

ð3:123Þ

jCrj2 ¼ F2 C2
r jVsj2 þ A2

s jVrj2 þ 2AsCrjVsjjV rjcosðeþ BsÞ
n o

ð3:124Þ

jI sj2 ¼
�

F

sLs

�2

C2
s jVrj2 þ A2

r jVsj2 þ 2ArCsjVsjjVrjcosðBr � eÞ
n o

þ
�

LmF

sLsLr

�2

C2
r jVsj2 þ A2

s jVrj2 þ 2AsCrjVsjjV rjcosðBs þ eÞ
n o

�
�

2 � LmF2

sLssLsLr

�
CsCrjV sjjV rjcosðeÞ þ CsAsjVrj2cosðBsÞ
n

þ CrArjVsj2cosðBrÞ þ AsArjV sjjV rjcosðBs þ e� BrÞ
o

ð3:125Þ
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jI rj2 ¼
�

LmF

sLsLr

�2

C2
s jV rj2 þ A2

r jV sj2 þ 2ArCsjVsjjVrjcosðBr � eÞ
n o

þ
�

F

sLr

�2

C2
r jV sj2 þ A2

s jV rj2 þ 2AsCrjVsjjVrjcosðBs þ eÞ
n o

�
�

2 � LmF2

sLrsLsLr

�
CsCrjVsjjVrjcosðeÞ þ CsAsjV rj2cosðBsÞ
n

þ CrArjV sj2cosðBrÞ þ AsArjVsjjVrjcosðBs þ e� BrÞ
o

ð3:126Þ

Note thatwith all these expressions, it is possible to immediately know the steady state

magnitudes of the machine, for a given supplied rotor voltage.

3.5.1.1 Example 3.4: Performance at Fixed Rotor Voltage From the

previous expressions, when the stator voltage is fixed due to a direct connection

to the grid, if the rotor voltage is fixed at a certain amplitude and phase, the machine

can operate at different speeds, reaching different operating points. This example

shows the steady state curves of a 2MW DFIM, when the rotor voltage amplitude is

fixed (in p.u.) to

Vr pu

jVrj ¼ 0:1jVsj
e ¼ 1:5o


Figure 3.16 illustrates the torque and stator and rotor active and reactive powers under

these rotor voltage conditions, at different speeds.

In all the cases, it can be noticed that, depending on the speed that is chosen,

different operating points will be reached. Take inmind that the speed will be fixed by

the selected rotor frequency (fr) or, equivalently, by the rotor angular frequency (or)

imposed by the bidirectional converter.

. Torque. Depending on the speed, it can take positive or negative values,

operating as a motor or a generator. For instance, if the load imposes Tem¼
�1 p.u., the necessary speed is om¼ 0.93 p.u. (generating at subsynchronous

speed). Note that if the chosen speed is out of the range [0.77, 1.015], the

machine is in a nonstable operating range, since the breakdown torque is

reached.

. Stator Active Power. As shown by Equation (3.59), the behavior of the stator

active power is almost proportional to the torque.

. Rotor Active Power. Its behavior at steady state has an approximately inverse

relation to the stator active power as predicted by Equation (3.60).

Figure 3.17 shows the rest of the magnitudes of the machine under the same rotor

voltage operation. It is remarkable that the achieved stator and rotor currents are too

high for a realistic operating point.
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Figure 3.16 Steady state curves at fixed stator and rotor voltage at different speeds: (a) torque

in p.u., (b) stator active power in p.u., and (c) rotor active power in p.u.
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Figure 3.17 Steady state curves at fixed stator and rotor voltages at different speeds: (a) stator

reactive power in p.u., (b) rotor reactive power in p.u., (c) stator current amplitude in p.u., and

(d) rotor current amplitude in p.u.
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3.5.1.2 Example 3.5: Performance at FixedSpeed This example shows the

opposite case to the previous example. In this case, the speed of the machine is fixed

(s¼ 0.07, that means om¼ 0.93), while the rotor voltage amplitude and phase are

modified. The performance of the most representative magnitudes is illustrated in

Figure 3.18.

At constant speed, the terms F,Ar, andBr become constant. Hence, in all the cases,

the magnitudes vary as a sinusoidal wave of constant amplitude. When the rotor

voltage is zero, obviously all the magnitudes are constant. In all the cases, at higher

rotor voltage amplitude, the torque and power capacities are increased (higher

amplitude variation) even further above their rated values. Then as the phase shift

changes, we can achieve any value within the maximum amplitude.

However, if we do not pay attention, these graphs can be evaluated at an unstable

operating point, that is, outside the range of stability. That is why it is important to

analyze the graphs of the previous example.

3.5.1.3 Example 3.6: General Performance This last example shows the

general performance of the machine at steady state, when the three variables are

modified simultaneously: rotor voltage amplitude, phase, and speed. Figures 3.19

and 3.20 illustrate the performance of the most relevant magnitudes. It is necessary to
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Figure 3.18 Steady state curves at constant speed and different rotor voltage amplitudes

and phases: (a) torque in p.u. at s¼ 0.07, (b) torque in p.u. at s¼�0.07, (c) stator active power

in p.u. at s¼ 0.07, and (d) rotor active power in p.u. at s¼ 0.07.
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study these figures in detail to fully understand the behavior of the steady state of this

machine. This task is left for the reader.

3.5.2 Rotor Voltage Variation: Constant Voltage–Frequency (V-F)
Ratio

As noticed in the steady state evaluation of the previous section (Figures 3.19

and 3.20), if the machine is connected directly to the stator and the rotor is fed by

voltages generated according to any rule, the established steady state can be

inefficient, presenting too high stator and rotor currents. In addition, if the rotor

voltage is not chosen properly, it is possible to have stability problems in themachine,

due to operation close to the breakdown torque.

In summary, to avoid these two problems, the machine is normally supplied by a

closed loop control that is in charge of imposing the required rotor voltage amplitude

and phase shift, for given references (torque and stator reactive power in general).

However, in this section an intermediate supplying solution for the machine is

studied. Following the same procedure utilized in the squirrel cage induction

machines, that is, the constant voltage–frequency ratio, the equivalent philosophy

is applied to the DFIM.
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Figure 3.19 Steady state curves at different rotor voltage amplitude, phase, and speed:

(a) torque in p.u. at constant rotor voltage amplitude, (b) torque in p.u. at constant phase,

(c) stator reactive power in p.u. at constant rotor voltage amplitude, and (d) stator reactive power

in p.u. at constant phase.

192 STEADY STATE OF THE DOUBLY FED INDUCTION MACHINE



Hence, for simplicity in the analysis if we ignore the stator and rotor resistances,

the next simple relations are derived using Equations (3.31) and (3.32):

jCsj ¼
jV sj
os

ð3:127Þ

jCrj ¼
jV rj
or

ð3:128Þ
It is possible to deduce the following:

. The stator flux amplitude is fixed by the grid.

. The rotor flux amplitude is directly fixed by the supplied rotor voltage amplitude

and angular speed.

Hence, it is reasonable to maintain constant rotor flux amplitude at different

operating conditions of the machine, as occurs with the stator flux, in order to

establish equivalent rotor and stator flux behavior or magnetization levels. So for

that purpose, the relation between the rotor voltage amplitude and the angular
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Figure 3.20 Steady state curves at different rotor voltage amplitude, phase, and speed:

(a) stator current amplitude in p.u. at constant rotor voltage amplitude, (b) stator current

amplitude in p.u. at constant phase, (c) rotor current amplitude in p.u. at constant rotor voltage

amplitude, and (d) rotor current amplitude in p.u. at constant phase.
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frequency should constantly be kept as defined by Equation (3.132), in order to

achieve

Factor ¼ jCrj
jCsj

ð3:129Þ

With Factor¼ 1, the rotor voltage amplitude should be chosen as

jVrj ¼
jVsj
os

or ð3:130Þ

Additionally, there exists one more degree of freedom, that is, the phase shift e.
This angle, in principle, can be independently chosen or evenmaintained constant, as

will be shown in the subsequent analysis. The schematic block diagram showing this

is illustrated in Figure 3.21.

Hence, by following the same philosophy as in the previous section, by paying

attention to the supplied rotor voltage bymeans of the Factor, it is possible to achieve

amore efficient steady state of themachine. Two subsequent examples will show how

the steady states of the machine are achieved, when it is supplied according to the

described procedure of this section.

3.5.2.1 Example 3.7: Performance at Constant Factor This example

shows the steady state curves of a 2 MW DFIM, when the machine is supplied

according to the rotor voltage law described in this subsection. Hence, if we apply a

constant rotor voltage–frequency ratio, according to Equation (3.130), the torque, and

stator and rotor currents can be calculated by means of expressions (3.125), (3.126),

and (3.132). Figure 3.22 shows the steady state curves of these variables, at different

phase shift angles.

It is noticeable that there is symmetry in torque behavior at different speeds as seen

in Figures 3.22a and 3.22b. At the same speed, 0.92, for instance, 0.35 and �0.35

torque can be achieved at �p/12 and p/12 phase shift, respectively.

On the other hand, the smaller the phase angle, the smaller is the available torque.

In addition, at synchronism, since the rotor voltage is created according to Equa-

tion (3.130), the rotor voltage amplitude is zero because or¼ 0, yielding Tem¼ 0 as
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Figure 3.21 Steady-state at constant rotor voltage–frequency ratio.
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well. The torque at synchronism can be increased, as is commonly done, by adding an

offset rotor voltage to expression (3.130).

Finally, Figures 3.22c and 3.22d show that the required stator and rotor currents in

this situation are reasonably reduced compared to the previous section (Figure 3.20).

The proper choice of the rotor voltage amplitude yields amore efficient steady state of

the machine.

When aFactor different from 1 is used, the behavior changes slightly. Figure 3.23a

illustrates that at a given factor and angle shift, the achievable torque becomes greater

than at Factor¼ 1. This increase in the torque provokes an increase in the stator

current, as shown in Figure 3.23b.

3.5.3 Rotor Voltage Variation: Control of Stator Reactive Power
and Torque

The open loop supply philosophy studied in the previous two subsections is not very

representative of real applications. It is included in this chapter basically because it

helps the reader to understand themachine and its behavior, especially if it is supplied

according to the basic constant voltage and frequency (V-F) schemas often used in

some other ACmachines, for instance, the squirrel cage inductionmachine. However,
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Figure 3.22 Steady state curves at fixed rotor voltage–frequency ratio: (a) Tem at different

phase angles, (b) zoomofTem, (c) stator current at different phase angles, and (d) rotor current at

different phase angles.
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for the DFIM, mainly in order to avoid instability problems, it is much better to use a

closed loop control strategy that guarantees the stability of the system.Not only due to

this reason, but also in order to easily obtain efficient steady state operating points and

good dynamic performance, in most practical applications, today a machine is

normally driven by a closed loop control.

Consequently, this subsection presents the opposite study to the previous two

sections. Wewill find the steady state point of the machine, when the control imposes

the needed rotor voltage, in order to fulfill the reference values of the controlled

variables. As shown in Chapter 1, in general, the controlled variables in awind energy

generation environment are torque (Tem) and stator reactive power (Qs). Note that,

depending on the control employed, several alternative variables as references can be

used, Ps and jCrj, for instance (this fact is clearly seen in Chapters 7 and 8).

Hence, here themost relevantmagnitudes of themachinewill be derived, when, by

means of the correct control strategy, the torque (Tem) and the stator reactive power

(Qs) are controlled to the given reference values.

As schematically illustrated in Figure 3.24, for a fixed stator voltage and given Tem
andQs references, the operating point defined by the unknownvariables, such as rotor

voltage (imposed by the control and the bidirectional converter), and stator and rotor

fluxes and currents, will be derived.

For simplicity in the derivation of the expressions, it is necessary first to define the

phasor diagramwith stator flux at zero phase angle, as shown in Figure 3.25. Again for

simplicity, if thevoltage drop in the stator is neglected, the stator flux can be calculated

from Equation (3.31):

jCsj ¼
jV sj
os

ð3:131Þ

By substituting this last expression in the stator reactive power expression (3.54), we

find

Qs_ref ¼ 3ImfVs � I�sg ¼ 3osjCsjjI sjcosgi ð3:132Þ
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Figure 3.23 Steady state curves at fixed rotor voltage–frequency ratio with different factors:

(a) Tem at phase angle p/12, and (b) stator current at phase angle p/12.
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Proceeding in the same way for the torque equation (3.53):

Tem_ref ¼ 3p � ImfC�
s � I sg ¼ 3pjCsjjI sjsin gi ð3:133Þ

Hence, by combining the last three expressions, the stator current can be calculated as

I s ¼
Qs_ref

3jV sj
þ j

osTem_ref

3pjV sj
ð3:134Þ
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Figure 3.25 Phasor diagram of a DFIM operating as a motor, at subsynchronous speed.
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Once the stator flux and current expressions are known, by using Equations (3.105)

and (3.106), the rotor current and flux yields

Cr ¼
jV sj
os

� Lr
Lm

� Qs_ref

3jVsj
� sLsLr

Lm

� �
� j

osTem_ref

3pjVsj
� sLsLr

Lm

� �
ð3:135Þ

I r ¼
jVsj
os

� 1

Lm
� Qs_ref

3jVsj
� Ls
Lm

� �
� j

osTem_ref

3pjVsj
� Ls
Lm

� �
ð3:136Þ

Once again, neglecting the voltage drop in the rotor resistance, from expres-

sions (3.135) and (3.32) the rotor voltage is derived:

Vr ¼ or

osTem_ref

3pjV sj
� sLsLr

Lm

� �
þ jor

jV sj
os

� Lr
Lm

� Qs_ref

3jVsj
� sLsLr

Lm

� �
ð3:137Þ

Consequently, the modules of the derived expressions are calculated according to

the expressions:

jI sj2 ¼
Qs_ref

3jV sj
� �2

þ osTem_ref

3pjVsj
� �2

¼ f ðjV sj; Qs_ref ; Tem_ref Þ ð3:138Þ

jI rj2 ¼
jV sj
os

� 1

Lm
� Qs_ref

3jVsj
� Ls
Lm

2
4

3
52

þ osTem_ref

3pjVsj
� Ls
Lm

2
4

3
52

¼ f jVsj; Qs_ref ; Tem_ref

� � ð3:139Þ

jCsj ¼
jVsj
os

¼ f ðjV sjÞ ð3:140Þ

jCrj2 ¼
jVsj
os

� Lr
Lm

� Qs_ref

3jVsj
� sLsLr

Lm

2
4

3
52

þ osTem_ref

3pjV sj
� sLsLr

Lm

2
4

3
52

¼ f ðjVsj;Qs_ref ; Tem_ref Þ
ð3:141Þ

jV rj2 ¼ o2
r

osTem_ref

3pjVsj
� sLsLr

Lm

2
4

3
52

þ o2
r

jV sj
os

� Lr
Lm

� Qs_ref

3jVsj
� sLsLr

Lm

2
4

3
52

¼ f ðjVsj; Qs_ref ; Tem_ref ; orÞ
ð3:142Þ

Accordingly, the stator and rotor powers can be expressed as

Ps ¼ osTem_ref

p
ð3:143Þ
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Pr ¼ orTem_ref
LsLrðs� 1Þ

pLm2

¼ f ðTem_reforÞ
ð3:144Þ

The following can be remarked:

. The stator current is decoupled in the sense that its real part is directly influenced

by Qs_ref, while its imaginary part is influenced by Tem_ref (or stator active

power).

. The rotor current is influenced in a similar way by Qs_ref and Tem_ref. However,

there exists one difference: the real part consist of a fixed term and one additional

term that depends negatively onQs_ref. If we add both real parts of the stator and

rotor currents, the approximated result provides a constant term,

jV sj
os

� 1

Lm

� �
ð3:145Þ

responsible for the magnetizing current (the mutual current). Hence, depending on

how Qs_ref is set, the magnetizing current is shared by both the stator and rotor

currents, or alternatively, we can find the extreme cases:

T Magnetization by the rotor: Qs_ref ¼ 0, the real part of the stator current is

zero and all the magnetizing current is provided by the rotor current.

T Magnetization by the stator: Qs_ref ffi 3jVsj2=Lsos, the real part of the rotor

current is zero and all the magnetizing current is provided by the stator

current.

T Capacitive operation of the machine: Qs_ref< 0, for this purpose, both the

stator and rotor currents must be increased.

. On the other hand, since the stator flux has constant behavior for a fixed grid, the

rotor flux has very similar behavior to the rotor current. The real and imaginary

parts of the rotor flux have very similar structure to the rotor current’s real and

imaginary parts.

. Finally, the rotor voltage amplitude has an equivalent structure as the rotor

flux multiplied by or. However, in this case, the real part of the flux

corresponds to the imaginary part of the voltage and, similarly, the imaginary

part of the flux corresponds to the real part of the voltage. In addition,

depending on how the magnetization is chosen, that is, which is the Qs_ref

reference, the required rotor voltage can be larger or smaller, as occurs with

the rotor currents.

. With regard to the powers, the stator active power depends only on Tem_ref for a

fixed grid voltage. On the contrary, the rotor active and reactive powers’

dependency on Qs_ref and Tem_ref is more complex.
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3.5.3.1 Example 3.8: Performance at Fixed Tem and Qs This example

shows the steady state curves of a 2MWDFIM,when torque and stator reactive power

references are modified at different speeds. As shown by the equations derived

previously, in general, the magnitudes will depend on the references and the speed of

the machine for a fixed stator voltage. Consequently, the stator and rotor magnitudes

with constant Qs¼ 0 are shown first in Figure 3.26.

Figure 3.27 shows the same variables but at fixed torque (Tempu¼�1). Notice that

at fixed Tem, the higher current values are connected to negative values of Qs, as

described in this section.
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Figure 3.26 Steady state curves at fixed Qs¼ 0 and different torques and speeds: (a) stator

current, (b) rotor current, (c) rotor active power, (d) rotor reactive power, (e) rotor voltage, and

(f) efficiency.
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Also, the stator active power is connected to the Tem; therefore, the stator active

power is not graphically represented in this evaluation. Similarly, the rotor active

power depends mainly on the speed and the Tem, but is not affected by the Qs

(remember the simplified relation (3.56)).

On the contrary, the rotor reactive power strongly depends on all the

variables: Tem, Qs, and speed. At hypersynchronous speeds, the efficiency of the

machine is increased, since both stator and rotor sides deliver electric energy to

the grid.
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Figure 3.27 Steady state curves at fixed Tempu¼�1 and different Qs and speeds: (a) stator

current, (b) rotor current, (c) rotor active power, (d) rotor reactive power, (e) rotor voltage, and

(f) efficiency.
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It is important to notice that the rotor voltage amplitude mainly depends on the

speed of the machine. The torque does not strongly influence this variable.

To conclude, at synchronous speed, the required rotor voltage amplitude is

different from zero, if some torque is needed. Note that expression (3.142) has

neglected the voltage drop in the stator and rotor resistances. In consequence, as

shown in Figure 3.28 (exact evaluation, not neglecting Rr), the required real voltage

amplitude is slightly different from zero. This fact in real applications, when the rotor

is fed by a back-to-back power electronic converter, yields to accuracy problems since

at speeds near synchronism, a short deviation in the rotor voltage produces a strong

variation in the desired operating point.

3.6 DESIGN REQUIREMENTS FOR THE DFIM IN WIND ENERGY
GENERATION APPLICATIONS

A few years ago, control systems of wind turbines only allowed for a unity power

factor of the generated power, as there were no requirements for reactive power

generation given by the grid operators. However, recently introduced grid codes

require reactive power generation or consumption (depending on the grid voltage

rms value) by unconventional power systems like wind turbines. Typically, a

requirement for the wind energy conversion systems is reactive power generation

at nominal generated active power with a power factor equal to 0.95. However, other

values of power factor may be required depending on the country or grid operator.

Exemplary required power factors are 0.925 (EON—UK, Germany) or even 0.91

(Statnett—Norway) and 0.9 (AESO—Canada). It has to be noted, that for special

conditions of wind turbine–grid connections, a lower power factor may be required

by the grid operators. If thewind turbines are not able to meet operator requirements

in the range of reactive power generation, additional reactive power compensators

common to the entire wind farm are applied. Possibly, the required power factor in

the future will be close to the power factor required for classic synchronous

generators, that is, 0.8.
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Figure 3.28 Zoom of the rotor voltages: (a) Qspu¼ 0 and (b) Tempu¼�1.
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A doubly fed induction machine, already in use for decades, was designed for

speed control by rotor connected resistors or for adjustable speed drive systems with

rotor connected thyristor converters. For such applications, themachinewas designed

for reactive power consumption on the stator side. Almost all scientific publications

on theDFIM, in which laboratory tests were presented, used themachine designed for

the old type drives on the test bench. It is not important for the control system, but it is

important for the DFIM concept itself, because in modern power systems, with fully

controlled converters, the reactive current needed for machine excitation is provided

on the rotor side, so the machine needs to be adequately designed.

In the generation mode, the rotor current is equal in value to the sum of the stator

current flowing to the grid and the magnetization current. Active rotor current equals

the value of the active stator current, while reactive rotor current is equal to the sum of

the stator reactive current delivered to the grid and the magnetization current. The

highest active power is generated by a wind turbine at maximum speed, which is

typically 1.33 of synchronous speed. In this case, in an idealmachine, on the rotor side

33% of the stator active power is generated. In practice, a part of the rotor power is

consumed by the power losses related to magnetization of the magnetic circuit.

Sharing of reactive power supplied to the grid at maximum generation, between the

stator and grid side converter, allows approximately equal loading of the rotor and grid

side converter.

For induction machines in the megawatt range, designed for drive systems with

reactive power consumption on the stator side, themagnetizing current is close to 20%

of the nominal stator current. In Boldea [3], the electromagnetic design of a DFIM

magnetized from the rotor side is described. The assumed ratio Km of magnetizing

current to stator nominal current is in the range of 0.1–0.3.

For the stator active power Ps and power factor cos(gv� gi) of the power delivered
to the grid, the rms value of the stator current is

jI sj ¼
Ss

3jVsj
¼ Ps

3jVsjcosðgv � giÞ
ð3:146Þ

Stator current can be divided into active and reactive parts:

I s ¼
Ps

3jVsj
þ j

Ps sinðgv � giÞ
3jVsjcosðgv � giÞ

ð3:147Þ

Stator current can be described separately for the case of reactive power consumption,

I s ¼
Ps

3jVsj
1þ j

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� cos2ðgv � giÞ

p
cosðgv � giÞ

 !
ð3:148Þ

or generation to the grid,

I s ¼
Ps

3jVsj
1� j

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� cos2ðgv � giÞ

p
cosðgv � giÞ

 !
ð3:149Þ
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In both cases the rms of the stator current for a given active power and stator power

factor is the same. The relation between the stator current rms values required for a

given stator power factor and for unity stator power factor at the same active power is

described by

jI sj
jI sjPF¼0

¼ 1

cosðgv � giÞ
ð3:150Þ

For

Km ¼ jImj
jI sjrated

ð3:151Þ

the rotor current equals

I r ¼ Im � I s ¼ jKmjI sjrated � jI sj ð3:152Þ

For the case of reactive power consumption and rated stator active power, the rotor

current is described by

I r ¼ �Ps rated

3jVsj
1� j

Km � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� cos2ðgv � giÞ

p
cosðgv � giÞ

 !
ð3:153Þ

Higher rotor current is required in the case of reactive power generation, as the rotor

reactive current is needed for magnetization and for the reactive part of the stator

current.

I r ¼ �Ps rated

3jVsj
1� j

Km þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� cos2ðgv � giÞ

p
cosðgv � giÞ

 !
ð3:154Þ

Rotor current rms value for maximum (rated) active and maximum reactive stator

power generation is given by

jI rj ¼
Ps rated

3jVsj

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ Km þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� cos2ðgv � giÞ
p
cosðgv � giÞ

 !2
vuut ð3:155Þ

and its relation to the rated stator rms value is described by

Krs ¼ jI rj
jI sjrated

¼ cosðgv � giÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ Km þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� cos2ðgv � giÞ
p
cosðgv � giÞ

 !2
vuut ð3:156Þ

The relation between rotor current rms values required for a given stator power

factor and for unity stator power factor for rated stator active power and generated
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reactive power is given as

jI rj
jI rjPF¼0

¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ Kmþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�cos2ðgv�giÞ

p
cosðgv�giÞ

� �2

1þ K2
m

vuuut ð3:157Þ

The ratio of Krs factors for rated stator active power and for a given stator power

factor and for unity stator power factor can also be found.

Krs

KPF¼0
rs

¼ cosðgv � giÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ Kmþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�cos2ðgv�giÞ

p
cosðgv�giÞ

� �2

1þ K2
m

vuuut ð3:158Þ

All equations were presented for all currents referred to the stator side.

Considering a stator to rotor turns ratio equal to 1/3, the rotor rms current referred

to the rotor andK0
rs referred to the rotor are three times smaller. The rotor current rms

to stator current rms ratioK 0
rs, for cos(gv� gi) in the range of 0.8–1.0 at reactive power

generation, is shown in Figure 3.29. This figure shows the requirement of the rotor

current as well as the current of the rotor converter in relation to the stator current rms

value. Simultaneously, based on this figure, the required current (or power) of the

converter in the DFIM system can easily be compared to the required current (or

power) of the full scale converter in series topologies with SCIG or SG. It can also be

seen that the reactive power for magnetization requires a slightly higher rotor current

than the current responsible for slip power at maximum speed. Simultaneous

0.42

0.40

0.38

0.36

0.34

0.32
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0.80 0.85 0.90
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0.95 1.00

Figure 3.29 Dependence of rotor to stator current ratio on stator power factor.
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magnetization and generation of active and reactive power require significantly higher

rotor current.

Figure 3.30 shows how the ratio of the rotor current to the stator current changes

with the required power factor. ForKm¼ 0.2 and power factor equal to 0.9, the ratio of

the rotor current to the stator current in relation to the case with unity stator power

1.20
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Figure 3.30 Ratio of the K0
rs factor to the K0

rs at unity stator power factor.
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Figure 3.31 Ratio of the rotor current to the stator current at unity power factor.
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factor is 8% higher. It indicates that rotor and stator current requirements depend on

the stator power factor.

Figure 3.31 shows the ratio of the stator current rms value and rotor current rms

value for different cos(gv� gi) values to the active stator current at maximum

generation. This figure also shows the requirements for a doubly fed induction

machine stator and rotor, for a power factor in the range of 0.8–1. The reference is the

stator current of the machine designed only for active power generation.

Figure 3.32 shows a comparison of the rotor current needed for generation of

reactive power, to the rotor current needed at unity stator power factor. It can be seen,

for example, that for Km¼ 0.2 and the required cos(gv – gi)¼ 0.9, the rotor side

converter has to be designed for 20% higher current than in the case of unity stator

power factor.

3.7 SUMMARY

The steady state model of the DFIM has been explained, showing in detail the

derivation of the model electric equations. From this, we have demonstrated that the

steady statemodel equations are useful for understanding themachine and as a tool for

performance evaluation. The presented steady state modeling method is based on

phasor theory, so it represents variables of the machine such as voltages, currents, and

fluxes as enunciated in the theory of complexors, used for steady state analysis.Hence,

thesemodel equations provide a comprehensive approach, enabling one to understand

the different operating modes and the behavior of the most representative electric or
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Figure 3.32 Ratio of the rotor current to the rotor current at unity stator power factor.
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electromechanical magnitudes (currents, fluxes, torque, angular speeds, power flows,

etc.) for the machine.

On the other hand, these derivedmodel equations enable one to proceed to a deeper

analysis of the machine. The evaluation presented in this chapter displays the

performance of the machine for different magnitudes as a function of the operating

condition, allowing one to decide in a graphical way, for instance, which operating

point is more suitable among different ones, in terms of efficiency and reduction of

rotor currents, for instance.

In addition, the method presented for deriving the steady state model equations is

independent of the machine being analyzed so this modeling and the subsequent

performance evaluation philosophy can also be applied to other types of machines.

Finally, this chapter is a preliminary step in analyzing the dynamic model of the

DFIM. Once the basic behavior of the machine and it physics are studied by means of

steady state analysis, study is extended to the dynamic or transient behavior of the

machine. This theory is explained in Chapter 4. Thus, with the modeling knowledge

obtained from Chapter 3 (steady state model) and Chapter 4 (dynamic model), it can

be affirmed that the reader is ready to address the task of controlling the machine in

subsequent chapters.
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CHAPTER 4

Dynamic Modeling of the Doubly
Fed Induction Machine

4.1 INTRODUCTION

This chapter continues describing the model of the DFIM. In Chapter 3, the analysis

focused on the steady state model; however, this knowledge is not sufficient to reach

a reasonable level of understanding of the machine. The dynamic and transient

behaviors of the DFIM must be examined for modeling purposes; and perhaps more

importantly, for development of the subsequent machine control.

The validity of the mathematical model obtained in Chapter 3 is circumscribed to

the steady state of the machine; however, it is also very important to know how a

steady state can be achieved when the machine is in a different state. This dynamic

behavior explains and defines the behavior of the machine’s variables in transition

periods as well as in the steady state. This dynamic behavior of machines is normally

studied by a “dynamic model.” Bymeans of the dynamic model it is possible to know

at all times the continuous performance (not only at steady state) of the variables of

the machine, such as torque, currents, and fluxes, under certain voltage supplying

conditions. In this way, by using the information provided by the dynamic model, it is

possible to know how the transition from one state to another is going to be achieved,

allowing one to detect unsafe behaviors, such as instabilities or high transient currents.

On the other hand, the dynamic model provides additional information of the system

during the steady state operation, such as dynamic oscillations, torque or current

ripples, etc . . .
Consequently, the dynamic model, represented in general in differential equation

form, is often structured as a compact set of model equations, allowing it to be

simulated by computer based software and providing all the information related to

the machine’s variables. This is often called a “simulation model.” It enables one

to know the continuous behavior of all variables of the machine.

Thus, this chapter develops different dynamic models of the DFIM based on the

space vector theory. Bymeans of this powerful mathematical tool, the dynamicmodel

equations (differential equations) of the DFIM are derived. Then, from the obtained

Doubly Fed Induction Machine: Modeling and Control for Wind Energy Generation,
First Edition. By G. Abad, J. López, M. A. Rodr�ıguez, L. Marroyo, and G. Iwanski.
� 2011 the Institute of Electrical and Electronic Engineers, Inc. Published 2011 by JohnWiley& Sons, Inc.
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models, numerical examples as well as graphical representation of performances are

obtained by dynamic simulation, providing the reader with practical information and

a deeper understanding of the machine’s behavior.

4.2 DYNAMIC MODELING OF THE DFIM

According tomodels ofACmachines developed by several authors and as discussed at

the beginning of the previous chapter, the simplified and idealizedDFIMmodel can be

described as three windings in the stator and three windings in the rotor, as illustrated

in Figure 4.1.

These windings are an ideal representation of the real machine, which helps to

derive an equivalent electric circuit, as shown in Figure 4.2.

Under this idealizedmodel, the instantaneous stator voltages, current, and fluxes of

the machine can be described by the following electric equations:

vasðtÞ ¼ RsiasðtÞ þ dcasðtÞ
dt

ð4:1Þ

vbsðtÞ ¼ RsibsðtÞ þ dcbsðtÞ
dt

ð4:2Þ

vcsðtÞ ¼ RsicsðtÞ þ dccsðtÞ
dt

ð4:3Þ
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Figure 4.1 Ideal three-phase windings (stator and rotor) of the DFIM.
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whereRs is the stator resistance; ias(t), ibs(t), and ics(t) are the stator currents of phases

a, b, and c; vas(t), vbs(t), and vcs(t) are the applied stator voltages; and cas(t), cbs(t),

and ccs(t) are the stator fluxes. The stator side electric magnitudes, at steady state,

have a constant sinusoidal angular frequency, os, the angular frequency imposed by

the grid.

Similarly, the rotor magnitudes are described by

varðtÞ ¼ RriarðtÞ þ dcarðtÞ
dt

ð4:4Þ

vbrðtÞ ¼ RribrðtÞ þ dcbrðtÞ
dt

ð4:5Þ

vcrðtÞ ¼ RricrðtÞ þ dccrðtÞ
dt

ð4:6Þ

where Rr is the rotor resistance referred to the stator; iar(t), ibr(t), and icr(t) are the

stator referred rotor currents of phases a, b, and c; var(t), vbr(t), and vcr(t) are the stator

referred rotor voltages; andcar(t),cbr(t), andccr(t) are the rotor fluxes. Under steady

state operating conditions, the rotor magnitudes have constant angular frequency,or.

In this chapter, assuming a general DFIM built with different turns in the stator and

rotor, all parameters and magnitudes of the rotor are referred to the stator.

It was indicated in the previous chapter that the relation between the stator angular

frequency and the rotor angular frequency is

or þ om ¼ os ð4:7Þ

where om is the electrical angular frequency of the machine. Similarly, Om is the

mechanical angular speed, related to the electrical frequency by means of a pair of

poles, p:

om ¼ pOm ð4:8Þ
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Figure 4.2 DFIM electric equivalent circuit.
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Hence, the rotor variables (voltages, currents, and fluxes) present a pulsation

or that varies with the speed. This is graphically shown in the examples of this

chapter.

For simplicity in the notation, the time dependence of the magnitudes will be

omitted in the following sections. In subsequent sections, the magnitudes and

parameters of the rotor are always referred to the stator.

4.2.1 ab Model

In this section, the differential equations representing the model of the DFIM are

derived, using the space vector notation in the stator reference frame. (See the

Appendix for basic details.) Hence, by multiplying Equations (4.1) and (4.4) by 2
3
,

thenmultiplying Equations (4.2) and (4.5) by 2
3
a and also multiplying Equations (4.3)

and (4.6) by 2
3
a2, the addition of the resulting equations yields the voltage equations of

the DFIM, in space vector form:

~vss ¼ Rs
~i
s

s þ
d~c

s

s

dt
ð4:9Þ

~vrr ¼ Rr
~i
r

r þ
d~c

r

r

dt
ð4:10Þ

where~vss is the stator voltage space vector,
~i
s

s is the stator current space vector, and
~c

s

s is the stator flux space vector. Equation (4.9) is represented in stator coordinates

(ab reference frame). ~vrr is the rotor voltage space vector,~i
r

r is the rotor current

space vector, and~c
r

r is the rotor flux space vector. Equation (4.10) is represented in

rotor coordinates (DQ reference frame).

Note that the superscripts “s” and “r” indicate that space vectors are referred to

stator and rotor reference frames, respectively. On the other hand, the correlation

between the fluxes and the currents, in space vector notation, is given by

~c
s

s ¼ Ls~i
s

s þ Lm~i
s

r ð4:11Þ

~c
r

r ¼ Lm~i
r

s þ Lr~i
r

r ð4:12Þ
where Ls and Lr are the stator and rotor inductances, Lm is themagnetizing inductance,

and they are related to the stator leakage inductance Lss and the rotor leakage

inductance Lsr, according to the following expressions:

Ls ¼ Lss þ Lm ð4:13Þ

Lr ¼ Lsr þ Lm ð4:14Þ
Note again that Equation (4.11) is represented in the stator reference frame, while

Equation (4.12) is in the rotor reference frame. Taking into account the coordinate

transformation, the following relations hold (see Appendix, Section A.1 for
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more details):

~c
s

s ¼ Ls~i
s

s þ Lm~i
s

r ¼ Ls~i
s

s þ Lme
j�m~i

r

r ð4:15Þ

~c
r

r ¼ Lm~i
r

s þ Lr~i
r

r ¼ Lme
�j�m~i

s

s þ Lr~i
r

r ð4:16Þ

Consequently, by referring the corresponding space vectors to the stator reference

frame (multiply Equation (4.10) by ej�m ), the ab model of the DFIM is obtained by

the next equations in stator coordinates:

~v s
s ¼ Rs

~i
s

s þ
d~c

s

s

dt
ð4:17Þ

~v s
r ¼ Rr

~i
s

r þ
d~c

s

r

dt
� jom

~c
s

r ð4:18Þ

~c
s

s ¼ Ls~i
s

s þ Lm~i
s

r ð4:19Þ

~c
s

r ¼ Lm~i
s

s þ Lr~i
s

r ð4:20Þ

Note that to transform into Equation (4.18), it is necessary to consider

d~c
r

r

dt
ej�m ¼ d ð~c r

r e
j�mÞ

zfflfflfflffl}|fflfflfflffl{
dt

~c
s
r

� jom
~c

r

r e
j�m

zfflfflffl}|fflfflffl{~c
s

r

ð4:21Þ

Figure 4.3 shows the ab electrical model of the DFIM in stator coordinates.
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Figure 4.3 ab Model of the DFIM in stator coordinates.
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Continuing with the model, the electric powers on the stator side and on the rotor

side are calculated as follows:

Ps ¼ 3

2
Ref~vs �~is�g ¼ 3

2
ðvasias þ vbsibsÞ ð4:22Þ

Pr ¼ 3

2
Ref~vr �~ir�g ¼ 3

2
ðvariar þ vbribrÞ ð4:23Þ

Qs ¼ 3

2
Imf~vs �~is�g ¼ 3

2
ðvbsias � vasibsÞ ð4:24Þ

Qr ¼ 3

2
Imf~vr �~ir�g ¼ 3

2
ðvbriar � varibrÞ ð4:25Þ

where the superscript * represents the complex conjugate of a spacevector aswas used

in phasors. Finally, the electromagnetic torque can be found from

Tem ¼ 3

2
p Imf~cr �~i

�
r g ¼ 3

2
pðcbriar � caribrÞ ð4:26Þ

By substitution of Equations (4.19) and (4.20) into (4.26), the electromagnetic

torque can also be calculated according to the following equivalent expressions:

Tem ¼ 3
2
p
Lm

Ls
Im

�
~cs �~i

�
r

� ¼ 3

2 p Im
�
~c

�
s �~is

� ¼ 3

2

Lm

Lr
p Im

�
~c

�
r �~is

�
¼ 3

2

Lm

sLrLs
p Im

�
~c

�
r �~cs

� ¼ 3

2
Lmp Im

�
~is �~i�r

� ð4:27Þ

where s ¼ 1� Lm
2=LsLr is the leakage coefficient and p is the pair of poles of the

machine. Note that for simplicity in the notation, the superscript “s” has been omitted

from the space vector in the power and torque expressions.

Finally, it must be emphasized that the model parameters of the machine—Rs, Rr,

Lss, Lsr, and Lm—are the same for both steady state and dynamic models presented in

Chapter 3 and in this chapter.

4.2.2 dq Model

In this subsection, in contrast with the previous subsection, the differential equations

representing the model of the DFIM are derived, using the space vector notation

in the synchronous reference frame (see Appendix, Section A.1). From the original

voltage equations (4.9) and (4.10), multiplying them by e�j�s and e�j�r , respectively,

the stator and rotor voltage equations yields.

~v a
s ¼ Rs

~i
a

s þ d~c
a

s

dt
þ jos

~c
a

s ð4:28Þ

~v a
r ¼ Rr

~i
a

r þ d~c
a

r

dt
þ j ðos � omÞ

zfflfflfflfflfflfflffl}|fflfflfflfflfflfflffl{or

~c
a

r ð4:29Þ
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In this case, the superscript “a” denotes space vectors referred to a synchronously

rotating frame. From Equations (4.11) and (4.12), by using the same the flux

expressions, we find

~c
a

s ¼ Ls~i
a

s þ Lm~i
a

r ð4:30Þ

~c
a

r ¼ Lm~i
a

s þ Lr~i
a

r ð4:31Þ

For a sinusoidal supply of voltages, at steady state, the dq components of the

voltages, currents, and fluxeswill be constant values, in contrast to the ab components

that are sinusoidalmagnitudes.Hence, the dq equivalent circuitmodel of theDFIM, in

synchronous coordinates, is represented in Figure 4.4.

The torque and power expressions in the dq reference frame are equivalent to the

ab equations:

Ps ¼ 3

2
Re

�
~vs �~is�

� ¼ 3

2

�
vdsids þ vqsiqs

� ð4:32Þ

Pr ¼ 3

2
Re

�
~vr �~ir�

� ¼ 3

2

�
vdridr þ vqriqr

� ð4:33Þ

Qs ¼ 3

2
Im

�
~vs �~is�

� ¼ 3

2

�
vqsids � vdsiqs

� ð4:34Þ

Qr ¼ 3

2
Im

�
~vr �~ir�

� ¼ 3

2

�
vqridr � vdriqr

� ð4:35Þ
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Figure 4.4 dq Model of the DFIM in synchronous coordinates.
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Therefore, the torque expression also yields

Tem ¼ 3

2
p
Lm

Ls
Im

�
~cs �~i

�
r

� ¼ 3

2
p
Lm

Ls

�
cqsidr � cdsiqr

� ð4:36Þ

In the sameway, all the equivalent torque expressions of Equation (4.27) still hold.

Again, for the sake of simplicity, the superscripts of the space vectors have been

omitted in the power and torque expressions.

4.2.3 State-Space Representation of ab Model

A representation of the abmodel in state-space equations is very useful for computer

based simulation purposes. RearrangingEquations (4.17)–(4.20) and taking the fluxes

as state-space magnitudes, the model of the DFIM is given by the next expression:
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Expanding this last expression in the ab components, we obtain
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If instead of the fluxes, the currents are chosen as state-space magnitudes, the

equivalent model of the DFIM is derived as follows:

d
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Expanding in ab components, we have

d

dt

ias

ibs

iar

ibr

2
666664

3
777775 ¼

�
1

sLsLr

� �RsLr omLm
2 RrLm omLmLr

�omLm
2 �RsLr �omLmLr RrLm

RsLm �omLsLm �RrLs �omLrLs

omLsLm RsLm omLrLs �RrLs

2
666664

3
777775�

ias

ibs

iar

ibr

2
666664

3
777775

þ
�

1

sLsLr

� Lr 0 �Lm 0

0 Lr 0 �Lm

�Lm 0 Ls 0

0 �Lm 0 Ls

2
666664

3
777775�

vas

vbs

var

vbr

2
666664

3
777775

ð4:40Þ

Depending on the choice of the state-space magnitudes, different state-space

models can be obtained.

4.2.3.1 Example 4.1: Simulation Block Diagram from the ab Model of
the DFIM For on-line simulation purposes, it is possible to use the ab model of

the DFIM, as illustrated in Figure 4.5. This simulation structure is suitable for

implementation in computer based software tools such as Matlab-Simulink.

Hence, the simulation block diagram is composed of the following inputs,

parameters, and outputs:

DFIM 

Model

Outputs 

Parameters 

Inputs 

Figure 4.5 Input–output structure of the DFIM simulation block diagram.
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. Inputs. Stator and rotor phase (abc) voltages and the load torque (Tload).

. Parameters. Constant parameters of the DFIM model, including the electric

and mechanical parts of the machine.

. Outputs. Stator and rotor phase (abc) currents, stator and rotor ab fluxes, the

electromagnetic torque, the speed, and the rotor angle.

This simulation model calculates the above-mentioned outputs, according to the

imposed voltage inputs and themachine’s parameters. Amore detailed block diagram

is presented in Figure 4.6, based on the state-space representation of Equations (4.39)

and (4.40).

The real phase (abc) input voltages are transformed into voltages referred to the

stationary frame (ab). Note that rotational transformation and Clarke matrix trans-

formations are required as well as the stator/rotor turns ratio provided by the factor u.

Once the stator and rotor voltages are in ab coordinates, the state-space solution of
expression (4.40) is calculated.Hence, the stator and rotor currents ab components are

derived. Once that is done the phase abc stator and rotor currents are calculated.

In an equivalent way, from the stator and rotor ab currents, the stator and rotor ab
fluxes are calculated by means of expressions (4.19) and (4.20). Accordingly,

the electromagnetic torque is also calculated from expression (4.27). After that,

the mechanical model of the machine is implemented. In this case, a very simple

mechanical model has been considered as depicted in Figure 4.7, mathematically

represented by the following equation:

Tem � Tload ¼ J
dOm

dt
ð4:41Þ

where

J¼ equivalent inertia of the mechanical axis

Tload¼ external torque applied to the mechanical axis

Om¼mechanical rotational speed

From themechanical model, it is possible to derive the electric rotational speedom

and the angle �m.

4.2.3.2 Example 4.2: Performance Analysis of the DFIM in ab
Coordinates From the simulation model studied in the previous example,

depending on the stator and rotor voltages injected into the machine, as well as the

load torque, the machine will reach different steady state points. This example shows

the abc and ab magnitudes, at two different operating points of a 2MW DFIM.

. First operating point—generating at hypersynchronous speed under the follow-

ing conditions:

Om ¼ 2100 rev=min Ps ¼ �1:2MW Pr ¼ �0:5MW

Tem ¼ �7400 N�m Qs ¼ 1:1MVAR Qr ¼ 80 kVAR
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. Second operating point—generating at subsynchronous speed under the follow-

ing conditions:

Om ¼ 900 rev=min Ps ¼ �1:2MW Pr ¼ 0:45MW

Tem ¼ �7400 N�m Qs ¼ 1:1MVAR Qr ¼ �0:19MVAR

The model parameters of the machine are as shown in Chapter 3. The space vector

diagram of each operating point is illustrated in Figure 4.8. As seen before, the space

vectors referred to the ab stationary frame rotate at os pulsation.

At hypersynchronous speed, the rotor and stator active powers have equal sign,

both negative since the machine is generating. On the contrary, at subsynchronous

speed the rotor active power becomes positive (due to a positive slip). The relative

phase shift angles and the space vector amplitudes of all the magnitudes presented

in Figure 4.8 determine each operating point.

The main difference in both space vector diagrams is the rotor voltage space

vector. The rest of the space vectors maintain basically the same relative positions

between them at both speeds, while only the rotor voltage is approximately 180�

phase shifted.
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Figure 4.8 Spacevector representation inab stationary reference frame: (a) hypersynchronous

operation and (b) subsynchronous operation (amplitudes not scaled).

DFIM

Rotor 
JΩm

θm

Figure 4.7 Mechanical axis of the DFIM.
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Comparedwith the phasor diagrams examined in previous chapters for steady state

analysis, in this case the spacevectors are rotating vectorswith constant rotating speed

at steady state. Note also that the amplitude of the space vectors is adopted as the peak

value, while for phasors we adopted rms values.

Similarly, themachine’s steady state behavior is illustrated in Figures 4.9 and 4.11.

The time evolution of the most representative magnitudes is presented in abc and ab
coordinates, as given by the block diagram of Figure 4.6.

Therefore, the stator and rotor input voltages are imposed as shown in

Figures 4.9a–4.9d. Approximately in the middle of the simulation experiment, the

rotor voltage is 180� phase shifted, producing the speed change from 2100 rev/min

to 900 rev/min. On the contrary, the stator voltage is not modified.

This quick speed change of themachine is achieved thanks to a closed loop control,

which is not analyzed in this chapter. In fact, so severe a change is not realistic,

however, it is useful to show the performance at hypersynchronous and subsynchro-

nous speeds simultaneously in a graph.

Checking the voltages, note that the stator a phase and a component are the same

waveforms. Both abc and ab stator voltages have os¼ 314.16 rad/s pulsation and

equal amplitude. However, the phase rotor voltages have or¼�125.6 rad/s pulsa-

tion at hypersynchronism (acb sequence) and or¼ 125.6 rad/s at subsynchronism

(abc sequence). On the other hand, the ab rotor voltages have os¼ 314.16 rad/s

pulsation (abc sequence) in all simulation experiments. In addition, the abc rotor

voltages shown in Figure 4.9c are rotor referred, that is, the real rotor voltages.

That is the reason for the different amplitude ab rotor voltages, in this case referred

to the stator.

On the other hand, as noticed in Figures 4.9e and 4.9f, the torque is mainly

constant, while the speed changes approximately in the middle of the experiment.

As highlighted before, to achieve this performance, it is necessary to impose an

appropriate control strategy. In this way, the stator is sinusoidally supplied, while

the rotor is fed by a two-level back-to-back converter (see Chapter 2 for more

details). The control strategy in charge of generating the required rotor voltages is

a direct control technique (DTC) that will be studied in Chapter 8. For simplicity

in the exposition, the rotor voltages are shown filtered, meaning that only the

fundamental component of the voltage applied to the rotor is shown. In any case,

the ripples due to this converter based supply, for the currents, powers, and

torque, are still present in the simulation based graphics. This fact is graphically

represented in Figure 4.10.

Finally, the stator and rotor active and reactive power behaviors are shown in

Figures 4.9g and 4.9h.

Continuing with the analysis, in Figure 4.11, the rest of the machine’s most

interesting magnitudes are presented. Only ab fluxes are calculated. Stator and rotor

fluxes are slightly phase shifted in relation to each other, remaining unaltered during

during the experiment, as can be seen in Figures 4.11a and 4.11b.

The stator currents have very similar behavior to the stator voltages, Figures 4.11c

and 4.11d. The same amplitude and pulsation (os¼ 314.16 rad/s) exist for both phase

and ab currents. They remain unaltered during the experiment.
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Figure 4.9 Generator operation of a 2MWDFIM, at hypersynchronous and subsyncronous

speeds: (a) abc stator voltages, (b) ab stator voltages (V), (c) abc real rotor voltages (V),

(d) ab rotor voltages (stator referred) (V), (e) electromagnetic torque (N�m), (f) speed (rpm),

(g) active and reactive powers (W and VAR), and (h) rotor active and reactive powers

(W and VAR).
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Finally, the rotor phase currents shown in Figure 4.11e have or¼�125.6 rad/s

pulsation at hypersynchronism (acb sequence) and or¼ 125.6 rad/s at subsynchron-

ism (abc sequence) as also occurred with the rotor phase voltages. However, the rotor

ab currents remain unaltered during the experiment, keeping a constant amplitude as

well as pulsation (os¼ 314.16 rad/s). Note again that, as the real phase currents are

shown in Figure 4.11e, they have different amplitudes compared to the ab rotor

currents of Figure 4.11f.

4.2.3.3 Example 4.3: Performance Analysis of the DFIM in DQ and dq
Coordinates From the simulation block diagram of Figure 4.6, it is possible to

derive DQ and dq components, from the calculated abc or ab components, without

needing a different model of the machine. So, by simply using reference frame

transformations, the behavior of the machine is inferred in DQ and dq reference

frames.

Hence, in Figure 4.12, the transformation into the DQ reference frame is

illustrated. The “x” notation represents voltages or currents. For the rotor voltages

and currents, only a rotational transformation is required. However, for stator voltages

and currents, rotational and Clarke transformations become necessary.

Finally, for both stator and rotor fluxes, the DQ components are calculated by

means of the rotational transformation.

Consequently, by applying these transformations, the space vector diagrams of

Figure 4.8 are converted to the space vector diagrams of Figure 4.13. In this case, the

DQ reference frame rotates at om angular frequency.

The space vectors referred to this DQ rotating frame also rotate but at different

speed, that is, or angular frequency. This or (Equation (4.7)) is negative at hyper-

synchronous speed and positive at subsynchronous speed.

Time (s)

var
’(real)

var
’(filtered)

1500

1000

500

0

-500

-1000

-1500
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05

Figure 4.10 Converter’s output a phase voltage and filtered voltage.
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At the same time, it can be noticed that the absolute rotating speed of the space

vectors, referred to a stationary reference frame, is equal at both hypersynchronous

and subsynchronous speeds (i.e., os).

Finally, for the same reason of the previous remark, the disposition and phase shift

angles of each space vector in both diagrams remain unaltered, compared to the

diagram of Figure 4.8. The only difference is the rotating speeds.

In a similar way, the magnitudes in the dq reference frame are derived according to

the block diagram of Figure 4.14. As before, the “x” notation represents voltages or

currents. For the dq rotating reference frame, an alignment with the stator flux space

vector is chosen by means of angle �c. Note that for this general modeling analysis,

any other choice would also be valid.
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Figure 4.11 Generator operation of a 2MWDFIM, at hypersynchronous and subsyncronous

speeds: (a) ab rotor fluxes (Wb), (b) ab stator fluxes (Wb), (c) abc stator currents, (d) ab stator

currents, (e) abc real rotor currents, and (f) ab rotor currents (stator referred).
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The stator and rotor voltages and currents are first transformed to ab components

and then to dq components. The fluxes are directly transformed from ab components

to dq components.

Consequently, by applying these last transformations, the space vector diagrams of

Figure 4.8 are converted to the space vector diagrams of Figure 4.15. In this case, the

dq reference frames rotate at os electrical pulsation, so the space vectors referred to
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Figure 4.13 Spacevector representation inDQ rotatory reference frame: (a) hypersynchronous

operation and (b) subsynchronous operation (amplitudes not scaled).
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this dq rotating frame are stationary. This leads to constant dq components of the space

vector projections, due to this rotating dq axis.

The absolute rotating speed of the space vectors, referred to a stationary reference

frame, is equal at both hypersynchronous and subsynchronous speeds (i.e., os).
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Figure 4.14 Transformation to dq reference frame.
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Figure 4.15 Space vector representation in dq rotatory reference frame: (a) hypersynchronous

operation and (b) subsynchronous operation (amplitudes not scaled).
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Finally, in this case again, the disposition and phase shift angles of each space

vector in both diagrams remain unaltered, compared to the diagram of Figure 4.8.

The only difference is the rotating speeds.

Hence, the machine’s magnitudes are illustrated in Figures 4.16 and 4.17. The

time evolution of the most representative magnitudes is presented in DQ and dq

coordinates. All these magnitudes are calculated from the behavior of the machine

shown in Figures 4.9 and 4.11.

The stator and rotor voltages are illustrated in Figure 4.16. Due to the change of

speed, the statorDQ voltages have a change in the pulsation, fromor¼�125.6 rad/s

at hypersynchronism to or¼ 125.6 rad/s at subsynchronism, as noticed in

Figure 4.16a. However, the dq stator voltage components remain constant during

the entire simulation experiment, due to the fact that they do not depend on the speed.

In a similarway, the rotorDQ voltages shown in Figure 4.16c have an equal pulsation

change as the stator voltages, due to the change of speed from hypersynchronism to

subsynchronism. However, in this case, the dq rotor voltages illustrated in Figure 4.16d

are alsomodified, not due to the change of the speed itself, but due to the relative position

change from the rotor flux space vector, that is, from 90� delayed to 90� in advance.

Continuing with the analysis, the rest of the machine’s magnitudes are shown in

Figures 4.17a to 4.17d. As occurs with the stator voltages in Figure 4.16a, despite the

fact that they remain unaltered during the speed change, the DQ components of

the stator fluxes reflect this speed change as can be noticed in Figure 4.17a. On the
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Figure 4.16 Generator operation of a 2MWDFIM, at hypersynchronous and subsyncronous

speeds: (a)DQ stator voltages (V), (b) dq stator voltages (V), (c)DQ real rotor voltages (V), and

(d) dq rotor voltages (stator referred) (V).
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Figure 4.17 Generator operation of a 2MWDFIM, at hypersynchronous and subsyncronous

speeds: (a) DQ stator fluxes (Wb), (b) dq stator fluxes (Wb), (c) DQ rotor fluxes (Wb), (d) dq

rotor fluxes (Wb), (e) DQ stator currents (A), (f) dq stator currents (A), (g) DQ rotor currents

(stator referred) (A), and (h) dq rotor currents (stator referred) (A).
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contrary, the stator dq fluxes are constant during the entire experiment: Figure 4.17b.

In addition, since the dq reference frame has been aligned to the stator flux space

vector, the q component of the flux is zero.

With the rotor fluxes, something equivalent as before occurs. The rotor and stator

fluxe space vectors are smoothly phase shifted; consequently, they show a similar

behavior to the stator flux, as illustrated in Figures 4.17c and 4.17d.

Finally, the stator and rotorDQ currents again have an equal pulsationvariation due

to the change of speed. However, the dq components remain unaltered, as shown in

Figures 4.17e to 4.17h. All these rotor currents are referred to the stator.

4.2.3.4 Example 4.4: Numerical Expressions of the Variables of the
DFIM at Steady State To conclude, the mathematical expressions of this parti-

cular simulation experiment of each space vector at steady state can be represented.

For simplicity, only the stator voltage and the rotor currents aremathematically expressed.

Taking as reference the stator voltage, a summary is given in Tables 4.1 and 4.2. Note that

these mathematical expressions, only consider the fundamental components, not taking

into account the rotor current ripples for instance.

4.2.4 State-Space Representation of dq Model

Continuing with the dynamic model study, a representation of the dq model in state-

space equations is also possible to obtain. Rearranging Equations (4.28)–(4.31), and

TABLE 4.1 Mathematical Expressions in ab and DQ Coordinates

Coordinates Hypersynchronism Subsynchronism

ab

~vs ¼ j~vsje jost ~vs ¼ j~vsje jost

vas ¼ 563:4 cosð314:16tÞ
vbs ¼ 563:4 sinð314:16tÞ

vas ¼ 563:4 cosð314:16tÞ
vbs ¼ 563:4 sinð314:16tÞ

~ir ¼ j~irje jðostþgÞ ~ir ¼ j~irje jðostþgÞ

iar ¼ 1650 cosð314:16tþ 0:45Þ
ibr ¼ 1650 sinð314:16tþ 0:45Þ

iar ¼ 1650 cosð314:16tþ 0:45Þ
ibr ¼ 1650 sinð314:16tþ 0:45Þ

DQ

~vs ¼ j~vsje�jort ~vs ¼ j~vsje jort

vDs ¼ 563:4 cosð�125:6tÞ
¼ 563:4 cosð125:6tÞ

vQs ¼ 563:4 sinð�125:6tÞ
¼ �563:4 sinð125:6tÞ

vDs ¼ 563:4 cosð125:6tÞ

vQs ¼ 563:4 sinð125:6tÞ

~ir ¼ j~irje jð�ortþgÞ ~ir ¼ j~irje jðortþgÞ

iDr ¼ 1650 cosð�125:6tþ 0:45Þ
¼ 1650 cosð125:6t� 0:45Þ

iQr ¼ 1650 sinð�125:6tþ 0:45Þ
¼ �1650 sinð125:6t� 0:45Þ

iDr ¼ 1650 cosð125:6tþ 0:45Þ

iQr ¼ 1650 sinð125:6tþ 0:45Þ
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taking the fluxes as state-space magnitudes, the model of the DFIM is given by the

next expression:

d

dt

~c
a

s

~c
a

r

2
4

3
5 ¼

�Rs

sLs
� jos

RsLm

sLsLr

RrLm

sLsLr

�Rr

sLr
� jor

2
66664

3
77775�

~c
a

s

~c
a

r

2
4

3
5þ

~vas

~var

" #
ð4:42Þ

Expanding this last expression in the dq components, we obtain

d

dt

cds

cqs

cdr

cqr

2
666664

3
777775 ¼

�Rs

sLs
os

RsLm

sLsLr
0

�os

�Rs

sLs
0

RsLm

sLsLr

RrLm

sLsLr
0

�Rr

sLr
or

0
RrLm

sLsLr
�or

�Rr

sLr

2
66666666666666664

3
77777777777777775

�

cds

cqs

cdr

cqr

2
666666664

3
777777775
þ

vds

vqs

vdr

vqr

2
666666664

3
777777775

ð4:43Þ

TABLE 4.2 Mathematical Expressions in dq Coordinates and abc

Coordinates Hypersynchronism Subsynchronism

dq

~vs ¼ j~vsjejp=2 ~vs ¼ j~vsjejp=2
vds ffi 0

vqs ffi 563:4

vds ffi 0

vqs ffi 563:4

~ir ¼ j~irjejðp=2þ0:45Þ ~ir ¼ j~irjejðp=2þ0:45Þ

idr ffi �736

iqr ffi 1482

idr ffi �736

iqr ffi 1482

abc

vas ¼ 563:4 cosð314:16tÞ
vbs ¼ 563:4 cosð314:16t� 2p=3Þ
vcs ¼ 563:4 cosð314:16t� 4p=3Þ

vas ¼ 563:4 cosð314:16tÞ
vbs ¼ 563:4 cosð314:16t� 2p=3Þ
vcs ¼ 563:4 cosð314:16t� 4p=3Þ

i0ar ¼ 550 cosð�125:6tþ 0:45Þ
i0br ¼ 550 cosð�125:6tþ 0:45� 2p=3Þ
i0cr ¼ 550 cosð�125:6tþ 0:45� 4p=3Þ

i0ar ¼ 550 cosð125:6tþ 0:45Þ
i0br ¼ 550 cosð125:6tþ 0:45� 2p=3Þ
i0cr ¼ 550 cosð125:6tþ 0:45� 4p=3Þ
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Once again, if instead of the fluxes the currents are chosen as state-space

magnitudes, the equivalent model of the DFIM is expressed as follows, in the

synchronous reference frame:

d

dt

i~s a

i~r a

" #
¼ 1

s�Ls �Lr

0
@

1
A �Rs �Lr � j �om �L2m � j �os �s�Ls �Lr Rr �Lm � j �om �Lm �Lr

Rs �Lm þ j �om �Lm �Ls �Rr �Ls þ j �om �Lr �Ls � j �os �s�Ls �Lr

" #

�
i~s a

i~r a

" #
þ 1

s�Ls �Lr

� � Lr �Lm

�Lm Ls

" #
�

v~s a

v~r a

" #

ð4:44Þ

Expanding in dq components, we find

d

dt

ids

iqs

idr

iqr

2
666664

3
777775 ¼ 1

s:Ls:Lr

0
@

1
A

�Rs:Lr om:L
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2
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3
777775

:
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iqs
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2
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3
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0
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0 �Lm 0 Ls

2
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3
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vqs

vdr

vqr

2
666664

3
777775

ð4:45Þ

State-space representations of the DFIM in the dq reference frame are

especially useful in obtaining the steady state for given stator and rotor input

voltages.

4.2.4.1 Example 4.5: Steady State Evaluation in dq Coordinates By

using the dq state-space representation of the DFIM, it is possible to simply derive

the steady state magnitudes of the machine. For instance, considering the state-space

representation of expression (4.43), at steady state, the derivatives of the fluxes

are equal to zero:

d

dt

cds

cqs

cdr

cqr

2
66666664

3
77777775
¼ 0 ð4:46Þ
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Hence, the state-space expression yields

0

0

0

0

2
6664

3
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sLs
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sLsLr
0

�os
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sLsLr
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0
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0
RrLm

sLsLr
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cdr

cqr

2
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3
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vds

vqs

vdr

vqr

2
6664

3
7775 ð4:47Þ

Rearranging the terms, the rotor and stator dq fluxes can be calculated as follows:

cds

cqs

cdr

cqr

2
66664

3
77775 ¼ �

�Rs

sLs
os

RsLm

sLsLr
0

�os

�Rs

sLs
0

RsLm

sLsLr
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sLsLr
0
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or

0
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sLsLr
�or

�Rr

sLr

2
6666666666666664

3
7777777777777775

�1

�

vds

vqs

vdr

vqr

2
66664

3
77775 ð4:48Þ

This last expression (4.48) can be useful in deriving the rotor and stator fluxes of the

machine, by knowing the imposed input stator and rotor voltages as well as the speed

of the machine.

After that, once the fluxes are known, the remaining stator and rotor currents can

be calculated by the following expression (derived from Equations (4.30)

and (4.31)):

ids

iqs

idr

iqr

2
666664

3
777775 ¼

1

sLs
0

�Lm

sLsLr
0

0
1

sLs
0

�Lm

sLsLr

�Lm

sLsLr
0

1

sLr
0

0
�Lm

sLsLr
0

1

sLr

2
66666666666666664

3
77777777777777775

�

cds

cqs

cdr

cqr

2
666664

3
777775 ð4:49Þ
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4.2.4.2 Example 4.6: Steady State Evaluation in dq Coordinates;
Numerical Solution By using the procedure of Example 4.5, the synchronous

operating mode can also be evaluated. It is known that the 2MW DFIM is operating

under the following conditions:

vds¼ 4V

vds¼ 563.4V

vdr¼�2.5V

vqr¼ 7.5V

Om¼ 1500 rev/min (synchronous speed, or¼ 0)

Substituting these operating conditions and the parameters of the machine into

expression (4.48), we obtain

cds

cqs

cdr

cqr

2
66664

3
77775 ¼ �

�15:36 314:16 14:86 0

�314:16 �15:36 0 14:86

16:57 0 �17:15 0

0 16:57 0 �17:15

2
66664

3
77775
�1

�

4

563:4

�2:5

7:5

2
66664

3
77775 ð4:50Þ

Hence, the fluxes yield8?A3B2 tptxt=7pt?>

cds

cqs

cdr

cqr

2
66664

3
77775 ¼

1:81

0

1:6

0:43

2
66664

3
77775 ðWbÞ ð4:51Þ

Once the fluxes are known, it is possible, for instance, to derive the electromagnetic

torque of the machine with expression (4.27):

Tem ¼ 3

2

Lm

sLrLs
p Im ~c

�
r �~cs

n o
¼ 3

2

Lm

sLrLs
p
�
cdrcqs � cqrcds

� ð4:52Þ

Numerically,

Tem ¼ 17147ð1:6�0� 0:43�1:81Þ ¼ �13:6 k�N�m ð4:53Þ
Finally, the stator and rotor currents can be calculated with expression (4.49):
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iqs

idr

iqr
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Note that the rotor currents are referred to the stator side. Finally, the currents are

ids

iqs

idr

iqr

2
6664

3
7775 ¼

1534:3

�2499:2

�862:1

2586:2

2
6664

3
7775 ðAÞ ð4:55Þ

Thus, the stator and rotor powers can also be calculated from expressions (4.32)–

(4.35), yielding

Ps ¼ 2:1 ðMWÞ
Qs ¼ 1:3 ðMVARÞ
Pr ¼ 32:3 ðkWÞ
Qs ffi 0

Consequently, the simulated voltages and currents under this situation are shown in

Figure 4.18. Note that the abc stator voltages and currents have 50Hz sinusoidal

behavior (Figures 4.18a and 4.18c), while the abc rotor voltages and currents haveDC

constant values (Figures 4.18b and 4.18d). To conclude, the synchronous speed and

the torque are illustrated in Figures 4.18e and 4.18f.

4.2.5 Relation Between the Steady State Model and
the Dynamic Model

As stated in the introduction to this chapter, the reader can see that the steady state

model developed in Chapter 3 with phasors is just a particular case of a more general

model of the machine, that is, the dynamic model developed in this chapter with the

help of space vector theory. Thus, while the steady state model can only deal with

sinusoidal magnitudes once the steady state of the machine has been reached, the

dynamic model can also represent more general behaviors, such as transient or

dynamic phenomena. In addition, the dynamic model is not restricted to sinusoidal

steady states; it can also consider nonsinusoidal supply approaches.

The close relation between these models can clearly be seen, for instance, by

comparing the dq dynamic model Equations (4.28)–(4.36), with the steady state

model equations derived in the previous chapter: Equations (3.31), (3.32), (3.27),

(3.28), (3.48), (3.53) and (3.54):

Vs ¼ RsI s þ josCs ~v a
s ¼ Rs

~i
a

s þ d~c
a

s

dt
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V r ¼ RrI r þ jorCr ~v a
r ¼ Rr

~i
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r þ d~c
a

r

dt
þ jor

~c
a

r

Cs ¼ LsI s þ LmIr
~c

a

s ¼ Ls~i
a

s þ Lm~i
a

r

Cr ¼ LmIs þ LrI r
~c

a

r ¼ Lm~i
a

s þ Lr~i
a

r
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Tem ¼ 3p Im Cr �I �r
� �

Tem ¼ 3
2
p Im

�
~cr �~i

�
r

�
Ps ¼ 3Re

�
Vs �I �s

�
Ps ¼ 3

2
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�
~vs �~is�

�
Qs ¼ 3Im

�
Vs �I�s

�
Qs ¼ 3

2
Im

�
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�
Note that the rotor power relations are omitted from this comparison, due to their

equivalence to the stator power expressions. It is clear that the appearance of these

equations is very similar. The steady state model only can represent sinusoidal

magnitudes bymeans of an amplitude and a phase. However, the dynamicmodel, if a

non-sinusoidal supply is applied with a converter, it can also represent the harmonic

performance in continuous or discrete time domin. The amplitudes of the sinusoidal
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Figure 4.18 Generator operation of a 2MW DFIM at synchronous speed: (a) abc stator

voltages (V), (b) abc rotor voltages (V), (c) abc stator currents (A), (d) abc rotor currents (A),

(e) speed (rpm), and (f) electromagnetic torque (N�m).
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magnitudes represented by the phasors are given in rms; however, the fundamental

components amplitudes of the space vectors refer to peak values. The following

example gives more details of the correlation between these two models.

4.2.5.1 Example 4.7: Steady State with Dynamic Model Equations This

example is similar to Example 3.3 of Chapter 3 and derives the steady state of a 2MW

machine by means of the dq representation of space vectors supposing sinusoidal ideal

supply. Theoperating point is chosen as a 2MWstator power generating,with zero stator

reactive power, 50Hz of grid frequency and s¼�0.25 slip (hypersynchronous speed).

An alternative resolution approach to the one presented in Example 4.6 is carried

out. Hence, assuming a rated stator voltage supply (690Vrms line to line) and taking

the d axis of the reference frame aligned with the stator voltage space vector, we have

~v a
s ¼ vds þ jvqs ¼ 563:4þ 0j ðVÞ

Since Qs¼ 0 is chosen, the stator current space vector yields

Ps ¼ 3
2
vdsids þ vqsiqs
� � ¼ 3

2
563:4idsð Þ ¼ 2000000

Qs ¼ 3
2
vqsids � vdsiqs
� � ¼ 3

2
�563:4iqs
� � ¼ 0

9=
; )

~i
a

s ¼ ids þ jiqs ¼ �2366:6þ 0j ðAÞ
Since it is assumed that the steady state has been reached, from Equation (4.28) the

derivative term is zero (particular case of steady state) and it is being possible to derive

the stator flux:
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a

s

dt
þ jos
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¼ 563:4þ 0j � 0:0026ð�2366:6þ 0 jÞ
j314:16
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~c
a

s ¼ cds þ jcqs ¼ 0� j1:81 ðWbÞ
Once the stator flux and currents are obtained, it is possible to derive the rotor flux:

~c
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s ¼ Ls~i
a

s þ Lm~i
a

r )~i
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r ¼
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s
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)

~i
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r ¼ ð0� j1:81Þ � 0:002587ð�2366:6þ 0jÞ
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~i
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r ¼ idr þ jiqr ¼ 2449� 725:1 j ðAÞ
Proceeding with the rotor flux,

~c
a

r ¼ Lm~i
a

s þ Lr~i
a

r ¼ 0:0025ð�2366:6þ 0jÞ þ 0:002587ð2449� 725:1 jÞ )
~c

a

r ¼ cdr þ jcqr ¼ 0:4� 1:8 j ðWbÞ
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Finally, again assuming steady state, the rotor voltage is derived:

~v a
r ¼ Rr

~i
a

r þ d~c
a

r

dt
þ jor

~c
a

r ¼ Rr
~i

a

r þ jor
~c

a

r )

~v a
r ¼ 0:0029ð2449� 725:1 jÞ þ jð�0:25�314:16Þ�ð0:4� 1:8 jÞ )

~v a
r ¼ vdr þ jvqr ¼ �140:2� 35 j ðVÞ

To conclude, the torque is found:

Tem¼ 3

2
p Im ~cr �~i

�
r

n o
¼ 3

2
�2�Im ð0:4� 1:8 jÞ�ð2449þ 725:1 jÞf g¼ �12900 ðN�mÞ

Note that by solving this example, we have followed exactly the same procedure as

in Example 3.3 of Chapter 3; but in this case we use space vector notation, referred to

a synchronous rotating frame.

The graphical representation of the derived space vectors is shown in

Figure 4.19a. In a similar way, the phasor diagram representation corresponding

to these operating conditions was derived in the previous chapter and now again is

depicted in Figure 4.19b.

(a)

s

a

s
a

r

a

r
v

a

s
v

a

r
i

a

s
i

d

º5.16º4.77

º9.165

q

(b)

s
I

s
V

s

r
I

r

r
V

º5.16

º4.77

º9.165

Figure 4.19 (a) Space vector representation at a given operating point. (b) Phasor diagram

representation at a given operating point (not scaled amplitudes).
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4.3 SUMMARY

This chapter has described the ab and dq dynamicmodels of theDFIM.Not only have

the differential equations of these models been derived and presented, but also the

state-space representation has also been developed.

The structure of these models has been adapted to create and implement

simulation dynamic models, to perform computer based simulations. Practical

numerical and simulated examples based on these models have emphasized the

different peculiarities and characteristic aspects of the DFIM behavior, providing

useful ideas and procedures that contribute to the reader is wider understanding of

themachine. All these examples have dealt with steady states, obtained bymeans of

dynamic simulation. The dynamic behavior of themachine is studied in subsequent

chapters of this book. Thus, Chapter 6 studies the transient behavior of themachine,

when it is not closed loop controlled and is subjected to voltage dips. Then,

Chapters 7 and 8 show the achievable dynamic behavior of the machine when it

is closed loop controlled by two control strategies—field oriented control and

direct control.

In addition, the dynamicmodel has been revealed as amore generic model than the

steady state model studied in Chapter 3, not only for the DFIM, but for AC electric

machines in general. In the intrinsic nature of the dynamic model, information related

to the dynamic and steady state behavior is found. However, first examining the

specific case of the steady state and then extending the analysis to the general case

showing the dynamic model is thought to be advantageous from a pedagogic

perspective, allowing the reader to assimilate the new concepts in a more scaled

and rationalized way.

Finally, once the most important background of the modeling has been studied

in Chapters 3 and 4, we can advance in Chapter 5 to exhibit the linkage between

the theoretical or mathematical models, and their translation and applicability to

real machines. Explained in a simplified manner, once we have a real machine, it

seeks to define the testing procedure to derive and identify the modeling para-

meters of the machine.

REFERENCES

1. I. Boldea, Variable Speed Generators. CRC Press Taylor & Francis, 2006.

2. I. Boldea and A. Nasar, The Induction Machine Handbook. CRC Press, 2006.

3. W. Leonhard, Control of Electrical Drives. Springer-Verlag, 1985.

4. M. P. Kazmierkowski, R. Krishnan, and F. Blaabjerg, Control in Power Electronics:

Selected Problems. Academic Press, 2002.

5. P. Vas, Sensorless Vector and Direct Torque Control. Oxford University Press, 1998.

6. R. H. Park, Two Reactions Theory of Synchronous Machines.AIEE Transactions. Vol. 48,

pp. 716–730, 1928.

7. A. Veltman, D. W. J. Pulle, and R.W. De Doncker, Fundamentals of Electric Drives.

Springer, 2007.

238 DYNAMIC MODELING OF THE DOUBLY FED INDUCTION MACHINE



8. B. K. Bose, Power Electronics and Drives. Elsevier, 2006.

9. A. M. Trzynadlowski, Control of Induction Motors. Academic Press, 2001.

10. A. Hughes, Electric Motors and Drives. Elsevier, 1990.

11. M. Barnes, Variable Speed Drives and Power Electronics. Elsevier, 2003.

12. S. J. Chapman, Electrical Machines. McGraw Hill, 1985.

13. J. F. Mora, Electrical Machines. McGraw Hill, 2003.

14. A. Peterson, “Analysis, Modeling and Control of Doubly-Fed Induction Generators for

Wind Turbines.” Ph.D. thesis, Chalmers University of Technology, Goteborg, Sweden,

2005.

REFERENCES 239



CHAPTER 5

Testing the DFIM

5.1 INTRODUCTION

In the previous two chapters, modeling of the DFIM has been examined, by reviewing

the fundamental steady state and dynamic models of the machine. These models are

defined bymeans of equations derived fromequivalent electric circuits of themachine.

The equations for the model, among other objectives, mainly define the behavior of

the machine a give a the basis for understanding the machine and its operation.

However, in a practical context, before we continue with the analysis of the

machine and address its control, it is important for the reader to have a firmknowledge

about how the model parameters of the machine can be obtained. Even though

the studied models of the machine represent various versions of a uniquemodel of the

DFIM, the parameters of this model (values of inductances, resistances, etc.) mainly

differentiate one machine from another by altering its behavior. In fact, for an

effective use of the DFIM model, it is very important to have a reasonably accurate

knowledge of its parameters, so that the deductions and conclusions obtained from

their use can be as near as possible to reality.

For that purpose, in this chapter, the focus is on how the model parameters of the

DFIM can be identified when we have available the real machine. The identification

of these parameters are normally carried out by means of a set of experimental tests,

considering the machine as a “black box,” assuming that the model defining the

machine’s behavior is any of the versions utilized in Chapters 3 and 4. Therefore,

making the machine operate under several specific conditions, defined by a

concatenation of experimental tests, it is possible to obtain consecutively all the

model parameters.

Therefore, this chapter presents three concatenated experimental tests that do not

require any additional power supply than the back-to-back converter utilized in real

applications, and effectively derives themodel parameters of themachine. In this way,

by performing these three off-line tests of the machine, the required information is

available for a further mathematical model analysis or for subsequent control and

operation in a real application.

Doubly Fed Induction Machine: Modeling and Control for Wind Energy Generation,
First Edition. By G. Abad, J. López, M. A. Rodr�ıguez, L. Marroyo, and G. Iwanski.
� 2011 the Institute of Electrical and Electronic Engineers, Inc. Published 2011 by JohnWiley& Sons, Inc.
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5.2 OFF-LINE ESTIMATION OF DFIM MODEL PARAMETERS

This section describes some off-line testing methods, to estimate the model para-

meters of theDFIM. There existmany different methods and variants that can provide

the model parameters; however, this section examines only the most general and

probably some of the most used ones. Basically, it follows some of the guides defined

by IEEE standards [3]; they are examined in this book as an example of existing

alternative methods of estimation. On the basis of the presented estimation tests, it is

possible to find awide range of similar solutions or variants of these tests. On the other

hand, it is also possible to find radically different tests that this chapter does not cover.

The described tests in this chapter are:

. Stator and rotor resistances estimation test

. Leakage inductances estimation tests

. Magnetizing inductance and iron loss resistance estimation with no-load test

These estimation tests are necessary when, for instance, the manufacturer of the

machine does not provide all the information needed, or when it is necessary to

contrast some assumed parameters’ values.

Hence, as studied in Chapter 3, the single-phase steady state model of the DFIM

can be represented as illustrated in Figure 5.1 (stator referred). There are six

parameters that must be estimated (Rs, Rr, Rfe, Lm, Lss, Lsr). As will be studied in

subsequent chapters, not all the parameters are always needed for control. Depend-

ing on the control strategy used or the estimator-observer structures employed,

perhaps detailed knowledge of some parameters is unnecessary. However, for

modeling purposes, all the model parameters are needed if the machine behavior

is to be analyzed.

On the other hand, the tests presented in this chapter are carried out under the

following assumptions:

. A special experimental test bench on which to perform the tests is unavailable.

Hence, the tests are made in a real wind turbine in a stage prior to normal

operation. This implies that the supply system is the back-to-back converter of
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Figure 5.1 Single-phase stator referred DFIM steady state model.
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the real application and the measurements done to perform the estimations

are the measurements required to achieve control of the wind turbine in the

real world.

. The machine is not coupled to the mechanical system of the wind turbine so it

can rotate freely. This means that the tests can be performed without any

restriction imposed by the mechanical system of the wind turbine. In addition,

this situation allows one to perform no-load tests (the no-load test must be

carried out before coupling the DFIM to the mechanical system).

. There is a possibility of connecting the back-to-back converter to the stator and

to the rotor. Thus, some tests are performedwith theDFIMoperating as a squirrel

cage induction machine: supplied through the stator with the rotor short-

circuited.

. As studied in depth in subsequent chapters, the control strategy of the DFIM

needs some of the parameters of the machine for proper operation. For that

purpose, the parameter estimation tests presented in this chapter are mostly

oriented to provide the information needed by the control strategy, although,

of course, they can also be utilized for more extensive modeling analysis or

other purposes.

5.2.1 Considerations About the Model Parameters of the DFIM

It is important to highlight that in the DFIM model shown in Figure 5.1, there are

some significant differences from the steady state model presented in Chapter 3.

For a detailed and accurate model of the DFIM, sometimes it is necessary to consider

the following:

1. Rs. The stator resistance value, due to constructive and design aspects, in

general is assumed capable of altering its value due to the temperature (T) and angular

frequency of the current that flows (os):

Rs ) f ðT;osÞ
In general, a resistance value determination due to a temperature variation is

calculated as

Ry ¼ Rx

ðTy þ kÞ
ðTx þ kÞ ð5:1Þ

where

Rx¼ known value of resistance at temperature Tx(O)
Tx¼ temperature at which the Rx was estimated (�C)
Ty¼ temperature at which the resistance is to be corrected (�C)
Ry¼ corrected value of resistance at temperature Ty(O)
k¼ conductivity (typical value for copper may be 235.5)

OFF-LINE ESTIMATION OF DFIM MODEL PARAMETERS 243



Thus, depending on the operating conditions and how the machine itself has been

designed, the Rs value can be modified. In general, for wind generation applications,

since the stator of the DFIM is connected directly to the stator, the frequency seen by

this resistance is fixed.

However, due to the temperature variation (due to stator current variation), its

value can change. Nevertheless, the variation of this resistance in general is not

considered at the control stage, for instance, since the temperature measurement

is unavailable and its variation is not so significant that it can distort the

control behavior.

2. Rr. The rotor resistance value has equivalent behavior to the stator resistance:

Rr ) f ðT;orÞ

Note that in this case, both or and T can modify the resistance value. However, in

many practical cases, when Rr takes part in the control, a constant value is considered

in the control strategy.

3. Lss. The stator leakage inductance value, in general, is assumed capable of

altering its value due to the amplitude and frequency of the current that flows:

Lss ) f ðjI sj;osÞ
Also, in this case, depending on the real variation (provided by the manufacturer or

the estimation test explained in next section) that this parameter has, one must decide

whether or not it is necessary to consider the leakage inductance as a variable in the

control strategy.

4. Lsr. The rotor leakage inductance value, in general, has equivalent behavior to

the stator leakage inductance:

Lsr ) f ðjI rj;orÞ

5. Lm. The magnetizing inductance value, in general, is assumed capable of alter-

ing its value mainly due to the amplitude and frequency of the current that flows:

Lm ) f ðjImj;osÞ

Thus, depending on the voltage applied in the stator of themachine, a different level

of magnetization is achieved, that is, a different Lm. In wind energy generation

applications, since the machine is directly connected to a constant amplitude voltage

(grid voltage), it means that, in normal operation, the Lm is maintained nearly

constant. However, as shown later in the no-load test, all magnetization curves can

be estimated.

6. Rfe. Resistance modeling of the iron losses has not been considered until now

in this book. In many cases, this parameter is not considered at the control stage,

although it is known that it is always present. In general, iron losses do not affect

control performance very significantly if they are neglected. However, they can

easily be estimated at the same time as the magnetizing Lm inductance estimation,
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in the no-load test. Depending on the operating conditions, its value depends

mainly on

Rfe ) f ðjImj;os; fswÞ

where fsw¼ 1/h, the switching frequency of the two-level converter supplying the

machine. Iron power losses Pfe are difficult to calculate and they could even require

the use of finite element techniques for an accurate estimation. Although complex

expressions have been found in the literature, Equation (5.2) provides an approxi-

mation that is valid for a qualitative approach:

Pfe ¼ a f B2 þ bðDf BÞ2 ð5:2Þ

where a and b depend on the material properties and D is the lamination thickness.

Iron losses are due to hysteresis and eddy current losses. Both are proportional to the

square of the flux density (B2). Hysteresis losses are proportional to the frequency,

whereas eddy losses are proportional to the square of the frequency. Hysteresis

losses are usually predominant.

Finally, iron losses also depend on the nature of the supplying voltage employed.

When the machine is fed by a VSC at a specific switching frequency fsw, the iron

losses are higher than if the supply is pure sinusoidal.

As occurs with the magnetizing inductance Lm, due to the direct connection of the

stator to the grid voltage, the magnetizing current and stator frequency are constant.

In addition, the switching frequency of the converter in general is also maintained

constant; consequently, this resistance value modeling of the iron losses can be

assumed to be also constant in wind energy generation applications.

More information about modeling aspects related to the iron losses is given in the

Appendix of this book.

5.2.2 Stator and Rotor Resistances Estimation by VSC

As introduced before, the first test studied in this chapter is the stator and rotor

resistances estimation tests. These tests are very similar in procedure, since they

try to find a supply mode of the machine where the predominant parameter

present is the resistance, which we want to measure. In this way, this test should

be done first in the parameter estimation procedure. Once both the rotor and stator

resistances are estimated, it is possible to proceed to the estimation of the rest of

the parameters.

This test is performed under the assumption that the only supply system available

is the back-to-back converter of the real wind energy generation application. First,

the resistance estimation test is presented. Figure 5.2a illustrates a schematic of the

system configuration for this test assuming that the machine is in a star connection.

The rotor of the DFIM can be opened or short-circuited and only two phases of the

stator side are supplied by a DC voltage.
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In this situation, the induced DC current flows by only two windings of the

machine—phases a and b. Due to the DC supply, the magnetizing circuit is seen as a

short-circuit, so the only impedance present is the stator resistances of phases a and b,

as illustrated in Figure 5.2b. Note that this situation is the same whether the rotor side

is short-circuited or not.

Therefore, under these circumstances, there is no torque generated by themachine,

so the speed is zero. The voltage references for this test must be very small compared

to the nominal voltage of the machine, due to the small impedance present in the

experiment. The experimenter must make sure that the current does not exceed its

limit. Note that reference voltages v�a and v�b must be independently created for the

modulator. If the three phases of the stator are supplied, the voltage references of each

phase should be properly coordinated.

Thus, by measuring the DC current, the stator resistance can be calculated as

follows:

Rs ¼ vDC

iDC
� 1
2

ð5:3Þ

It has been assumed that the three stator resistances are equal. If an imbalance

between windings is expected, this test should be repeated three times across phases

a-b, b-c, and c-a, so a set of three equations with three unknowns (Rs of phases a, b,

and c) is derived.

Table 5.1 illustrates an example of this test applied to a real 15 kW DFIM. It is

highly recommended to record several voltage and current levels to ensure the

validity of the performed test. The accuracy of the estimation can be significantly

affected depending on the accuracy of themeasurements, temperature variation, and

so on.

Finally, Figure 5.3 is an example of the oscilloscope recorded waves during the

experiment. Since the VSC is supplying the stator, the averaged values of these
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Figure 5.2 (a) System configuration for stator resistance estimation, (b) Equivalent circuit on

stator resistance estimation.
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voltages and currents (vDC and iDC) must be substituted in Equation (5.3), especially

the voltage. In general, this is not a special requirement for this test, since the

wind turbine system incorporates these stator voltage and current measurements

(prepared for filtering the switching frequency of the converter, as illustrated in

Figure 5.4) in normal control and start-up of the wind turbine (see Chapters 8–10).

In addition, the average values of voltages of this experiment (Table 5.1) are very

low compared to the rated voltage of the converter, producing a difficulty in

measuring accurately the exact value (note also the short thickness of the pulses

of the voltage vab in Figure 5.3).

TABLE 5.1 Off-line Stator Resistance Estimation of a 15 kW DFIM

vdc (V) idc (A) Rs (mO)

2.68 8.25 163

3.58 11.13 161

7.26 22.7 160

CH4 10.0A 15-Jul-10 10:18 8.000191
CH1 500V

4

1

Trig’dTek

(a) (b)

M Pos: 0.000s

CH1M 250μs
CH4 20.0A 14-Jul-10 11:03 4.000101

CH1 200V

4

1

Trig’dTek M Pos: 0.000s

CH1M 250μs

T T

Figure 5.3 Example of voltage and current measurements of the experiment, at different

current levels for a 15 kW DFIM: (a) vdc (vab) and idc and (b) vao and idc.

Conditioner

Galvanic 
IsolationFilter

vsensor 

vin

Figure 5.4 Simplified schematic example of a converter’s voltage sensor.
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In general, a weighted average Rs (Table 5.1) can be adopted as the unique stator

resistance considered for control.

In this way, the estimated Rs value that can be considered for control is

Rs ffi 161 mO

On the same basis of the previous stator resistance estimation test, the rotor

resistance can also be estimated by a very similar procedure. In this case, the rotor of

the machine must be supplied with a DC voltage across two phases, as illustrated in

Figure 5.5a. Due to the DC voltage utilization, the equivalent electric circuit of the

machine consists of the rotor resistances of thewindings, as illustrated in Figure 5.5a.

The stator side can be either opened or short-circuited.

Figure 5.5b shows the equivalent circuit seen in this test. From the directly

measured DC voltages and currents, the resistance is found:

R0
r ¼

vDC

iDC
� 1
2

ð5:4Þ

Note that when real measurements of the rotor voltage and currents are used, the

real rotor resistance (R0
r) is directly estimated. If a DFIMwith a stator–rotor turn ratio

(u) different from the one is used, the stator referred equivalent rotor resistance is

calculated as

Rr ¼ R0
ru

2 ð5:5Þ

where factor u is known. Regarding the measurements, in this case also the rotor

current measurement is clearly available, since it is used in normal operation for

control of the DFIM. However, the rotor voltage measurement is normally not used at

(a) (b)

Sa

Sa

’

Sb

Sb

’
Sc

’

Sc

a

b

c

DFIM 

m=0 

Disabled arm

iDC 

Modulation 

Sa, Sb, Sc

va

*

, vb

*

Grid side  

converter  

providing  

constant Vbus

o

–

+

Rr

’

Rr

’

Rr

’

iDC 

iDC 
vDC 

a

b

c

iDC 

Figure 5.5 (a) System configuration for rotor resistance estimation. (b) Equivalent circuit for

rotor resistance estimation.
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the control stage so it is likely not available. Thus, in order to know the applied DC

voltage, there are several alternatives:

. Reallocate the stator voltage sensors, placing them in the rotor only for this test.

This solution is not always possible due to design reasons.

. Use the voltage references instead of voltage measurements. This solution

requires a good compensation for the nonlinear properties of the VSC, such as

dead times and voltage drops in the semiconductors. If they are not considered,

the correspondence between the voltage reference and the real output voltage is

especially affected at low voltages, affecting the accuracy of the estimation.

Nevertheless, if neither of these last two solutions can be adopted, the next test

(leakage inductances estimation) can also provide an estimation of the rotor resistance.

Table 5.2 shows a specific example of a 15 kWDFIM rotor resistance estimation. In

some machine designs, it could be that the rotor impedance varies significantly with

the rotor position. This fact can be detected if the estimated resistance, according to

the procedure described, is different at different rotor positions. Under such a

situation, by slowly rotating the rotor, the measured current can be recorded until

it covers one cycle, thus detecting its maximum and minimum values. Then, once

the positions corresponding to the maximum and minimum currents are recorded,

the maximum and minimum resistances can also be calculated, obtaining finally its

averaged value as the adopted rotor resistance.

Therefore, the estimated Rr value that can be considered for control in this

example is

Rr ffi 178 mO

The following considerations are necessary in both resistance estimationmethods:

. The temperature of thewindings tested affects the estimation, so the tests should

be performed at a known temperature that is reasonably close to the real

operation temperature of the DFIM.

. The dv/dt filter normally is included in the experiment, for proper operation of

the converter þ machine system. Hence, the equivalent impedance of this

element should be taken into consideration, if it can significantly affect the

accuracy of the estimation.

. Commercially available equipment that can help:
T Ohm-meter can accurately measure directly the resistances.

TABLE 5.2 Off-Line Rotor Resistance Estimation of a 15 kWDFIM

vdc (V) idc (A) R0
r (mO)

2.06 5.7 181

5,47 15.3 179

7.03 19.8 177
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T Special supply systems can feed the DFIM in an alternative way to the

converter of the wind turbine.

T Accurate sensors can provide more exact records of the generated voltage

and currents.

Note that these last remarks are applicable also to subsequent estimation tests.

5.2.3 Leakage Inductances Estimation by VSC

Once the stator and rotor resistances are estimated, as seen in the previous section, it is

possible to proceed to estimation of the leakage inductances. To perform this

experiment, it is not necessary to know the resistance values; however, it is possible

to corroborate the obtained resistance values of the previous experiment.

Basically, this test seeks to find an equivalent electrical circuit of the machine,

where the magnetizing path (magnetizing inductances and iron losses) can be

neglected, so the most dominant inductances are the inductances that we want to

estimate—the stator and rotor leakage inductances.

As stated before, this test is performed under the assumption that the only supply

system available is the back-to-back converter of the real wind energy generator.

Figure 5.6a illustrates a schematic of the system configuration for this test assuming

that the machine is in a star connection. The rotor must be short-circuited and the

speed of the machine must be kept to zero (s¼ 1). In this situation, it does not matter

how the voltage is applied to the stator of the machine, since the rotor (Rr/s¼Rr and

Lsr) is a much easier path for the current than the magnetizing circuit (Lm and Rfe).

In general machine designs, the next impedance relation is typical:

jRfe==jXmj � jRrþ jXsrj

Consequently, if an AC voltage is applied to the stator, the majority of the

current flow goes entirely through the stator resistance and inductance (Rs and Lss)

and rotor resistance and inductance (Rr and Lsr). This fact is shown graphically in

Figure 5.6b. In order to achieve no rotation of the mechanical axis during this

experiment (s¼ 1), the supply mode of the machine should not create torque. As

depicted in Figures 5.6a and 5.6b, this is possible by feeding only two phases of

the machine.

As in the previous experiment, the impedance present in this experiment is

considerably low, so the AC voltages (vab) used must be small. To explore the

behavior at different operating conditions, it is recommendable that one repeat the

experiment at several AC voltage frequencies and amplitudes.

Therefore, by measuring the AC voltages and currents, the estimation can be

performed as follows. First, the equivalent phase circuit is described by the steady

state phasor equation:

Vab ¼ 2ðRs þ RrÞIAC þ 2josðLss þ LsrÞIAC ð5:6Þ
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Thus, it is clear that, by a power balance analysis,

Rs þ Rr ¼ PAC

2jIACj2
ð5:7Þ

Lss þ Lsr ¼ QAC

2osjIACj2
ð5:8Þ

Hence, it is only possible to derive the addition of both resistances and

inductances, but they cannot be found separately. The active and reactive powers

to bemeasured in the experiment (PAC andQAC) must be single phase, so they can be

calculated as depicted in Figure 5.7. Note that a three-phase philosophy calculation

of P,Q and themodule is employed, by simply calculating a 90� phase lead signal of
each voltage and current measurement (in this case virtual ab components). In

addition, since a lowpass filter is used tomeasure the voltage created by theVSC, the

phase variation (�) produced by the filter must be compensated. This can easily

be done by using the rotational transformation as depicted in the block diagram of

Figure 5.7.

Depending on the design of the machine, different criteria exist to establish the

values of Lss and Lsr once the addition of both inductances is estimated according to

Equation (5.8). In general, equal leakage inductances can be assumed [3]:

Lss þ Lsr

2
ffi Lss ffi Lsr ð5:9Þ

Note that since, in Equations (5.6), (5.7), and (5.8), the current measured in the

stator is assumed to be the current that flows through the rotor, the stator referred Rr

and Lsrare estimated. Again, if a DFIMwith a stator–rotor turn ratio (u) different from

the one being analyzed is used, the real rotor parameters are calculated as

R0
r ¼

Rr

u2
; L0sr ¼

Lsr

u2
ð5:10Þ
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Figure 5.7 Leakage inductances and rotor and stator resistances estimation by single-phase

PAC and QAC calculation.
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Again, it has been assumed that all impedances of different phases are equal.

Figure 5.8 illustrates an example of this test applied to a real 15 kWDFIM (u¼ 1). As

in the previous experiment, several records of tests are kept for different frequencies

and current amplitudes. A constant leakage inductance estimation is found, accom-

panied by a reasonably good correlation between the previously estimated (previous

experiment) stator and rotor resistances. The estimated resistances have higher values

at higher frequencies, since the rotor resistance takes a higher value due to skin effects

[5]. Note that at normal operation in wind power generation applications, the rotor

frequency should not exceed 15Hz.

On the other hand, Figure 5.9 shows an example of voltage and current waveforms

during a leakage estimation test. Notice that a very low AC voltage amplitude (low

rms) is needed to have a high amplitude of current.

So the constant values of the estimated parameters considered for the control are

Lss ffi 3 mH and Lsr ffi 3 mH

Figure 5.8 Leakage inductances and rotor and stator resistances estimation of a 15 kWDFIM.
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If the test reveals that the leakage inductances of themachinevary significantly, it is

possible to consider it in the control by means of one look-up table for each

inductance. Note that these parameters vary as a function of stator and rotor current

amplitudes and stator and rotor frequencies as discussed in Section 5.2.1. This fact is

advantageous since all magnitudes are measured by sensors during normal operation.

One illustrative example is shown in Figure 5.10.

5.2.3.1 Rotor Locked Test There is an alternative solution for leakage

inductances estimation that is very commonly used. This test is based on the

same principles as the previously presented test, but the stator of the machine is

supplied completely by the three phases.

Under these circumstances, the AC voltage applied at the three phases creates a

torque on the axis of the machine that tends to move the rotor. As studied before, this

movement would produce a slip, increasing the rotor resistance impedance ðRr=sÞ and
making the current flow not only through the rotor but also through the magnetic

circuit. As this situation complicates parameter estimations, in order to avoid move-

ment of the rotor, normally the rotor ismechanically locked, as depicted inFigure 5.11.

CH1 500V

4

1

CH4 5.00A

M 5.00ms

14–Jul–10 11.23 3.85213

M Pos: 0.000sAcq CompleteTek

CH1

Figure 5.9 Example of voltage and current measurements in an experiment: vab and iAC.

r

|| ri
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Figure 5.10 Consideration of Lsr parameter variation at control, with a look-up table.
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Therefore, as was done in the previous experiment, feeding the stator with a three-

phase AC voltage, it is possible to perform an equivalent test to derive the leakage

inductance parameters.

It must be pointed out that, in this case, as three AC voltages and currents are

available, the active and reactive powers can be measured as in a three-phase system,

according to the equations

Rs þ Rr ¼ Ps

3jI sj2
ð5:11Þ

Lss þ Lsr ¼ Qs

3osjI sj2
ð5:12Þ

Hence, as opposed to a single-phase calculation of active and reactive powers, it is

possible to perform the calculations with a three-phase basis using the Clarke

transformation, as graphically illustrated in Figure 5.12.
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Figure 5.12 Parameter estimation by the rotor locked test.
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5.2.4 Magnetizing Inductance and Iron Losses Estimation with
No-Load Test by VSC

Once the stator and rotor resistances are estimated, and we assume that the obtained

values are accurate enough for our purposes, the rest of the machine’s parameters can

be estimated. Following the same philosophy as in the previously presented two tests,

this experiment seeks to find an equivalent electrical circuit of the machine, where the

magnetizing path (magnetizing inductance and iron losses) is dominant so the current

that goes through the rotor can be neglected. In this way, thanks to the previous two

tests, knowledge of the stator resistance and leakage inductance is guaranteed, so the

rest of the parameters of the magnetizing part can be estimated.

As stated before, this test is performed under the assumption that the only supply

system available is the back-to-back converter of the real wind energy generator.

Figure 5.13a illustrates a schematic of the system configuration for this test, assuming

that the machine is in a star connection. The rotor must be short-circuited and the

mechanical axis must be under no load, so it can rotate freely.

Therefore, if the machine is AC voltage supplied by the stator, it can operate as a

squirrel cage inductionmachine (SCIM). By feeding the stator with a three-phase AC

voltage, under no load torque, it can work at slip¼ 0 or nearly zero as depicted in the

torque–slip curve of a SCIM (Figure 5.14).

In this situation, no matter how the voltage is applied to the stator of the machine,

since the rotor impedance (Rr/s!1) is much greater than the magnetizing circuit

impedances, the majority of the current goes through the Lm and Rfe.

Consequently, if anACvoltage is applied to the stator, the current flow goesmostly

through the stator resistance and inductance (Rs and Lss) and the iron loss resistance

and magnetizing inductance (Lm and Rfe). This fact is shown graphically in

Figure 5.13b.

Under this test, an acceleration torque is createdwhen supplying through the stator,

so the machine reaches a steady state of constant speed. The voltage amplitude of the

experiment should be increased slowly at constant amplitude/frequency ratio until the

final voltage value is attained. In that way, the machine accelerates progressively,

avoiding high current demands until the steady state is reached.

Opposite to the previous experiments, the impedance in this experiment is

considerably higher, so the AC voltages can get closer to the rated voltage of the

converter. To explore the behavior at different operating conditions, we recommend

repeating the experiment at severalAC voltage frequencies and amplitudes. However,

the normal operation of the DFIM in the wind turbine is at a rated stator voltage grid

frequency. Hence, although different operating points can be tested and recorded, the

only useful one corresponds to the rated voltage and frequency.

Therefore, by measuring voltage and currents, the estimation of the parameters

is possible. First, based on the equivalent phase circuit described by the steady

state phasor equation, the voltage applied to the iron loss resistance can be

calculated as

V fe ¼ Vs � ðRs þ josLssÞI s ð5:13Þ
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Figure 5.13 (a) System configuration for magnetizing inductance and iron losses estimation

with no-load test. (b) Equivalent circuit for no-load test.
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It is clear that, from the parameters obtained in previous experiments and the

measurements of this test (V s; I s), the voltage V fe can be calculated directly. On

the other hand, the active power balance of the machine during the test is

Ps ¼ Pfe þ PRs
! Pfe ¼ Ps � PRs

ð5:14Þ

Ps, the total stator power of the three phases, can be calculated as depicted in the

block diagram of Figure 5.12. Thus, the active power consumed by the stator

resistances can be found with

PRs
¼ 3jI sj2Rs ð5:15Þ

The iron loss resistance is derived according to

Pfe ¼
3jV fej2
Rfe

! Rfe ¼
3jV fej2
Pfe

ð5:16Þ

Note that all phasor amplitudes are rms. In addition, in order to estimate the Lm
inductance, a similar procedure is followed based on reactive power analysis. Hence,

the reactive power in the Lm inductance can be calculated as

QLm ¼ Qs � 3osLssjI sj2 ð5:17Þ

Consequently, Lm can be derived with the equation

Lm ¼ 3
jV fej2
osQLm

ð5:18Þ

Again, Qs, the total stator reactive power of the three phases, can be calculated as

depicted in the block diagram of Figure 5.12. Also, in this case, it has been assumed

that all the impedances of different phases are equal. Figure 5.15 illustrates the block

diagram used in performing the estimation, using space vector theory instead of the

phasor representation. The reader can simply derive the equivalences in space vector

form of Equations (5.13)–(5.18).

emT

s

0s

loadT

Figure 5.14 Torque–slip curve of a SCIM.
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This section illustrates an example of this test applied to a real 15 kWDFIM. As in

the previous experiment, several results of different tests are recorded at different

frequencies and current amplitudes, reaching different steady state speeds and

recording operating points at different stator fluxes. From the stator flux phasor

expression, by neglecting the stator resistance, the stator flux can be approximated as

jVsj
os

¼ jCsj ð5:19Þ

No matter what the frequency of the test, the estimated Lm curve is repetitive, as

graphically represented in Figure 5.16. On the other hand, depending on the

magnetization level, Lm is different.

On the contrary, the estimated Rfe curves reveal that the iron losses vary with the

voltage amplitude (stator flux) aswell with the frequency, as illustrated in Figure 5.17.
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Figure 5.16 Estimated Lm curves at different speeds.
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Since the reactive powers measured are significantly higher than the active power

measured, this fact often leads to inaccurate determinations of iron losses.

Therefore, for this machine operating as a DFIM, connected to a grid voltage of

380V and 50Hz, the estimated values would be

Lm ffi 46:5 mH and Rfe ffi 110O

Note that as the experiment is carried out by a VSC, the iron loss resistancewhen

themachine is connected to the grid (sinusoidal voltage) would be significantly less.

On the other hand, some machine designs also have mechanical losses (Pmec). In

many cases, these losses are considered as electrical losses and they are directly

considered in the iron losses. So the estimated Rfe would integrate both iron losses

and mechanical losses.

However, as mentioned before, in general, high power machine designs are more

efficient than low power machines, so the losses that occur are not as significant and

they are not considered at the control stage.

On the other hand, if this experiment is performedwith a back-to-back converter of

the wind generator, it might not be possible to reach the rated stator voltage of the

machine at the rated speed. In the case where the tested machine has a stator–rotor

voltage ratio greater than 1 (i.e., u> 1), the value of the nominal voltage of the VSC

should be checked. As in the rest of the cases, for u� 1, the VSC should be able to

reach the rated stator voltage at the rated speed.

The problems produced by the saturation of the flux are overcome thanks to the

Clarke transformation based estimation of Figure 5.15. It is known that, in general

designs, when the stator of the machine is wye connected, the sum (zero sequence) of

the three-phase stator voltages results in a signal dominated by a third-order harmonic

due to the saturation effect, as graphically illustrated in Figure 5.18. This occurs even

if the generated voltages by the VSC, present absolute absence of the third harmonic.

Thus, for a proper estimation of the parameters, only the fundamental component of

the phase voltagesmust be taken into account. This is guaranteed if the phase voltages

are measured. Then the ab components are derived as was done in the estimation
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Figure 5.17 Estimated Rfe curves at different speeds.
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block diagramof Figure 5.15. For the ab components, the third harmonic is eliminated

due to its zero sequence nature and the parameters are estimated based on first

harmonic measurements. On the other hand, if the voltages used are the reference

voltages or phase-to-phase measured voltages, this problem does not arise.

Finally, an example of themeasured voltage and currents of the experiment is given

in Figure 5.19. In this case, the accuracy of themeasured voltage is not so critical since

its amplitude is considerably higher than in the previously presented two tests.
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Figure 5.19 Example of voltage and current measurements of the experiment: vab and ias.
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Figure 5.18 Saturation effect on the stator phase voltages.
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5.3 SUMMARY

In this chapter, we studied a procedure to identify the model parameters of the DFIM

by utilizing off-line experimental tests. The tests are especially designed to use only

the elements that will be utilized in a real wind turbine application: the back-to-back

converter as power source and the currents, voltage, and speed sensors used to perform

the control.

Another important characteristic of the defined tests is that the machine must be

decoupled from the mechanical system, so it is possible to perform a no-load test.

Therefore, this chapter explains the physics and requirements of each test,

describing for the reader equivalent electric circuits, the equations derived from

them for the parameters, and simplified block diagrams to be implemented in real

hardware systems for automatic identification. Finally, we discuss the obtained

results.

Consequently, thanks to the theoretical knowledge about machine modeling

obtained from Chapters 3 and 4, together with this chapter, which gives the necessary

information (parameters) for real applicability and usage of these models, it is

possible to address a deeper analysis of the machine’s behavior and its control. Prior

to tackling control, the next chapter explores the performance of the DFIM, subject to

a grid with disturbances such as voltage dips.
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CHAPTER 6

Analysis of the DFIM Under
Voltage Dips

6.1 INTRODUCTION

One of the main advantages of the DFIM is that it provides variable speed using a

small and economic power converter. These machines are controlled by a converter

connected at the rotor, where the power is only a small fraction, approximately equal

to the slip, of the stator power. This characteristic makes the DFIM especially suitable

for applications where the slip is narrowly limited, such as wind turbines.

However, as wind energy penetration increased and the number of wind turbines

using the DFIM expanded, the main DFIM disadvantage became more and more

relevant: its excessive sensitivity to electric grid disturbances.

A drop of one ormore phase voltages can be especially damaging for the electronic

converter. A voltage dip causes overcurrents and overvoltages in the rotor windings,

whichwould damage the converter connected to their terminals if no countermeasures

were taken.

Today, a big effort is being made, by both industry and academia, to accurately

predict these currents and voltages [1–4] and to design protection systems against

these perturbations [5–9].

This chapter carries out a theoretical analysis of the dynamic behavior of the

induction machine during grid disturbances. As will be shown, voltage dips and

generally any perturbation of the grid voltage cause the induced rotor electromagnetic

force (emf) to increase notably. Such overvoltage negatively affects the machine

regulation loops and in the case of severe voltage dips, it may cause the rotor converter

to saturate and hence lose control of the machine.

As a first step, normal operation of the machinewill be analyzed: that is, operation

with the stator voltages constant in amplitude, frequency, and phase. After that, the

emf induced in a three-phase voltage dip will be deduced. Next, the analysis will

be extended to asymmetrical voltage dips, during which the voltage drop is not the

same in the three phases.

Doubly Fed Induction Machine: Modeling and Control for Wind Energy Generation,
First Edition. By G. Abad, J. López, M. A. Rodr�ıguez, L. Marroyo, and G. Iwanski.
� 2011 the Institute of Electrical and Electronic Engineers, Inc. Published 2011 by JohnWiley& Sons, Inc.
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Finally, an equivalent electrical circuit to accurately describe the behavior of the

DFIM from the rotor point of view will be proposed. This model will be used in

the following chapters to analyze the machine–converter interactions in the case of

grid perturbations.

6.2 ELECTROMAGNETIC FORCE INDUCED IN THE ROTOR

From the point of view of the rotor converter, the electromagnetic force is one of the

most important variables, since it acts as a perturbation in the control loops and,

given the case, it could saturate the converter (the interaction between the machine

and the converter will be further analyzed in Chapters 7 and 8). The electromagnetic

force induced in the rotor windings varies considerably under grid disturbances.

This is the cause of the problematic behavior of DFIMs under perturbations. In this

section, a generic expression for the emf induced in the rotor is obtained. In later

sections, that expression will be tuned for the case of three-phase and asymmetrical

voltage dips.

We rewrite the rotor voltage expression (4.10):

~vrr ¼ Rr
~irr þ

d

dt
~cr

r ð6:1aÞ

The rotor flux is very similar to the stator flux imposed by the grid when the stator is

directly connected to the grid. A slight difference between rotor flux and stator flux

might appear due to leakage inductances. From Equations (4.11) and (4.12) the

relation between both fluxes can be calculated as

~cr
r ¼

Lm

Ls
~cr

s þ sLr~irr ð6:1bÞ

where s ¼ 1� L2m=LsLr is the leakage coefficient.

Combining Equations (6.1a) and (6.1b), the following expression is obtained:

~vrr ¼
Lm

Ls

d

dt
~cr

s þ Rr þ sLr
d

dt

� �
~irr ð6:2Þ

Thus, the rotor voltage might be divided into two terms. The first term corresponds to

the emf induced by the stator flux in the rotor. It is the voltage in the rotor open-circuit

terminals (where ir¼ 0). Thus, its expression is

~err ¼
Lm

Ls

d

dt
~cr

s ð6:3Þ

Or, if the variables are expressed in a stator reference frame, we have

~esr ¼
Lm

Ls

d

dt
~cs

s � jom
~cs

s

� �
ð6:4Þ

266 ANALYSIS OF THE DFIM UNDER VOLTAGE DIPS



The second term only appears if there is a current in the rotor. It is due to the voltage

drop in both the rotor resistance Rr and the rotor transient inductance, sLr.

6.3 NORMAL OPERATION

During normal operation, the electrical grid is a source of three balanced voltages of

constant amplitude and frequency. That is, the three phases have the same voltage and

are shifted 120�:

va ¼ V̂gcos ostþ jð Þ
vb ¼ V̂gcos ostþ j� 2p=3ð Þ
vc ¼ V̂gcos ostþ j� 4p=3ð Þ

Thus, the space vector of the stator voltage is a rotating vector of constant amplitude

V̂g that rotates at synchronous speed os:

~vss ¼ V̂ge
jje jost ¼

ffiffiffi
2

p
Vge

jost ð6:5Þ
where Vg is the phasor of the grid voltage in rms.

Since the voltage drop in the stator resistance, Rs, is significantly smaller than the

stator voltage drop (about 1% in a multimegawatt machine), that voltage can be

neglected. By doing so, the phasor of the stator flux is found to be

c
s
¼ Vg

jos

ð6:6Þ

So, at steady state, the space vector of the stator flux is a rotating vector of constant

amplitude, proportional to the grid voltage, and synchronous speed:

~cs
s ¼

ffiffiffi
2

p
c

s
e jos � t ¼ V̂ge

jj

jos

e jost ð6:7Þ

From the point of view of the rotor windings, the rotational speed of the stator flux is

the difference between the synchronous speed and the electrical rotor speed; that is,

the slip frequency, or. If, for example, the machine is operating at synchronous

frequency, the rotor windings will see a constant flux and no emf will be induced in

these windings. In any other case, the flux across the rotor is variable, as seen if it is

expressed in a rotor reference frame:

~cr
s ¼ ~cs

se
�jomt ¼

ffiffiffi
2

p
c

s
e j os�omð Þt ¼

ffiffiffi
2

p
c

s
e jort ð6:8Þ

This variable flux will thus induce an emf proportional to the slip frequency:

~err ¼
Lm

Ls

d

dt
~cr

s ¼ jor

Lm

Ls
~cr

s ð6:9Þ
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The amplitude of this emf can be expressed as a function of the stator voltage:

Êr

�� �� ¼ or

Lm

Ls

V̂g

os

¼ V̂g

Lm

Ls
s ð6:10Þ

As the machine typically operates with slips up to 25%, this voltage is relatively

low. It should be noted that this voltage is referred to the stator side. In real

windings, the voltage is multiplied by the stator/rotor turns ratio, u. For low voltage

machines (up to 2–3MW) this ratio is usually chosen to obtain a voltage in the rotor

similar to the stator voltage to avoid placing a transformer in the back-to-back

converter connected to the rotor.

6.4 THREE-PHASE VOLTAGE DIPS

Avoltage dip is a sudden drop of one or more voltage phases. Such a dip is said to be a

three-phase, symmetrical, or balanced dip if the drop is the same in the three phases.

This fault could be caused, for example, by inrushing currents atmotor start-up or by a

near short-circuit between the three phases and the ground.

Although the analysis can be applied to any type of voltage dip, we will now

examine an abrupt voltage dip; that is, the voltage drops at time t¼ 0 from its initial

value, V̂pre, to its final value, V̂ fault.

~vssðt < 0Þ ¼ V̂pree
jost

~vssðt � 0Þ ¼ V̂ faulte
jost

ð6:11Þ

Obviously, such an abrupt voltage is just a mathematical exercise as it is not possible

in real systems. In actual systems, thevoltage dropswith a particular derivative,which

depends on the grid and the characteristics of the fault that has caused the voltage dip.

Then why have we considered the possibility of an instantaneous voltage dip?

. It is the worst case scenario. In any other situation, the voltages induced in the

rotor would be lower.

. Current regulation codes usually establish a time lapse of 1ms for the voltage to

drop. Such an abrupt voltage dip might be considered instantaneous since

differences in the induced rotor voltage between both kinds of dips are lower

than 1%.

To analyze this case, first the situation in which the rotor is open-circuited will be

examined.After that, the analysiswill include the influence of the rotor current aswell.

6.4.1 Total Voltage Dip, Rotor Open-Circuited

We talk about a total voltage dip when the voltage during the dip is zero, which might

be caused by a short-circuit right across the terminals of the machine. It is often
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believed that, when the stator has no voltage, the machine is demagnetized; that is,

there is no flux, and thus no emf is induced in the rotor windings. In fact, it is true that,

in the steady state, the flux is proportional to the stator voltage, and therefore if the dip

is long enough, the machine will demagnetize completely. However, the flux cannot

be discontinuous as it is a state variable. On the contrary, the flux evolves from its

initial value prefault to zero, resulting in a transient emf induced in the rotor terminals.

The evolution of the stator flux can be calculatedmathematically from the dynamic

expression of the stator, Equation (4.9). With the rotor being open-circuited that

expression can be written as

d

dt
~cs

s ¼ v
*s

s �
Rs

Ls
~cs

s ð6:12Þ

In the case of a total voltage dip, vs¼ 0, the solution of expression (6.12) is

d

dt
~cs

s ¼ �Rs

Ls
~cs

s

~cs
s ¼ ~C0e

�t=ts ð6:13Þ

where ~C0 is the initial value of the flux (for t¼ 0) and ts ¼ Ls=Rs is the time constant

of the stator.

The value of ~C0 can be calculated by considering the flux just before and after the

dip appearance:

~cs
sðt < 0Þ ¼ V̂pre

jos

e jost

~cs
sðt � 0Þ ¼ ~C0e

�t=ts ð6:14Þ

As the flux must be continuous, both expressions must yield the same value at t¼ 0.

Consequently, we have

~C0 ¼ V̂pre

jos

ð6:15Þ

One important characteristic of the flux during the dip is that it doesn’t rotate: it is

fixed with the stator. In other words, the flux, which was rotating at the grid frequency

before the dip, freezes during the dip. Its amplitude decays exponentially from its

initial value to zero with the time constant of the stator. In multimegawatt machines,

this time constant ranges between 0.8 and 1.5 s,much longer than the average duration

of a voltage dip.

Figure 6.1 shows the trajectory of the spacevector before and during the dip.As can

be observed, before the dip the space vector is a rotating vector and it follows a circular

trajectory. At the beginning of the dip, the flux freezes and its amplitude slowly

decreases to zero. During the dip, its trajectory is a straight line from the point on the

circle where it was just before the dip, to the origin, where it ends at steady state.
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From the expression of the stator flux, Equation (6.14), and taking into account

that there is no current in the rotor, the stator current can be obtained before and

during the dip:

~issðt < 0Þ ¼
~cs

sðt < 0Þ
Ls

¼ V̂pre

josLs
e jost

~issðt � 0Þ ¼
~cs

sðt � 0Þ
Ls

¼
~C0e

�t=ts

Ls
ð6:16Þ

Similar to the stator flux, the space vector of the currents stops rotating during the

dip, which implies the circulation ofDC currents in the stator of themachine. Even if

they are DC, these currents are not constant as they decay exponentially with the

same dynamics as the flux. As can be observed in Figure 6.2, the initial amplitude of

the current of each phase corresponds to its instantaneous value at the time the

voltage dip appears.

The previous figurewas obtained from a small-size laboratorymachinewhose time

constant was approximately 100ms. The currents disappear in about 400ms. A bigger

machine, like the ones installed inwind turbines, usually hasmuch less resistance, and

its time constant is thus quite larger. The decaying of the flux and the currents for these

machines might last for some seconds.
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Figure 6.1 Stator flux trajectory during a total voltage dip.
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As has been stated previously, during a total voltage dip there is flux inside the

machine even if there is no voltage in the grid. This transitory flux induces an emf in

the rotor windings in the same way as a steady state flux does during normal

operation. However, both situations are quite different: the steady state flux rotates

synchronously—at a speed very similar to the rotor speed—whereas the transitory

flux during a dip is static and does not rotate. Thus, regarding the rotor windings,

the steady state flux rotates very slowly, at the slip frequency. On the contrary, the

transitory flux is seen by the rotor as rotating much faster, at rotor speed but in an

opposite sense. Consequently, the emf induced by the transitory flux will be much

higher than the emf induced by the steady state during normal operation.

Figure 6.3 shows the voltages in the rotor terminals of a machine operating with a

slip, s¼�20%. Before the dip, the rotor voltages correspond to the normal

operation with s¼�0.2. Their peak value is around 80V.When the full dip appears,

the natural flux induces a voltage whose amplitude decreases exponentially,

similarly to the stator flux (or current). The maximum amplitude is reached at the

beginning of the dip, when the flux is maximal, and it is equal to 380V, a value even

higher than the peak grid voltage.

Besides the amplitude, the frequency of the voltage varies notably before and

during the dip. During normal operation, the frequency is equal to the slip frequency,

that is, or¼ sos. As the grid frequency was 50Hz, the result is �10Hz. During the

dip, on the contrary, the flux is seen by the rotor windings as rotating at�60Hz, and so

this is the frequency of the voltage induced in the rotor.

The electromagnetic force induced by the transitory flux can be calculated using

expression (6.3) if the stator flux is referred to a rotor reference frame. From
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Figure 6.2 Stator currents during a total voltage dip.
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Equation (6.13) we obtain

~cr
s ¼ ~C0e

�t=ts e�jomt ð6:17Þ
Substituting this flux in Equation (6.3), we have

~err ¼ � Lm

Ls

1

ts
þ jom

� �
~cr

s ¼ � Lm

Ls

1

ts
þ jom

� �
~C0e

�t=ts e�jomt ð6:18Þ

It is interesting to note that the induced emf is proportional to the transitory flux,

and thus the voltage induced decays likewise: exponentially with the stator time

constant. The last expression also shows that the space vector is rotating at speed

�om, and hence, as seen in Figure 6.3, the voltages at the stator terminals are in

negative sequence, and its frequency is the same as the electrical rotor speed.

As previously stated, the maximum voltage is induced at the beginning of the dip.

Its value can be calculated from Equations (6.18) and (6.15), neglecting the term 1/ts:

Êr;max

�� �� � Lm

Ls
� om

os

V̂pre ¼ V̂pre

Lm

Ls
ð1� sÞ ð6:19Þ

This expression clearly shows that the emf induced during the dip is proportional to

the factor (1� s), unlike the emf induced during normal operation, which is

proportional to s, as stated in Equation (6.9). Taking into account that the slip in

these machines usually ranges between�0.25 and 0.25, it can be deduced that, in the

case of a voltage dip, the amplitude of the emf induced at the beginning of a total dip

can be 3 to 5 times higher than during normal operation. This abnormal overvoltage in
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Figure 6.3 Electromagnetic force induced during a total voltage dip.
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the rotor notably affects the operation of the rotor converter, usually saturating the

converter and resulting therefore in the loss of current control.

6.4.2 Partial Voltage Dip, Rotor Open-Circuited

Generally, grid faults are partial voltage dips; that is, the stator voltage drops below

its rated voltage but remains above zero. These dips are characterized by a relative

drop or depth. A total voltage dip is then a voltage dip of depth equal to 1, or 100%.

This section analyzes the influence of the depth of the voltage dip in the emf induced

at the rotor windings. The generator is assumed to be working under normal

operating conditions when, at a given moment t¼ 0, a voltage dip of depth (or

profundity) p occurs:

~vss ¼
V̂pree

jost for t < 0

1� pð ÞV̂pree
jost for t � 0

(
ð6:20Þ

Figure 6.4 shows, for example, the evolution of the grid or stator voltages during a

50% partial voltage dip.

In steady state, the flux is proportional to the stator voltage, so the flux will

experience the same drop as the voltage:

~cs
s steady_stateð Þ ¼

V̂pre

jos

e jost for t < 0

1� pð ÞV̂pre

jos

e jost for t � 0

8>>><
>>>:

ð6:21Þ
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Figure 6.4 Grid phase voltages in case of a 50% voltage dip.

THREE-PHASE VOLTAGE DIPS 273



However, and just as it happened during total voltage dips, the flux does not change

instantaneously because it is a state variable, and thus it is continuous. Instead,

the flux changes progressively from one steady value to another. Its evolution can be

described using expression (6.12).

d

dt
~cs

s ¼ v
*s

s �
Rs

Ls
~cs

s ð6:22Þ

As with any ordinary differential equation, this expression can be divided into two

terms: the homogeneous and the particular solution.

. The homogeneous solution is the transient or the natural response of the

equation. It depends on the initial conditions of the total solution.

. The particular solution is the steady state response. This solution is proportional

to the input of the equation; that is, to the stator voltage.

From now on these terms will be referred to as “natural flux,” csn, and “forced flux,”

csf. Their characteristics are very different:

. The forced flux amplitude is constant and proportional to the grid voltage, as

previously stated in Equation (6.6):

~cs
sf ¼

V̂ fault

jos

e jost ¼ V̂pie ð1� pÞ
jos

e jost ð6:23Þ

This flux is a space vector rotating at the grid frequency.

. The natural flux is a transient flux, caused by the voltage change. Its initial value

is ~Cn0 and it decays progressively:

~cs
sn ¼ ~Cn0e

�t=ts ð6:24Þ
This flux doesn’t depend on the stator voltage but on the initial conditions of the

machine. It can exist even if there is no voltage at the stator terminals.

During normal operation, the grid voltage is usually stable in amplitude and

frequency and therefore there is only a forced flux in the stator. On the contrary, during

a total voltage dip the stator voltage is null and hence the only flux present in the stator

is the natural flux. During a partial voltage dip both natural flux and forced flux are

present in the machine, so the total flux is the sum of both of them:

~cs
s ¼

V̂ fault

jos

e jost þ ~Cn0e
�t=ts ð6:25Þ

The initial flux ~Cn0 is obtained from the initial condition (at t¼ 0) by imposing that

the stator flux must be identical immediately before and after the dip appearance.

~cs
sðt < 0Þ ¼ V̂pre

jos

e jost

~cs
sðt � 0Þ ¼ V̂ fault

jos

e jost þ ~Cn0e
�t=ts ð6:26Þ
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In order to avoid discontinuities, both expressions must be identical at t¼ 0. Hence,

~Cn0 ¼ pV̂pre

jos

ð6:27Þ

Figure 6.5 shows the space vector of the stator flux just before and after the

occurrence of the fault. Before the fault the flux was rotating at the grid frequency.

After the fault the flux is split into two components: one rotating at the grid

frequency (forced flux) and another static with the stator (natural flux). The total

flux, that results from the addition of the two fluxes, is exactly the same as the one

existing before the fault.

During the dip, the forced flux continues rotating; meanwhile, the natural flux

keeps constant as represented in Figure 6.6.

The trajectory of the flux in the alpha–beta plane can be explained using this

decomposition: the forced flux termmakes the space vector trace a circle and because

of the natural flux term, the circle is not centered.

Figure 6.7 shows the trajectory of the flux as a consequence of a 50% dip. Before

the dip, the flux traces a circle with a per unit radius equal to 1. When the dip takes

places, the size of the circle decreases as the voltage diminishes, and the center of

the circle is moved as a consequence of the natural flux. During the course of the dip,

the circle moves to the center as the natural flux goes to zero. After the transitory

finishes, the steady state natural flux disappears and the trajectory of the flux gets

centered again.

This flux is created by a stator current composed of two components: an AC

component for the forced flux and a decaying DC component for the natural flux:

~issðt � 0Þ ¼ V̂ fault

jLsos

e jost þ
~Cn0e

�t=ts

Ls
ð6:28Þ

s
sn

sf

Figure 6.5 Decomposition of the flux at the beginning of the dip.

sn

sf

s

Figure 6.6 Evolution of the flux during the voltage dip.
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Each of the two terms of the flux induces a subsequent component in the emf induced

in the rotor,~er:

~err ¼~errf þ~errn ð6:29Þ

The first component of the emf is induced by the forced flux. It can be calculated

by introducing the forced flux, Equation (6.23), into Equation (6.4). As this

flux is synchronous, this voltage is similar to the voltage induced during normal

operations, that is, an AC voltage proportional to the stator voltage and to

the slip:

~errf ¼
Lm

Ls
V̂ faulte

orts ð6:30Þ

This emf is relatively small, and in any case smaller than the normal operating

voltage since the stator voltage has dropped.

The second component of the emf is induced by the natural flux. It can be

calculated from Equation (6.18) and neglecting the term 1/ts:

~errn ¼ � Lm

Ls
jom

~Cn0e
�t=ts e�jomt ð6:31Þ
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Finally, the total emf induced in the rotor results from adding the two components.

Expressing this voltage as a function of the dip depth yields.

~err ¼
Lm

Ls
V̂preðsð1� pÞe jort � ð1� sÞpe�jomte�t=tsÞ ð6:32Þ

The two terms of the previous equation are different in nature. The first one is

generated by the new grid voltage and its amplitude is small as it is proportional to

the slip. Its frequency is the difference between the synchronous and the rotor

frequencies; therefore, it usually achieves a few hertz. The second term is a transient

voltage caused by the natural flux. Its amplitude might be important as it is

proportional to the depth of the dip ðV̂pre � V̂ faultÞ, and its frequency is the rotor

electrical speed, om.

Figure 6.8 shows the voltage in the open-circuited rotor for a machine operating

at a 20% slip during an 80% dip. It can be observed that the emf induced before

the fault is sinusoidal with a frequency equal to 10%, corresponding to the slip

frequency of the machine. The amplitude, referred to the stator side, is 0.8 p.u., this

is the product of the stator voltage and the slip.

During the dip, high voltages are induced in the rotor mainly due to the natural

flux. The maximum is reached during the first instants of the dip, when the natural

flux is the highest. The shapes of the voltages might be quite odd as they result

from the addition of two sinusoidals of different frequency. At the beginning of the

dip only a sinusoidal of 40Hz can be distinguished. It is related to the emf induced

by the natural flux, which is seen as rotating at that frequency (the rotational speed)

by the rotor windings. As in the case of total voltage dip, the sequence of the phase

is inverted.
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Figure 6.8 Electromagnetic force induced during an 80% voltage dip.
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During the dip, as the natural flux decays, the 40Hz sinusoidals disappear. Then,

the other term is perceived: a sinusoidal of 10Hzwhose sequence of phases is positive.

This corresponds to the emf induced by the forced flux. Its shape is similar to the

prefault voltage, but its amplitude is now five times lower since this voltage is

proportional to the new grid voltage.

6.5 ASYMMETRICAL VOLTAGE DIPS

Frequently, the faults that cause voltage dips don’t affect the three phases in the same

manner. The most common fault in electrical networks, for example, is a single line-

to-ground short-circuit. Short-circuits between two lines might also be frequent. In

such cases, the remaining voltage is not the same in the three lines and/or the phase

shifts between the three voltages is no longer 120�. The system is thus said to be

unbalanced or asymmetrical.

Traditionally, the effect of asymmetrical faults in power systems has been studied

by means of the 1918 symmetrical component method, developed by Charles Legeyt

Fortescue.

6.5.1 Fundamentals of the Symmetrical Component Method

In a balanced system (Figure 6.9), the voltages of the three phases have the same

amplitude and their waveforms are 120� (or 2p/3 radians) offset in time:

va ¼ V̂g cos otþ jð Þ
vb ¼ V̂g cos otþ j� 2p=3ð Þ
vc ¼ V̂g cos otþ j� 4p=3ð Þ
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Figure 6.9 Balanced system.
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Using the phasor notation, the phasors are three complex numbers with identical

modulus but with their arguments shifted 120�:

Va

Vb

Vc

2
664

3
775 ¼

V̂ge
jj

V̂ge
jj�2p=3

V̂ge
jj�4p=3

2
6664

3
7775 ¼ V̂e jj

1

a

a2

2
64

3
75

were a is a unitary vector at an angle of 120�. It is easy to see that a2¼ a*¼ 1ff240�,
a3¼ 1, and 1 þ a þ a2¼ 0.

An unbalanced system is characterized by its phasors having different modulus

and/or the differences between its arguments being other than 120�. According to the
symmetrical component theory, any unbalanced three-phase system can be broken up

into three sets of balanced three-phase systems. Thus, any phasor (voltage, current,

flux, etc.) can be decomposed as the addition of three phasors of a balanced system.

These three balanced systems are called:

. The positive sequence. often denoted with subscript 1, where the phases follow

the regular sequence order; that is, phase a! phase b! phase c. It is the habitual

three-phase balanced system present in an undistorted grid (Figure 6.10).

. The negative sequence. often denoted by subscript 2, where the sequence of

the phasors has the opposite direction of the positive sequence: phase a! phase

c! phase b. This sequence thus causes the motor to turn in the opposite

direction (Figure 6.11).

. The zero sequence. often denoted by subscript 0, where phasors are all in phase.

The phasors being identical in modulus and argument, the voltages in the three

phases are identical at all times (Figure 6.12).
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In an ordinary balanced system only the positive sequence is present. If an inverse

system is built by switching two of the phases, only the negative sequence will be

present. In any other situation, the three sequences can be present in the system. Then,

the voltage in one phase is the sum of the same phase voltage in each of the three

sequences.

For example, a line-to-ground short-circuit in phase awill originate a single-phase

voltage dip where phases b and c remain more or less unchanged whereas phase a

drops. According to the symmetrical component method this unbalanced system can

be decomposed into the sequences represented in Figures 6.10, 6.11 and 6.12, so that

the sum of the three components is equal to the original voltagess it is represented in

Figure 6.13.
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The three sequences can be calculated from the phasors of the three phases of the

original system:

V 1;a

V 2;a

V 0;a

2
664

3
775 ¼ 1

3

1 a a2

1 a2 a

1 1 1

2
664

3
775 �

Va

Vb

V c

2
664

3
775 ð6:33Þ

where

Va, Vb, Vc are the phasors of phases a, b, and c.

V 1;a, V 2;a, V 0;a are the phasors of phase a of the positive, negative, and zero

sequences. Often the subscript a is omitted; thus, instead ofV 1;a wewill useV 1,

instead of V 2;a, we will use V 2, and so on.

6.5.2 Symmetrical Components Applied to the DFIM

In an electric machine, with symmetrical windings shifted 120�, a positive sequence
of voltages implies a stator fluxof constant amplitude and rotating at thegrid frequency.

In the machine represented in Figure 6.14 the flux would turn counterclockwise.

A negative sequence also implies a fluxwith constant amplitude, but in such a case,

the flux would turn in the opposite direction, that is, clockwise in the machine

of the figure.

Finally, the zero sequence can only create a leakage flux if the machine has its

neutral grounded. In the vast majority of cases, however, the neutral is isolated and

the zero sequence voltage has no influence at all on the behavior of the machine.
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Figure 6.13 Addition of the three sequences for a single-phase dip.
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Ignoring the zero sequence, the grid voltage can be decomposed as the sum of the

positive and negative voltages. Using a space vector notation we have

~vss ¼
ffiffiffi
2

p
V 1e

jost þ
ffiffiffi
2

p
V 2e

�jost ð6:34Þ

If the machine is not saturated, it can be considered a linear system. The steady state

flux will then be the addition of two terms, one arising from the positive component

of the stator voltage, cs1, and another arising from the negative component, cs2.

Neglecting the stator resistance, they may be written as

~cs
s1 ¼

ffiffiffi
2

p
V 1

jos

e jost

~cs
s2 ¼

ffiffiffi
2

p
V 2

�jos

e�jost ð6:35Þ

Additionally, and just like in a three-phase dip, a natural flux might surge at the

beginning of the dip so that the total stator flux is continuous. The total flux is then

the sum of the three fluxes:

~cs
s ¼ ~cs

s1 þ ~cs
s2 þ ~cs

sn ð6:36Þ

The positive and negative fluxes are the steady state fluxes, a function of the

grid voltage. The natural flux, in contrast, is a transitory flux, independent on

the grid voltage. Its initial value Cn0 guarantees no discontinuity in the total flux.

In three-phase voltage dips, this initial natural flux is a function of depth whereas in

asymmetrical dips, it depends as well on the type of fault (single-phase, phase-to-

phase, etc.) and on the time of appearance.

Each flux induces an emf in the rotor according to its amplitude and its relative

speed with respect to the rotor windings. The total open-circuit rotor voltage is then

the sum of the three terms:

~er ¼~er1 þ~er2 þ~ern ð6:37Þ
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phase a
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Figure 6.14 Typical configuration of windings in a three-phase machine.
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The first two terms can be calculated by substituting into Equation (6.4) the fluxes

obtained in Equation (6.35). So, expressing them in the rotor reference frame,we have

~err1 ¼
ffiffiffi
2

p
V 1

Lm

Ls
se jsos � t

~err2 ¼
ffiffiffi
2

p
V 2

Lm

Ls
ð2� sÞe�j 2�sð Þost ð6:38Þ

The first voltage is small as it is proportional to the slip. Its frequency is equal to the

slip frequency, that is a few hertz. The second voltage, however, is multiplied by a

factor close to 2, and therefore its amplitude could be important if the asymmetrical

ratio of the dip is large. Since the slip is usually small, its frequency is approximately

twice the grid frequency.

The emf induced by the natural flux is exactly the same as in the three-phase dips,

Equation (6.31), the only difference being that the initial value of this flux depends on

other factors besides the depth of the dip:

~errn ¼ � Lm

Ls
jom

~cr
sn ð6:39Þ

Since the natural flux is fixed with the stator, the frequency of this emf is equal to the

rotor speed, that is, approximately the grid frequency.

In the following sections, the method of symmetrical components will be used to

analyze the specific cases of single-phase and phase-to-phase dips. The method also

resolves any other types of voltage dip.

6.5.3 Single-Phase Dip

The most frequent grid fault is a short-circuit between one line and the ground. Let’s

consider, for example, that a short-circuit in phase a causes the voltage in this phase to

drop. Assuming that the positive and the negative sequence networks have equal

impedances, the voltages in phases b and cwould remain the same. The phasors of the

phase voltages can be written as follows:

ffiffiffi
2

p
Va ¼ V̂preð1� pÞffiffiffi

2
p

Vb ¼ V̂prea
2ffiffiffi

2
p

Vc ¼ V̂prea

ð6:40Þ

where the
ffiffiffi
2

p
term appears because the phasors are expressed in rms values.

The positive, negative, and zero components become

ffiffiffi
2

p
V1ffiffiffi

2
p

V2ffiffiffi
2

p
V0

2
6664

3
7775 ¼ 1

3

1 a a2

1 a2 a

1 1 1

2
664

3
775 �

V̂preð1� pÞ
V̂prea

2

V̂prea

2
6664

3
7775 ¼ V̂pre �

1� p=3

�p=3

�p=3

2
664

3
775 ð6:41Þ
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As previously reasoned, the zero voltage does not affect the behavior of the machine.

The other two voltages cause a positive and negative flux in the stator. These two

fluxes can be calculated by introducing the voltages of the last expression in

Equation (6.35).

The natural flux can be obtained from the initial conditions by considering that the

total flux must be continuous:

~cs t�0
� � ¼ ~cs tþ0

� �
~cs t�0

� � ¼ ~cs1 tþ0
� �þ ~cs2 tþ0

� �þ ~csn tþ0
� � ð6:42Þ

By using the above equation we can obtain the initial natural flux:

~Cn0 ¼ ~cs
s t�0
� �� ~cs

s1 tþ0
� �� ~cs

s2 tþ0
� � ð6:43Þ

Unlike the case of a symmetrical fault, the amplitude of the natural flux depends on the

timing of the fault. This is because Equation (6.43) is a subtraction of complex

numbers and therefore the results depend on the phase of the positive and the negative

fluxes at instant tþ0 . Since the rotating direction is different for the twofluxes, the phase
shift between them changes over time. Hence, the result of Equation (6.43) is different

depending on when the dip begins.

If the dip begins at t0¼ 0, the natural flux is zero because at this moment the

positive and negative fluxes are aligned and their sum is equal to the flux before

the fault (Figure 6.15):

~cs
s 0

�ð Þ ¼ Vpre

jos

~cs
s 0

þð Þ ¼ V̂pre 1� p=3ð Þ
jos

þ�V̂pre p=3

�jos

¼ V̂pre

jos

ð6:44Þ

Since there is no natural flux, there is no transitory and the stator flux remains in the

steady state. This is shown in Figure 6.16 for an 80% dip depth.

As can be observed, the trajectory traced by the flux during the dip is elliptical.

This is a common characteristic in asymmetric voltage dips and is due to the presence

of two fluxes rotating in opposite directions. Hence, the two flux vectors add
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Figure 6.15 Space vectors of the stator flux for an 80% single-phase dip starting at t0¼ 0.
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constructively and destructively twice per period, which gives rise to the major and

minor axes of the ellipse, respectively.

Figure 6.17 shows the voltages in one of the rotor phases when the generator is

operating at supersynchronous speed (s¼�20%) for the same dip as that in

Figure 6.16.

If the dip begins at t0¼ T/4 (with T being the grid period), the worst situation

happens. In this case, the natural flux initial value is the largest since the positive and

negative fluxes are at the beginning of the dip opposed and they sum destructively, as

can be seen in Figure 6.18.

As the total fluxmust be the same just before and after the beginning of the fault, the

initial value of the natural flux has to be equal to

~cs
sðT=4�Þ ¼

jV̂pre

jos

~cs
sðT=4þÞ ¼

jV̂preð1� p=3Þ
jos

þ jV̂prep=3

�jos

þ ~Cn0

~Cn0 ¼
V̂pre

2
3
p

os

ð6:45Þ

Again, the positive and negative fluxes cause the stator flux trajectory to be elliptical.

However, the natural flux now causes the ellipse to be off-center, so that the
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Figure 6.16 Stator flux trajectory for an 80% single-phase dip starting at t0¼ 0.
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trajectories before and after the fault are tangential. As the natural flux decays, the

ellipse moves to the center. At steady state the ellipse is completely centered, as can

be seen in Figure 6.19.

The voltage of one rotor phase is shown in Figure 6.20. As can be seen, the

waveform is very similar to that corresponding to a dip at t0¼ 0 (see Figure 6.21),

except for the presence of the transitory due to the term induced by the natural

flux.

6.5.4 Phase-to-Phase Dip

In order to analyze the phase-to-phase faults, a short-circuit between phases b and c is

now considered. The short-circuit current between these two phases makes their
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Figure 6.17 Voltage across rotor phase a for an 80% single-phase dip starting at t0¼ 0.
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Figure 6.18 Space vectors of the stator flux for an 80% single-phase dip starting at t0¼ T/4.
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voltages get closer in value. In the extreme case, for example, of a total short-circuit,

the two voltages are equal and their phasors are situated as represented in Figure 6.27

for the case p¼ 1. The composite voltage in this case is zero and the depth will be

considered to be 1 as commonly done in grid codes.
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Figure 6.19 Stator flux trajectory for a 50% single-phase dip beginning at t0¼ T/4.
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Figure 6.20 Voltage at rotor phase a, for an 80% single-phase dip starting at t0¼ T/4.
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In a general case the phasor voltage of phase b moves upwards while the phasor

voltage of phase cmoves downwards. The voltage of phase a remains the same if it

is assumed that the positive and the negative sequence networks have equal

impedance.

From Figure 6.21, the phasors of the three voltages can be obtained:

ffiffiffi
2

p
Va ¼ V̂preffiffiffi

2
p

Vb ¼ V̂pre a2 þ j
ffiffiffi
3

p
=2 � p� �

ffiffiffi
2

p
Vc ¼ V̂pre a� j

ffiffiffi
3

p
=2 � p� � ð6:46Þ

The phase-to-phase faults cause a larger negative sequence in the voltage than the

single-phase faults for the same depth. However, they don’t originate from a zero

sequence:

ffiffiffi
2

p
V1ffiffiffi

2
p

V2ffiffiffi
2

p
V0

2
6664

3
7775 ¼ 1

3

1 a a2

1 a2 a

1 1 1

2
664

3
775 � V̂pre

1

a2 þ j
ffiffiffi
3

p
=2 � p

a� j
ffiffiffi
3

p
=2 � p

2
664

3
775 ¼ V̂pre �

1� p=2

p=2

0

2
664

3
775
ð6:47Þ

These voltages can be used to calculate the different components of the stator

fluxes and rotor voltages using Equations (6.35) and (6.38), respectively. Just as in

single-phase dips, an additional natural flux could arise depending on the timing of

the fault.
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p=0.5

p=0
Vc

Vb

Va

Figure 6.21 Phasors of the rotor voltages for a phase-to-phase dip with different depths.
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If the dip begins at t0¼ 0, the largest natural flux arises in the stator of the

machine since the positive and negative fluxes are opposed (Figure 6.22). Its initial

value would be

~csnð0þÞ ¼ Cn0 ¼ V̂pre

jos

p ð6:48Þ

Figure 6.23 shows the trajectory for the stator flux. As in the case of a single-phase

fault beginning at t0¼ T/4, the flux is elliptical and its trajectory is not centered due to

the natural flux. In this case, the elliptical waveform is more noticeable, since

the imbalance in a phase-to-phase fault is greater than in a single-phase fault

for the same depth. The larger asymmetry causes a higher voltage than in the case

of a single-phase fault.

If the dip begins at t0¼T/4, the addition of the positive and negative fluxes is

equal to the prefault flux and consequently the natural flux is zero (Figure 6.24). In

this case, the stator flux is in steady state from the beginning. For the same dip depth,

the rotor voltage is smaller since no voltage is induced by the natural flux

(Figure 6.25).
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Figure 6.22 Space vectors of the stator flux for an 80% phase-to-phase dip starting at t0¼ 0.
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Figure 6.23 Stator flux and rotor voltage for an 80% phase-to-phase dip starting at t0¼ 0.
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6.6 INFLUENCE OF THE ROTOR CURRENTS

The previous sections analyzed the behavior of themachine considering the rotor to be

open-circuited. If currents flow through the rotor, the voltage between its terminals

changes, as was deduced in Equation (6.2). According to this equation, an equivalent

circuit of the machine referenced to the rotor is designed.

However, the circuit shown in Figure 6.26 above might be misleading. At first

glance, it might look as if the stator resistance would have no effect on the rotor
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Figure 6.24 Space vectors of the stator flux for an 80% phase-to-phase dip starting at t0¼ 0.
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Figure 6.25 Stator flux and rotor voltage for an 80% phase-to-phase dip starting at t0¼ T/4.
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Figure 6.26 Equivalent circuit of the rotor.
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voltage. This is correct when the rotor current is null. In such a case, the stator

resistance solely damps the natural flux, as seen in Sections 6.4.1 and 6.4.2.

On the contrary, if current flows through the rotor, especially if it is a high current

such as during a voltage fault, the stator current varies noticeably. As a consequence,

the stator resistance voltage drop is not negligible and causes the rotor voltage to vary.

As a matter of fact, as detailed in Chapter 9, there are various protection techniques

based on increasing the stator resistance to constrain the voltage between the rotor

terminals, hence protecting the rotor converter.

As a first step, the behavior of amachine under a total voltage dip is analyzed. After

that, the analysis will be extended to other types of voltage dips.

6.6.1 Influence of the Rotor Current in a Total Three-Phase
Voltage Dip

During a total voltage fault, the forced flux disappears as there is no current between

the terminals of the machine. However, as shown in Section 6.4.1, the machine does

not get demagnetized. On the contrary, a transitory flux appears in the stator, the so-

called natural flux, which decays exponentially with the stator time constant.

The natural flux is fixed to the stator, thus it induces high currents in the rotor. The

expression of the natural flux induced emfwas deduced in Section 6.4.1 for the case of

the rotor current being zero. When currents flow through the rotor the voltage is

modified in two different ways:

. Changing the decrease of the natural flux; generally, accelerating the decline and

hence shortening the transitory voltage.

. Altering the rotor voltage as a consequence of the change of the stator resistance.

6.6.1.1 Natural Flux Evolution The evolution of the natural flux can be

obtained from the dynamic expression of the stator, Equation (4.9):

~vss ¼ Rs
~iss þ d

~cs
sn

dt
¼ 0

Expressing the stator current as a function of the stator flux and rotor current

yields

~iss ¼
~cs

sn

Ls
� Lm

Ls
~isr

d

dt
~cs

sn ¼ �Rs

Ls
~cs

sn þ
Lm

Ls
Rs
~isr ð6:49Þ

The first term appeared in past sections while studying the behavior of the machine

with no current in the rotor and is responsible for damping the natural flux when

the rotor is in an open-circuit condition. The last term is new and expresses the

influence of the rotor current in the evolution of the stator flux.
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Depending on the phase shift between the rotor current and the natural flux, the

damping could be accelerated or slowed. This is crucial for the behavior of the

machine. If, for example, the control of the rotor converter injects a current in phase

with the natural flux, the damping of the flux would be slowed down, and might even

be canceled out or become negative. In the latest case, the natural flux would not

disappear, but would rather increase until the converter goes out of control. This

situation will be analyzed in Chapter 7 while studying the interactions between the

control loops and the machine.

The opposite situation happens when a crowbar is connected to the rotor. The

crowbar is a commonly used protection that operates by putting a short-circuit of low

resistance across the rotor windings. The connection of the crowbar generates the

circulation of large currents through the rotor and stator windings. Since the stator

currents are almost in opposite phase to the natural flux, the flux damping would be

accelerated, as shown in Figure 6.27.

6.6.1.2 Voltage at Rotor Terminals The expression of the rotor voltage was

already obtained in Section 6.2. In the case of a total voltage dip, when the only flux in

the machine is the natural flux, we have

~vrr ¼ Rr
~irr þ sLr~irr þ

Lm

Ls

d

dt
~cr

sn ð6:50Þ

The first term of the expression is the voltage drop in the rotor resistance. The second

term is the voltage drop in the transitory rotor inductance. The last term is the emf

induced by the stator flux in the rotor windings. As in the last sections, considering no

current in the rotor, only this third term appeared. In a general case, not only the three
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Figure 6.27 Evolution of the natural flux during a total voltage dip.

292 ANALYSIS OF THE DFIM UNDER VOLTAGE DIPS



terms must be considered but the induced emf must be recalculated since the current

circulating through the rotor modifies this voltage.

The emf can be obtained if Equation (6.49) is expressed in a rotor reference

frame:

d

dt
~cr

sn ¼ �jom
~cr

sn � 1=ts ~c
r
sn þ

Lm

Ls
Rs
~irr ð6:51Þ

Merging this expression with Equation (6.50) and neglecting the term 1/ts
yields

~vrr ¼ Rr
~irr þ sLr

d

dt
~irr � jom

Lm

Ls
~cr

sn þ
Lm

Ls

� �2

Rs
~irr ð6:52Þ

It can be observed that the voltage has two kinds of terms: terms that depend on

the rotor current (and do not appear when the rotor is open-circuited) and terms

that are independent of the rotor current. Adding terms of the same nature, we

obtain

~vrr ¼
Lm

Ls
ð�jom

~cr
snÞ þ Rr þ Lm

Ls

� �2

Rs

" #
~irr þ sLr

d

dt
~irr ð6:53Þ

That is, the rotor voltage is the addition of:

. The emf induced by the stator flux. Since the inductance Lm is almost equal to Ls,

~err ¼
Lm

Ls
ð�jom

~cr
snÞ � �jom

~cr
sn ð6:54Þ

. The voltage drop in the resistances of the machine. Note that, unlike in steady

state, both stator and resistance have an influence on the rotor voltage:

Rr þ ðLm=LsÞ2Rs � Rr þ Rs

. The voltage drop in the transitory inductance of themachine seen from the rotor:

sLr ¼ Lr � L2m
Ls

� Lss þ Lsr

FromEquation (6.53) the equivalent circuit of themachine during a total voltage dip is

depicted in Figure 6.28.
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Figure 6.28 Equivalent circuit during a total voltage dip.
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6.6.2 Rotor Voltage in a General Case

In the last section the rotor voltage was derived for cases of total three-phase dips,

where only a natural flux would be present. In a general case, the flux is made up of

three components.

These three terms involve their corresponding emf in the rotor. Correspondingly,

these voltages will cause the circulation of three currents with similar characteristics.

It can be seen that both the flux, and the currents and the voltages can be split into three

terms:

. A synchronous rotating term, present during regular functioning conditions of

the machine

. An inversely rotating term, that appears during asymmetrical voltage dips

. An additional term, originated by the voltage transient and fixed to the stator

Based on this distinction, applicable to all the machine variables, the super-

position principle can be applied to interpret the machine as the sum of three

machines: one where all the variables rotate synchronously, another where all

the variables rotate inversely, and a third one where the reference frame of the

variables is fixed to the stator.

6.6.2.1 Superposition Principle The superposition principle states that the

response caused by a stimulus u in a system in an initial state xi is the sum of

the response that would have been caused by the stimulus u1 and initial state xi1 plus

the response to stimulus u2 and initial state xi2 if u¼ u1 þ u2 and xi¼ xi1 þ xi2.

Application of the superposition principle requires the system to be linear. The

DFIM fulfills that condition under the following assumptions:

. Themachine is linear; that is, it does not saturate. Exceptionally, in cases of very

deep dips, it is reasonable to apply the superposition principle despite the fact

that the machine might indeed saturate.

. The converter behaves as a linear system; that is, it does not saturate. This

assumption is generally true for most control laws, including field oriented

control and direct torque control if the rotor converter does not saturate.

An example of how the superposition principle simplifies the study of a certain

machine during a voltage fault could be the case of a three-phase dip. The natural

flux generated involves the circulation of DC currents in the stator. These currents

are superposed on the regular AC currents linked to the stator voltage and the

forced flux. In such a case, the machine could be interpreted as the sum of two

machines:

. The Forced Machine. This is characterized by the fact that the voltage at the

stator terminals is the grid voltage and the stator flux is the forced flux, that is, the

steady state flux for that voltage. From the beginning, this machine is at steady
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state so there is no natural flux and all its variables are synchronous with the grid

voltage. The emf induced in its rotor is the forced voltage, calculated in

Equation (6.30):

~errf ¼
Lm

Ls
V̂ faulte

orts

. The Natural Machine. This has zero voltage at its stator terminals. Such a

machine has no forced flux at the stator but only natural flux. All the variables of

the machine are transitory and are fixed with the stator. The emf induced in its

rotor is equal to the natural voltage, stated in Equation (6.31):

~errn ¼ � Lm

Ls
jom

~Cn0e
�t=ts e�jomt

The response of themachine during a three-phase voltage dip can be calculated as

the behavior of the machine in steady state at the new grid voltage Vfault plus the

response of the machine with an initial flux cn but with the stator short-circuited.

The separation of the machine into these twomachines is graphically represented in

Figure 6.29.

The superposition principle can also be applied to asymmetrical voltage dips. In

those cases, the machine can then be analyzed as the addition of three machines: the

positive, the negative, and the natural machine.

6.6.2.2 The Positive Machine This is a machine operating at steady state. Its

stator voltage is the positive sequence of the grid voltageV 1. In thismachine the stator

flux is a space vector rotating at grid frequency. In a rotor reference frame, this vector
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Figure 6.29 Superposition principle during three-phase dips.
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rotates at the slip frequency:

~cs
s1 ¼

ffiffiffi
2

p
c

s1
e jost

~cr
s1 ¼

ffiffiffi
2

p
c

s1
e jort ¼

ffiffiffi
2

p
c

s1
e josst ð6:55Þ

where Cs1 and Cs1 are, respectively, the phasors of the positive and negative flux

(in rms).

The rotor voltage can be calculated by solving the expression for the rotor voltage,

Equation (6.2), at steady state:

Vr1 ¼
Lm

Ls
c

s1
jossþ RrI r1 þ sLrjorI r1 ð6:56Þ

The stator flux is obtained by solving the dynamic equation of the stator in the steady

state:

V 1 ¼ c
s1
jos þ RsI s1 ð6:57Þ

As we are interested in ascertaining the influence of the rotor current, we might

express the stator current as a function of the rotor current and the stator flux:

V 1 ¼ c
s1
jos þ Rs

Ls
c

s1
� Lm

Ls
I r1 ð6:58Þ

So the positive flux is

c
s1
¼ 1

jos þ 1=ts
V 1 þ

Lm

josLs
I r1

� �
ð6:59Þ

The term 1/ts is significantly smaller than jos so it is negligible. Introducing this value

into Equation (6.56), we obtain the rotor voltage at the rotor terminals:

Vr1 ¼
Lm

Ls
V 1sþ Rr þ Lm

Ls

� �2

Rss

" #
I r1 þ sLrjorI r1

Then, the positive sequence of the rotor voltage has three components: the emf

originated by the grid voltage, a voltage drop in the stator and rotor resistance, and

the voltage drop in the transitory rotor inductance. Note that the voltage drop of the

stator resistance is multiplied by the slip. As the machine operates usually with a

small slip, this term can be neglected, so the space vector of the rotor voltage

remains then

~vrr1 ¼
Lm

Ls
V 1se

jort þ Rr
~irr1 þ sLr

d

dt
~irr1 ð6:60Þ

6.6.2.3 The Negative Machine The negative machine also operates at steady

state. Its stator voltage is the negative sequence of the grid voltage, V 2. Its rotor
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voltage can be obtained in a similar way as in the case of the positive machine:

V r2 ¼
Lm

Ls
V 2 2� sð Þ þ Rr þ Lm

Ls

� �2

Rs 2� sð Þ
" #

I r2 þ sLrjos 2� sð ÞI r2

Neglecting again the slip multiplication in the voltage drop of the stator resistance,

we have.

~vrr2 ¼
Lm

Ls
V 2ð2� sÞe�jð2�sÞost þ Rr þ Lm

Ls

� �2

Rs2

" #
~irr2 þ sLr

d

dt
~irr2 ð6:61Þ

6.6.2.4 The Natural Machine The stator voltage of the natural machine is zero

and thus there is no steady state flux, but only natural flux. All the variables in that

machine are transitory. The rotor voltage in the case of a natural machine has already

been obtained in Section 6.6.1:

~vrrn ¼
Lm

Ls
ð�jom

~cr
snÞ þ Rr þ Lm

Ls

� �2

Rs

" #
~irrn þ sLr

d

dt
~irrn ð6:62Þ

6.7 DFIM EQUIVALENT MODEL DURING VOLTAGE DIPS

Actually, the behavior of themachine under voltage dips can be predicted bymeans of

the full-order model of the machine presented in Chapter 4. This model predicts the

overcurrents and overvoltages that are generated by grid disturbances.A disadvantage

of the model is its complexity to the point where it is impractical to see and predict

the influence of each parameter of themachine during voltage dips.More to the point,

the full-order model is not manageable or useful for designing possible solutions to

avoid the consequences that voltage dips have on doubly fed induction machines.

Some authors have proposed using simplified models that neglect the stator flux

dynamics [10].However, the behavior of themachine is not accurately predicted since

it is strongly influenced by a set of poorly damped poles that arise from the flux

dynamics.

In this section, a reduced model of the machine is developed using the analysis

stated along previous sections.

6.7.1 Equivalent Model in Case of Linearity

If the system comprised of the machine and the converter behaves as a linear system,

it is usually very convenient to use the method based on the superposition principle

presented in Section 6.6.2. According to this method, the machine is split into three:

the positive, the negative, and the natural machines as represented in Figure 6.30.

The behavior of each machine is independent, so it can be analyzed separately using
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its equivalent circuit and taking into account the control laws of the converter. After

that, the currents, voltages, and fluxes of the real machine can be determined by

adding the variables of the three machines. This procedure will be used intensively in

Chapter 7 to analyze the interaction between themachine and the converter under grid

disturbances.

As Figure 6.30 shows, the emf induced in the machine depends on the positive and

negative sequences of the voltage grid and also on the natural flux. Table 6.1 compiles

the per unit values for these voltages for the most common faults in a three-phase

power system: three-phase (3�), single line to ground (�n), phase-to-phase (��), and
two-phase-to-ground (2�n). The table also includes the initial value of the natural

flux. From this value, the natural flux evolves following the dynamics found in

Equation (6.49):

d

dt
~cs

sn ¼ �Rs

Ls
~cs

sn þ
Lm

Ls
Rs
~isr

TABLE 6.1 Per Unit Values of Voltages and Initial Natural Flux

Fault V1 V2 cn0

fn 1� p/3 p/3 0 to 2p/3

ff 1� p/2 p/2 0 to p

2fn 1� 2p/3 p/3 p/3 to p

3f 1� p 0 p
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Figure 6.30 Rotor equivalent circuits.
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6.7.2 Equivalent Model in Case of Nonlinearity

Sometimes it is not possible to apply the superposition principle because the system

cannot be considered to be linear. The most common causes are:

. The rotor converter does not behave linearly, as happens when using a reference

frame oriented with the stator flux.

. The rotor converter saturates because the emf induced in the rotor is very high.

This is the case during severe voltage dips.

In the first case the analysis of the machine becomes rather complicated and one often

needs to use linearization methods as in Petersson et al. [11].

In the case of severe dips, the emf induced in the rotor makes the converter rise to

its maximum voltage and the control is no longer linear. In these situations, the

machines cannot be split into the positive, negative, and natural flux; instead, we

must consider the machine as a whole. Since the equivalent circuit of the machine is

slightly different depending on the flux analyzed, we can take the characteristics of

the most prominent flux.

6.7.2.1 Equivalent Model for Normal Operation During regular operation

regimes, there is only a positive flux in the stator of the machine. The emf induced is

proportional to the slip. Also, the resistance seen from the rotor is almost equal to

the rotor resistance. The behavior of the machine can be studied by means of

the equivalent circuit shown in Figure 6.31. Note that the term Lm/Ls has been

omitted as it is near one.

6.7.2.2 Equivalent Model During Three-Phase Voltage Dips The stator

flux in a three-phase voltage dip is composed of a positive and a natural flux. The emf

induced by the positive flux can be neglected as it is relatively small compared to the

emf induced by the natural flux. From the rotor point of view, themachine behaves in a

very similar way as during a total voltage dip. The equivalent circuit is thus obtained

in Section 6.6.1.2 (Figure 6.32).

6.7.2.3 Equivalent Model During Asymmetrical Voltage Dips An

asymmetrical voltage dip generates a natural and a negative flux. Although a

positive flux will remain in the stator, this flux can be ignored for the same

aforementioned reasons. The behavior of the machine is therefore determined by
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Figure 6.31 Equivalent circuit for normal operation.

DFIM EQUIVALENT MODEL DURING VOLTAGE DIPS 299



the negative flux. From Equation (6.67) the simplified circuit shown in Figure 6.33 is

obtained.Note that the stator resistance affects the rotor converter and it appears in the

circuit multiplied by 2.

6.7.3 Model of the Grid

Throughout this chapter, the grid voltage has been assumed to be known and to be

independent of the behavior of the machine. This assumption can be made when the

network is strong, so that the fault voltage is not affected by the generator current.

However, usually the generator is connected to a step-up transformer whose resis-

tances and reactances notably modify the behavior of the DFIM. In this case, the

network and the transformer reactance are not negligible and they need to be added in

series with the generator leakage inductance to all previous equations. The same can

be said about the resistances that must be added to the stator resistance.

6.8 SUMMARY

This chapter has examined the behavior of the DFIM under voltage dips and has

reasonedwhy its behavior differs somuch from the behavior during normal operation.

Unlike under regular operation, when the emf induced in the rotor is small and

proportional to the slip, the emf induced under a voltage dip is remarkably larger and

depends on the rotational speed and on the transient of the voltage.

In a total three-phase voltage dip, the stator voltage drops to zero, but the machine

remains transitorily magnetized. This flux, which is not generated by any stator

voltage, is called natural flux.

rs
RR2

r
LDFIM

rotor

converter

r

r
i

r

r
v

+

–

tjs

snm

tsjr

r

m

s

ej

esVe
2

2
22

Figure 6.33 Equivalent circuit for asymmetrical voltage dips.
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The natural flux is fixedwith the stator (completely fixed if the rotor has no current;

almost fixed in any other case). From the point of view of the rotor windings, this flux

is seen as a flux that rotates inversely at the rotor speed. As a consequence, the natural

flux induces an emf much greater than those appearing during regular operation. This

voltage is not proportional to the slip, but to the rotor speed.

In the case of a general voltage dip, the stator flux may be separated into three

terms: the positive, the negative, and the natural flux. The positive flux rotates at

synchronous speed and is always present, including during regular operation of

the machine. It induces an emf proportional to the slip. The negative flux only

appears in cases of asymmetrical faults since it is generated by the negative

sequence of the grid voltage. It also rotates at synchronous speed but in

the opposite direction. The natural flux is a transient flux that appears due to

voltage variations. Its initial value depends on the fault type, and it decays

exponentially. In the case of asymmetrical faults, it also depends on the timing

of the fault.

The dynamics of the natural flux depend on the rotor current. In the absence of

current the flux decays exponentially according to the stator time constant. For large

generators this time constant ranges from 0.8 to 1.5 s, hence the transitory can lasts

some seconds. In contrast, some protection techniques short-circuit the rotor,

generating large currents in the rotor. In these cases, the transitory is accelerated

by a factor of approximately 10.

As the natural and the negative fluxes rotate at relatively high speed with respect to

the rotor (the natural flux close to the synchronous speed, the negative flux twice this

speed), they induce voltages in the rotor that are significantly greater than those

appearing under normal operation.

If these overvoltages exceed the limits of the rotor converter, control of the current

is lostmomentarily or evenpermanently. In this situation, overcurrents appear that can

damage the converter.
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CHAPTER 7

Vector Control Strategies for
Grid-Connected DFIM Wind Turbines

7.1 INTRODUCTION

Once the most interesting elements of the DFIM based wind turbines have been

studied separately, such as the back-to-back converter in Chapter 2, the modeling of

doubly fed induction machines in Chapters 3 and 4, a practical procedure for the

identification of the model parameters of a machine in Chapter 5, or, finally, the basis

for understanding the machine behavior during voltage dips in Chapter 6, this chapter

immerses the reader in control techniques of the doubly fed induction machine

(DFIM).

Control itself plays a very important role in drives and consequently also in wind

turbine technology. Control of the doubly fed induction generator when generating

energy in a wind turbine is necessary and unavoidable. Control maintains magnitudes

of the generator, such as torque, and active and reactive power, and also magnitudes

related to the grid side converter, such as the reactive power and the DC bus voltage

close to their optimum values, for proper and effective energy generation. In this way,

control, together with the modulator if implemented, is in charge of generating the

converter switch pulses according to the desired reference values.

This book deals with two widely used control philosophies for doubly fed

induction machines: the vector control technique (also known as field oriented)

and the direct control technique. This chapter covers vector control (field oriented

control), while Chapter 8 focuses on direct control. Vector control has already been

studied in this book, inChapter 2when applied to the control of the grid side converter.

This chapter extends that basic vector control philosophy to the DFIM.

In addition, control of DFIM based wind turbines needs to pay special attention to

the distorted voltage operation scenario. Apart from the normal operation of the wind

turbine, the designed control must be prepared to tackle problematic situations

derived from grid voltage disturbances. These grid voltage disturbances can be of

different natures (voltage dips, imbalances, harmonics, etc.) depending on the

Doubly Fed Induction Machine: Modeling and Control for Wind Energy Generation,
First Edition. By G. Abad, J. López, M. A. Rodr�ıguez, L. Marroyo, and G. Iwanski.
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characteristics of the electric grid itself. However, the most frequently occurring

disturbance is a voltage dip. In fact, it can be said that this is also the most problematic

one, producing often disconnections of the wind turbines if appropriate counter-

measures are not applied. This is a real problem that grid code requirements of many

different countries with strong wind energy penetration address in order to avoid,

among other problems, destabilization of the grid system.

In view of that, this chapter includes the control improvements required to handle

this disturbance. This chapter also analyzes why the most severe voltage dips cannot

be handled by only control techniques and the necessity of some additional hardware

solutions, like crowbars or braking choppers. These solutions are discussed further

in Chapter 9.

Toward the end of the chapter, voltage imbalances are also addressed by control

solutions.

In summary, by the end of this chapter the reader will have gained basic but also

advanced vector control knowledge, applied to the specific scenario of DFIM based

wind turbines.

7.2 VECTOR CONTROL

Vector control of a grid connected DFIM is very similar to the widespread classical

vector control of a squirrel cage machine. This machine is controlled in a synchro-

nously rotating dq reference frame, with the d axis oriented along the rotor flux space

vector position. The direct current is thus proportional to the rotor flux while the

quadrature current is proportional to the electromagnetic torque. By controlling

independently the two components of the current, a decoupled control between the

torque and the rotor excitation current is obtained.

In a similar way, invector control of aDFIM, the components of the d and the q axis

of the rotor current are regulated. As will be shown, if a reference frame orientated

with the stator flux is used, the active and reactive power flows of the stator can be

controlled independently by means of the quadrature and the direct current, respec-

tively (Figure 7.1).
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Figure 7.1 Comparison between the Vector Control of the squirrel cage machine and the

DFIM.
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In a first step, the relationship between the rotor current and the stator powers is

obtained. Then, the closed control loops for the current are presented. Lastly, different

alternatives for orienting the reference frame are discussed.

7.2.1 Calculation of the Current References

The generic expressions for the DFIM machine, Equations (4.28) to (4.36), can be

simplified by using a reference frame aligned with the stator flux. Under stator-

flux orientation, the relationship between the current and the fluxes may be

written as

idsLs þ idrLm ¼ cs

iqsLs þ iqrLm ¼ 0
ð7:1Þ

Using the above equations, the relationship between the rotor and the stator

currents is obtained:

ids ¼ cs

Ls
� Lm

Ls
idr

iqs ¼ � Lm

Ls
iqr

ð7:2Þ

In steady state, the stator flux is proportional to the grid voltage, V̂g. Neglecting the

small drop in the stator resistance yields

vds ¼ 0

vqs ¼ V̂g � oscs

ð7:3Þ

Thus, when orientating the direct axis with the stator flux, the voltage aligns

with the quadrature axis. The stator active and reactive power flow can then be

written as

Ps ¼ 3
2
vqsiqs

Qs ¼ 3
2
vqsids

ð7:4Þ

Combining these equations with Equation (7.2), we obtain

Ps ¼ � 3
2
V̂g

Lm
Ls
iqr

Qs ¼ 3
2
V̂g

cs

Ls
� 3

2
V̂g

Lm
Ls
idr ¼ 3

2

V̂
2

g

osLs
� 3

2
V̂g

Lm
Ls
idr

ð7:5Þ
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The above equations clearly show that under the stator flux orientation, the

active and reactive powers are decoupled and can be controlled via the rotor

currents. By means of the direct current, we can control the active power while the

reactive power can be controlled via the quadrature current. Using the above

equation, the reference currents can be calculated from the desired powers, as

shown in Figure 7.2. Then, control loops are used to ensure that the actual currents

follow these references.

The previous relationships are not completely exact, since the effect of the stator

resistances has been neglected. The actual stator powers won’t be exactly the desired

values. To correct this error, even if it is not very relevant, and others due to

inaccuracies in the values of the machine’s parameters (Ls, Lm, turns ratio, etc.),

usually two outer power loops are added: the first loopwould regulate the active power

by means of the direct current idr, and the second loop would regulate the reactive

power by means of the direct current. In Figure 7.3, a schematic including this option

is shown.

With these outer power loops an accurate control of the power flow in the stator is

achieved, regardless of the inexactness in the machine parameters or small misalign-

ments of the reference frame.

Typically, we don’t desire to control the stator power but the electromagnetic

torque generated by the machine, as is the case of the wind turbine control strategies

discussed in Section 1.3.2. If this is the case, we can use the relationship between the

torque, the stator flux, and the rotor current, Equation (4.36):

Tem ¼ 3

2
p
Lm

Ls
cqsidr � cdsiqr

� �
ð7:6Þ

Under stator flux orientation this expression may be written as

Tem ¼ 3

2
p
Lm

Ls
�cdsiqr
� � ð7:7Þ

Qs*
×
÷

-Ls /Lm u
idr*

1/Ls

ωs

×
÷

Vg

Ps*
×
÷

-Ls /Lm u
iqr*

referred to the rotorvariables referred to the stator

to control 
loops

Figure 7.2 Calculation of the current references.
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And substituting the stator flux by the value obtained in Equation (7.3), we have

Tem ¼ � 3

2
p
Lm

Ls

V̂g

os

iqr ð7:8Þ

Hence, the electromagnetic torque is directly controlled by the quadrature current.

Alternatively, we may use this expression to calculate the mechanical power:

Pmec ¼ � 3

2
p
Lm

Ls

V̂g

os

iqrom ¼ � 3

2
p
Lm

Ls
V̂g 1� sð Þiqr ð7:9Þ

Merging this expression with Equation (7.4), we find the relationship between the

stator and the mechanical power:

Pmec ¼ 1� sð ÞPs ð7:10Þ

Using this last expression it is possible to translate any reference of electromag-

netic torque into a reference of stator power to be introduced in the schemas of

Figure 7.2 or 7.3.

Ps ¼ 1

1� s
Pmec ¼ os

om

Pmec ¼ osTem

7.2.2 Limitation of the Current References

Once the current references have been calculated, they must be limited so that

they do not surpass the maximum current allowed by the machine and the rotor

converter.

We will denote the maximum peak value of the rotor converter as Iphase_max. If

the current of the three phases is kept below this limit, the space vector of the total

Qs*
×
÷

u
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ωs
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÷

Vg
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×
÷
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iqr*

referred to the rotorvariables referred to the stator

to control 
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Figure 7.3 Reference calculation including external power loops.
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current must be within the area circumscribed by the hexagon represented in

Figure 7.4, whose inner ratio is equal to Iphase_max, and outer ratio Iphase_max

ffiffiffiffiffiffiffiffi
3=2

p
.

(Note that these values vary by a factor of
ffiffiffiffiffiffiffiffi
3=2

p
if a power invariant dq0 transfor-

mation is used instead of the Park transformation used in this book.)

The maximum modulus of the current space vector ranges between these two

values depending on the vector angle. However, in order to assure a current sinusoidal

waveform, the modulus of the space vector must be kept constant. Consequently, the

maximum phase current should be lower than Iphase_lim.

The space vector is made up of two components: the values in the d axis and the

q axis. If the current has to be limited, we can act on either of the two components.

A commonly used option is to proportionally limit both components, thus keeping the

angle of the space vector unchanged.

Another usual option is to prioritize one component over the other. If, for

example, tracking of the reactive power is considered more important than tracking

of the active power, we will give priority to the d-axis current: the limitation will be

applied first to the q component, and only if this is not enough, to the d component.

7.2.3 Current Control Loops

Once the reference rotor currents are calculated, the rotor converter must ensure that

the actual currents track these references. Generally, the rotor converter is a three-

phase inverter that fixes the voltage of the rotor terminals but not the currents. Control

loops must then be incorporated to ensure that the currents effectively follow their

references.

Although it is possible to implement such control loops in any reference

frame, the most practical solution is to use the same reference frame as the

commands; that is, aligned with the stator flow d-axis. Furthermore, along this

axis, the variables are constant during steady state, which helps the regulation of

the currents.

maximum 
limit 

limit in order to obtain 
sinusoidal currents 

phase_maxI

β

α

Figure 7.4 Limitation of the current references.
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Voltages calculated in this way are referred to as a synchronous reference system.

The rotor inverter requires that the voltage of each of its three phases be calculated

from vdr and vqr by means of Park’s inverse transformation. Also, currents idr and iqr
are calculated according to the three phase currents using Park’s transformation.

Both functions require the angle between axis d and the rotor phases, �r, to be known.
Hence, the position of the rotor phases, that is, the angular position of the rotor, �m,
must be known. There are several methods to estimate this value gathered in the

literature [1–3], although the most common solution put into practice by the industry

is by means of an encoder coupled to the rotor (Figure 7.5).

7.2.3.1 Plant of theControl Loop There are an infinity of different controllers

that might be used for the control loop. The most widely used is the proportional-

integral (PI) controller due to its simplicity.

To calculate the PI regulator parameters, the relationship between the rotor voltage

and the rotor currents must be known. Such a relationship can be obtained from the dq

axis model, shown in Figure 7.6.

Neglecting the stator resistances, the model simplifies significantly. By doing so,

the voltage is aligned with the q axis, so its d component becomes zero. On the other

hand, themodel considers the d axis alignedwith the flux, so the flux along the q axis

is null.

rotor 

ψs

d axis

q axis 

θm

θsθr

encoder

DFIM

θm

θs θr

α axis

Figure 7.5 Calculation of the angles for the Park transformations.

Figure 7.6 Equivalent circuit of the DFIM.
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The voltage at the rotor terminals corresponds to the sum of the voltage drop in the

resistance Rr and the voltage induced by the flux rotor:

vdr ¼ Rridr � orcqr þ
d

dt
cdr

vqr ¼ Rriqr þ orcdr þ
d

dt
cqr

ð7:11Þ

The relationship between this rotor flux and the rotor currents is

cdr ¼ Lr � L2m=Ls
� �

idr þ Lm

Ls
cds

cqr ¼ Lr � L2m=Ls
� �

iqr

ð7:12Þ

The first terms of the above equations yield the flux directly related to the rotor

current. The proportionality ratio between these fluxes and the currents is referred to

as the transitory inductance of the rotor, s�Lr, and is the result of adding in series the
rotor leakage inductance with the parallel magnetizing and the stator leakage

inductance:

Lr � L2m=Ls
� � ¼ Lsr þ Lm==Lss ¼ sLr ð7:13Þ

where s is the leakage coefficient of the machine.

From expressions (7.11) and (7.12), the relationship between the rotor voltages and

the currents is obtained:

vdr ¼ Rridr � orsLriqr þ sLr
d

dt
idr þ Lm

Ls

d

dt
cds

vqr ¼ Rriqr þ orsLridr þ sLr
d

dt
iqr þ or

Lm

Ls
cds

ð7:14Þ

During regular operation, when the grid voltage is constant in amplitude, the

derivative of the flux cds is zero and therefore the last term of the first equation

disappears (this is not the case during a voltage dip, aswill be analyzed in Section 7.4).

The resulting equations are graphically represented in the block diagramof Figure 7.7.

From the control point of view, the term (orLm/Ls) cds is a perturbation, since it

dependson the stator flux (i.e., on thegrid voltage), an external variable independent of

the loop.As it is constant, itwill easily be compensated for by the controller. The terms

depicted in the middle of the figure are known as the cross terms. These terms appear

because thereference frameturnsatadifferent speed than therotor terminals.Although

these terms are constant during apermanent regimeanddonot affect the functioningof

the control loops, frequently they are estimated and compensated for by the control to

notably reduce its negative effects during transitory stages, as shown in Figure 7.8.

By compensating the cross terms, the control loop is notably simplified. Both axes

are now identical and their plant is now reduced to a first-order transfer function plus,

eventually, a current sensor filter transfer function (Figure 7.9).
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7.2.4 Reference Frame Orientations

The basis of vector control is to refer the rotor currents in a synchronous reference

frame, oriented so that its d axis is aligned with the stator flux. As explained above, in

the steady state, this is almost equivalent to aligning the q axis with the stator voltage,

because the flux is 90� shifted with respect to the stator. So, there are two options to

align the axis: to estimate the flux and align the d axis to it, or to align the q axis with

the voltage and delay by 90� the d axis. The first option is called flux orientation and
the second option is voltage orientation (also known as grid flux orientation).

7.2.4.1 Flux Orientation Flux orientation was the first and remains the classic

option for DFIM control. It consists of estimating the machine flux and aligning the

d axis of the reference frame to it. Initially, the air-gap-flux orientation was used [1,4].

Lately, the stator-flux orientation has been adopted. Current literature focuses mostly

on this last option [2,5], and also on the first proposals of using the DFIM for wind

power generation [6].

perturbation 
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rr Lω σ
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Figure 7.7 Plant of the current control loop.

Figure 7.8 Current control loop with feed-forward compensation of the cross terms.
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7.2.4.2 Grid VoltageOrientation This optionmeasures the stator voltages and

aligns the q axis with the voltage space vector. Axis d would be shifted 90� from it.

A phase locked loop (PLL) is commonly added to obtain the angle of the

fundamental [7] and reduce the effects of voltage harmonics.

This option, also known as grid-flux orientation, was cited in Datta and

Ranganathan [8] and has been lately studied by others [9,10].

7.2.4.3 Comparison Both options are quite similar if the stator voltage and its

corresponding flux are stable; meaning that they turn synchronously at constant

amplitude. Under these circumstances, the flux is shifted 90� from the grid voltage. If

the stator resistance is null, the misalignment would be precisely 90�, making both

reference frames coincident. In practice, the voltage drop due to the stator resistance is

very small in comparison with the total voltage of the machine, especially for high

power ones because current machines tend to bemore inductive and less resistivewith

the rise in power and voltage (Figure 7.10).

Indeed, it is hard to decide which option is best. Regarding the basic expression of

vector control (Equations (7.1) and (7.3)), Equation (7.1) is mathematically exact for

the flux orientation and, in turn, Equation (7.3) is exact for the voltage orientation. In

any case, there is no difference between both referencing techniques during perma-

nent regime operations and literature references might be found for either case.

Differences, however, become apparent during transitory stages. Under these

circumstances, probably as a consequence of sudden changes of the stator voltage,

the phase shift between the flux and the voltage might not be the same as during

permanent operation regimes. As a matter of fact, as analyzed in Chapter 6, the flux

amplitude and even its spinning speed notably vary during a voltage dip.Nevertheless,
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Figure 7.10 Reference frame orientation.
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Figure 7.9 Block diagram of the current control system.

312 VECTOR CONTROL STRATEGIES FOR GRID-CONNECTED DFIM WIND TURBINES



such exceptional circumstances are not necessary to have differences between both

orientation techniques. Aswill be seen in Section 7.3.1, differencesmight appear even

during stable cases when the grid voltage is perfectly steady. If vector control is

implemented on a flux oriented reference, the control might become unstable

depending on the d-axis component of the current. This phenomenon has been

studied in depth by Heller and Schumacher [11] and Congwei et al. [12], where the

phenomenon is analytically explained and the limiting set-point that makes the

system unstable is found. A. Petterson et al., [13] compare both orientation techniques

and prove that the voltage orientation is always stable, whereas the flux orientation

might destabilize a vector control.

Section 7.3.1 applies the natural flux concept explained in Chapter 6 to intuitively

explain why the flux orientation might destabilize the control. In the same way, we

might explain the fact that the voltage orientation never presents stability difficulties.

7.2.5 Complete Control System

In previous sections the different parts of a classical vector control for a DFIM have

been presented:

. Generation of the references: reference current calculations from the desired

stator active and reactive powers

. Current control loops

. Reference frame transformations

Figure 7.11 shows a schematic block diagram of the interconnections between all

these parts. The complete control structuremust also include complementary issues as

the start-up of the machine that will be discussed in Chapter 10.

Figure 7.11 depicts a control where the reference frame is oriented using the grid

voltage instead of the stator flux. This choice was made in order to prevent stability

problems that have been discussed in the previous section. The angle used in the

transformations is thus obtained from the voltage measurements of the grid using a

phase locked loop.

Figure 7.11 Schematic diagram of the vector control system.
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7.3 SMALL SIGNAL STABILITY OF THE VECTOR CONTROL

In many closed-loop electrical systems, the stability is assured by the tuning the

regulators. Grid connected converters, for example, usually include a current control

loop. In such systems, the stability is guaranteed by designing the loop with a good

margin phase.

In a DFIM with vector control, however, the system can be unstable even if

the margin phase of the control loop is generous. Many factors can influence the

system stability: for example, the choice of the reference frame orientation,

the set-point of the currents, or the design of the regulators. But in all cases, the

instability can be studied by means of the natural flux concept introduced in

Chapter 6.

Previously, vector control has been developed based on the assumption that the

phase shift between the voltage and the flux was 90�. This is fairly accurate in the

steady state but in transient conditions, as previouslymentioned, a natural flux appears

in the stator that modifies the phase shift between the stator and the rotor. Under these

circumstances the system may become unstable depending on the reference frame

orientation.

7.3.1 Influence of the Reference Frame Orientation

As mentioned before, the difference between the two orientations becomes relevant

under transient conditions. Figure 7.12 represents an example of the space vector

trajectories of the stator flux and the grid voltage during a three-phase voltage dip.

The voltage trajectory traces a circle, as it is a rotating vector of constant amplitude.

The stator flux also traces a circle, but this circle is off-center due to the natural flux,

as analyzed in Chapter 6.

stator flux 

grid voltage 

t = 0

t = T/8

t = T/4 

t = T·3/8

α

β

ψs trajectory 

grid voltage 
trajectory

Figure 7.12 Reference frame orientation during a three-phase dip.
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The solid arrows are the position of the d axis at different instants if a grid voltage

orientation is used. The dotted arrows correspond to a stator-flux orientation. As can

be seen, the position of the d axis is not the same in both orientations due to the

displacement of the flux trajectory. It is important to remark that it is the presence of

the natural flux that causes the difference between the two orientations.

We can examine the behavior of different variables of the machine using both

reference frames.

Stator Flux Orientation

. The amplitude of the flux is variable; its phase is zero.

. The phase of the stator voltage is variable.

. The relationship between the stator powers and the rotor currents, Equation (7.5),

is no longer valid, since vds 6¼ 0.

Grid Voltage Orientation

. The amplitude of the voltage is constant; its phase is 90�.

. The positive flux has a constant amplitude and its phase is zero.

. The natural flux is a rotating flux that turns inversely to the grid frequency.

. Relationship (7.5) is not valid but, as will seen in Section 7.4, it can be

reinterpretated using the superposition principle.

However, the main difference appears in the rotational speed of the reference

frame. In a grid orientation system, the reference frame turns synchronously with the

grid voltage—thus at the grid frequency. In contrast, if the reference frame is

orientated with the stator flux, the speed is no longer constant:

. At the beginning of the period (t¼ 0) both orientations are equivalent; the

position of the d axis is zero.

. From this moment until t¼ T/4 the stator flux rotates more slowly than the

voltage. The angle of the d axis is then lower in the stator-flux orientation, as

can be observed in Figure 7.12.

. At instant t¼ T/4 the d axis remains behind the voltage, but its rotational speed

increases so that the difference between the two vectors decreases.

. At t¼ T/2 the two orientations are again equivalent.

Figure 7.13 shows the evolution of the rotational angle using the two orientation

techniques.

The difference between the two orientations is more manifest with the depth of the

dip.When the dip is deeper than 50%, a curious circumstance happens: the natural flux

is then greater than the positive flux. The trajectory of the flux is so displaced that it

does not encircle the origin, as observed in Figure 7.14.

In that case, the rotational angle does not reach 180�; instead, it has a range as

narrow as the depth of the dip increases, as shown in Figure 7.15. It is easy to deduce
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that in the case of a total dip the angle is constant, since the only flux present in the

stator is the natural flux that does not rotate.

As has been demonstrated, the natural flux causes the reference frame to rotate at

variable speed when using a stator-flux orientation. This anomaly affects the stability

of the machine as analytically demonstrated by Petersson et al. [13]. We will try to

demonstrate it in a more intuitive way by examining the evolution of the natural flux.

As will be seen, the instability is due to the fact that the natural flux increases

incessantly until it induces an emf so high that it causes the machine to stop.
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Figure 7.13 Evolution of the d-axis angle under a 40% three-phase dip.
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Figure 7.14 Reference frame orientation during a severe three-phase dip.
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The time evolution of the natural flux was deduced in Section 6.6.1:

d

dt
~cs

sn ¼ �Rs

Ls
~cs

sn þ
Lm

Ls
Rs
~isr ð7:15Þ

In the absence of rotor currents, ir¼ 0, the stator resistance causes the natural flux

to decay exponentially with the stator time constant. Generally, we can say that the

natural flux disappears almost completely in a few seconds.

However, the rotor currents can modify the evolution of the natural flux:

. If the rotor current is in antiphase with the natural flux, the last term of

expression (7.15) reinforces the action of the second term and therefore the

flux damping would be accelerated.

. If the current is in phase, the flux damping would be slowed down, and might

even be canceled out or become negative.

As observed, the angle between the rotor current and the stator flux space vectors

turns out to be very relevant. This angle can be determined taking into account the

following:

. The natural flux is fixed with the stator. Although its position depends on how it

originated, we will assume that it is situated in the alpha axis.

. The rotor current is imposed by the vector control depending on the desired

powers. If, for example, the active power is null, the rotor current will be aligned

with thed axis. In general, the current canhavecomponents along thed andq axes.

Anyhow, its space vector will rotate synchronously with the reference frame.

0.98 0.99 1 1.01 1.02 1.03 1.04
-200

-150

-100

-50

0

50

100

150

200

time (s)

an
gl

e 
po

si
tio

n 
of

 th
e 

d-
ax

is
 (
º)

voltage  
dip start

grid orientation

flux orientation, p=55%

flux orientation, p=80%

Figure 7.15 Evolution of the d-axis angle under different three-phase dips.
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If the reference frame is oriented with the grid voltage, the d and q axes rotate at

constant speed. The angle of the rotor current goes from 0 to 2p uniformly and

therefore its average action on the flux is null.

In contrast, if the reference frame is oriented using the stator flux, its rotational

angle doesn’t progress uniformly, as was shown in Figures 7.13 and 7.15, but it takes

longer to evolve from 0� to 90� than from 90� to 180�. The same applies during the

second half of the period: the angle takes longer from 270� to 360� than in the interval
from 180� to 270�. This phenomenon can be observed graphically in Figure 7.16.

In the left half the evolution of the rotor current is shown if only a quadrature

current is injected into the rotor.We can see that the average current during the period

is upward; that is, the net current is perpendicular to the natural flux. According to

Equation (7.15), the rotor current will then cause the flux to turn counterclockwise but

it will not change its amplitude. In conclusion, a rotor current in the q axis causes the

natural flux to turn, but it does not modify its decay—that will remain the same as in

the absence of rotor currents.

The right half of the figure shows the evolution of the rotor current if only a

component in the d axis exists. Since the prevailing sense of the rotor current is the

same as the natural flux, its net action will be an increment of this flux. Therewill then

be two terms influencing the natural flux in opposite senses: the second term of

Equation (7.15) causes the flux to damp while the third term increases the flux. The

final evolution of the flux depends onwhich of the two terms is bigger. If the current idr
is small, the second term will be preponderant and the natural flux will decay.

Figure 7.16 Evolution of the rotor current using a stator flux orientation.
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In contrast, if the current is large the third term will prevail and the natural flux will

increase. If this happens, the anomaly in the orientation will augment, causing the

average current to increase. That self-reinforcing process threaten control of the

machine even if the initial natural flux were small. The system is said to be unstable.

In a flux oriented reference frame, there is a critical value for the d-axis current.

Below this value any natural flux caused by a transient is damped, but above that value

the system is unstable. This matter was analyzed by Congwei et al. [12], who found

the condition for stability:

idr <
2V̂g

Lmos

ð7:16Þ

This last expression gives the maximum value for the direct current that can be

injected into the rotorwhen a flux orientation is used. Since the direct current is related

to the reactive power delivered to the grid, this limit entails amaximum reactive power

that cannot be surpassed without destabilizing the system:

Qs < � V̂
2

g

Lsos

ð7:17Þ

The minus sign indicates that the power is delivered to the grid. As a curious note, the

maximum is equal (except for the sign) to the power consumed by the machine when

there is no current in the rotor.

As noted before, if a grid orientation is used, the reference frame rotates at constant

speed regardless of the presence or not of natural flux. Thus, there is no limitation to

the rotor currents, at least regarding the system stability. This is why this orientation is

preferred by most manufacturers. Other perturbations, such as voltage imbalances,

can also cause anomalies in the orientation. Even if these anomalies don’t cause

Figure 7.17 Plant of the current loop including the emf induced by the natural flux.
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instability problems, they can have undesired effects on the control. In order to avoid

these problems, a phase looked loop (PLL) is often used to extract the angle of the

positive sequence of the grid voltage, ignoring other harmonics and the negative

sequence.

7.3.2 Influence of the Tuning of the Regulators

Fromnowon, it will be assumed that the system is grid voltage oriented. The reference

frame therefore turns with constant speed and is unaffected by the presence of natural

flux. This flux, however, still has an influence on the DFIM control because it induces

an emf in the rotor windings that will act as a perturbation in the current control loops.

During the steady state, without natural flux, the emf induced in themachine is low,

proportional to the slip. As has been discussed in Section 7.2.3 (e.g., see Figure 7.7),

this emf acts as a perturbation that is often compensated by a feed-forward signal in

the control. Even if it is not compensated, this perturbation is easily rejected by the

current regulators because it appears as DC in a synchronous reference frame. As a

consequence, the emf has no effect on the current loops.

The situation is very different when a natural flux appears in the stator of the

machine due to an event in the machine (a voltage dip, for example, or a sudden

change of the set-points). As deduced inChapter 6, this flux induces an additional emf,

ern, fixed with the stator. In a synchronous reference frame that voltage is seen as an

inversely rotational term at grid frequency. In that situation the perturbation in the

control loops will be the addition of the two voltages: a DC voltage proportional to the

slip and a rotational voltage caused by the natural flux.

Figure 7.17 shows the plant of the current control loops if there is a natural flux,csn,

in the stator in the alpha axis as a result, for example, of a voltage dip. It is interesting to

compare that diagram with the plant presented in Figure 7.7, which is only valid in

steady state. Two new terms, related to the natural flux, now appear.

Unlike the perturbation due to the slip, the emf induced by the natural flux is more

difficult to reject because it is seen as AC (at the grid frequency) by the control loops.

As a consequence, a current arises in the rotor that superimposes to the current

corresponding to normal operation. This new current modifies the evolution of the

natural flux, accelerating or slowing its damping. It can even neutralize the damping

depending on the characteristics of the current regulators. This latter case should be

avoided: any perturbation, even if it is insignificant, will cause a natural flux that will

increase nonstop until the systemgets out of control. The influence of the regulators on

the evolution of the natural flux will be analyzed by applying the superposition

principle introduced in Section 6.6.2.

7.3.2.1 Influence of the Regulators on the Evolution of the Natural
Flux As has been analyzed, all the variables of the machine have two

components: one rotating at synchronous speed corresponding to normal

operation and the other fixed with the stator and originating from the perturbation

caused by the natural flux. In Chapter 6, the superposition principle was used to

analyze independently the two components. Themachinewas analyzed as if it was the
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addition of two isolated machines: the forced machine, where all the variables rotate

synchronously, and the natural machine, where the variables are fixed to the stator.

The forced machine is the steady state machine. Its rotor current is perfectly

regulated by the control loops and it is the machine that corresponds to normal

operation.

The natural machine is a machine with no voltage at its stator. During normal

operation, this machine has no flux—neither stator nor rotor current. During transient

conditions, however, a natural flux appears. Aswe are interested in the evolution of the

natural flux, we will focus our attention on that machine.

In this machine, the reference currents are zero, but depending on how the loop

reacts to perturbations, some current might flow through the rotor. Figure 7.18 shows

the flow chart of the rotor control loop with the perturbation caused by the natural flux

highlighted.

If the bandwidth of the control loop is high and it firmly rejects the perturbation, the

rotor current will be small. The situation of the machine will then be the same as if it

were an open-circuited rotor. The natural fluxwill therefore decay with the stator time

constant, ts¼ Ls/Rs.

Otherwise, there will be a current circulating through the rotor. This current will

affect the evolution of the natural flux. Restating the expression of the dynamics of the

natural flux (7.15):

d

dt
~cs

sn ¼ �Rs

Ls
~cs

sn þ
Lm

Ls
Rs
~isr ð7:18Þ

The expression clearly shows that the evolution has two opposing terms: the first

term, the only one present when the rotor is open-circuited, damps the flux. The

second term can increase or reduce the flux depending on the angle between the rotor

current and the natural flux. This angle, referred to as a, becomes crucial to study the

system stability.

If a is large, the rotor current will be almost in antiphase with the natural flux and

therefore the flux damping will be accelerated. If a is small, the current will be

approximately in-phase and the flux damping will be slowed down.

The angle a is determined by the PI regulator parameters. The influence of the PI

control on the current can be analyzed by using the model of the natural machine that

was deduced in Section 6.7 (Figure 7.19).

Figure 7.18 Rotor current loop for the natural machine.
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Solving the rotor equivalent circuit leads to the following relationship between the

natural flux, the converter voltage, and the rotor current:

~vrrn ¼ �jom

Lm

Ls
~cr

rn þ Rr
~irrn þ jsLr

d

dt
~irrn ð7:19Þ

From that expression, we can deduce the relationship between the rotor phasors in

steady state:

Vrn ¼ �jom

Lm

Ls
c

rn
þ RrI rn � jXrI rn ð7:20Þ

where Xr ¼ omsLr.
Note the negative sign of the third term. In the natural machine the rotor current is

steady with the stator; hence, it rotates in the opposite sense with respect to the rotor

windings. Consequently, the drop in the transitory inductance is 90� clockwise with
respect to its current.

PI with a Predominant Proportional Action If the PI proportional action is

significantly higher than the integral, the converter voltage will be in antiphase

with the rotor current:

Vrn ¼ �K
0
PI rn ð7:21Þ

where K0
P is the proportional gain of the PI referred to the stator: K

0
P ¼ KPu

2.

In those circumstances the rotor current would be almost in antiphase with the

natural flux as shown on the left phasor diagram in Figure 7.20.

Figure 7.19 Rotor equivalent circuit for the natural machine.

Figure 7.20 Phasor diagram when using a PI with predominant proportional action.
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Such current accelerates the damping of the natural flux as predicted by Equa-

tion (7.18). To corroborate that assertion, the behavior of a DFIM has been simulated

during a 10% three-phase voltage dip under three different situations:

. With its rotor open-circuited

. With its rotor connected to a converter with a current loop using a proportional

regulator

. And finally using the same regulator but whose proportional gain is divided by 2

See Figure 7.21.

As predicted by the analysis carried out with the phasor diagrams, the damping of

the natural flux is accelerated due to the effect of the rotor current. Besides, the

lower the proportional gain, the bigger the rotor current and the quicker the damping

of the flux.

PI with a Predominant Integral Action The integration of an AC signal results in

a signal that is phase shifted by 90�. Hence, the output voltage of a PI with

predominant integral action is almost 90� from the rotor current. Figure 7.22

shows the corresponding phasor diagram.

From the phasor diagram we can see that the rotor current is in-phase with the

natural flux and, consequently, it will slow the damping. That effect is shown in

Figure 7.23,where the evolution of the natural flux is compared in three cases:without

a rotor current, using a proportional regulator, and using a PI regulator.

General Case We have deduced that the proportional action of the PI tends to

accelerate the damping while its integral action slows down the decay. This second
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Figure 7.21 Natural flux evolution using a PI with predominant proportional action.
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effect is higher, so, in general, the net effect of the PI is a deceleration of the damping.

It is interesting to detect when the damping is completely canceled, because if that

happens the systembecomes unstable. For that purposewe restate expression (7.18) in

scalar notation:

d

dt
csn ¼ �Rs

Ls
csn þ

Lm

Ls
Rsir cos að Þ ð7:22Þ

In order to have a stable system the natural flux must be damped; that is, its

derivative should be negative:

�Rs

Ls
csn þ

Lm

Ls
Rsir cos að Þ < 0 ð7:23Þ

Figure 7.22 Phasor diagram when using a PI with predominant integral action.
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Figure 7.23 Dynamics of the natural flux for open-circuit and for two different regulators.
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which leads to

Lmir cos að Þ < csn ð7:24Þ

Figure 7.24 shows the phasor diagram of the rotor circuit when using a general PI

controller.

Habitually, the voltage drop in the leakage inductance is much smaller than the

converter voltage, and therefore the phasor of the converter voltage is almost aligned

with the emf induced by the natural flux. With this approximation, and neglecting

the voltage drop in the rotor resistance, expression (7.20) can be simplified

as follows:

Vconv ¼ Ern þ XrI rn ¼
Lm

Ls
c

sn
om þ sLrI rn ð7:25Þ

On the other hand, the rotor converter is given by a PI controller, so it is the

multiplication of the current by the regulator gain at the grid frequency:

Vconv ¼ PI_gain osð ÞI rn ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K

02
P þ K

0
I=osð Þ2

q
I rn ð7:26Þ

From the last two expressions we can calculate the rotor current amplitude:

I rn ¼
ðLm=LsÞc

sn
omffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

K
02
P þ K

0
I=osð Þ2

q
� sLrom

ð7:27Þ

Introducing this expression into the condition for stability, Equation (7.24), we

have

ðL2m=LsÞom cos að Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K

02
P þ K

0
I=osð Þ2

q
� sLrom

< 1 ð7:28Þ

Figure 7.24 Phasor diagram when using a PI regulator.
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where the angle a can be approximated by taking into account that the phase of the emf

is almost the same as the phase of the converter voltage, and thus

a � arctan
I rnKP

IrnKI=os

� �
¼ arctan Tnosð Þ ð7:29Þ

The importance of expression (7.28) is fundamental for the correct functioning of

the vector control control. A system that doesn’t comply with that condition will

be unstable.

Figures 7.21 and 7.23 were obtained by simulating a machine that fulfilled the

conditions of Equation (7.28) over its entire operation range. This machine, however,

can become unstable if the gain of its regulators decreases. If, for example, the PI

parameters are calculated in order to obtain a bandwidth of 250Hz, the machine will

be at the edge of instability: it will be stable for small rotational speeds but it will

become unstable if the speed increases. According to the simplified expression (7.28),

the critical speed is calculated to be 1.16 p.u. The accuracy of that value can be

corroborated bymeans of Figure 7.25, where the evolution of the natural flux is shown

during turbine acceleration.

The generator was operating at constant speed when at t¼ 0 there is a 10% voltage

dip in the grid. At steady state the natural flux was zero, but the dip causes it to rise by

10% of its rated value. During the dip, the natural flux decreases, which is an

indication that the machine is stable. Meanwhile, the machine is accelerated and at

t¼ 0.85 s its speed exceeds the stability limit predicted by Equation (7.28). From that

moment the machine is unstable and its natural flux increases. If no countermeasures

are taken, it will continue to rise until the saturation of the rotor converter.
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Figure 7.25 Natural flux evolution during a turbine acceleration.
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7.4 VECTOR CONTROL BEHAVIOR UNDER UNBALANCED
CONDITIONS

Throughout Section 7.2,when discussing the basis of vector control, we have assumed

that the grid voltage was balanced with constant amplitude. Under those conditions,

the direct component of the stator voltagewas zero and its quadrature component was

constant; meanwhile the stator fluxwas orientedwith the d axis andwas also constant.

That is no longer true if the grid voltage is unbalanced, that is, if the voltages of the

three phases have different amplitudes or their waveforms are not 120� offset in time.

As seen in Section 6.5, any unbalanced three-phase system can be seen as

the addition of three balanced systems called sequences: the positive sequence,

the negative sequence, and the zero sequence. If the stator of theDFIM is connected to

an unbalanced grid, the positive sequence of the grid voltage creates a flux with

constant amplitude,which rotates at the grid frequency. The negative sequence creates

a stator flux with similar characteristics but rotating in the opposite sense; and finally,

the zero sequence does not create any stator flux if the neutral point, as is usually the

case, is isolated. The total stator flux is then the addition of two fluxes rotating in

opposite senses: the positive flux and the negative flux. Its space vector in a stator

reference frame can be written as

~cs
s ¼

ffiffiffi
2

p
c

1
e jost þ

ffiffiffi
2

p
c

2
e�jost ð7:30Þ

where c1 and c2 are the phasors (in rms) of the positive and negative fluxes,

respectively. These fluxes, as seen in Section 6.5, are proportional to the positive

and negative sequence of the grid voltage, V1 and V2:

c
1
¼ V 1

jos

c
2
¼ V 2

�jos

ð7:31Þ

In normal operation, the grid voltage is balanced and the negative sequence of the

voltage, V2, is zero. If V2 is not zero, that means the grid is unbalanced and there is

some negative flux in the stator of the machine.

The ratio between the amplitudes of the negative and the positive sequences is

called the voltage unbalanced factor (VUF) and is a good way to measure the

imbalance:

VUF ¼ V2

V1

ð7:32Þ

The presence of negative flux marks the behavior of the vector control in three

different ways: (1) it may affect the orientation of the reference frame, (2) it may

saturate the rotor converter, and (3) it causes a second harmonic pulsation in the stator

current and in the electromagnetic torque.
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7.4.1 Reference Frame Orientation

The negative sequence, like any other harmonic, affects the orientation of the

reference frame if no countermeasures are taken. In order to avoid problems, the

rotational angle of the reference frame is calculated by means of a phase looked

loop (PLL) that considers only the positive sequence of the grid voltage or the

stator flux.

7.4.2 Saturation of the Rotor Converter

Since the negative sequence of the flux rotates in a countersense to the rotor, it can

induce a very high emf in its windings depending on its amplitude. As deduced in

Chapter 6, the amplitude of this emf is about twice the negative grid voltage

(expressed in reference to the stator side):

Er2 ¼ V 2

Lm

Ls
ð2� sÞ ð7:33Þ

Introducing in that expression the concept of the voltage unbalance factor yields:

Er2 ¼ V 1 �VUF � Lm
Ls

ð2� sÞ ð7:34Þ

Under an asymmetrical voltage dip the VUF can reach high values: up to 50% for

single-phase faults or up to 100% for phase-to-phase faults. In these cases the emfwill

probably exceed the maximum voltage of the rotor converter and thus the converter

will saturate and lose control of the current. This situationwill be thoroughly analyzed

in Section 7.5.

Apart from voltage dips, VUF is normally below 1% in transmission lines and

below 2% in distribution lines. It can be slightly higher in weak grids such as those of

developing countries or small populated areas, but in any case it is not high enough to

cause saturation of the converter of typical turbines.

7.4.3 Oscillations in the Stator Current and in the Electromagnetic
Torque

Fromnowon, it will be considered that a PLL is used in the orientation of the reference

frame so that its orientation is immune to imbalance.Moreover, it will be assumed that

the rotor converter does not saturate. In these circumstances, the control acts linearly

and we can apply the superposition principle discussed in Section 6.6.2.

By using the superposition principle, the behavior of the machine can be analyzed

as if we were dealing with two independent machines:

. The positive machine whose stator voltage is the positive sequence of the grid

voltage.All thevariables of thismachine are synchronouswith the grid: they turn

counterclockwise.
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. The negative machine whose stator voltage is the negative sequence of the grid

voltage. The flux of that machine rotates in opposite sense to the rotor, that is,

clockwise, and so do all the machine variables.

During normal operation, only the positivemachine is relevant: all the variables of

the negativemachine are zero so they can be neglected. In case of imbalances, wewill

deal with a negative sequence in the stator voltage that will cause a negative flux to

appear and the circulation of negative currents in the stator and rotor of the negative

machine. In this latter case, the negative machine becomes relevant and any variable

of the actual machine (the real one) will be the addition of that same variable of

the positive and that of the negative machine.

Figure 7.26 represents the decomposition of the DFIM into these two machines

under an unbalanced factor of 10%. Two variables of the machine, the stator flux and

the rotor current, are represented in a synchronous reference frame. As can be seen,

the stator flux in the actual machine is the addition of the flux in the positive and in the

natural machine. The same can be said for the rotor current and for any other variable

of the machine.

The stator flux in the positive machine is constant and synchronous with the grid.

Consequently, it is seen as DC in the reference frame. The stator flux in the negative

machine is also constant in amplitude, but it rotates in the opposite sense. Therefore, in

the synchronous reference frame it is seen as sinusoidal at twice the grid frequency.
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Figure 7.26 Superposition principle during three-phase dips.
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Both fluxes induce an emf in the rotor windings. The emf induced in the positive

machine is synchronous, as is its flux. As the control loops are rotating at the same

speed, they see this emf as a constant so they compensate for it without any problem.

Consequently, the rotor currents of the positive machine follow the set-points

correctly.

Unless a special control is set in place (such as those presented in Section 7.6.2), a

negative sequence in the rotor current is not desirable so the set-points of the negative

machine are zero. However, the emf induced in that machine acts as a perturbation in

the control loops and causes the circulation of rotor current. That perturbation cannot

be compensated for as easily as in the positivemachine because it is seen as sinusoidal

at twice the grid frequency.

Consequently, in the actual machine the rotor current is composed of a synchro-

nous rotating term that follows the set-points of the control and an opposite rotating

term that depends on the rejection of the loop to perturbations at twice the grid

frequency:

~isr ¼
ffiffiffi
2

p
I r1e

jost þ
ffiffiffi
2

p
I r2e

�jost ð7:35Þ

where Ir1 and Ir2 are the phasors of the negative and positive sequences of the rotor

current.

The same occurs with the stator current:

~iss ¼
ffiffiffi
2

p
I s1e

jost þ
ffiffiffi
2

p
I s2e

�jost ð7:36Þ

The stator current is then the addition of two space vectors that rotate in the

opposite sense at the grid frequency. Twice per grid period the two vectors are

aligned in the same sense, so they add constructively and the amplitude of the total

stator current reaches its maximum. Also twice per period they are aligned but in

the opposite sense. They then add destructively and the amplitude reaches its

minimum. Figure 7.27 shows the amplitude of the stator current for an unbalanced

factor of 10%.

The negative sequences cause fluctuations in the stator powers as well. Using the

expression of these powers given in Equations (4.32) and (4.34) and splitting them

into the positive and the negative sequence, we have

Ps ¼ 3
2
Re ~vs �~is �

n o
¼ 3Re V 1e

jost þ V 2e
�jost

� � � I s1e
jost þ I s2e

�jostð Þ�	 

Qs ¼ 3

2
Im ~vs �~is �

n o
¼ 3Im V 1e

jost þ V 2e
�jost

� � � I s1e
jost þ I s2e

�jost
� ��	 
 ð7:37Þ

which yields

Ps ¼ 3Re V 1 � I �s1 þ V 1 � I �s2e j2ost þ V 2 � I �s1e�j2ost þ V 2 � I �s2
	 


Qs ¼ 3Im V 1 � I �s1 þ V 1 � I �s2e j2ost þ V 2 � I �s1 � e�j2ost þ V 2 � I �s2
	 
 ð7:38Þ
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The first and the last terms of these equations give a constant transfer of power.

The second and third terms cause pulsations at twice the grid frequency.

Similar fluctuations appear in the electromagnetic torque. If the shaft of the

machine has a resonance close to double the grid frequency, these fluctuations can

cause vibrations and mechanical stress.

The fluctuations in the torque can be calculated from Equation (4.36):

Tem ¼ 3
2
p Im ~cs �~i �r

n o
¼ 3p Im c

s1
� I �r1 þ c

s1
� I �r2e j2ost þ c

s2
� I �r1e�j2ost þ c

2
� I �r2

n o ð7:39Þ

Again, the fluctuations are given by the second and third terms. As we can see, the

amplitude of the torque ripple depends on the negative flux, cs2, and the negative

current, Ir2. The negative flux is due to the imbalance of the grid, and doesn’t depend

on the machine’s control. On the contrary, the rotor current strongly depends on the

control: if the control loops have a large bandwidth with a high rejection of

perturbations, the negative current will be zero. In this case, the oscillations will

be the product of the average torque by the unbalanced factor VUF. In any other case,

the oscillations are usually bigger. As an example, in Figure 7.28a 15% of torque

ripple can be observed in a commercial DFIM operating in a grid with 10% VUF.

7.5 VECTOR CONTROL BEHAVIOR UNDER VOLTAGE DIPS

All electrical drives connected to a grid are affected in a greater or lesser degree by

voltage dips. The DFIM, however, is especially sensitive to grid disturbances and this
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Figure 7.27 Oscillations in the amplitude of the stator current.
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is its main drawback. Vector control is based on the assumption that the voltage grid is

stable and the stator flux is a space vector rotating at constant speed 90� behind the

voltage. That hypothesis is true in steady state but not in the case of a voltage dip.

During a voltage transient, a natural flux (negative, in the case of unbalanced dips)

appears at the stator, which can affect the orientation of the reference frame.

Additionally, this flux induces large voltages at the rotor terminals, which can saturate

the rotor converter.

The choice of the orientation of the reference frame is very important for vector

control under voltage dips. As analyzed in Section 7.3, the natural flux notably affects

the orientation if a stator-flux-oriented frame is used. In this case, the behavior under

voltage dips is complicated to study since the system it is not linear. Some authors

have developed specific models that try to simplify the analysis [14].

From now on, it will be considered that the reference frame is aligned with the grid

voltage, as is the case for most modern turbines. Additionally, the phase of the grid

voltage will be calculated by means of a phase looked loop (PLL) in order to consider

only the positive sequence of that voltage. By doing so, the orientation of the reference

frame becomes immune to the voltage dips as its rotational speed remains constant

and equal to the grid frequency.

Even so, the control continues to be affected by voltage dips as they induce large

emfs in the rotor of the machine. Chapter 6 gives the amplitude of that voltage

depending on the characteristics of the dip (type of dip, depth, instant of occurrence).

If the induced emf exceeds the maximum voltage of the rotor converter, it will

saturate. On the contrary, if the emf is low and doesn’t surpass the limits of the

converter, there won’t be saturation and the control will act in a very different way.

The analysis is then limited to small and severe voltage dips.
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Figure 7.28 Oscillations in the electromagnetic torque.
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7.5.1 Small Dips

We will first examine the behavior of the DFIM under a “small” voltage dip, where

“small”means that the induced emf does not saturate the converter. Since the reference

frame is not affected by the dip and the converter doesn’t saturate, the whole control

system acts linearly and we can apply the superposition principle discussed in

Section 6.6.2.

Using the superposition principle, the behavior of the machine can be analyzed as

three independent machines:

. The positive machine whose stator voltage is the positive sequence of the grid

voltage

. The natural fluxwhose stator is short-circuited but is still magnetized since there

is a natural flux in its stator

. And, if the voltage dip is unbalanced, the negativemachinewhose stator voltage

is the negative sequence of the grid voltage

7.5.1.1 Behavior During a Three-Phase Voltage Dip In a three-phase

voltage dip the grid voltage is balanced so its negative sequence is zero.

Consequently, the generator can be analyzed as the addition of two machines: the

positive and the natural as shown in Figure 7.29 for the case of a 30% voltage dip.
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Figure 7.29 Superposition principle during three-phase dips.

VECTOR CONTROL BEHAVIOR UNDER VOLTAGE DIPS 333



The stator flux and the rotor current are depicted in the synchronous reference frame.

The stator flux in the actual machine is the addition of the flux in the positive and

in the natural machine and the same can be said for the rotor current or for any other

variable of the machine.

The stator flux in the positive machine is constant and synchronous with the

grid. Consequently, this machine is at steady state and all its variables are

synchronous: in the stator windings the currents and voltages are sinusoidal at

grid frequency, whereas in the rotor windings the currents and the voltages are

sinusoidal at slip frequency. The emf induced in the rotor of the positive machine is

seen as DC in the control loops so it is correctly compensated. Hence, that machine

properly regulates the rotor current and the active and reactive powers. If the set-

points of the active and reactive powers are unchanged, that current will vary in

response to the lower voltage grid as seen in Figure 7.29: the quadrature current

will increase, while the reactive power can increase or decrease depending on the

reactive power generated.

The stator flux in the natural machine does not turn. It induces a large emf in the

rotor windings that is seen as AC by the control loops and hence it is hard to

compensate. An undesired current arises in the rotor that entails an almost similar

stator current. During the dip, as the natural flux decays, the induced emf decreases

and so does the rotor current, as shown in Figure 7.29. All the variables in thismachine

are fixed with the stator: the stator current is DCwhereas the rotor current and voltage

are sinusoidal at the rotating frequency.

In the actual machine the stator current is composed of an AC current at grid

frequency related to the positive machine and a DC current related to the natural

machine. The first component of the current entails a constant transference of stator

power equal to its set-point while the second component involves an oscillation at grid

frequency power.

The behavior of the electromagnetic torque is very similar: a torque ripple appears

at the grid frequency. The oscillations can be explained using the torque expression,

Equation (4.36), and considering that both the rotor current and the stator flux have

two different frequencies.

Figure 7.30 depicts the behavior of a commercial turbine under a 30% three-phase

dip. At instant t¼ 0 s a fault causes the grid voltage to suddenly fall. That voltage

transient generates a natural flux with an initial value of approximately 0.3 p.u. This

flux, as has been discussed, induces a high emf in the rotor of the machine and causes

oscillations in the powers and the torque. During the dip, as the natural flux decays, the

oscillations are reduced and the emf induced in the rotor decreases. The decay rate is

close to the stator time constant although it can also be influenced by the tuning of the

current regulator as discussed in Section 7.3.2.

The behavior of the machine at the end of the dip is very similar: when the voltage

recovers its rated value, the abrupt change causes a natural flux in the stator and again

causes oscillations in the stator powers and in the electromagnetic torque.

7.5.1.2 Behavior During an Asymmetrical Voltage Dip During an

asymmetrical dip the voltage is unbalanced and consequently the negative
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sequence of the stator flux is nonzero. Themachine can be analyzed as the addition of

three machines: the positive, the natural, and the negative one.

In the last section, we have seen that the presence of the natural flux causes damped

oscillations at the grid frequency in the stator powers and in the electromagnetic

torque. On the other hand, when analyzing the behavior under unbalanced conditions

in Section 7.4, it was deduced that the negativeflux causes the powers and the torque to

oscillate at twice the grid frequency. In an asymmetrical voltage dip, we found both

effects simultaneously.

The oscillations at twice the grid period depend on the negative flux and therefore

on the unbalanced factor—that is, on the type and depth of the dip. The oscillations at

the grid frequency depend on the natural flux, and this flux can be higher or lower

according to the instant of the timing of the fault.

As an example, Figure 7.31 shows the behavior of the machine during a phase-to-

phase fault appearing at t¼ 0 s. This fault does not generate natural flux, so the

machine is in the steady state from the beginning.

If the dip begins a quarter of the grid period later, the dip generates the maximum

natural flux. In this case transient oscillations appear in the variables of the machine,
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Figure 7.30 Behavior of vector control during three-phase dips.
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as seen in Figure 7.32. Once the natural flux has completely decayed, the behavior is

the same as in the previous case.

7.5.2 Severe Dips

We will consider “severe” dips—those that induce an emf that causes saturation of

the rotor converter. Furthermore, since the converter doesn’t control the current

any more, this one can rise significantly, thus saturating the leakage inductances.

Under these circumstances, the system is no longer linear and the superposition

principle is not applicable. The study gets much more complicated than in the case

of “small” dips. The analytical calculation of the behavior of the machine becomes

very difficult and its study requires at least the simulation of the complete Park

model. Moreover, some authors have proposed the use of more detailed models in

order to take into account the magnetic saturation. Ekanayake et al. [10] propose a

double cage model, whereas other authors use a model based on the finite-element

method (FEM).
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Figure 7.31 Behavior of vector control during a phase-to-phase dip beginning at t¼ 0 s.
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Broadly speaking, the saturation of the rotor converter has two effects on the

system: (1) the loss of current control and (2) overvoltages in the DC-link bus.

7.5.2.1 Loss of the Current Control When the rotor converter saturates the

amplitude or its voltage reaches its maximum value, Vr,max,

Vr;max ¼ Vbusffiffiffi
3

p Dmax ð7:40Þ

where Vbus is the bus voltage of the DC link and Dmax is the maximum duty cycle

(around 97–99%).

The system can be simplified by the equivalent circuit of Figure 7.33: two voltage

sources connected through the leakage inductance of the machine.

The amplitude of the rotor current is due to the difference between the two

voltages and the value of the linking impedance. The deeper is the voltage dip, the
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Figure 7.32 Behavior of vector control during a phase-to-phase dip beginning at t¼ T/4.
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higher will be the induced emf, and the larger will be the rotor and stator currents.

The rotor speed also has an influence on the current as the induced emf is

proportional to it. Figure 7.34 shows the amplitude of the stator and rotor currents

during an 80% three-phase voltage dip.

As can be seen, the highest currents occur at the beginning of the dip, when the

natural flux is at its maximum. Inmost common turbines, the current can reach up to 3

p.u. for a full three-phase dip and even higher for a phase-to-phase dip. Unless a very

oversized converter is used, that peak will damage the semiconductors of the

converter. A protection technique, such as any of those presented in Chapter 8,

becomes compulsory.

7.5.2.2 Overvoltages in the DC-Link Bus Figure 7.34 was obtained by

simulating the machine behavior during an 80% voltage dip. For shallower dips,

the peak current will be lower and may not exceed the rotor converter limits. In

Figure 7.35, for instance, the currents during a 40%voltage dip are represented. In this

case, the problem is not the rotor current, as it is easy to design a rotor converter able to

Figure 7.33 Equivalent circuit of the rotor during a three-phase voltage dip.
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Figure 7.34 Stator and rotor currents during an 80% voltage dip.
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manage it, but theDC-link voltage that reaches very high values, as depicted in the left

half of Figure 7.36.

The DC-link bus voltage increases due to the large amount of power that the

converter absorbs while saturated. During the voltage dip this power cannot be

evacuated to the grid, because the power transference capability of the grid

converter has dropped due to the low voltage of the grid. As a result, the power

accumulates in the capacitors of the DC link and their voltage increases slowly but

incessantly. The right half of Figure 7.36 depicts the powers managed by the two

converters.
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Figure 7.35 Stator and rotor currents during a 40% voltage dip.
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Figure 7.36 (Left) DC-link voltage during a 40% dip. (Right) Power transferred by the

converters.
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7.6 CONTROL SOLUTIONS FOR GRID DISTURBANCES

7.6.1 Demagnetizing Current

The demagnetizing current is a recently developed technique to protect the DFIM

against voltage dips. As seen in Section 7.5, voltage dips, unless very shallow, cause

saturation of the rotor converter and hence loss of the rotor current control. This

technique avoids saturation of the converter by introducing an additional current into

the rotor that minimizes its voltage.

Let’s imagine, for example, a total three-phase dip. In this case, the stator voltage

becomes zero and the only flux remaining in the machine is the natural flux that

induces a high emf in the rotor converter. If nothing is done, the rotor voltage will be

very similar to the emf induced and the converter will saturate as a result. However,

by introducing a specific current into the rotor, it is possible to reduce the flux and

hence to decrease the rotor voltage. Restating the expression of the rotor flux,

Equation (6.1):

~cr ¼
Lm

Ls
~cs þ sLr~ir ð7:41Þ

From that expression we can see that the rotor flux can be reduced by introducing into

the rotor a current opposite to the stator flux:

~ir ¼ �Kd
~cs ð7:42Þ

By doing so, the rotor flux will be

~cr ¼
Lm

Ls
� sLrKd

� �
~cs ð7:43Þ

That can even be zero by adjusting the gain, Kd.

The injection of a current opposite to the magnetic flux to reduce the voltage is a

well-known technique mostly applied to brushless electrical drives. The difference

with the control described here is that now the technique is solely applied to the natural

and negative fluxes and not to the positive flux, because the positive flux does not

induce an emf. With this method, it is possible to completely cancel the natural and

negative fluxes, so that only positive flux remains, which does not cause saturation of

the rotor converter.

As a first step, the technique will be applied to protect the DFIM against three-

phase dips. Later, it will be generalized in order to deal also with asymmetrical

dips.

7.6.1.1 Implementation in Case of Three-Phase Dips The demagnetizing

technique is better understood by applying the superposition principle to themachine.

This principle has been used to analyze the behavior of the DFIM under three-phase
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dips as the addition of the positive machine and the negative machine. It will now be

used to calculate the required reference current in order to (1) demagnetize the

machine and (2) generate the desired stator powers:

. In the positive machine all the variables are synchronous. The emf is relatively

low, so the demagnetizing technique is not necessary. Still, we can introduce into

the rotor a current in order to generate the desired stator powers.Wewill apply to

this machine the basic vector control scheme depicted in Figure 7.3, so its rotor

currents will be

i�qr1 ¼ � 2

3

Ls

LmV̂fault

Ps

i�dr1 ¼ � 2

3

Ls

LmV̂fault

Qs þ V̂ fault

osLm

ð7:44Þ

where i�dr1 and i
�
qr1 are the two components of the rotor reference current, V̂ fault is

the remaining grid voltage during the dip, and Ps and Qs are the desired stator

powers.

. In the stator of the natural machine there is only a fixed natural flux that induces

a large emf in the rotor. In order to reduce the rotor voltage of this machine,

we will demagnetize its rotor by introducing a current opposite to its flux:

~i �rn ¼ �Kd
~csn ð7:45Þ

Since the stator of this machine is zero, its power is zero. There is no

electromagnetic torque either, as the phase shift between the rotor current and

the stator flux is 180�.

In the actual machine, the reference current will be the addition of the two currents

calculated above:

~i �r ¼~i �r1 þ~i �rn ð7:46Þ

By setting the reference of the rotor current to this value, we will simultaneously

decrease the rotor voltage and obtain the desired powers. Actually, the interactions

between the two machines cause additional powers, but these extra powers are

oscillating so the average values of the total stator powers are not affected.

Figure 7.37 depicts the schematic block diagram of the vector control including the

demagnetizing technique. It is interesting to compare that scheme with the one in

Figure 7.11 corresponding to basic vector control. The two highlighted boxes are the

reference currents for the two machines. The top one is related to the steady state and

was already present in basic vector control. The bottom box is the calculation of the

reference of the natural machine, that is, the demagnetizing current. During a voltage

dip, this new term will help demagnetize the machine and hence reduce the rotor
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voltage. At steady state, however, this term will be zero and will have no effect on the

behavior of the machine.

The natural flux can be calculated from the actual flux, cs, and the positive flux,

cs1. The actual flux can be estimated bymeans of the stator and rotor currents (current

model) or the stator voltage and current (voltage model) [15,16]. Considering that

during three-phase dips the actual flux is the sum of the positive flux and the natural

flux, the latter can be calculated as

~csn ¼ ~cs � ~cs1 ¼ ~cs �
V̂ fault

jos

ð7:47Þ

Figure 7.38 graphically shows the computation of the rotor current references

when applying the demagnetizing technique during a 40% three-phase dip. The total

current is the addition of the positive reference, calculated from the stator desired
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Figure 7.37 Control scheme with injection of demagnetizing current.
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Figure 7.38 Demagnetizing technique applied to a 40% voltage dip.
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powers, and the natural reference, calculated in order to demagnetize the natural flux.

Note that the set-points of the stator powers are modified during the dip in order to

generate reactive power during the dip, as required in most grid codes.

Figure 7.38 shows also the main drawback of the technique: the current necessary

to demagnetize is very high, 2.5 p.u. in the example of the figure. In some cases it is

possible to overcome this problem by choosing a lower value forKd or by limiting the

natural references. In Figure 7.39, for instance, the behavior of the machine is

compared using (1) the basic vector control and (2) a vector control with demagnetiz-

ing current that is limited so it does not exceed the rated current of themachine. As can

be seen the results are fairly satisfactory even if the demagnetization is not complete:

the current is limited to 1 p.u. except in the very beginning and the control of the

DC-link voltage has improved as the power absorbed by the converter is smaller.

Meanwhile, themachine continues to generate powers. The demagnetizing current

causes the powers to oscillate but their average value correctly tracks the set-points as

it is observed in Figure 7.40.

Furthermore, the demagnetizing technique has an additional advantage: it accel-

erates the decaying of the natural flux so the machine recovers its steady state faster.

-0.1 -0.05 0 0.05 0.1 0.15 0.2 0.25 0.3
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

time (s)

am
pl

itu
de

 o
f r

ot
or

 c
ur

re
nt

 (
p.

u.
)

demagnitizing current

basic FOC

-0.1 -0.05 0 0.05 0.1 0.15 0.2 0.25 0.3
0.9

0.95

1

1.05

1.1

1.15

1.2

1.25

time (s)

dc
-li

nk
 b

us
 v

ol
ta

ge
 (

p.
u.

) basic FOC

demagnitizing current

Figure 7.39 (Left) Rotor current during a 40% dip. (Right) DC-link voltage.
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Figure 7.40 (Left) Active stator power during a 40% dip. (Left) Reactive power.
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In Figure 7.41, the evolution of the natural flux is traced and compared with its decay,

with the basic vector control and when there is no rotor current.

The behavior during the deepest dips is not so satisfactory: the current demand is

very high. If it is limited, a large amount of power is transferred to the DC-link bus,

which causes its voltage to rise unacceptably. The technique must be backed up by a

hardware solution as will be seen in Chapter 9.

7.6.1.2 Implementation in a General Case The demagnetizing current can

be applied as well to asymmetrical voltage dips. In these dips there are two fluxes that

cause overcurrents in the rotor: the natural flux and the negative flux.A demagnetizing

current must be injected in the opposite sense to these two fluxes.

Using again the superposition principle, the rotor reference current can be

calculated as the addition of three references:

. The reference of the positive machine determines the stator powers according to

Equation (7.44), where Vfault must be replaced by the positive sequence of the

grid voltage.

. Just as in three-phase dips, in the natural machine a current will be introduced in

an opposite sense to its flux, the natural flux. This current will reduce the rotor

voltage and will accelerate decay of the natural flux.

. The reference of the negativemachinewill also be in the opposite sense to its flux

in order to avoid overvoltages in its rotor. This demagnetizing current will entail

the generation of reactive power but not active power.

Grid operators usually require the generation of reactive power during voltage

dips. It is a practical step to compute only the power transferred with the positive
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Figure 7.41 Natural flux evolution with and without demagnetizing current.
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sequence, that is, the power generated by the positive machine. The reactive power of

the negative machine will then be ignored.

The total current reference will then be the addition of three terms: the first one is

used tomatch the stator power demanded by the grid operator; the aim of the other two

terms is to reduce the rotor voltage. The whole scheme is represented in Figure 7.42.

In order to correctly calculate the current references, it is crucial to estimate the

natural and negative fluxes. Figure 7.43 depicts two alternatives to calculate these two

fluxes. In the top box a basic scheme is shown where the stator flux is calculated and

referred to three reference frames. In the synchronous reference frame the natural and

negative fluxes are seen as AC, while the positive flux is seen as DC and can be

extracted by using lowpass filters. The same operation is performed in a static

reference frame and in a reference rotating in the opposite sense in order to extract the

natural and negative fluxes, respectively.

The use of filters introduces considerable time delays and adds amplitude and

phase errors under transient conditions. Therefore, the performance of the demag-

netizing technique is degraded. Better results are attained by using the scheme

suggested by Xiang et al. [17] and shown in the bottom box of Figure 7.43.

Note that in the block diagrams of the previous figures the lines represent space

vectors, with their two components. The superscript s denotes that the space vector is

referred to a static reference frame (ab axis) whereas a denotes the use of a

synchronous reference frame (dq axis) and –a denotes an inversely rotating reference

frame (i.e., a reference frame synchronous with the negative sequence).

In order to improve the transient response of the flux estimators, it is best to avoid

the use of filters. However, it is mathematically impossible to independently estimate

. . .

Figure 7.42 Control scheme with injection of demagnetizing current.
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the natural and the negativefluxeswithout anykind offilter. Lopez et al. [18] propose a

different approach that avoids filters. The scheme, represented in Figure 7.44, does not

estimate the natural and negative fluxes, but a linear combination of these two fluxes.

By using this scheme it is possible, for example, to cancel completely the negative flux

and half of the natural flux.

The performance of this scheme can be observed in Figure 7.45, obtained for a 40%

phase-to-phase voltage dip. The dip begins at t¼ T/4, so the natural flux is maximum.

7.6.2 Dual Control Techniques

Section 7.4 discussed how unbalanced conditions in the power network greatly affect

the operation of the DFIM. An unbalanced voltage implies the presence of a negative

17

Figure 7.43 Identification of the natural and negative fluxes.

18

Figure 7.44 A different approach to estimate the natural and negative fluxes.
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sequence that causes oscillations in the torque, overcurrents in the stator and

overvoltages in the rotor.

As will be demonstrated in the following, most of these problems can be

overcome by introducing a precise amount of negative sequence in the current

references. In this way, the current references are the addition of two sequences—

one synchronized with the positive sequence of the grid voltage, and the other

synchronized with the negative one.

In order to guarantee that the two sequences are well regulated, it is necessary to

independently control each sequence. The original control loop is then substituted by

two control loops, one working in a positive rotating reference frame and the other

working in an inversely rotating frame [19]. This is why the technique is called dual

control.

Figure 7.46 shows a typical schema of a dual control. The boxes in light gray are the

two current controls: the top one regulates the positive sequence, while the bottomone

regulates the negative sequence. As shown in the figure, the measured current must be
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Figure 7.45 (Left) Rotor current during a 40% phase-to-phase dip. (Right) DC-link voltage.

Figure 7.46 Schematic diagram of dual control.
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split into its two sequences before introducing it to the current regulators. The schema

also includes the calculation of the positive and negative references from the desired

powers and the grid voltages.

As an introduction, the dual techniques are first presented when applied to a grid

connected converter. Later, the application of these techniques to a DFIM will be

discussed.

7.6.2.1 Grid Connected Converter Dual control for the DFIM stems from

the dual control schemes developed for grid connected converters [20]. Although the

techniques used in the DFIM are slightly different, the original techniques are

presented first as an introduction because they can be used in the grid part of

the back-to-back converter. Figure 7.47 shows the converter for which the dual

control is applied.

The power transferred between the converter and the grid is given by

Pg ¼ 3
2
Re

n
~vg �~i �g

o

Qg ¼ 3

2
Im

n
~vg �~i �g

o
ð7:48Þ

where Pg andQg are the active and reactive powers delivered by the converter, and vg
and ig are the space vectors of the voltage and the current of the converter.

Oscillations in the powers can easily be analyzed by using the decomposition of

voltages and currents in the positive and negative sequences:

~vg ¼ V1e
jogt þ V2e

�jogt ¼ vd1 þ jvq1
� �

e jogt þ vd2 þ jvq2
� �

e�jogt

~ig ¼ I1e
jogt þ I2e

�jogt ¼ id1 þ jiq1
� �

e jogt þ id2 þ jiq2
� �

e�jogt ð7:49Þ

whereog is the grid frequency, the subscripts 1 and 2 refer to the positive and negative

sequences, respectively, and the subscript g has been omitted.
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Figure 7.47 Grid side converter.
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Introducing the above decomposition in the expression of the grid powers leads to

P ¼ P0 þ Pcos cos 2ogt
� �þ Psin sin 2ogt

� �
Q ¼ Q0 þ Qcos cos 2ogt

� �þ Qsin sin 2ogt
� � ð7:50Þ

where the coefficients P0, Pcos, Psin, Q0, Qcos, Qsin are given by the following matrix:

P0

Q0

Pcos

Psin

Qcos

Qsin

2
666666664

3
777777775
¼ 3

2

vd1 vq1 vd2 vq2

vq1 �vd1 vq2 �vd2

vd2 vq2 vd1 vq1

vq2 �vd2 �vq1 vd1

vq2 �vq2 vq1 �vd1

�vd2 �vq2 vd1 vq1

2
666666664

3
777777775
�

id1

iq1

id2

iq2

2
6664

3
7775 ð7:51Þ

If the grid voltage is balanced, there will be no negative sequence; that is, vd2, vq2,

id2, and iq2 are zero. Therefore, the coefficients Pcos, Psin, Qcos, Qsin are null and no

oscillations appear in the powers.

With unbalanced input voltages, however, these coefficients are not equal to zero

and the powers vary with time. Since the active power is delivered to the grid from the

DC link, it determines the DC voltage level. Hence, if Pg varies then the DC-link

voltage fluctuates, and a ripple appears at twice the grid frequency.

The coefficients Qcos, Qsin express the variation of reactive power and have no

effect on thevoltage ofDC link. This iswhy they are usually removed from thematrix:

P0

Q0

Pcos

Psin

2
6664

3
7775 ¼ 3

2

vd1 vq1 vd2 vq2

vq1 �vd1 vq2 �vd2

vd2 vq2 vd1 vq1

vq2 �vd2 �vq1 vd1

2
6664

3
7775 �

id1

iq1

id2

iq2

2
6664

3
7775 ð7:52Þ

To keep a constant DC level, the coefficients Pcos, Psin must be nullified. By

inverting the matrix (7.52) the currents necessary to achieve that goal can be

calculated:

id1

iq1

id2

iq2

2
6664

3
7775 ¼ P0

D
� 2
3

vd1

vq1

�vd2

�vq2

2
6664

3
7775þ Q0

R
� 2
3

vq1

�vd1

vq2

�vd2

2
6664

3
7775 ð7:53Þ

where

D ¼ �
v2d1 þ v2q1

�� �
v2d2 þ v2q2

�
R ¼ �

v2d1 þ v2q1
�þ �

v2d2 þ v2q2
� ð7:54Þ
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If the grid converter regulates the current with the references calculated by

Equation (7.53), the power delivered to the grid will be constant and equal to the

value of P0. The average value of the reactive power can also be controlled by

adjusting the value ofQ0, although an alternating power will exist (as it is impossible

to nullify all the alternating coefficients Pcos, Psin, Qcos, Qsin).

It is interesting to note the presence of the term D in the denominator of

Equation (7.53). This term becomes smaller as the imbalance gets greater, which

means more current is necessary to transfer the same power. In the extreme of a total

phase-to-phase voltage dip, the negative sequence equals the positive one. In this case

D becomes null and therefore the machine cannot deliver any power. This entails a

limitation for the dual control that does not exist in the basic vector control.

7.6.2.2 Setting of the References In a grid connected converter the current

references have been calculated with the aim of avoiding oscillations in the DC link

while obtaining the desired average active and reactive powers. In the DFIM different

strategies may be adopted in order to minimize:

. Stator power oscillations

. rms Stator current

. Torque ripple

. rms Rotor current

. Rotor voltage

Target 1: Constant Stator Power One of the most common strategies is to obtain

constant stator power. As in the case of a grid connected converter, it is impossible to

avoid the ripple in the active power and in the reactive power at the same attempt, and

therefore only the average value of the reactive power is controlled.

The easier way to calculate the reference of the rotor currents is to proceed in two

steps: first, the stator currents that avoid the oscillations are calculated; second, the

rotor currents are obtained from the stator currents.

The first step is identical to the previously analyzed case of the grid connected

converter since the relations between the currents, the voltages, and the powers are the

same. Therefore, the stator current that guarantees a constant active power is obtained

by an expression very similar to Equation (7.53):

ids1

iqs1

ids2

iqs2

2
6664

3
7775 ¼ Ps0

D
� 2
3

vd1

vq1

�vd2

�vq2

2
6664

3
7775þ Qs0

R
� 2
3

vq1

�vd1

vq2

�vd2

2
6664

3
7775 ð7:55Þ

with

D ¼ �
v2d1 þ v2q1

�� �
v2d2 þ v2q2

�
R ¼ �

v2d1 þ v2q1
�þ �

v2d2 þ v2q2
� ð7:56Þ
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where ixsx and vxx are the different components of the stator current and the grid

voltage, respectively.

Once the stator currents have been determined, the second step involves the

calculation of the references of the rotor currents. The relationship between both

currents is given by

~ir ¼
~cs

Lm
� Ls

Lm
~is

In basic vector control, discussed in Section 7.2, the grid voltagewas assumed to be

orientated along the q axis and the stator flux was aligned with the d axis since it was

90� behind. In unbalanced conditions this is no longer true, but we find something

similar when reasoning with the symmetrical components. At steady state, and

neglecting the small voltage drop in the stator resistance, the positive flux is 90�

behind the positive sequence of the grid voltage and the negative flux is 90� ahead of
the negative voltage:

~cs ¼ c1e
jost þ c2e

�jost ¼ V1

jos

e�jost þ V2

�jos

e�jost ð7:57Þ

Combining the two previous expressions in a matrix form yields

idr1

iqr1

idr2

iqr2

2
66664

3
77775 ¼ 1

osLm

vq1

�vd1

�vq2

vd2

2
66664

3
77775� Ls

Lm

ids1

iqs1

ids2

iqs2

2
66664

3
77775 ð7:58Þ

Finally, from Equations (7.55) and (7.58) we finally obtain the reference of the

rotor current:

idr1

iqr1

idr2

iqr2

2
66664

3
77775 ¼ � 2

3

Ls

Lm

Ps0

D

vd1

vq1

�vd2

�vq2

2
66664

3
77775� 2

3

Ls

Lm

Qs0

R

vq1

�vd1

vq2

�vd2

2
66664

3
77775þ 1

osLm

vq1

�vd1

�vq2

vd2

2
66664

3
77775 ð7:59Þ

The first term of the expression is the rotor current that involves a transfer of a constant

active power. The second term is related to the reactive current. The third term is the

magnetizing current, that is, the current that we must inject into the rotor even if we

don’t want to generate any power.

Target 2: Balanced Stator Currents The control system can also be addressed to

avoid the negative sequence of the stator current and hence balance the current. This

strategy is chosen sometimes with the objective to minimize the rms stator currents.
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Without a negative sequence in the stator currents, it is inevitable that the active and

reactive powers delivered to the grid would oscillate, but the system can still control

their average values, Ps0 and Qs0.

As in previous cases, the active and reactive powers may be separated into their

oscillating components:

Ps ¼ Ps0 þ Ps cos cos 2ogt
� �þ Ps sin sin 2ogt

� �
Qs ¼ Qs0 þ Qs cos cos 2ogt

� �þ Qs sin sin 2ogt
� � ð7:60Þ

The average powers P0, Q0, are given by

Ps0

Qs0

" #
¼ 3

2

vd1 vq1 vd2 vq2

vq1 �vd1 vq2 �vd2

" #
�

ids1

iqs1

ids2

iqs2

2
66664

3
77775 ð7:61Þ

Toobtain balanced stator currents, ids2 and iqs2must be null. The stator currentmust

then be

ids1

iqs1

ids2

iqs2

2
66664

3
77775 ¼ 2

3

1

v2d1 þ v2q1

vd1 vq1

vq1 �vd1

0 0

0 0

2
66664

3
77775 � Ps0

Qs0

" #
ð7:62Þ

From this expression, and using the relationship between the stator and the rotor

current, Equation (7.57), developed in the previous point, we obtain the references of

the rotor current:

idr1

iqr1

idr2

iqr2

2
66664

3
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3

Ls
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1

v2d1 þ v2q1
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0 0

0 0
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3
77775 � Ps0

Qs0

" #
þ 1

osLm

vq1

�vd1

�vq2

vd2

2
66664

3
77775 ð7:63Þ

Target 3: Constant Electromechanical Torque Unbalanced voltages in the

stator cause a ripple in the electromechanical torque. Obtaining constant

electromechanical torque can be advantageous with regard to mechanical stresses

since it avoids vibrations in the shaft.

Since the rotational speed can be considered unvarying, constant torque means

constant power. The mechanical power delivered by the machine is

Pmec ¼ 3

2

Lm

Ls
oIm ~cs �~i �r

n o
ð7:64Þ
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As for the stator power, the mechanical power also has a constant power and an

oscillating term at double the grid frequency:

Pmec ¼ Pm0 þ Pm coscos 2ostð Þ þ Pm sinsin 2ostð Þ ð7:65Þ
The objective then becomes to nullify the coefficients Pm cos and Pm sin.

From Equation (7.64) and using the expression for the stator flux, Equation (7.57),

we obtain

Pm0

Pm cos

Pm sin

2
64

3
75 ¼ 3

2

Lm

Ls

o
os

�vd1 �vq1 vd2 vq2

vd2 vq2 �vd1 �vq1

vq2 �vd2 vq1 �vd1

2
64

3
75 �

idr1

iqr1

idr2

iqr2

2
66664

3
77775 ð7:66Þ

The rotor currents give 4 degrees of freedom, so to solve the above equation it is

necessary to add one more condition. The most common one is to impose the reactive

power expressed by Equation (7.61). From these equations the currents can be

isolated, resulting in
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iqr1
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iqr2
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D
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þ 1
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vd2

2
66664

3
77775 ð7:67Þ

Target 4: Balanced Rotor Currents It can also be interesting to obtain balanced

rotor currents, imposing a negative sequence null for the rotor references. In fact, this

strategy is very similar to the basic vector control, which operates only with a positive

sequence. The only difference is that now the negative sequence is explicitly driven to

zero by means of the negative current controller.

The references for this strategy are calculated as

idr1

iqr1

idr2

iqr2

2
66664

3
77775 ¼ � 2

3

Ls

Lm

1

v2d1 þ v2q1

vd1 vq1

vq1 �vd1

0 0

0 0

2
66664

3
77775 � Ps0

Qs0

" #
þ 1

osLm

vq1

�vd1

0

0

2
66664

3
77775 ð7:68Þ

As can be observed, the expression is very similar to target 2 (balanced stator

currents) but in this case the magnetizing current has no negative sequence.

Target 5: Minimum Rotor Voltage With very unbalanced grid voltages, the main

problem of the DFIM is not the oscillation of the stator power, the rms currents, or the

torque ripple, but the rotor voltage. As analyzed in Section 7.5, the rotor voltage in
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unbalanced conditions can become very high. If this voltage exceeds its maximum,

the rotor converter saturates and the regulators lose control of the currents. None of the

previous strategies solve this problem. In order to minimize the rotor voltage the rotor

current must be in the opposite sense of the negative sequence of the stator flux. By

doing so, the total negativeflux in the rotor is reduced or even canceled, as discussed in

Section 7.6.1.

The following expression gives the reference currents calculated to cancel the

negative rotor flux. The first term of the equation gives the currents involved in the

transfer of the stator powers. The second term gives the necessary current to

magnetize the machine. Finally, the third term is the demagnetizing current that has

been calculated, taking into account that the negative flux is shifted 90� clockwise of
the negative grid voltage (vd2, vq2).
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2
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3
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ð7:69Þ

7.6.2.3 Comparison The responses of the different alternatives of dual control

are shown in Figures 7.48 to 7.50. The machine was rotating 20% above the

synchronous speed (slip¼�20%) and generating the rated power when, at

t¼ 0.5 s, a single-phase dip appears causing an unbalanced factor of 4%. The first

result has been obtained using the basic vector control presented in Section 7.2. The

others five pictures correspond to the five targets discussed.

As expected, the first strategy achieves elimination of the active power oscillation

and slightly reduces the torque ripple. The results of the third strategy are somewhat

opposite; the torque ripple is eliminated but only a small fraction of the power

oscillations are damped. The second and fourth strategies (stator and rotor balanced
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Figure 7.48 Powers: (left) single reference frame; (right) dual control with target 1.
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currents) are very similar and seem to be an average solution since they damp at the

same time the oscillations of both active power and torque.

Finally, the fifth strategy reduces the rotor voltage and, by doing so, avoids almost

completely the oscillations of the rotor power. This last solution therefore helps to

keep a constant level in the DC link of the back-to-back converter.

Table 7.1 shows the rms stator and rotor currents when the different strategies are

used. As can be seen, all the strategies are very similar, and therefore, the minimiza-

tion of the current does not seem to be a good criterion to choose the strategy.

The same results are obtained for different powers, slips, or unbalanced factors.

Only the fifth strategy seems to bemore current demandingwhen the generated power

is low or the unbalanced factors increase.

7.6.2.4 Current Controllers The first versions of dual control only used one

current regulator (made up of two PIs, one for the d axis and the other for the q axis),

typically implemented in a synchronous reference frame. The input of the controller

is then the addition of the two sequences, as represented in Figure 7.51.

As the reference frame rotates in the same sense as the positive sequence, this

sequence appears as DC and it is well regulated. The negative sequence, however,
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Figure 7.49 Powers using dual control: (left) target 2, (right) target 3.
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Figure 7.50 Powers using dual control: (left) target 4, (right) target 5.
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appears as a double-frequency component (i.e., its components oscillate at twice

the grid frequency, 100Hz or 120Hz) so it is not easy to regulate unless the control

gain is increased. Since large gains usually cause instabilities, this option is not

usually chosen.

In order to overcome this problem, typical schemes of dual control use independent

current controllers for the positive and negative sequences. The positive sequence is

regulated by a controller in a positive synchronous reference frame, which rotates

counterclockwise, while the negative sequence is controlled in a negative frame that

rotates clockwise. Since each sequence is seen as a DC value by its controller, this

approach yields better performance without increasing the control gain.

Themain idea of these schemes is that each controller regulates only one sequence.

The feedback of the controllers must therefore be the sequence being controlled.

That requires extracting the two sequences from the measured currents. In each

reference frame one sequence appears as DCwhile the other appears at 100 or 120Hz

so the sequences can easily be extracted by the use of a lowpass filter or a notch filer

tuned at that frequency (Figure 7.52).

As the process of extracting positive and negative sequence components is time

consuming and adds amplitude and phase errors to the signals, the system is not

properly decoupled under transient conditions. Therefore, system performance and

stability are degraded. Furthermore, even when the network is perfectly balanced, the

control system still has to split the current and flux and perform positive and negative

sequence current controls. This unnecessarily affects the dynamic performance of

the overall system.

In order to improve performance under transient conditions, a technique referred to

as delayed signal cancellation (DSC) is often used. This technique allows one to

achieve accurate information on the positive and negative sequence with a time delay

of one-quarter of a period (5ms at 50Hz). A good explanation of the method can be

found in Svensson et al. [21].

TABLE 7.1 Stator and Rotor rms Currents for Different Strategies

rms Current Basic Vector Control Target 1 Target 2 Target 3 Target 4 Target 5

Stator 1.03 1.04 1.03 1.04 1.03 1.04

Rotor 1.17 1.17 1.16 1.17 1.16 1.17

Figure 7.51 Dual control scheme using a single reference frame.
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Others authors have proposed techniques that avoid some or all of the filters.

Xu [22], for example, proposes using a main controller and an auxiliary controller.

The main controller is designed in the same way as for conventional control without

involving any sequence separation. Since it is implemented in a positive synchronous

reference frame, it achieves good tracking for the positive sequence but not for the

negative sequence. Regulation of this sequence is assured by the auxiliary controller

that is implemented in a negative frame. Since this controller is specific for the

negative sequence, it requires the extraction of that sequence and, hence, the use of

filters (Figure 7.53).

A comparison of the different current controllers discussed is depicted in

Figure 7.54. On the left half, the step response of the q-axis current is presented

Figure 7.52 Dual control scheme using a sequence separator.

Figure 7.53 Dual control scheme with hierarchical controllers.
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under balanced conditions. The best behavior corresponds to control with only one

single reference. The other alternatives behave very similar except for the notch filter

that achieves a notably degraded response.

The comparison varies under unbalanced conditions where a negative sequence

has to be controlled. The left picture represents the electromagnetic torque obtained

when using target 3, that is, trying to avoid the torque ripple. At t¼ 0.5 s a step ismade

in the torque set-point in order to check the transient response of the different schemas.

As can be observed, control with only one single reference is unable to track the

negative sequence and thus it does not avoid the torque ripple. The other schemas

control the negative sequence much better, reducing the ripple. The schema with

notch filters again results in the worst transient behavior.

Other possible current controllers include the use of PIwith resonant compensators

tuned at twice the grid frequency to avoid the tracking error on the negative

sequence [23].

7.7 SUMMARY

This chapter has studied the basics but has also ventured on to some advanced aspects

of vector control applied to DFIM based wind turbines. We examined how the vector

control regulates the active and reactive powers by setting the reference rotor dq

current components in a synchronous reference frame.

The currents are controlled by means of two independent closed-loop regulators

that calculate the rotor voltage components, vdr and vqr. These components are

transformed into rotor coordinates and passed to a three-phase voltage source inverter

by a PWM modulator.

The reference frame can be orientated with the stator flux or with the grid voltage.

In steady state both methods are equivalent, but their transient behavior is very

different. The stator-flux orientation becomes unstable when the d component of the

rotor current is high. Besides, the control system is not linear and its modeling is

complicated.
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Figure 7.54 Step response of different control techniques.
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On the other hand, grid flux orientation stability is not influenced by the rotor

current. With that orientation the control system is linear and easy to model.

In addition, tuning of the current regulators affects the system stability and

may cancel the damping of the natural flux. If the perturbation rejection of the

regulators is high, the flux decays with the stator time constant. In any other

case, the flux damping is modified: slightly accelerated if the proportional

action is predominant and reduced if the integral action is predominant. In the

latter case, the damping can be canceled out so the system would become

unstable. However, that problem is avoidable by introducing into the rotor a

demagnetizing current.

Under unbalanced conditions, a negative sequence is added to the stator flux. As

a consequence, a large amount of negative current flows through the rotor and

stator. These currents are caused by the emf induced by the negative flux and their

amplitudes depend on the current regulator rejection to a perturbation at twice the

grid frequency. In addition, a second harmonic pulsation appears in the torque and

stator powers.

Under a voltage dip, a transient natural flux appears in the stator. Moreover, if

the dip is asymmetrical, an additional negative flux is added. These two fluxes can

induce high emfs in the rotor. The vector control behavior under voltage dips

largely depends on whether or not these overvoltages cause saturation of the rotor

converter.

If the dip is deep enough to cause saturation, the converter loses control of the rotor

current. In the case of very deep dips, the current rises to very high values that can

damage the converter if no countermeasures are taken. Even for smaller dips, the

converter absorbs a large amount of power that cannot be evacuated to the grid.

The energy is then accumulated in the DC-link capacitors and can cause dangerous

overvoltages. A commonly used solution is to provide the DC link with a braking

chopper.

However, even if the converter does not saturate, the voltage dip affects the

behavior of the machine. The natural flux causes transient oscillations at the grid

frequency in the torque and stator powers. In the case of asymmetrical dips, the

negative flux causes additional permanent oscillations at twice the grid frequency.

The emf induced by the natural and negative fluxes can be reduced by introducing

into the rotor a demagnetizing current, that is, a current in the opposite sense to these

two fluxes. This current avoids saturation of the rotor converter and minimizes

the power transferred to theDC link. Furthermore, it accelerates the transient response

so the machine reaches the steady state faster.

Several techniques of dual control have been presented that provide enhanced

behavior during a network imbalance. Using these techniques, it is possible to reduce

the torque ripple or the stator power oscillations. Another possibility is to provide

balanced stator currents.

Once the vector control has been analyzed in depth in this chapter, the reader is

ready to explore an alternative control solution detailed in the next chapter—the direct

control technique.
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CHAPTER 8

Direct Control of the Doubly Fed
Induction Machine

8.1 INTRODUCTION

In Chapter 7, probably the most extended control strategy for DFIM based wind

turbines was analyzed, that is, the vector control (or field oriented control) technique.

Apart from that, as these wind turbines are required to operate under a disturbed grid

context, different adaptations of the classic and standard vector control for this faulty

scenario were examined.

In this chapter, an equivalent exposition and analysis procedure is given alongwith

other widely extended control techniques not only for DFIM based wind turbines, but

also for drives in general: direct control techniques.

Direct control techniques are an alternative control solution for AC drives, in

general, that present control principles and performance features, different from

vector control techniques, as shown in this chapter. Many authors haveworked in this

field, developing many different versions of direct control techniques, suitable for

application in DFIM based wind turbines. It is outside the scope of this chapter to

describe all these variants of direct control techniques; only some of the most

representative ones are examined. In fact, only the first developed versions of direct

control techniques are studied in depth, accompanied by a newer variant known as

predictive direct control techniques.

Once different versions of direct control techniques for DFIM based wind

turbines are analyzed, as was done in Chapter 7, they are adapted to handle the

difficulties demanded by a faulty grid scenario. Therefore, this chapter is structured

as follows.

First, the basic principles of direct control techniques are presented, by analyz-

ing in detail two of the original versions: direct torque control (DTC) and direct

power control (DPC). Both controls share a common basic structure and philoso-

phy, but they are oriented to directly control different magnitudes of the machine

leading to slight differences. DTC seeks to control the torque and rotor flux

Doubly Fed Induction Machine: Modeling and Control for Wind Energy Generation,
First Edition. By G. Abad, J. López, M. A. Rodr�ıguez, L. Marroyo, and G. Iwanski.
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amplitude of the machine, while DPC controls the stator active and reactive powers.

Both solutions guarantee control of the machine, achieving reasonably good control

performances.

Second, an improved version of direct control techniques is studied, designed

to avoid one of the most important drawbacks of direct control techniques as

initially enunciated: the nonconstant switching frequency behavior. Thus, predic-

tive direct control techniques, based on the same principles as direct control

techniques, achieve operation at constant switching frequency by means of a

slight increase in the complexity of the control. As done in the previous part, both

versions of predictive direct torque control (P-DTC) and predictive direct power

control (P-DPC) are examined. All of the direct control versions studied until

this stage are applied, considering the use of a two-level voltage source converter

(2L-VSC). One specific characteristic of these control techniques requires that

the topology of the converter matches control design; that is, if a different

converter topology is employed, the corresponding modifications to the control

must be addressed.

Third, extension of the predictive direct control techniques to multilevel converter

topologies is carried out. Again, P-DTC and P-DPC techniques are developed for the

most commonly used multilevel converter topology: the three-level neutral point

clamped (3L-NPC) converter.

Finally, adaptation of these direct control techniques is extended to a faulty

environment of the grid voltage. The disturbances considered are voltage imbalance

of the grid voltage and voltage dips. If special attention is not paid to these

disturbances, that is, control of the wind turbine is unaltered, this situation would

lead to undesired behavior (and often not permitted by the grid codes) of the wind

turbine during the fault. Thus, the modifications required to handle these disturbances

are studied, for DTC and DPC techniques.

In this way, the reader is providedwith advanced control material applied to DFIM

based wind turbines, enhancing knowledge of advanced control techniques and of

wind turbine technology in particular.

8.2 DIRECT TORQUE CONTROL (DTC) OF THE DOUBLY FED
INDUCTION MACHINE

The simplest version of DTC technique is studied in this section. This DTC version

has also been reported in the literature as “classic DTC.” This control technique has

the following general characteristics:

. Fast dynamic response

. On-line implementation simplicity

. Reduced tuning and adjustment efforts on the part of controllers

. Robustness against model uncertainties

. Reliability
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. Good perturbation rejection

. Nonconstant switching frequency behavior

In broad terms, these features are accepted as reasonably good; however, its

nonconstant switching frequency behavior is its main drawback. This particular

characteristic consists of a nonconstant switching behavior of the controlled switches

of the converter used to supply the machine, leading in general to nonuniform

semiconductor losses that require special attention. In addition, this nonuniform

behavior also affects variables of themachine, such as the torque, currents, and fluxes,

leading in an equivalent way to nonuniform behavior of the ripples of these variables.

This nonuniform performance depends on the operation conditions of the machine;

therefore, depending on, for instance, the operation speed, torque, or rotor flux

amplitude, the working switching frequency of the converter would be different and

consequently the same would occur for the ripple behavior of variables such as the

torque, currents, and fluxes. However, this particular characteristic of direct control

techniques, in general, can be partially mitigated or even eliminated, as will be shown

later in subsequent sections.

On the other hand, the DTC is based on a direct control of two magnitudes of the

DFIM, that is, the electromagnetic torque and the rotor flux amplitude of themachine.

The background theory ofDTC studied in this section embraces the basic principles of

control strategies that will be further developed in later sections.

Finally, Figure 8.1 summarizes graphically a general classification of control

techniques for AC machines. There is a wide range of control possibilities; however,

within vector based control, field oriented control and direct control are the most

representative. In this chapter, both versions of direct control are studied: direct torque

control (DTC) and direct power control (DPC) under a circle flux trajectory basis.

Added to this, the predictive direct control is also covered, satisfying a strong

requirement—the constant switching frequency behavior.

8.2.1 Basic Control Principle

The DTC technique is based on a space vector representation of the achievable output

AC voltages of the converter used for supplying, in this case, the two-level VSC.

Figure 8.2 shows this space vector representation. The following can be remarked

about DTC in an initial stage:

. There are two variables of the DFIM that are directly controlled: the torque and

the rotor flux amplitude.

. The rotor flux and stator flux space vectors rotate clockwise (subsynchronism) or

anticlockwise (hypersynchronism) to a distance noted by the angle d.
. Bymodifying the distance between the space vectors, it is possible to control the

torque.

. In order to influence the rotor flux trajectory and amplitude, different voltage

vectors are injected into the rotor of the machine. These voltage vectors are
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provided by the voltage source converter that supplies the rotor, in this case, a

two-level voltage source converter (Figure 8.3).

. Based on the space vector representation and analysis of all these magnitudes,

the basic principles of the DTC can be studied.

. The DTC technique is very closely associated with the voltage source converter

that is used. It creates directly the pulses for the controlled semiconductors of the

converter, without using any modulation schema.

From Chapters 3 and 4, we know that the torque can be expressed according to the

following equation:

Tem ¼ 3

2
p

Lm

sLrLs
j~crj � j~csjsind ð8:1Þ

Notice that the torque depends on the stator and rotor flux amplitudes and the angle

d between the space vectors. From this basic relation, we can deduce the following:

1. The direct connection of the stator to the grid creates a stator flux, as seen in

Chapter 7. Hence, the stator flux space vector has constant amplitude and

rotating speed, depending on the stator voltage applied.
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Figure 8.2 Flux spacevectors in the rotor reference frame in (a)motormode and (b) generator

mode.
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Figure 8.3 Two-level voltage source converter based on IGBTs.

DIRECT TORQUE CONTROL (DTC) OF THE DOUBLY FED INDUCTION MACHINE 367



2. By controlling the rotor flux amplitude and the angle d, it is possible to control
the torque magnitude to the desired value.

3. Hence, by creating a rotor flux space vector that rotates at the same angular

speed as the stator flux to a distance d, it is possible to control themachine, since

the torque is also controlled.

Therefore, in order to create the desired rotor flux, the appropriate rotor voltage

must be applied to themachine.We use the rotor voltage equation expressed in theDQ

reference frame:

~vrr ¼ Rr
~irr þ

d~cr
r

dt
ð8:2Þ

Mainly to avoid confusing nomenclature, this chapter assumes that themachine being

studied has factor u¼ 1. Otherwise, if a general case is being studied (u 6¼ 1), the

voltage created by the converter (denoted in space vector form) and the rotor voltage

space vector would be related also by this factor u.

In addition, for simplicity in exposition, it is possible to neglect the voltage drop in

the rotor resistance:

~vrr ffi
d~cr

r

dt
ð8:3Þ

This last expression clearly shows that by applying the necessary voltage to the rotor,

it is possible to directly influence the rotor flux. Assuming a constant time injection h

of the rotor voltage, the approximated relation between the initial and final rotor flux

amplitude yields

j~cr
rjfin ffi j~cr

rjini þ
ðh
0

~vrr dt ð8:4Þ

Considering constant rotor voltage injection during h, we find

j~cr
rjfin ffi j~cr

rjini þ~vrr h ð8:5Þ

We can see how, by injecting different rotor voltage vectors, the rotor flux

amplitude is controlled. Figure 8.4 illustrates the DTC operation principle:

. Initially, it is assumed that the stator flux space vector and the rotor flux space

vectors are rotating in a subsynchronous direction as shown in Figure 8.4a.

. When the rotor of the machine is fed by a two-level voltage source converter

(VSC), there are eight different voltage possibilities to apply in the rotor (V0, V1,

V2, V3, V4, V5, V6, V7), as illustrated in Figure 8.4b.

. From all eight voltage possibilities, in general, only some of them are permitted,

depending on where the rotor flux space vector is located. Figure 8.4c shows
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four possible voltage vector injections (V2, V3, V5, V6) when the rotor flux space

vector is located in sector 1.

. Figure 8.4d graphically illustrates the rotor flux space vector variation, after

injection of voltage vector 3. Assuming that the stator flux rotates very slow, so

that during the h time interval the stator flux has not moved, the consequence of

the voltage injections is:

T The rotor flux amplitude has been reduced.

T The angle d has also been reduced.

T Both magnitude reductions yield a reduction in the torque, as deduced from

expression (8.1).

Repeating a large sequence of different voltage injections (with different applica-

tion time h1, h2, etc.) and now considering that the stator flux is rotating, it is possible

to show how the rotor flux follows a circular trajectory behind the stator flux.
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Figure 8.4 Space vector representation of stator and rotor fluxes, in DQ rotating reference

frame: (a) initial stator and rotor flux locations, (b) hexagonvoltages of the two-level converter,

(c) four possible voltage vectors to modify the rotor flux location, and (d) rotor flux variation

with V3 injection.
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Figures 8.5 and 8.6 show that, by injecting different voltage vectors, the rotor

flux describes a nearly circular trajectory. Note that when the smaller injection

time hi is taken, the appearance of the described trajectory by the rotor flux is more

circular.

(a) (b)

(c) (d)

(e) (f)

Figure 8.5 Trajectory representation of stator flux and rotor flux space vectors with different

voltage vector injections having different durations (only active vectors): (a) 1st sector, (b) 2nd

sector, (c) 3rd sector, (d) 4th sector, (e) 5th sector, and (f) 6th sector.
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8.2.2 Control Block Diagram

The control block diagram of the direct torque control (DTC) strategy is illustrated in

Figure 8.7. The directly controlled variables are the electromagnetic torque and the

rotor flux amplitude. From the torque and flux references, the control strategy

calculates the pulses (Sa, Sb, Sc) for the controlled semiconductors of the two-level

voltage converter.

By following the flux trajectory philosophy introduced in the previous subsection,

this control technique selects the appropriate voltage vectors to keep the machine

controlled.

The control strategy is divided into five different tasks, schematically represented

in five different blocks:

1. Estimation block

2. Torque ON–OFF controllers

3. Flux ON–OFF controller

4. Voltage vector selection

5. Pulse generation block

Each block is described in subsequent sections in detail.
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Figure 8.6 Trajectory representation of rotor flux space vector with different voltage vector

injections having different durations (only active vectors) during one cycle.
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8.2.2.1 Estimation Block As mentioned before, the directly controlled

variables are the torque and the rotor flux. Unfortunately, since these variables

cannot be measured in an easy way, in general, they are estimated from measured

magnitudes of themachine. In this case, the torque and the rotor flux amplitude can be

estimated as shown inFigure 8.8. First, from the rotor and stator currentmeasurements

togetherwith the rotor angular position �m, the stator and rotor flux ab components are

estimated. Second, the torque and rotor flux amplitudes are immediately calculated.

As will be studied in Chapter 10, this is just a simple example of how these variables

can be estimated; many alternative estimation methods are possible.

In addition, once the rotor flux ab components are estimated, it is also necessary to

calculate the position where the rotor flux vector lies, that is, the rotor flux angle. This

angle provides the rotor flux location; with this angle, the sector is derived according

to Table 8.1.
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Figure 8.7 Direct torque control (DTC) block diagram.
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8.2.2.2 Voltage Vector Selection and ON–OFF Hysteresis
Controllers The DTC technique selects the required rotor voltage vector

directly from the rotor flux and electromagnetic torque errors, using hysteresis

ON–OFF controllers (blocks 2 and 3 from Figure 8.7). It chooses the needed

voltage vector to correct the errors in the controlled variables.

The flux controller is based on a two-level hysteresis comparator with HF

hysteresis band, while the torque controller uses a three-level hysteresis comparator

with HT hysteresis band. The schematic representation of these two controllers is

shown in Figure 8.9.

Depending on the value of the torque error, the output uTem can take a value of�1,

0, or 1. uTem¼ 0 means zero rotor voltage vector requirement, as will be shown later.

Similarly, depending on the value of the flux error, the output uj~crj can take only a

value of �1 or 1 (not 0). Note that these tasks can be very simply implemented in a

digital based control board.

As mentioned in the introduction to this chapter, the reader can find different

alternative hysteresis philosophies or variants in the specialized literature. However,

this section seeks to concentrate exclusively on a representative one.

Once the uTem and uj~crj signals are defined by means of the ON–OFF controllers,

together with the information about the rotor flux space vector position (i.e., the

sector), it is possible to select the rotor voltage vector. It is chosen from Table 8.2.

The voltage vectors are selected from the ON–OFF controllers’ outputs and the

sector where the rotor flux space vector is located. As an example, if the rotor flux

TABLE 8.1 Sector Versus Angle Look-up Table

Rotor Flux Angle Sector

(270�, 30�) 1

(30�, 90�) 2

(90�, 150�) 3

(150�, 210�) 4

(210�, 270�) 5

(270�, 30�) 6

(a) (b)

1

–1

–HF HF

|re| ψ

|ru| ψ

0

–1

HT

1

–HT

uTem

eTem

Figure 8.9 (a)ON–OFF electromagnetic torque controller with hysteresis band. (b)ON–OFF

rotor flux controller with hysteresis band.
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space vector is located in sector 5, uTem¼1 and uj~crj ¼ �1, the selected voltage

vector is V3. For each sector, only four active vectors are permitted (V(k-2), V(k-1),

V(kþ 1), V(kþ 2),) and the zero vector (V0, V7).

The reader can deduce how this table is created, by the analysis of Section 8.2.1.

Note that the zero vector produces nearly zero rotor flux variation (Equation (8.5)) and

also very small positive or negative torque variation, depending on the subsynchro-

nous or hypersynchronous operation of the machine. This fact is illustrated graphi-

cally in Figure 8.10. Due to the fact that the zero vector maintains the rotor flux

unaltered, the stator fluxmovement produces an angle d increase (subsynchronism) or

decrease (hypersynchronism), provoking a torque increase or decrease, respectively

(Equation (8.1)).

When the output of the ON–OFF controller is set to 1, it means a positive variation

requirement. On the contrary, when the output is set to –1, a negative variation is

required. According to these requirements, the adequate active voltage vector is

injected. Alternatively, when the output of the torque ON–OFF controller is set to

zero, and in order to minimize the torque and the flux ripples, the zero vector is

injected.

Nomatter how large the flux error is, if the torque controller output is equal to zero,

the voltage vector injected will be a zero vector. It must be highlighted that the zero

vector is not really needed to keep the torque and flux controlled; however, it is used to

TABLE 8.2 Vector Selection as a Function of the Torque and Flux ON–OFF

Controller Outputs (k¼ Sector)

uTem

1 0 �1

uj~crj 1 V(k�1) V0, V7 V(kþ 1)

�1 V(k�2) V0, V7 V(kþ 2)
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Figure 8.10 (a) The d angle increase (Tem increase), due to a zero vector injection at

subsynchronism. (b) The d angle decrease (Tem decrease), due to a zero vector injection at

hypersynchronism.
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reduce the torque and flux ripples at steady state operation. For almost every

application of DTC, it is advantageous if the torque and flux ripples are minimized

asmuch as possible.We can say that zero voltagevector injection is commonly used in

many DTC schemas.

Deeper analysis showing the exact torque and flux variation, depending on the

voltage vector injected and the operating point of the machine, is carried out in

subsequent sections.

Finally, Table 8.2 (not considering the zero vectors effect) can be expressed

graphically as illustrated in Figure 8.11.

8.2.2.3 Pulse Generation Once the vector that will correct the torque and flux

errors is selected, the next task is to create the pulses for the controlled

semiconductors of the two-level converter. For the analyzed DTC technique, this

task is simple. We use Table 8.3 to determine the voltage vector injected. More

sophisticated DTC schemas require a more complex pulse generation, as studied in

subsequent sections.

8.2.2.4 Torque and Flux Waveforms Here, the typical steady state behavior

of the directly controlled variables is shown under DTC. Figure 8.12 illustrates the

torque and rotor flux amplitude waveforms when the machine operates at

hypersynchronous speed.

If a reduction of the torque and flux ripples is required to improve accuracy in the

controlled variables, the hysteresis bandwidths of both controllers (HTandHF) should
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Figure 8.11 Voltage vectors and their effect on the torque and rotor flux amplitudes at

subsynchronous speed in the motor mode.
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be set to small values. Unfortunately, there exists a limit for those values, related to the

minimum switching sample period (h) of the hardware used for the implementation

and minimum conduction time of semiconductors. Hence, an overshoot in torque or

flux beyond the hysteresis bands is unavoidable.

Figure 8.12 displays a short period of time at the beginning of the third sector.

Torque overshoot occurs three times; when the flux goes beyond the hysteresis band

limit, the inevitable torque and flux ripples are produced.

In any case, if reduced torque and flux ripples are required, in general, a small

hysteresis band should be used together with a small sample time period (h).

Nevertheless, the choice of the hysteresis bands is not so obvious even for a given

sample time (h), since theywill produce different torque and flux ripples depending on

the operation conditions of the machine.

TABLE 8.3 Pulse Generation Look-up Table

Vector Sa Sb Sc

V0 0 0 0

V1 1 0 0

V2 1 1 0

V3 0 1 0

V4 0 1 1

V5 0 0 1

V6 1 0 1

V7 1 1 1

Active 
Vector

V2

Zero 
Vector 

HT

Tem
*

Tem

HT

h

HF

HF

Zero 
Vector 

Active 
Vector

V2

*|| rψ

|| rψ

Zero 
Vector

Figure 8.12 Steady state torque and flux waveforms at hypersynchronism.
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Figure 8.13 shows theDQ plot of the stator and rotor fluxes of themachine. It can be

noticed that since the stator is supplied directly from a sinusoidal voltage from

the grid, the stator flux describes a circular trajectory. However, due to the hysteresis

band selected for the rotor flux in DTC, there is a ripple superimposed on its circular

trajectory.

Under these circumstances, the slopes of the electromagnetic torque and the rotor

flux variations, due to an activevector or zero vector selection, take on different values

depending on the operating conditions; the converter that supplies the rotor operates at

variable switching frequency.

8.2.3 Example 8.1: Direct Torque Control of a 2 MW DFIM

This example shows a 2MW DFIM, controlled by the DTC technique described in

this section. The hysteresis band of the torque ON–OFF controller is set to 5% of the

rated torque, while the flux hysteresis is set to 1.5% of the rated flux. The machine

operates at constant subsynchronous speed ompu¼ 0.75. The DC bus voltage of the

bidirectional converter is controlled to 1000V by the grid side converter.

At the beginning of the experiment the machine operates as a generator at nominal

torque. In the middle of the experiment, the torque is reversed to positive, so the

machine begins to operate as a motor. Hence, this experiment shows the steady state

and transient performances with DTC. Figure 8.14 displays the most characteristic

variables of the machine.

Figures 8.14a and 8.14b illustrate the torque and flux behaviors, when the DFIM is

directly connected to the grid through the stator. In the middle of the experiment, the

torque is reversed from nominal negative (generator) to nominal positive (motor). A

very quick and safe transient response is seen, since the torque reaches the new

Figure 8.13 Stator and rotor fluxes DQ plot: (a) HT ¼17%, HF¼ 5.5% and (b) HT¼ 17%,

HF¼ 0.55%.
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reference value without further overshoot than that defined by the hysteresis band of

the ON–OFF controller, as shown in Figure 8.14c. In addition, the flux is also not

affected by the transient. On the other hand, the sector where the rotor flux space

vector is located is presented in Figure 8.14d.

Finally, the stator and rotor currents behaviors are shown in Figure 8.14e and 8.14f,

demonstrating that despite a very severe change of torque, the currents do not

overshoot. Note that at steady state, the ripple present in the stator and rotor currents

is an image of the torque and flux ripple.

In a similar way, Figure 8.15 illustrates the rotor voltages and the pulses of the

controlled semiconductors for the same experiment of the previous figure.
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Figure 8.14 A 2MW DFIM controlled by DTC at subsynchronous speed: steady state and

transient response. (a) Torque and rotor flux amplitude, (b) abc stator voltages, (c) zoom of the

torque and rotor flux amplitude, (d) sector, (e) abc stator currents, and (f) abc rotor currents.
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Figures 8.15a and 8.15b, show the rotor voltages and its spectrum. Notice how

there is a group of higher amplitude harmonics around 800Hz. This shape of spectra is

typical for DTC driven systems. Instead of being more localized around one specific

frequency, as in sinusoidal pulsewidthmodulation techniques, for instance, the higher

amplitude harmonics appear grouped in a wider area. Note also that the real rotor

voltages are shown, rather than the stator referred voltages.

Figures 8.15c and 8.15d show the pulses for the controlled semiconductors, after

choosing the voltage vectors required to correct the torque and rotor flux errors.

On the other hand, Figure 8.16 shows avariable speed experiment. The speed of the

machine is modified from hypersynchronism to subsynchronism. The torque and the

flux references are unaltered. In this case the hysteresis of the torque is set to 8%while

the flux hysteresis is set to 1%.

Figures 8.16a and 8.16b showhow the torque and flux ripple behaviors are different

at hypersynchronism and subsynchronism. Figures 8.16c and 8.16d show the stator

and rotor current behaviors.

8.2.4 Study of Rotor Voltage Vector Effect in the DFIM

As studied in the previous subsection, the DTC strategy, as it was initially developed,

determines rotor voltage vectors in order to control directly the rotor flux and
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Figure 8.15 A 2MW DFIM controlled by DTC at subsynchronous speed: steady state and

transient response. (a) abc Rotor real voltages, (b) spectrum of a phase rotor voltage, (c) pulses

of the controlled semiconductors, and (d) zoom of the pulses of the controlled semiconductors.
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the electromagnetic torque of the machine. Depending on the operation conditions of

the machine and the position of the rotor and stator flux space vectors expressed in the

rotor reference frame (DQ), the rotor voltage vectors affect the torque and flux in

different ways. Until now, only Table 8.2 showed this dependence. However, it is

possible to analyze this important fact in much more detail.

Consequently, in this section, we study the voltage vector effect on the DFIM. For

that purpose, the torque and the flux derivative expressions are derived next, deduced

from basic model equations of the machine presented in Chapter 4, in the stator

reference frame (note that quite long manipulation of equations is necessary to

produce these expressions):

d ~jcrj
dt

¼ 1

j~crj
RrLm

sLsLr

� �
Re ~cr �~c

�
s

n o
� Rr

sLr

� �
~cr

��� ���2 þRe ~cr �~v�r
n o� �

ð8:6Þ

dTem

dt
¼ 3

2
p

Lm

sLsLr

"�
Rs

sLs
þ Rr

sLr

�
Im
n
~cr �~c

�
s

o

�omRe
n
~cr �~c

�
s

o
þ Im

n
~vs �~c�

r

o
þ Im

n
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Figure 8.16 A 2MW DFIM controlled by DTC at variable speed: (a) torque and rotor flux

amplitude, (b) speed, (c) abc stator currents, and (d) abc rotor currents.
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In order to further develop these expressions, it is necessary to consider the

following space vector representations, in the stator reference frame:

~cr ¼ j~crje jost ð8:8Þ
~cs ¼ j~csje jðost þ dÞ ð8:9Þ

~vs ffi j~vsje jðostþ dþp=2Þ ð8:10Þ

~vr ¼ 2
3
Vbuse

j½omtþðp=3Þðn�1Þ� ð8:11Þ
where n is the subindex of the rotor voltage vector and takes values from 1 to 6. For

zero vectors V0 and V7, ~vr ¼ 0. By substituting expressions (8.8)–(8.11) into

Equation (8.6), the rotor flux derivative yields

d ~jcrj
dt

¼ RrLm

sLsLr

� �
j~csj cos d�

Rr

sLr

� �
j~crj þ 2

3
Vbus cos ort� p

3
ðn� 1Þ

� �
ð8:12Þ

The rotor flux derivative is composed of two constant terms and one cosine term,

with the or pulsation and amplitude dependent only on the DC bus voltage. The zero

vector produces a constant rotor flux variation; this means that the cosine term is valid

only for the active vectors. So it can clearly be seen that, depending on the operation

condition of the machine (i.e. rotor and stator flux, torque, etc.), the flux variation

created by a voltage vector is different.

Similarly, the torque derivative expression (8.7) at steady state may be simplified,

considering that the stator flux vector module is nearly constant

j~csj ffi
j~vsj
os

dTem

dt
¼ Tem

or

tand
�
�

Rs

sLs
þ Rr

sLr

�� �
þ p

Lm

sLsLr
Vbusj~csjsin ortþ d� p

3
ðn�1Þ

� �
ð8:13Þ

As similarly occurs with the rotor flux, in this case again the torque derivative

expression is composed of one constant term and one sine term withor pulsation. Its

amplitude is only dependent on the DC bus voltage, since the stator flux module is

considered constant. Again, the zero vectors produce constant torque variation.

Figure 8.17 graphically shows the torque and flux derivative evolutions of a DFIM

(Equations (8.12) and (8.13)), at steady state and for each rotor voltage vector.

In general, the constant terms of the rotor flux derivative expression (8.12) are very

small, so the zero vectors do not produce rotor flux variation. On the other hand, the

constant term of expression (8.13) is dependent on the electromagnetic torque and the

speed of the machine. So depending on the machine’s operating conditions, it can be

positive or negative as shown in Figure 8.17.
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For the same reason, the phase shift order of each active vector varies from

subsynchronous to hypersynchronous operation, since or varies from positive to

negative values.

Finally, note that the larger is theDC bus voltage, the greater are the torque and flux

variations that can produce the active voltage vectors. It must be highlighted that the

DTC technique does not employ these torque and flux variation expressions; they are

only studied for comprehensive purposes. However, as will be shown later, there are

several versions of direct control techniques that can use these expressions. In fact,

expressions (8.12) and (8.13) can be real time implemented within the control

strategy, as illustrated in Figure 8.18. Considering the DC bus voltage, the stator

Figure 8.17 Torque and flux slopes as a function of the time in motor or generator mode at

hypersynchronism and subsynchronism, for each rotor voltage vector: (a) subsynchronism and

(b) hypersynchronism.
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voltage, and the stator flux as having constant magnitudes, the torque and rotor flux

derivatives will only depend on four magnitudes:

K1 ¼ 3
2
p

Lm

sLsLr
j~csj ð8:14Þ

K2 ¼ 2
3
Vbus ð8:15Þ

K3 ¼ Rs

sLs
þ Rr

sLr
ð8:16Þ

Added to this, from Equations (8.12) and (8.13), it can be considered that for small

switching sample periods (h), the torque and flux evolutions can be approximated by

straight lines as illustrated, for instance, in Figure 8.12. From the numerical value of

the slopes, it can be seen that the zero voltage vector is the vector that will produce the

smallest torque variation, since at steady state in each sector k, only k and k þ 3

vectors produce smaller slopes, and, in general, they are not allowed to be used inDTC

strategies (see Table 8.2).

Further analysis of the torque variation produced by the zero vectors can be

deduced by considering the first term of Equation (8.13). At fixed torque and rotor flux

operation conditions, the slope varies proportionally to the slip speed. More specifi-

cally, as shown in Figure 8.19, at speeds near to the synchronous speed, the slope of the

zero vectors becomes smaller. This fact implies that, at speeds near synchronism,

the required rotor voltage vector amplitude is very small; the torque ripplewill also be

small since the most demanded vector will be the zero vector. Finally, note that

the transition from positive to negative torque slope, in general, is not exactly at the

synchronous speed.

Depending on the speed of operation, for instance, the torque and flux variations

produced by the voltage vectors are different. This fact, added to the constant

hysteresis bands (HT and HF) used by the DTC technique, yields a nonconstant

switching frequency behavior for the system. When the DFIM is driven by DTC,

0,7V

em

dt

dT

ωm

Synchronous Speed  

Slope Sign Transition   

Figure 8.19 Torque variation produced by the zero vector, at constant torque and rotor flux.
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the switching frequency of the converters, the stator and rotor currents, and so on have

nonconstant behaviors.

This issue is one of the most important drawbacks of the DTC technique

presented in this section. In general, torque, controlled semiconductors of the

converter, stator currents exchanged with the grid, and so on should operate at a

constant switching frequency. For this reason, many authors have tried to improve

this behavior, modifying the original basic DTC schema presented in this subsec-

tion. In subsequent sections, one possibility for achieving constant switching

behavior by DTC is studied.

8.2.5 Example 8.2: Spectrum Analysis in Direct Torque Control of
a 2 MW DFIM

This example shows the switching behavior of a 2MW DFIM driven by DTC.

Figures 8.20a and 8.20b shows the torque and stator current spectra at rated torque at

om¼ 1.4p.u.(deliberatelytakenhigh)speed.Alternatively,Figures8.20cand8.20dshow

the same variables under the same control but at om¼ 0.8 p.u. speed. These spectrum

shapes are typical with DTC. In all the cases, the higher amplitude harmonic content is

grouped around a frequency. At om¼ 1.4 p.u. speed, the group of most significant

harmonics is around 1500Hz, while at om¼ 0.8 p.u. speed, it is around 1250Hz.

In general, the torque and the rotor flux amplitude do not modify the frequency of

the first group of harmonics; however, the hysteresis bands and the speed do.
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For instance, Figure 8.21 shows how the frequency of the first group of harmonics is

modified in function by the speed and the torque hysteresis band (the flux hysteresis

band is left constant for simplicity).

Notice, that if a constant first harmonic is required at a different speed, that is,

constant switching frequency behavior, it is possible to implement a variable torque

hysteresis band ON–OFF controller as illustrated in Figure 8.22. Having a constant

hysteresis band of the flux controller, it is possible to modify the torque hysteresis by

means of a look-up table thatmodifiesHTas a function ofom. The look-up table can be

derived from Figure 8.21, interpolating values previously calculated by simulation or

by off-line tests.
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Figure 8.21 First group of harmonics as a function of time at different HT values.
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8.2.6 Rotor Flux Amplitude Reference Generation

As studied before in Chapters 1 and 7, the wind turbine in general operates with a

reactive power reference, instead of rotor flux amplitude references as does the DTC.

This fact obliges us to introduce an extra block, for adapting the reactive power

reference into the rotor flux reference. This issue is illustrated in Figure 8.23.

By considering the dq representation of the DFIM developed in Chapter 7, it is

possible to have to a single expression to calculate the rotor flux amplitude reference,

by knowing the torque and reactive power references [30]:

j~crj
� ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi 
k1j~csj þ k2

Qs
�

j~csj

!2

þ
 
k3

Tem
�

j~csj

!2
vuut ð8:17Þ

with constants

k1 ¼ s
Lr

Lm
þ Lm

Ls
ð8:18Þ

k2 ¼ �s � Lr � Ls
1:5 �os � Lm ð8:19Þ

k3 ¼ �s � Lr � Ls
1:5 � p � Lm ð8:20Þ
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Figure 8.23 Rotor flux reference generation.
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The stator flux amplitude can be calculated by assuming zero voltage drop in the stator

resistance:

j~csj ffi j~vsj
os

ð8:21Þ

8.3 DIRECT POWER CONTROL (DPC) OF THE DOUBLY FED
INDUCTION MACHINE

Direct power control is based on the same control principles as the direct torque

control technique. The unique difference is the directly controlled variables. In the

case of DTC, the electromagnetic torque and the rotor flux are directly controlled,

while in DPC, the stator active and reactive powers are directly controlled.

First, a conceptual study of the basic control principle of DPC is carried out. This

conceptual analysis is essential to understand the fundaments of the DPC strategy and

provides the necessary clearance to understand the parallelism between DTC and

DPC principles.

Second, as done in the previous section, the theory related to DPC is developed

accompanied by illustrative examples. From the performance characteristics point of

view, since DPC is based on the same fundamentals as DTC, in broad terms it is

possible to affirm that both controls present very similar behaviors.

8.3.1 Basic Control Principle

Asmentioned before, the DPC technique is based on direct control of the stator active

and reactive powers of the DFIM. As presented in previous chapters, the stator active

and reactive powers of the machine can be calculated directly from the stator voltage

and currents as follows:

Ps ¼ 3
2
Re ~vs �~is

�on
ð8:22Þ

Qs ¼ 3
2
Im ~vs �~is

�on
ð8:23Þ

As done in DTC, by injecting directly rotor voltage vectors, the stator active and

reactive powers are controlled. This objective is achieved by DPC, together with

the necessary creation of a rotatory rotor flux space vector. However, from study of

Equations (8.22) and (8.23), it is not possible to know how the injection of different

rotor voltage vectors can influence the creation of desired Ps and Qs. Note that the

stator voltage is fixed by the grid, while the established stator current depends on

how the rotor voltage vectors have been chosen. Hence, in order to clarify this
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study, by substitution of DFIM model equations in Equations (8.22) and (8.23) we

obtain

Ps ¼ 3
2

Lm

sLsLr
osj~csjj~crj sin d ð8:24Þ

Qs ¼ 3
2

os

sLs
j~csj

Lm

Lr
j~csj�j~crj cos d

��
ð8:25Þ

where d is the phase shift between the stator and the rotor flux space vectors. The

voltage drop in the stator resistance has been neglected. These last two expressions

show:

1. The dependence between the stator active and reactive powers and the stator

and rotor flux space vectors.

2. The stator active and reactive powers can be controlled by modifying the

relative angle between the rotor and stator flux space vectors (d) and their

amplitudes.

3. Assuming that the stator voltage is fixed, there aremany constant terms that can

be grouped to simplify the expressions:

Ps ¼ K1j~crj sin d ð8:26Þ

Qs ¼ K2

h
K3�j~crj cos d

i
ð8:27Þ

Consequently, according to the basic control principle of DTC studied in

Section 8.2.1, since it is possible to know how the injected rotor voltage vectors

influence the rotor flux and its relative distance to the stator flux, it is possible to know

their influence on the stator active and reactive powers as well. More specifically, by

checking the terms j~crj sin d and j~crj cos d, it is possible to modify Ps and Qs. Thus,

Figure 8.24 illustrates the terms j~crj sin d and j~crj cos d, for given stator and rotor flux
space vector locations.
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Figure 8.24 (a) Space vector representation of stator and rotor fluxes, in DQ rotating

reference frame. (b) The j~crj sin d and j~crj cos d projections.
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Then, considering that a two-level VSC feeds the rotor of the DFIM, there are

several rotor voltage injection possibilities, as Figures 8.25a and 8.25b illustrate. If

voltage vector V3 is applied during a time interval h, Figure 8.25c shows the rotor flux

space vector movement from its initial position to the final position. Note that during

the time interval h, it is assumed that the stator flux space vector position is unaltered.

Hence, Figure 8.25d graphically illustrates the j~crj sin d term and the j~crj cos d term
variations due to V3 voltage vector injection. Notice that j~crj sin d is decreased while
j~crj cos d is slightly increased, producing according to Equations (8.26) and (8.27), a
Ps decrease and a Qs decrease as well:

V3�

(
j~crjcos d " � Qs #
j~crjsin d # � Ps #

Consequently, following the DTC philosophy, repeating a large sequence of

different voltage injections (with different application times h1, h2, etc.) and now

considering that the stator flux is rotating, we know how the rotor flux follows a

circular trajectory behind the stator flux (Section 8.2.1). Figure 8.26 shows that,
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Figure 8.25 Space vector representation of stator and rotor fluxes, in DQ rotating reference

frame (connected to Figure 8.24): (a) hexagon voltages of the two-level VSC, (b) four possible

voltage vectors to modify the rotor flux location, (c) rotor flux variation with V3 injection, and

(d) j~crj sin d term and j~crj cos d term variations with V3 injection.
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by injecting different voltage vectors, the rotor flux describes a nearly circular

trajectory and, accordingly, the terms j~crj sin d and j~crj cos d maintain nearly a

constant value. This means that the Ps and Qs are maintained nearly constant as well.

Note in this case aswell that the smaller the injection time hi is, themore circular is the

appearance of the described trajectory by the rotor flux. Hence, by following direct

control basic principles, this graphical study shows that it is possible to control

directly the stator active and reactive powers of the DFIM.

Similarly, from a different perspective, it can be said that although the direct power

control technique does not impose direct rotor flux control, indirectly by controlling

the stator active and reactive powers, it imposes an amplitude for the rotor flux space

vector and its rotation to a distance d from the stator flux space vector. This is a

necessary condition to ensure that the DFIM reaches a stable steady state operating

point, because as shown in Chapters 3 and 4, proper creation and rotation of the stator

flux spacevector is already guaranteed by feeding the stator of theDFIM from thegrid.

8.3.2 Control Block Diagram

The control block diagram of the direct torque control (DPC) strategy is illustrated in

Figure 8.27. It follows exactly the same philosophy of the control bock diagram of

DTC presented in Section 8.2.2. The directly controlled variables are the stator active

and reactive powers. From thePs andQs references, the control strategy calculates the

pulses (Sa, Sb, Sc) for the controlled semiconductors of the two-level VSC.

This control technique selects the appropriate voltage vectors to keep the machine

under control. The control strategy is divided into five different tasks, schematically

represented in five different blocks:

1. Estimation block

2. Stator active power ON–OFF controllers

3. Stator reactive power ON–OFF controller
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Figure 8.26 Trajectory representation of stator and rotor fluxes with different voltage vector

injections having different durations (only active vectors): (a) flux representations in 1st sector

and (b) j~crj sin d and j~crj cos d representations in 1st sector.
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4. Voltage vector selection

5. Pulse generation block

Since each block is very similar to the DTC technique presented previously, only

the most important differences are studied.

8.3.2.1 Estimation Block Due to the fact that that the directly controlled

variables Ps and Qs can be directly calculated from the measured stator voltage

and currents, in DPC, the estimation structure is slightly different from DTC. As

shown in Figure 8.28, from the rotor and stator current measurements together with

the rotor angular position �m, the rotor flux ab components are estimated for the sector

calculation (same look-up Table 8.1). On the other hand, frommeasurements of stator

voltage and currents, the actual values of Ps and Qs are calculated.

As mentioned in Section 8.2.1, this is just a simple example of how these variables

can be estimated; many alternative estimation methods are possible. Note also that

compared to the estimator structure of DTC, the stator voltage measurement is

required. In addition, the sector location is deduced from the rotor flux space vector

position as in DTC.

8.3.2.2 Voltage Vector Selection and ON–OFF Hysteresis
Controllers The DPC technique also selects the required rotor voltage vector

directly from Ps and Qs errors, using hysteresis ON–OFF controllers (blocks 2 and 3

from Figure 8.27). It chooses the needed voltage vector to correct the errors in the

controlled variables.
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Figure 8.27 Direct power control (DPC) block diagram.

DIRECT POWER CONTROL (DPC) OF THE DOUBLY FED INDUCTION MACHINE 391



The ON–OFF controller structure is equivalent to DTC. TheQs controller is based

on a two-level hysteresis comparator with HQ hysteresis band, while the Ps controller

uses a three-level hysteresis comparator with HP hysteresis band. The schematic

representation of these two controllers is shown in Figure 8.29.

Once the uPs and uQs signals are defined by means of the ON–OFF controllers,

together with the information about the rotor flux space vector position (i.e., the

sector), it is possible to select the rotor voltage vector. It is chosen from the look-up

table of Table 8.4.

. The voltage vectors are selected from the ON–OFF controllers’ outputs and the

sector where the rotor flux space vector is located, as in DTC.

. As inDTC, for each sector only four active vectors are permitted (V(k�2), V(k�1),

V(kþ 1), V(kþ 2),) and the zero vector (V0, V7).

. The reader can deduce how this table is created, by the graphical analysis of

Section 8.3.1.
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. Note that the zero vector in DPC produces both Ps and Qs variation. This fact is

illustrated graphically in Figure 8.30.

. Deeper analysis, showing the exact torque and flux variations depending on the

voltage vector injected and the operating point of the machine, is carried out in

subsequent sections.

Finally, not considering the zero vectors effect, Table 8.4 can be expressed

graphically as illustrated in Figure 8.31.

8.3.2.3 PulseGeneration As occurred inDTC, once thevector that corrects the

stator power errors is selected, the next task is to create the pulses for the controlled

semiconductors of the two-level VSC. In DPC again, this task is simply done by using

Table 8.3.

8.3.2.4 Stator Power Waveforms Figure 8.32 illustrates the stator active and

reactive power waveforms when the machine operates at hypersynchronous speed at

steady state under DPC. Very similar behavior of the directly controlled variables to

DTC is observed.

Noticed that, in DPC, when the zero vector is injected, the reactive power varies.

This is one of the main differences in the behavior compared to DTC.

TABLE 8.4 Vector Selection as a Function of the Torque and Flux ON–OFF

Controller Outputs (k¼ Sector)

uPs

1 0 �1

uQs 1 V(k�2) V0, V7 V(kþ 2)

�1 V(k�1) V0, V7 V(kþ 1)
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8.3.2.5 Active Power Reference Generation Strategy As studied in

Chapter 1, if we assume that the higher level wind turbine control generates a

torque reference, then the DFIM is controlled in torque rather than in Ps, as DPC is

designed. This fact can simply be coordinated bymeans of the reference adaptation of

Figure 8.33.

8.3.3 Example 8.3: Direct Power Control of a 2 MW DFIM

This example shows a 2MWDFIM, controlled by theDPC technique described in this

section. Both hysteresis bands of the ON–OFF controllers are set to 2.5% of the rated

power. The machine operates at constant hypersynchronous speed,om pu¼ 1.25. The

DC bus voltage of the back-to-back converter is controlled to 1000V by the grid side

converter.

At the beginning of the experiment the machine operates as a generator at nominal

active power. The reactive power reference is set to zero. In the middle of the

experiment, the active power is reversed to positive, so the machine begins to operate

as a motor. Hence, this experiment shows the steady state and transient performances

with DPC. Figure 8.34 shows the most characteristic variables of the machine.

Figure 8.34a illustrates the Ps and Qs behavior, when the DFIM is connected

directly to the grid through the stator. In the middle of the experiment, Ps is reversed

from nominal negative (generator) to nominal positive (motor). Avery quick and safe

transient response is seen, since Ps reaches the new reference value without further

overshoot than that defined by the hysteresis band of the ON–OFF controller, as

shown in Figure 8.34c. During the transient, Qs is also properly controlled.

The sector where the rotor flux space vector is located is presented in Figure 8.34d.

Finally, the stator and rotor currents behaviors, shown in Figures 8.34e and 8.34f,

demonstrate that despite a very severe change of power demand, the currents do not

overshoot.

8.3.4 Study of Rotor Voltage Vector Effect in the DFIM

As for the DTC studied in previous sections, depending on the operating conditions of

the machine and the position of the rotor and stator flux space vectors expressed in the

rotor reference frame, the rotor voltage vectors affect the stator active and reactive

powers in a different manner. Until now, only Table 8.4 showed this dependence.

However, in this subsection, the mathematical expressions that relate the stator

active and reactive power variations with the rotor voltage vectors will be derived. For
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ω s
Tem
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Figure 8.33 Reference adaptation.
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that purpose, it is necessary to consider the following space vectors represented in the

rotor reference frame.

~cr
r ¼ j~crje jort ð8:28Þ

~cr
s ¼ j~csje jðortþ dÞ ð8:29Þ

~vrs ffi j~vsje jðortþ dþp=2Þ ð8:30Þ
~vrr ¼ 2

3
Vbuse

jðp=3Þðn�1Þ ð8:31Þ
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Figure 8.34 A 2MW DFIM controlled by DPC at hypersynchronous speed, om¼ 1.25:

steady state and transient response. (a) Stator active and reactive power, (b) abc stator voltages,

(c) zoom of the stator active and reactive power, (d) sector, (e) abc stator currents, and (f) abc

rotor currents.
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In addition, from Equations (8.22) and (8.23), the stator active and reactive

power variations can be calculated in coordinates referenced to the rotor reference

frame:

dPs

dt
¼ 3

2

dvDs

dt
iDs þ diQs

dt
vQs þ dvQs

dt
iQs þ vDs

diDs

dt

� �
ð8:32Þ

dQs

dt
¼ 3

2

dvQs

dt
iDs þ diDs

dt
vQs� dvDs

dt
iQs�vDs

diQs

dt

� �
ð8:33Þ

By manipulating Equations (8.32) and (8.33), and considering that the amplitude

of the stator flux space vector is constant, the stator active and reactive power

variations yield

dPs

dt
¼ �Ps

 
Rs

sLs
þ Rr

sLr

!
�orQs þ 3

2
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3
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The power derivatives are composed of three constant terms and a cosine or a sine

term, with or pulsation and amplitude dependent on the DC bus voltage. The zero

vector produces constant active and reactive power variation, since the cosine and sine

terms of expressions (8.34) and (8.35) are only valid for the active vectors.

On the other hand, by combining expressions (8.24) and (8.25), the angle d
between the rotor and the stator flux spacevectors can be expressed as a function of the

active and reactive powers:

d ¼ a tan
Lr

Lm

Ps

3

2

Lm

sLsLr

j~vsj2
os

�Qs

0
B@

1
CA ð8:36Þ

Figure 8.35 graphically illustrates the stator active and reactive power derivative

evolutions of a specific DFIM at steady state and for each rotor voltage vector.

The whole period of the power derivative waveforms can be divided into six

different sectors, with the limit between sectors being the zero crossing of the reactive
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power derivatives. In that way, the reactive power derivatives will have a uniform sign

in every sector. Considering the DC bus voltage and the stator voltage as constant

magnitudes, the stator active and reactive power derivatives will depend only on four

magnitudes, as shown in the simplified block diagram of Figure 8.36.
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Figure 8.35 Active and reactive power slopes as a function of the rotor flux angle in motor or

generator mode and subsynchronism, for each rotor voltage vector.
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8.4 PREDICTIVE DIRECT TORQUE CONTROL (P-DTC) OF
THE DOUBLY FED INDUCTION MACHINE AT CONSTANT
SWITCHING FREQUENCY

In this section, the predictive direct torque control (P-DTC) strategy of the doubly fed

induction machine (DFIM) is presented. It is especially designed to operate at a

considerably low constant switching frequency, reducing the electromagnetic torque

and rotor flux ripples, in order to provide good steady state and fast dynamic

performances. This control is convenient for high power drive and generator

applications, with restricted switching frequency. The DFIM is connected to the

grid by the stator and the rotor is fed by a two-level voltage source converter. In

addition, this control method allows one to implement a technique that reduces the

switching power losses of the converter. Finally, two illustrative examples show that

the proposed DTC method effectively reduces the torque and flux ripples at low and

higher switching frequencies.

Thus, the P-DTC strategy presented in this section is based on direct control

of the electromagnetic torque and the rotor flux of the machine. A sequence of

three voltage vectors will be introduced at a constant switching period, in order to

reduce the ripples of both directly controlled variables, that is, the torque and the

rotor flux. For that purpose, a ripple reduction criterion based on a prediction

of the torque and flux evolution over time is implemented.

Therefore, the predictive control technique presented maintains the main features

of direct control techniques:

. Constant switching frequency behavior

. Fast dynamic response

. On-line implementation simplicity

. Reduced tuning and adjustment efforts on the part of the controllers

. Robustness against model uncertainties

. Reliability

Obviously, the improvement achieved bymeans of this control is accomplished by

slightly increasing the complexity of the control and, consequently, degrading its

implementation simplicity.

8.4.1 Basic Control Principle

The predictive DTC (P-DTC) technique is based on the same control principles of

classic DTC techniques. In the study of the space vector diagram, it seeks to create a

circular trajectory of the rotor flux space vector, as depicted in Figure 8.37.

By injecting the available rotor voltage vectors, the amplitude of the rotor flux

space vector and itsmovement are controlled, in order to locate it to a specific distance

from the stator flux space vector. Thus, with this simple control schema, it is possible
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to modify the electromagnetic torque of the machine according to the well-known

formula

Tem ¼ 3

2
p

Lm

sLrLs
j~crj � j~csj sin d ð8:37Þ

However, as seen in previous sections, if no special treatment is applied to the rotor

voltage injection, classic DTC techniques operate at a nonconstant switching

frequency. Hence, the predictive DTC technique presented in this section introduces

the required modifications to the basic control DTC structure, in order to achieve

constant switching frequency behavior.

The basic principles of the predictive DTC strategy can be summarized as follows:

1. A constant switching period is defined. The duration of this constant period is

denoted as h. As in classic DTC, all the actions taken by the control technique are in the

time domain (Figure 8.38), but in P-DTC the control procedure is discretized.

2. During this period h, at steady state operation, three different rotor voltage

vectors are injected, with the objective of minimizing a cost function related to the

torque and rotor flux amplitude errors. Hence, the torque and rotor flux evolutions

within the switching period can take the shape shown in Figure 8.39.

hc1, hc2 � hc1 are the time intervals dedicated to injected vectors 1 and 2,

respectively. Note that the third injected vector is not an active vector, but is a zero

vector. The injection time for the third vector is h � hc2.

Note that according to the chosen three vector sequence together with the time

intervals dedicated for each vector, the torque and rotor flux evolutions within the

switching period can be different.

3. This procedure is repeated again at constant period h as illustrated in

Figure 8.40. In general, the vector sequence as well as the time intervals dedicated

for each vector (hc1, hc2, h � hc2) are modified for every sample time.

D

V2

ωr
r
s

ψ

r
r

ψ
ωm

δ

V3

V6V5

Q

Figure 8.37 Basic DTC principle.

400 DIRECT CONTROL OF THE DOUBLY FED INDUCTION MACHINE



Therefore, by following this philosophy, the P-DTC is in charge of performing the

following tasks every sample period h:

1. Before the beginning of the switching period, from the information given by the

torque and rotor flux errors, select the appropriate three voltage vector

sequence.

2. Before the beginning of the switching period as well, calculate the correspond-

ing time intervals (hc1, hc2, h � hc2) for the selected three voltage vector

sequence, with the objective of minimizing a cost function related to the torque

and rotor flux errors. In this book, the torque and rotor flux amplitude ripples are

h
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Figure 8.38 Constant switching period.
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minimized; however, the reader can find that there exist several alternative

minimization criteria in related specialized literature.

3. During the switching period, apply the vector sequence calculated at the

beginning of the period.

Hence, the presented general procedure is suitable to be applied within a DTC

context, and can easily be implemented in standard control hardware boards, as shown

in subsequent sections.

8.4.2 Control Block Diagram

The control block diagram of the proposed strategy is depicted in Figure 8.41. As

mentioned before, the directly controlled variables are the electromagnetic torque and

the rotor flux amplitude. From the torque and flux references, the control strategy

calculates the pulses (Sa, Sb, Sc) for the controlled semiconductors of the two-level

voltage converter, in order to meet the following two objectives: reduced torque and

flux ripples and constant switching frequency behavior. As shown in Figure 8.41, the

control strategy is divided into seven different tasks represented in seven different

blocks. The tasks carried out in blocks 1–4 are the basic direct torque control

principles presented in Section 8.2. In contrast, the tasks performed in blocks 5–7

are introduced in order to achieve the improvementsmentioned above, that is, reduced

ripples and constant switching frequency behavior:

1. Estimation block

2. Torque ON–OFF controller

3. Flux ON–OFF controller
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FIGURE 8.40 Torque and rotor flux evolutions after three switching periods according to

P-DTC.
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4. Voltage vector sequence selection

5. Slope calculations

6. Torque and flux ripple reduction criteria

7. Pulse generation

Each block is described in subsequent sections in detail.

8.4.2.1 Estimation Block The estimation block for this P-DTC strategy is

exactly the same as for the classic DTC. Since it is based on the same control

principles, the torque, rotor flux amplitude, and sector where the rotor flux space

vector is located can be estimated in the same manner as presented in Section 8.2.2.1.

8.4.2.2 First Voltage Vector Selection and ON–OFF Controllers Once

the estimated flux and torque values are obtained, they are compared with their

corresponding torque and flux references, so the torque and flux errors are obtained.

The basic principle of direct control techniques again determines the choice of one

specific active voltage vector of the converter, in order to correct the torque and flux

errors. The choice of this vector is directly calculated from the torque and flux errors

themselves and the sector where the rotor flux lies.

The proposed predictiveDTC strategy adopts this principle to select the first active

voltage vector of the three-vector sequence employed to minimize the torque and flux

ripples. Hence, the first active voltage vector selection is based on a look-up table

mapped by the output of two ON–OFF comparators without hysteresis bands. These

tasks are accomplished in blocks 2, 3, and 4 of Figure 8.41. One comparator is
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Figure 8.41 Predictive DTC block diagramwith reduced torque and flux ripples and constant

switching frequency.
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dedicated to the torque control and the other to the flux control, as illustrated in

Figure 8.42. In this case, the ON–OFF controllers do not present hysteresis bands,

since they are only in charge of selecting the first active vector.

When the output of the comparator is set to 1 (i.e., positive error), it means a

positive slope variation requirement. On the contrary, when the output is set to –1 (i.e.,

negative error), a negative slope variation is required.

Once the outputs of the ON–OFF controllers are calculated, the first active vector

of the three vector sequence can be selected. This selection is simply made by a look-

up table, Table 8.5.

Note that this table is equivalent to Table 8.2 of classic DTC, but the column

corresponding to the zero vector output has been omitted.

8.4.2.3 Second and Third Voltage Vector Selection andTorque and Flux
Waveforms As advanced before, once the first active vector is selected from the

DTC table, in order to correct the electromagnetic torque and the rotor flux errors, the

predictiveDTC control strategy employs a sequence of three different voltage vectors

in a constant switching period h, under steady state operating conditions. Hence, a

second active vector is injected followed always by a zero vector with the objective of

minimizingthe torqueandtherotorfluxripples, fromtheir referencevalues.Thetypical

torque and flux waveforms for this control strategy are illustrated in Figure 8.43.

In the adopted notation, the slopes of the torque variation are called s1, s2, and s3 for

the active and zero vectors at each switching period. Similarly, s11, s22, and s33 are the

slopes of the rotor flux variation, for the active and the zero vectors. The slope of the

torque s3 at hypersynchronous speed is negative, while at subsynchronous speed it is

positive.

(a) 
(b)

1

–1

|re|ψ

|ru|ψ

–1

1

uTem

eTem

Figure 8.42 (a) ON–OFF electromagnetic torque controller without hysteresis band. (b)

ON–OFF rotor flux controller without hysteresis band.

TABLE 8.5 First Active Vector Selection as a Function of the Torque

and Flux ON–OFF Controllers’ Outputs (k¼ Sector)

uTem

1 �1

uj~crj 1 V(k�1) V(kþ 1)

�1 V(k�2) V(kþ 2)
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As defined before, hc1 and (hc2�hc1) are the time intervals dedicated for the first

and second active vectors. The second active vector produces the same sign variation

as the first active vector in the torque, while it produces the opposite sign variation in

the rotor flux.

On the other hand, the zero vector produces as opposite sign torque variation to the

first two active vectors, while the rotor flux is maintained nearly constant, as can be

inferred from Equations (8.12) and (8.13). These slopes are calculated in block 5 of

Figure 8.41. The presence of the zero vector in the three-vector sequence is very useful

at steady state operating conditions, since it provides “small” torque variations and

almost zero flux variations, yielding a reduction in the torque and flux ripples.

Therefore, once the first active vector has been chosen, if the torque and the flux

ripples can be reduced, the choice of the second active vector is made according to

Table 8.6. It defines the correct choice of the active vectors, depending on the speed of

the machine and the sector in which the rotor flux is located.

For instance, when the machine is rotating at subsynchronous speed, if the rotor

flux is in the first sector, and the actual torque and flux values are close enough to their
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h
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Vector 1 

Zero
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ψ
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Figure 8.43 Steady state torque and flux waveforms at subsynchronous and hypersynchro-

nous speeds with a three vector based DTC strategy: (a) subsynchronism and (b)

hypersynchronism.

TABLE 8.6 Active Vector Selections at Steady State (k¼ Sector)

Active Vectors

Subsynchronism V(kþ 1), V(kþ 2)

Hypersynchronism V(k�1), V(k�2)
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references, the combination of active vectors 2 and 3 produces the torque and flux

waveforms according to Figure 8.43. Hence, if Table 8.5 defines V3 as the first vector,

for instance, the second active vector will be V2 according to Table 8.6.

On the other hand, taking into account Equation (8.3):

~vrr ffi
d~cr

r

dt
ð8:38Þ

It is deduced that the rotor space flux vector and the rotor voltage space vector at

steady state are always going to be shifted approximately 90�. So from a different

point of view, the proposed choice of the three vectors guarantees the generation of the

rotor voltage space vector~vrr, using the nearest three voltage vectors provided by the
two-level VSC, as can be observed in Figure 8.44.

When the machine operates at hypersynchronism, the zero vector produces

negative torque variation as revealed in Equation (8.13). As a consequence, at steady

state, the injected two vectors must present positive torque variation, in accordance

with Figure 8.43b. It means (from Table 8.5) that the possible first two active vectors

are Vk�1 and Vk�2.

For the example of Figure 8.44, since the sector is 1, the possible first active vectors

are V5 and V6; together with the zero vector, they are the nearest three voltage vectors

of the two-level VSC that guarantee a good quality rotor voltage vector creation. Note

that if the first active vector selection was Vkþ 1 or Vkþ 2, the steady state would not

have been reached.

2nd Sector 

V1 (100) 1st Sector 4th Sector 

3rd Sector 

6th Sector 
5th Sector 

V2 (110) V3 (010) 

V4 (011) 

V5 (001)  V6 (101)  

V0 (000) 

V7 (111) 

Hyper 

rψ

rv

sψ

D

Q

Figure 8.44 Choice of the nearest three voltage vectors at steady state in hypersynchronism.
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8.4.2.4 Torque and Flux Ripple Reduction Criteria at Constant
Switching Frequency The switching instants hc1 and hc2, as mentioned

before, are calculated in order to reduce the rotor flux and the torque ripples.

Hence, the minimization criteria presented in this section seek to minimize both

the directly controlled variables’ ripples. So, once the active vectors are identified by

using Tables 8.5 and 8.6, their corresponding time intervals are calculated based on a

prediction of the torque and the rotor flux. This task is graphically represented in block

6 of Figure 8.41.

First, taking advantage of the fact that the slope of the flux when the zero vector is

applied is nearly zero (s33¼ 0), the expression that relates hc1 and hc2 is derived by

minimizing the flux ripple. Therefore, the square of the rms flux ripple is calculated as

follows:

j~crj2ripple ¼
1

hc2

ðhc1
0

�
s11tþ j~crjðkÞ� j~crj

��2
dt

þ 1

hc2

ðhc2
hc1

�
s22t� s22hc1 þ s11hc1 þ j~crjðkÞ� j~crj

��2
dt

ð8:39Þ

In order to find the minimum of this ripple, we differentiate this expression with

respect to the switching instant of the first active vector hc1:

dj~crj2ripple
dhc1

¼ 0 ð8:40Þ

By solving this equation, the optimal switching instant hc1 is obtained:

hc1 ¼
2
�
j~crj

��j~crjðkÞ
�
� s22hc2

2s11� s22
ð8:41Þ

Second, once the relation hc1¼ f(hc2) is obtained, it is possible to calculate the

equivalent slope s12 of the first two active vectors for the torque. As illustrated in

Figure 8.45, the equivalent slope is calculated by means of the expression

s12 ¼ s1hc1 þ s2 hc2 � hc1ð Þ
hc2

ð8:42Þ

After that, as done with the flux ripple, the square of the rms torque ripple is

calculated with the integral

T2
em ripple ¼ 1

h

ðhc2
0

ðs12tþ TemðkÞ� T
�
emÞ2 dt

þ 1

h

ðh
hc2

ðs3t� s3hc2 þ s12hc2 þ TemðkÞ� T
�
emÞ2 dt

ð8:43Þ
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Considering that the equivalent slope s12 is constant, the square of the rms torque

ripple can be minimized by the expression

dT2
em ripple

dhc2
¼ 0 ð8:44Þ

That leads to an expression equivalent to Equation (8.41):

hc2 ¼ 2ðT �
em � TemðkÞÞ� s3h

2s12 � s3
ð8:45Þ

Finally, by combining this last expression and expressions (8.41) and (8.42)), both

switching instants are calculated by means of the following:

hc1 ¼ 2s22T
�
em � 2s22TemðkÞ� s22s3hþ 2s3 � 4s2ð Þj~crj

� þ 4s2 � 2s3ð Þj~crjðkÞ
2s22s1 � 4s11s2 þ 2s11s3 � s22s3

ð8:46Þ

hc2 ¼ ð2s22 � 4s11ÞT �
em þð4s11 � 2s22ÞTemðkÞ

2s22s1 � 4s11s2 þ 2s11s3 � s22s3

þ ð2s11 � s22Þs3hþð4s1 � 4s2Þj~crj
� þ ð4s2 � 4s1Þj~crjðkÞ

2s22s1 � 4s11s2 þ 2s11s3 � s22s3

ð8:47Þ

Notice that the obtained expressions for hc1 and hc2 depend on the actual and

reference values of the torque and rotor flux and on the slopes of the three-vector

sequence chosen. For that purpose it is supposed that the slopes are already known

(block 5 of Figure 8.41).

If the computed values forhc1 andhc2 aregreater thanhor smaller than zero, or ifhc2
is smaller than hc1, it means that the torque and the flux cannot reach their references

yet; hence, the first active vector is maintained during the whole switching period h.

h

hc2

slope s3

slope s1

Tem
*

Tem(k) Tem(k+1) 

slope s2

hc1

slope s12

Figure 8.45 Equivalent slope s12 for the torque, of the first two active vectors.
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As an alternative to these approximated expressions, more complex torque

reduction criteria could be adopted, but, in general, it would lead to very complex

and computationally expensive expressions. For simplicity, and because further

torque reduction would be almost insignificant, the presented solution has been

considered as the simplest solution.

8.4.2.5 Slope Calculations The prediction based control schema presented in

the previous subsection requires us to know the torque and flux variations produced by

each rotor voltage vector. This task can be performed with the block diagram studied

in Section 8.2.4. The simplified block diagram that can be used is depicted again in

Figure 8.46. The task is accomplished in block 5 of the general control block diagram

of Figure 8.41.

8.4.2.6 Pulse Generation To conclude with the predictive DTC strategy

description, after choosing the voltage vector sequences together with the

switching instants hc1 and hc2, the pulse generation task must be performed. This

last task is represented in block 7 of the whole control block diagram of Figure 8.41.

Before analyzing how the pulse generation can be performed, it is necessary to

study in detail the switching behavior of the two-level VSC operating with P-DTC.

Under steady state operating conditions, focusing the analysis within the switching

period h, if three vectors are used only two legs of the two-level VSC are switched at

different instants. This is due to the fact that the sequence of vectors will always be

composed of two consecutive active vectors and one zero vector, as discussed in

previous sections. The right choice of the zero vector between V0 and V7 provides

another degree of freedom—the reduction of the switching power losses of the

converter.
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Figure 8.46 Torque and flux derivative expressions calculation block diagram.
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For each pair of required active vectors, two different sequences exist that allow

the commutations of the converter to be reduced. Paying attention to both

candidate sequences, the sequence that requires commutation of the legs that are

transmitting the smallest currents will be employed, in order to reduce the

switching power losses. Table 8.7 summarizes the information necessary to select

the correct sequence of vectors, guaranteeing only four commutations per switch-

ing period h.

For instance, when themachine is operating at steady state, if active vectors V2 and

V3 are going to be used because the rotor flux is located in sector 1 at subsynchronous

speed (Table 8.7), leg a of the VSC will always switch and the decision to choose one

sequence from the two candidates will be carried out by checking the highest current

between ibr and icr.

Consequently, once the voltage vectors are selected together with the appropriate

candidate sequence, in order to reduce the switching losses of the VSC, the pulses for

the controlled semiconductors (Sa, Sb, Sc) must be generated. This task can simply be

performed by a sawtooth comparison based schema. Comparing the switching

instants hc1 and hc2, with a sawtooth as depicted in Figure 8.47, the pulses Sa, Sb,

Sc can be created with their corresponding time duration.

. Figure 8.47 shows the pulse creation at two switching periods, in sector 1 and at

subsynchronous speed.

. Since |ibr|<|icr|, the corresponding vector sequence is V2-V3-V0. In this case, this

example showsV2 as the first vector selected fromTable 8.5 of P-DTC.Note that

the selected first active vector from Table 8.5, is not always the first vector

injected of the three-vector sequence, if a reduced switching schema is required

TABLE 8.7 Vector Sequence Selection for Switching Power Loss Reduction at

Steady State

Active

Vectors Sector

Candidate

Sequences

Zero

Vector

Inevitable

Switching

Leg

Switching

Legs

V1–V2 6 (subs), 3 (hypers) 100-110-111 V7 b b, c (|iar|>|icr|)

110-100-000 V0 a, b (|iar|<|icr|)

V2–V3 1 (subs), 4 (hypers) 110-010-000 V0 a a, b (|ibr|<|icr|)

010-110-111 V7 a, c (|ibr|>|icr|)

V3–V4 2 (subs), 5 (hypers) 010-011-111 V7 c a, c (|iar|<|ibr|)

011-010-000 V0 b, c (|iar|>|ibr|)

V4–V5 3 (subs), 6 (hypers) 011-001-000 V0 b b, c (|icr|<|iar|)

001-011-111 V7 b, a (|icr|>|iar|)

V5–V6 4 (subs), 1 (hypers) 001-101-111 V7 a a, b (|ibr|<|icr|)

101-001-000 V0 a, c (|ibr|>|icr|)

V6–V1 5 (subs), 2 (hypers) 101-100-000 V0 c a, c (|iar|<|ibr|)

100-101-111 V7 b, c (|iar|>|ibr|)
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according to Table 8.7. However, this fact does not influence the P-DTC ripple

performance; both candidate sequences ensure the same minimized ripples in

torque and flux, as illustrated in Figure 8.48.

. Within each switching period, the commutation of only two arms is necessary—

arm a and arm b.

. However, at the beginning of each switching period, the same arms of the

converter commutate simultaneously.

. Depending on the sector and the required voltage vectors, the pulse generation

from the comparison could change.

. The reader can find many alternative pulse generation schemas that are beyond

the scope of this book. The presented schema is thought to be implemented in a

digital based control hardware.

To conclude, Figure 8.49 illustrates the simplified block diagram of the pulse

generation.

8.4.3 Example 8.4: Predictive Direct Torque Control of 15 kW and 2 MW
DFIMs at 800Hz Constant Switching Frequency

In this simulation experiment, the capacity of the DTC control technique to operate at

“low” switching frequencies is explored. Hence, two different machines of 2MWand

15 kWare driven by this control strategywith a considerably low switching frequency
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Figure 8.47 Sawtooth based pulse generation schema.
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of 800Hz. The experiment is carried out according to the following operating

conditions:

. Switching frequency: 800 Hz

. Speed: 1150 rev/min (s¼ 0.25)

. Vbus¼ 500V

. Torque step: from þ nominal (motor mode) to �nominal (generator mode).

The results are shown in Figure 8.50.

By this simulation experiment, it is observed how the quality of the steady state

behavior is reduced due to the reduction in the switching frequency, but not due to a

degradation of the control strategy performance.
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Figure 8.48 Torque and flux waveforms at subsynchronous speed with both candidate

sequences of three vectors: (a) first active vector is the first injected vector and (b) first active

vector is the second injected vector.
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Figure 8.49 Pulse generation simplified block diagram.
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The DTC control technique is still able to reduce the torque and flux ripples, but at

the imposed switching frequency. The system can handle considerably high torque

and flux ripples, as shown in Figures 8.50a to 8.50d.

The transient response capacity is reasonably fast and safe as Figure 8.50

illustrates. It is able to operate with an absolute absence of overcurrents due to the

strong change in the torque demand.

It can be concluded that both 2MW and 15 kW machine performances are very

similar.

Continuing with the same experiment, Figure 8.51 shows more magnitudes.

. Figures 8.51a and 8.51b show that the stator active and reactive powers take

values according to the set torque and rotor flux references. In both machines an
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Figure 8.50 Predictive DTC simulation results at 800Hz of 2MW and 15 kW machines:

transient and steady state behavior. (a) Electromagnetic torque of 2MW, (b) electromagnetic

torque of 15 kW, (c) rotor flux of 2MW, (d) rotor flux of 15 kW, (e) stator currents of 2MW, and

(f) stator currents of 15 kW.
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oscillation in the powers is observed due to nonextinguished transients. As

torque and flux are the directly controlled variables, it is typical that some other

noncontrolled variables, in this case the stator powers, present oscillations that

are damped after several cycles.

. Figures 8.51c and 8.51d present the switching time instants (hc1 and hc2) of both

machines. There are significant differences between both cases. It is due to the

fact that they are working at different rotor voltage since they have a different

stator–rotor turn ratio. Note that the experiment is the same as the nominal active
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Figure 8.51 Predictive DTC simulation results at 800Hz of 2MW and 15 kW

machines: transient and steady state behavior. (a) Ps and Qs of 2MW, (b) Ps and Qs of 15 kW

(c) hc1 and hc2 of 2MW, (d) hc1 and hc2 of 15 kW, (e) fluxesDQ plots of 2MW, and (f) fluxesDQ

plots of 15 kW.
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power step and has approximately zero reactive power exchange with the grid,

for both machines (Figures 8.51a and 8.51b).

. Finally, Figures 8.51e and 8.51f show theDQ plots of the stator and rotor fluxes.

In both cases circular trajectories are achieved, with a ripple in the rotor flux due

to the switching frequency used and the characteristics of each machine.

To conclude, the constant switching behavior of the predictive DTC strategy is

shown in Figure 8.52.

Figure 8.52a illustrates the constant switching frequency behavior of the stator

current. The higher amplitude harmonics appear at multiples of the switching

frequency (800Hz). Apart from these groups of harmonics, as stated before, there

are also some low frequency harmonics due to nondamped transients.

Finally, Figure 8.52b reveals that the torque switching behavior is also constant.

The properties of the spectrum again are the typical ones for a constant switching

frequency. Although not shown, this behavior can be extrapolated to all the other

magnitudes of the machine driven by the P-DTC. For a real application, the currents

and torque have ripples that are too high. This fact is due to the selected low

switching frequency. If better ripple performance is desired, obtaining better quality

of currents and torque, the switching frequency should be increased (if the VSC

allows doing it) or passive filters could be added on the rotor side of the DFIM.

In this example, no importance has been given to the poor quality of the currents,

in order to show how it is possible to achieve good control performances with the P-

DTC technique, even under low frequency scenarios, and how it is possible to avoid

control degradation.

8.4.4 Example 8.5: Predictive Direct Torque Control of a 15 kW DFIM at
4 kHz Constant Switching Frequency

In this example, the behavior of a 15 kW DFIM at steady state and the transient

response to a torque step reference is presented, under constant speed operating

conditions. The predictiveDTCwith reduced torque and flux ripple control strategy is
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Figure 8.52 Predictive DTC simulation results at 800Hz of a 15 kW machine: (a) stator

current spectrum and (d) torque spectrum.
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in charge of controlling the machine. The main characteristics of the experiment are

summarized as follows:

. Switching frequency: 4 kHz (considerably high)

. Speed: 1350 rev/min (s¼ 0.1); Vbus¼ 500V

. Torque step: from 100N�m (motor mode), to �100N�m (generator mode)

The results are shown in Figure 8.53.

. Basically, by analyzing the torque and the flux magnitudes in Figures 8.53a and

8.53b, a very reduced and uniform ripple is observed. Note the absence of rotor

flux overshoot. This implies good quality and very uniform current waveform.

. Added to this, a good quality transient response is achieved by this control

technique, that is, the currents are quickly controlled within their safety limits—

Figures 8.53c and 8.53d.

. Comparedwith the previous example at 800Hz,we can see that the quality of the

steady state as well as the transient response has been improved.

8.5 PREDICTIVEDIRECTPOWERCONTROL (P-DPC)OFTHEDOUBLY
FED INDUCTIONMACHINEATCONSTANTSWITCHINGFREQUENCY

In this section, the predictive direct power control (P-DPC) technique is presented for

the doubly fed induction machine (DFIM). Based on this predictive control, the
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strategy is able to operate at considerably low constant switching frequencies and

performs a power ripple minimization technique, in order to improve the steady state

and transient response behaviors of the machine.

A similar exposition procedure is followed as in the previous section when we

studied the P-DTC technique. Added to this, due to their very similar control

philosophy, very similar features and performances are achieved with both P-DTC

and P-DPC techniques.

8.5.1 Basic Control Principle

The predictive DPC (P-DPC) technique is based on the same control principles of

predictive DTC, so in consequence, it is also based on the same principles as classic

DTC and DPC techniques. As studied in Section 8.3, the directly controlled variables

are the stator active and reactive powers:

Ps ¼ 3
2

Lm

sLsLr
osj~csjj~crj sin d ð8:48Þ

Qs ¼ 3
2

os

sLs
j~csj

Lm

Lr
j~csj�j~crj cos d

#"
ð8:49Þ

The P-DPC seeks to create a circular trajectory of the rotor flux space vector, injecting

different rotor voltage vectors of different durations. Hence, by changing the values of

the terms j~crj sin d and j~crj cos d, it locates the rotor flux space vector, with a given

amplitude, to a distance from the stator flux space vector (Figure 8.54).

Hence, the predictive DPC technique presented in this section introduces the

requiredmodifications to the basic control DPC structure, in order to achieve constant

switching frequency behavior as achieved in predictive DTC. Exactly the same

D
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ωrr
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Figure 8.54 Terms j~crj sin d and j~crj cos d in P-DPC.
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control philosophy is followed in this case again. The basic principle of the predictive

DPC strategy can be summarized as follows:

1. A constant switching period is defined. The duration of this constant period is

denoted as h (Figure 8.55).

2. During this period h, at steady state operation, three different rotor voltage

vectors are injected, with the objective of minimizing a cost function related to the

stator active and reactive power errors. Hence, the stator active and reactive power

evolutions within the switching period can take the shape shown in Figure 8.56.

hc1, hc2 � hc1 are the time intervals dedicated to injected vectors 1 and 2,

respectively. Note that the third injected vector is not an active vector, but is a zero

h

Ps
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Qs
*

Figure 8.55 Constant switching period.
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Figure 8.56 Rotor voltage injection and stator active and reactive power evolutions within

one switching period h: (a) first vector injection, (b) second vector injection, and (c) third vector

injection.
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vector. The injection time for the third vector is h � hc2. In DPC, the zero vector

produces a small Qs variation.

3. This procedure is repeated again at constant period h as illustrated in

Figure 8.57. In general, the vector sequence as well as the time intervals dedicated

for each vector (hc1, hc2, h � hc2), are modified for every sample time.

Therefore, by following the same philosophy as for P-DTC, the P-DPC is in charge

of performing the following tasks every sample period h:

1. At the beginning of the switching period, from the information given by the Ps

and Qs errors, select the appropriate three voltage vector sequence.

2. At the beginning of the switching period as well, calculate the corresponding

time intervals (hc1, hc2, h� hc2) for the selected three voltage vector sequence,

with the objective of minimizing a cost function related to the Ps andQs errors.

3. During the switching period, apply the vector sequence calculated at the

beginning of the period.

Consequently, with this control philosophy, the P-DPC block diagram structure is

studied in detail in subsequent sections.

8.5.2 Control Block Diagram

The control block diagram of the proposed strategy is given in Figure 8.58. As

mentioned before, the directly controlled variables are Ps andQs. From the Ps andQs

references, the control strategy calculates the pulses (Sa, Sb, Sc) for the controlled

semiconductors of the two-level VSC, in order to meet the following two objectives:

h
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Figure 8.57 Ps and Qs evolutions after three switching periods according to P-DPC.
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reduced Ps and Qs ripples and constant switching frequency behavior. As shown in

Figure 8.58, the control strategy is divided into seven different tasks represented in

seven different blocks, as we did in P-DTC. The tasks carried out in blocks 1–4 are the

basic direct power control principles. In contrast, the tasks performed in blocks 5–7

are introduced in order to achieve the improvements mentioned above—reduced

ripples and constant switching frequency behavior:

1. Estimation block

2. Ps ON–OFF controller

3. Qs ON–OFF controller

4. Voltage vector sequence selection

5. Slope calculations

6. Ps and Qs reduction criteria

7. Pulse generation

Each block is described in subsequent sections in detail.

8.5.2.1 Estimation Block The estimation block for this P-DPC strategy is

exactly the same as for the classic DPC. Since it is based on the same control

principles, Ps, Qs, and the sector where the rotor flux space vector is located can be

estimated in the same manner as presented in Section 8.3.

8.5.2.2 First Voltage Vector Selection and ON–OFF Controllers In the

first block of Figure 8.58, the stator active and reactive power values are calculated.

After that, the stator active and reactive power references are compared with their

estimated values, so the stator power errors are obtained.
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Figure 8.58 Predictive DPC block diagram with constant switching frequency.
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The basic principle of the direct control techniques determines the choice of one

specific active voltage vector of the converter, in order to correct the stator power

errors. The choice of this vector is calculated directly from the stator active and

reactive power errors themselves and the sector where the rotor flux lies.

The proposed predictive DPC strategy adopts this principle to select the first active

voltage vector of the three-vector sequence employed to minimize the stator power

ripple. Hence, the first active voltage vector selection is based on a look-up table

mapped by the output of two ON–OFF comparators without hysteresis bands. These

tasks are accomplished in blocks 2, 3, and 4 of Figure 8.58. One comparator is

dedicated to thePs control and the other to theQs control, as illustrated in Figure 8.59.

In this case, as occurred in P-DTC, the ON–OFF controllers do not present hysteresis

bands, since they are only in charge of selecting the first active vector.

When the output of the comparator is set to 1 (i.e., positive error), it means a

positive slope variation requirement. In contrast, when the output is set to –1 (i.e.,

negative error), a negative slope variation is required.

Once the outputs of the ON–OFF controllers are calculated, the first active vector

of the three-vector sequence can be selected. This selection is simply made by the

look-up table of Table 8.8.

8.5.2.3 Second and Third Voltage Vector Selection and Power
Waveforms Once the first active vector is chosen from the classical DPC

switching table, the predictive DPC control strategy employs a sequence of three

different voltage vectors in a constant switching period h, under steady state operating

conditions. Hence, a second active vector is injected followed always by a zero vector

(a) 
(b)

eQs

1

–1

uQs

–1

1

uPs

ePs

Figure 8.59 (a)ON–OFF stator active power controllerwithout hysteresis band. (b)ON–OFF

stator reactive power controller without hysteresis band.

TABLE 8.8 First Active Vector Selection as a Function of the Stator

Active and Reactive Power ON-OFF Controllers’ Outputs (k¼ Sector)

uPs

1 �1

uQs 1 V(k�2) V(kþ 2)

�1 V(k�1) V(kþ 1)
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with the objective of minimizing the stator active and reactive power ripples. The

typical power waveforms for this control strategy are shown in Figure 8.60.

The time intervals dedicated to each active vector, hc1 and hc2� hc1, are calculated

according to the minimization criteria that will be presented in the next section.

So, after selecting the first active vector, if the stator power ripples can be reduced,

the choice of the second active vector is made according to Table 8.9. It defines the

correct choice of the active vectors, depending on the speed of the machine and the

sector in which the rotor flux is located.

As can be noticed, the equivalence to the P-DTC technique is present in every task

of the control block diagram. Note also that the notations for the active power slope

variations (s1, s2, s3) and the reactive power slope variations (s11, s22, s33) are also

equivalent to those in P-DTC.

8.5.2.4 Power Ripple Reduction Criteria at Constant Switching
Frequency The switching instants hc1 and hc2, as mentioned before, are

h
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Figure 8.60 Steady state active and reactive power waveforms at motor and generator modes

in subsynchronism.

TABLE 8.9 Second Active Vector Selection at Steady State (k¼ Sector)

Active Vectors

Subsynchronism V(kþ 1), V(kþ 2)

Hypersynchronism V(k�1), V(k�2)
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calculated in order to reduce the active power ripple and the reactive power ripple. So,

once the active vectors are identified by using Tables 8.8 and 8.9, their corresponding

time intervals are calculated based on a prediction of the stator active and reactive

powers. This task is graphically represented in block 6 of Figure 8.58.

The same procedure as for P-DTC is followed in this task as well. Hence, taking

advantage of the fact that the slope of the reactive power when the zero vector is

applied is very small (s33¼ 0 is approximated), and considering the equivalent slope

s12 of the first two activevectors for the stator active power can be calculated bymeans

of the expression

s12 ¼ s1hc1 þ s2 hc2 � hc1ð Þ
hc2

ð8:50Þ

the expression for hc1 and hc2 is derived by minimizing the ripples:

Q2
s ripple ¼

1

hc2

ðhc1
0

ðs11tþQsðkÞ�Q
�
sÞ2dt

þ 1

hc2

ðhc2
hc1

ðs22t� s22hc1 þ s11hc1 þQsðkÞ�Q
�
sÞ2dt

ð8:51Þ

P2
s ripple ¼

1

h

ðhc2
0

ðs12tþPsðkÞ�P
�
sÞ2dt

þ 1

h

ðh
hc2

ðs3t� s3hc2 þ s12hc2 þPsðkÞ�P
�
sÞ2dt

ð8:52Þ

Hence, the switching time instants yield

hc1 ¼ 2s22P
�
s � 2s22PsðkÞ� s22s3h

2s22s1 � 4s11s2 þ 2s11s3 � s22s3

þ 2s3 � 4s2ð ÞQ�
s þ 4s2 � 2s3ð ÞQsðkÞ

2s22s1 � 4s11s2 þ 2s11s3 � s22s3

ð8:53Þ

hc2 ¼ 2s22 � 4s11ð ÞP�
s þ 4s11 � 2s22ð ÞPsðkÞþ 2s11 � s22ð Þs3h

2s22s1 � 4s11s2 þ 2s11s3 � s22s3

þ 4s1 � 4s2ð ÞQ�
s þ 4s2 � 4s1ð ÞQsðkÞ

2s22s1 � 4s11s2 þ 2s11s3 � s22s3

ð8:54Þ

8.5.2.5 Slope Calculations The prediction based control schema presented in

the previous subsection requires us to know the torque and flux variations produced by

each rotor voltage vector. This task can be performed with the block diagram studied

in Section 8.3. The simplified block diagram that can be used is depicted again in
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Figure 8.61. The task is accomplished in block 5 of the general control block diagram

of Figure 8.58.

8.5.2.6 Pulse Generation To conclude with the predictive DPC strategy

description, after choosing the voltage vector sequence together with the switching

instants hc1 and hc2, the pulse generation task must be performed. This last task is

represented in block 7 of the whole control block diagram of Figure 8.58.

The pulse generation philosophy, in this case, is exactly the same as in the P-DTC

strategy. So the procedure presented in Section 8.4 can be applied for pulse generation

in P-DPC also.

8.5.3 Example 8.6: Predictive Direct Power Control of a 15 kW DFIM at
1 kHz Constant Switching Frequency

In this example, the behavior of a 15 kW DFIM at steady state and the transient

response to a torque step reference is studied, under constant speed operating

conditions. The predictive DPC at constant switching frequency is in charge of

controlling the machine. The main characteristics of the experiment are summarized

as follows:

. Switching frequency: 1 kHz (considerably low)

. Speed: 1200 rev/min (s¼ 0.2); Vbus¼ 500V

. Stator active and reactive power steps in motor mode.
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diagram.
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The results are shown in Figures 8.62 and 8.63. Figures 8.62a and 8.62c show a

simultaneous Ps and Qs step change at constant speed. It can be noticed that, at the

transient as well as at steady state, the P-DPC is able to keep the variables controlled

safely at reduced power ripples.

Figures 8.62b and 8.62d also shownoncontrolled variables such as torque and rotor

flux amplitude. It can be noticed that although they are not being directly controlled,

their ripple behavior is equivalent to that obtained with the P-DTC strategy.

Figures 8.62e and 8.62f show the stator and rotor currents during the experiment. It

can be noticed that, at all times, the current behavior is safe, with an absolute absence

of overcurrents.

Perhaps the quality of the currents would not be good enough for a real application

due to the adopted low switching frequency. Hence, if a more realistic scenario needs

to be simulated, with lower ripples in variables such as currents and torque, the

switching frequency should be increased (if the VSC allows it) or passive filters

should be included in the system, as studied in next section. In the same way,

Figures 8.62g and 8.62h present the switching instant as well as the sector behavior.

Finally, Figures 8.63a and 8.63b show the spectra of the torque and the stator

current of the experiment. Notice that the behavior is typical of constant switching

frequency schemas. The most representative groups of harmonics appear at frequen-

cies that are a multiple of the switching frequency (1 kHz). In addition, the short

nondamped oscillation present in the torque also produces some low amplitude and

frequency harmonics as well.

8.6 MULTILEVEL CONVERTER BASED PREDICTIVE DIRECT POWER
AND DIRECT TORQUE CONTROL OF THE DOUBLY FED INDUCTION
MACHINE AT CONSTANT SWITCHING FREQUENCY

8.6.1 Introduction

When it comes to implement DTC or DPC control techniques in a system fed by a

multilevel converter topology, there are several aspects that must be taken into

account:

. The basic control principles of direct techniques studied in previous sections of

this chapter are oriented to DFIM fed, by a two-level VSC.

. If the converter is changed by a more complex multilevel VSC topology, the

main difference is that the multilevel converter allows operation with a higher

number of voltage vectors, rather than with the eight voltage vectors of the two-

level VSC.

. This additional voltage vector availability, in general, from the control strategy

designer’s point of view, maintains the basic control structure of direct control

techniques, but leads to a modification requirement of elements, such as a table

for vector selection, slopes of the voltage vector calculation, and pulse

generation.
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Figure 8.62 A 15 kW DFIM controlled by DPC at subsynchronous speed, ompu¼ 0.8:
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. This fact is an unavoidable consequence of direct control philosophy, which

directly selects the voltage vector without the need of an independent modulator.

Thus, in vector control technique, for instance, the adaptation of the modulator

to the requirements of the multilevel converter is enough; it is not necessary to

adapt the vector control itself (Figure 8.64).

. In addition, if the employed multilevel VSC topology requires inclusion of an

algorithm for balancing the DC bus voltage capacitors, the direct control

technique must also perform this task.

. On the contrary, obviously, the inclusion of themultilevel converter, asmentioned

in Chapter 2, implies benefits such as higher output voltage levels, with better

quality ofmagnitudes like torque or stator currents, and the possibility of reaching

higher voltage with the given semiconductors rather than with two-level VSC.

Hence, in this section, DTC and DPC techniques are developed for only one

multilevel converter topology: that is, three-level neutral point clamped VSC topology

(3L-NPC). Details such as the voltage vector table, pulse generation, and voltage

balancing are presented and analyzed in depth for this particular multilevel topology.
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Due to all of the above-mentioned reasons, it is easier and more logical to simply

study one particular multilevel topology case, rather than a general technique oriented

to consider all the peculiarities of all existing multilevel topologies. Hence, thanks to

the information given in this section, if the reader wants to apply DTC, for instance,

for a different multilevel topology, he/she would be able to adapt the direct control

studied for the 3L-NPC into the required, different multilevel topology.

On the other hand, the 3L-NPC topology is chosen for the exposition because it

is a very generally extended multilevel topology in different power electronics

applications.

Finally, in this section, the order of exposition between DTC and DPC is altered.

In this case, the first and most detailed control studied is DPC; after introducing

all the general aspects of multilevel direct control into DPC, the study is extended

to DTC.

8.6.2 Three-Level NPC VSC Based DPC of the DFIM

As advanced before, the 3L-NPC VSC is used to feed the rotor of the DFIM, as

illustrated in Figure 8.65. The most important characteristics affecting the control

strategy can be summarized as follows:

. The DC bus is composed of two capacitors C1 and C2, allowing one to obtain

three different voltage levels (0, Vbus/2, Vbus) between phase output and the o

point of the DC bus.

. These three voltage levels, at each phase of the VSC, can be generated by

changing the semiconductors’ commands (Sa1, Sa2, Sb1, Sb2, Sc1, Sc2,) as studied

in Chapter 2.

. As discussed in Chapter 2, many authors perform the synthesis of the output

voltage space vector according to a space vector modulation (SVM) schema.

Hence, depending on where the desired output voltage space vector is located in
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Figure 8.65 3L-NPC VSC with IGBTs: (a) topology.

428 DIRECT CONTROL OF THE DOUBLY FED INDUCTION MACHINE



the space vector diagram, the nearest three voltage vectors of the VSC are

employed to synthesize it, in a constant switching period. In this section, the

direct control techniques studied perform the pulse generation in a similarway as

in a SVM schema, as presented later.

8.6.2.1 Model of the Doubly Fed Induction Machine and the Rotor Side
Filter In this section, an additional modification is considered in the system. A

passivefilter is locatedbetween the rotorand therotor sideconverter.Thisfilter iscalled

the rotor side filter, and among many possible variants of passive filters, an inductive

filter is employed. The inclusion of the filter can be necessary, for instance, in order to

improve the generated power quality (simultaneous better THDs of currents and less

electromagnetic torque ripples) of theDFIMandmeet power generation standards and

grid codes. This is a typical challenge of high power DFIM, where the restrictions in

commutations of the semiconductors cause them to operate at “low” switching

frequencies. Hence, despite the fact that the use of multilevel topologies allows

one to achieve better power quality than standard two-level topologies under the

same switching conditions, in general, the necessity of a further improvement of the

generated power quality, for instance, by passive filter inclusion, is also required.

Perhaps in some cases the necessity of the rotor side filter can be avoided; however,

if it is used, it influences the control strategy. Thus, the general case using the filter is

studied in this section, considering and studying the effect of this filter in the control

strategy.

Hence, the simplified equivalent electrical circuit of the doubly fed induction

machine and the considered inductive filter can be represented as depicted in

Figure 8.66. The inductance of the filter is Lf, while a small Rf also accompanies

the predominant inductance.

Thus, considering the rotor side inductive filter, the rotor voltage equation (4.10) is

transformed into the following converter voltage equation:

~vrf ¼ Rr
~irr þ

d~cr
r

dt
þRf

~irr þ Lf
d~irr
dt

ð8:55Þ
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Figure 8.66 Electrical model of the DFIM and the rotor side filter.
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It is important to highlight that, under these circumstances, the injected voltage

vector by the VSC is not the same as the rotor voltage vector. The rotor side filter

makes these two voltages become different and the control strategy must take it into

account, as detailed in subsequent subsections.

On the other hand, from this last equation and Equations (4.9), (4.11), and (4.12),

the state space equations of the machine and the filter model, selecting the stator and

rotor currents as state variables yields

d

dt

"
~irs
~irr

#
¼ 1

sf LsLrf

�RsLrf � jomLsLrf Rrf Lm � jomLmLrf

RsLm þ jomLsLm �Rrf Ls þ jomL
2
m

" #
~irs
~irr

#" 

þ Lrf �Lm

�Lm Ls

� �
~vrs
~vrf

� �! ð8:56Þ

where Lrf ¼ Lr þ Lf, Rrf ¼ Rr þ Rf, and sf ¼ 1 � Lm/LsLrf.

8.6.2.2 Basic Control Principle The multilevel predictive DPC technique

presented in this section is based on exactly the same control principles as two-

levelVSC oriented P-DTC and P-DPC. The directly controlled variables are the stator

active and reactive powers, based on the following known expressions:

Ps ¼ 3
2

Lm

sLsLr
osj~csjj~crj sin d ð8:57Þ

Qs ¼ 3
2

os

sLs
j~csj

Lm

Lr
j~csj�j~crj cos d

#"
ð8:58Þ

Themultilevel P-DPC as usual seeks to create a circular trajectory of the rotor flux

space vector, injecting different rotor voltage vectors of different durations. The main

difference compared to two-level VSC P-DPC is that, in this case, there are a larger

number of voltage vectors available. Hence, by changing the values of the terms

j~crj sin d and j~crj cos d, it locates the rotor flux space vector, with a given amplitude,

at a distance from the stator flux space vector.

Exactly the same control philosophy is followed in this case again. One of the

important characteristics of this control technique is the constant switching frequency

achievement aswell. The basic principle of themultilevel predictiveDPC strategy can

be summarized as follows:

1. As donewith two-level VSC P-DTC and P-DPC, a constant switching period is

defined. The duration of this constant period is noted as h (Figure 8.67).

2. During this periodh, at steady state operation, threedifferent rotor voltagevectors

are injected, with the objective ofminimizing a cost function related to the stator active

and reactive power errors. Hence, the stator active and reactive power evolutionswithin

the switching period can take the shape shown in Figure 8.68.
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Figure 8.68 Rotor voltage injection and stator active and reactive power evolutions within

one switching period h, for multilevel P-DPC: (a) first vector injection half of the interval, (b)

second vector injection half of the interval, (c) third vector injection, (d) second vector injection,

remaining half of the interval, and (e) first vector injection, remaining half of the interval.
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hc1, hc2� hc1 are the time intervals dedicated to injected vectors 1 and 2,

respectively. The injection time for the third vector is h � hc2, in this case, due

to the multilevel schema; it is not necessarily a zero vector. In addition, during the

constant switching period h, vector 1 and vector 2 injections are divided into two

intervals. Only vector 3 is injected at one time. This vector injection philosophy is

typical in SVM schemas for multilevel topologies (see Chapter 2). Note that if a

multilevel converter is used, in general, the operating voltages are high so these

issues must be taken into account.

3. This procedure is repeated again at constant period h, as illustrated in

Figure 8.69. As occurs in two-level VSC based P-DTC and P-DPC, in general,

the vector sequence as well as the time intervals dedicated for each vector (hc1, hc2,

h � hc2) are modified for every sample time.

Therefore, by following this philosophy, the multilevel P-DPC is in charge of

performing the following tasks for every sample period h:

1. Before the switching period begins, from the information given by thePs andQs

errors, select the appropriate three voltage vector sequence.

2. Before the switching period begins as well, calculate the corresponding

time intervals (hc1, hc2, h� hc2) for the selected three voltage vector sequence,

with the objective of minimizing a cost function related with the Ps and Qs

errors.

3. During the switching period, apply the vector sequence (splitting vectors 1 and

2 into two sequences) calculated at the beginning of the period.
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Figure 8.69 Ps andQs evolutions after two switching periods, according tomultilevel P-DPC.
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Note that, as illustrated in Figure 8.70, there is a significant difference in the ripple

performance of Ps andQs, when the three voltage vectors are applied in five intervals

(Figure 8.70a) or in three intervals (Figure 8.70b) per switching period h, with equal

time hc1 and hc2. Although the final values of Ps and Qs are exactly the same, in an

injection schema of three intervals the ripple is much higher. This operation mode, as

advanced before, implies more commutations of switches within the switching period

h, but reduces the simultaneous commutations that the schema in Figure 8.70b

requires, at themoment of changing the switching period, and a new sequencemust be

injected.

Consequently, with this control philosophy and considering these voltage injection

issues, themultilevel P-DPCblock diagram structure is studied in detail in subsequent

sections.

8.6.2.3 Control Block Diagram The block diagram of the proposed control

strategy is illustrated in Figure 8.71. As mentioned before, the directly controlled

magnitudes are Ps and Qs. From the references, the control strategy calculates the

pulses (S1a, S2a, S1b, S2b, S1c, S2c) for the IGBTs of the three-level NPC voltage source

converter (VSC), in order tomeet the following two objectives: reduced power ripples

and constant switching frequency behavior. Figure 8.71 shows that the control

strategy is divided into eight different tasks represented in eight different blocks.

1. Estimation block.

2. Ps ON–OFF controller

3. Qs ON–OFF controller
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Figure 8.70 Ps and Qs evolutions with two different commutation schemas, according to

multilevel P-DPC: (a) three voltage vectors dividing the sequence into five intervals and (b)

three voltages vectors continuously applied.
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4. Voltage vector sequence selection

5. Slope calculations

6. Stator active and reactive power errors reduction criteria

7. DC bus capacitor’s voltage balancing

8. Real vector definition and pulse generation

Each block is described in subsequent sections in detail.

Estimation Block Sector and Region Calculation Compared with previously

studied predictive DTC and DPC strategies, there are two new considerations: rotor

side filter and three-level NPCVSC inclusions. Thus, the estimation block is changed

slightly from previous versions and adapted to these two new considerations.

The selection of the voltage vectors of the three-level NPC converter is made

according to the nearest three vector choice principle [45]. The same voltage vector

choice procedure as done in P-DTC and P-DPC is carried out. As can be derived from

Equation (8.55), the relation between the rotor magnitudes space vectors at steady

state is

~vrf ¼ Rrf
~irr þ jorð~cr

r þ Lf~i
r
rÞ ð8:59Þ

Note that since the rotor side filter has been located between the 3L-NPCVSC and

the rotor, now the converter’s voltage in not directly applied to the rotor of the

machine. Hence, modifying this last expression, it is possible to define a new space

vector, ~xr, as follows:

~xr ¼ �j~vrf ¼ �jRrf
~irr þorð~cr

r þ Lf~i
r
rÞ ð8:60Þ
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Figure 8.71 Predictive DPC block diagram for multilevel VSC fed DFIM.
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As graphically shown in Figure 8.72, the inverter voltage space vector will always

be 90� shifted to the~xr space vector. This variable, which maintains the 90� constant
phase shift with the converter’s output voltage vector, is very useful, as shown next.

In addition, the three-level voltage vector diagrammay be divided into 12 different

sectors, as illustrated in Figure 8.73. Note that, in this case, the sectors present 30�

length.

. In the example represented, the space vector ~xr is lying in the 4th sector.

. At steady state operating conditions, the converter voltage spacevector lies in the

7th sector (90� shift) and can be generated by using the following nearest vectors:
021, 022, 122, and 011, guaranteeing that this choice of voltage vectors produces

reduced Ps and Qs variations from the reference values.

. In addition, taking advantage of the symmetry present in the three-level NPC

converter and in order to reduce the implementation complexity of the proposed

control strategy, the task of knowing which are the nearest vectors, for a given

converter voltage space vector position, will be carried out by generating an

equivalent voltage space vector~vf eq in sectors 2 and 3 of the vector diagram.

. Moreover, by dividing sectors 2 and 3 into four different regions, the equivalent

voltagevector of the example illustrated in Figure 8.73 lies in region 1. Sufficient

information to calculate the angle �eq of the equivalent inverter voltage space

vector is provided in Table 8.10.

. Once �eq has been calculated, the region may be deduced by normalizing the

voltagevector to itsmaximumvalue (Vbus=
ffiffiffi
3

p
not considering overmodulation),

and checking theDQ components of the normalized voltage vector according to

the information provided in Table 8.11.

All the required calculations performed in block 1, of Figure 8.71, are represented

in the simplified block diagram of Figure 8.74.
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Figure 8.72 Relation between the VSC output voltage, the rotor flux, and the rotor current

space vectors at steady state.
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Note that, in this case, instead of calculating the stator active and reactive powers in

ab coordinates, DQ coordinates have been used.

First Voltage Vector Selection and ON–OFF Controllers As with previously

studied predictive direct controls, the basic principle of these direct control techniques

determines the choice of one specific active voltage vector of the converter, in order to
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Figure 8.73 Three-level space vector diagram at subsynchronism.

TABLE 8.10 Angle of the Equivalent Voltage Space Vector as a Function of the

Sector Where the ~x Space Vector Lies at Subsynchronism

�x �v Sector �eq

[330�, 30�] [60�, 120�] 1, 2 ��vþ 120�

[30�, 90�] [120�, 180�] 3, 4 �v � 120�

[90�, 150�] [180�, 240�] 5, 6 ��v � 120�

[150�, 210�] [240�, 300�] 7, 8 �vþ 120�

[210�, 270�] [300�, 0�] 9, 10 ��v
[270�, 330�] [0�, 60�] 11, 12 �v
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correct the stator power errors. The choice of this vector is made directly from the Ps

and Qs errors themselves, the sector where ~xr lies, and the region of the equivalent

voltage vector~vf eq.

In this case again, the first active voltage vector selection is based on a look-up

table mapped by the output of two ON–OFF comparators without hysteresis bands.

These tasks are accomplished in blocks 2, 3, and 4 of Figure 8.71. One comparator is

dedicated to the Ps control and the other to the Qs control, as illustrated in

Figure 8.75.

Depending on the sector and the region, only four vectors are permitted in order to

apply the four different combinations to the Ps and Qs variation, as depicted in

Figure 8.76 (note that only one of the two double vectors will be used).

Hence, if the voltage vector lies in region 1, 2, or 3, the four permitted vectors can

be calculated from the four equivalent vectors V10, V1, V20, V2, and V12 of sectors 2

and 3. As shown in Figure 8.76, these permitted vectors are the closest vectors to the

voltage reference vector when it lies in region 1, 2, or 3. The look-up table is made up

according toTable 8.12. It defines the first voltagevector as a function of the sector and

the stator power errors.

TABLE 8.11 Region Calculation as a Function of vD and vQ
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Three of the permitted voltage vectors belong to the region where the equivalent

converter voltage vector is located; these vectors are the closest vectors that provide

the three-level NPC converter with the predicted required converter voltage vector.

In contrast, the fourth permitted vector requires a jump to the subsequent region and in

general it is only used in dynamic operation requirements, for instance, when a change

in Ps and Qs is demanded.

There is no differencewhenwe use different redundant vectors, since they produce

the same line-to-line voltage at the output of the converter. This means that they
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1

–1

uQs
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1
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Figure 8.75 (a) ON–OFF stator active power controller without hysteresis band. (b)ON–OFF

stator reactive power controller without hysteresis band.
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produce the same directly controlledmagnitudes (Ps andQs) variations. However, the

redundant vectors are used to balance the DC bus capacitor voltages according to the

criteria shown in Section 2.3.1.

On the other hand, if the rotor voltage vector lies in region 4, the first vector

selection is made according a slightly different procedure. Since, in region 4, the

closest four vectors to the converter voltage vector do not produce equal stator power

variations along one sector, the choice is made as in the two-level converter based

DTC or DPC strategies. Omitting regions 1, 2, and 3 from the three-level space vector

diagram, as structured in Figure 8.77, the four permitted vectors are selected from six

TABLE 8.12 First Vector Selection for Regions 1, 2, and 3 at Subsynchronism

ePs, eQs

Sectors (1, 1) (1, �1) (�1, 1) (�1, �1)

4, 8, 12 V20 V10 V2 V12

3, 7, 11 V20 V10 V12 V1

2, 6, 10 V10 V20 V1 V12

1, 5, 9 V10 V20 V12 V2
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Figure 8.77 Three-level space vector diagram omitting regions 1, 2, and 3.
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vector candidates—V10, V20, V30, V40, V50, and V60—according to the information

given in Table 8.13.

It must be stressed that Table 8.13 is equivalent to the table of vectors defined for

DPC based on the two-level VSC.

Second and Third Vector Selection Strategy at Constant Switching
Frequency Once the first active vector is selected from Tables 8.13 or 8.12, in

order to correct the controlledPs andQs errors, the predictiveDPC strategy employs a

sequence of three different voltage vectors in a constant switching period h, under

steady state operating conditions.

Hence, a second and a third vector are applied, with the objective ofminimizing the

Ps and Qs errors, from their reference values. One example of the typical waveform

evolutions for this control strategy is shown in Figure 8.78.

In the adopted notation the slopes of Ps are denoted as s1, s2, and s3, while s11, s22,

and s33 are the slopes ofQs. Depending on the sector where the~x
r vector lies, different

voltage vectors will produce different Ps and Qs variations. These slopes are

calculated in block 5 of Figure 8.71; the calculation procedure is described in the

next section.

The first vector choice defines the second and the third vectors as mapped in

Table 8.14. The three vectors injected during one switching period h, under steady

state operating conditions, are the nearest three vectors to the converter voltage

reference vector. Thus, it is ensured that these vectors produce the smallest Ps and Qs

variation.

It could occur that the selected first vector (Figures 8.76 and 8.77 and Tables 8.13

and 8.12) is not one of the nearest three vectors to the required voltage vector, so there

is a region jump requirement: for instance, vector V20 for region 1. In general, this

situation is due to a change in the demanded steady state, provoking a transient

response. Under these circumstances, only the first vector will be injected during the

whole sample period h, in order to achieve fast dynamic operation capacity. Finally,

selection of the second and third vectors as well as the first vector is graphically

accomplished in block 4 of Figure 8.71.

TABLE 8.13 First Vector Selection for All the Sectors and Region 4 at

Subsynchronism

ePs, eQs

Sectors (1, �1) (1, 1) (�1, �1) (�1, 1)

1, 2 V60 V50 V20 V30

3, 4 V10 V60 V30 V40

5, 6 V20 V10 V40 V50

7, 8 V30 V20 V50 V60

9, 10 V40 V30 V60 V10

11, 12 V50 V40 V10 V20
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Derivative Expressions Calculation In this subsection, the mathematical

expressions that relate the stator active and reactive power variations with the

converter voltage vectors are derived. For predictive purposes, it is necessary to

know the amount of modification for Ps and Qs, for each converter voltage vector.

First, the stator power derivative expressions are considered in DQ coordinates:

dPs

dt
¼ 3

2

dvDs

dt
iDs þ diQs

dt
vQs þ dvQs

dt
iQs þ vDs

diDs

dt

� �
ð8:61Þ

dQs

dt
¼ 3

2

dvQs

dt
iDs þ diDs

dt
vQs � dvDs

dt
iQs � vDs

diQs

dt

� �
ð8:62Þ

h
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hc2/2
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Qs(k)

Qs
* Qs (k+1)

Figure 8.78 Steady state active and reactive power waveforms at motor and generator modes

in subsynchronism for 3L-NPC VSC based P-DPC.

TABLE 8.14 Second and Third Vector Selections According to the

Nearest Three Vectors Criteria in Equivalent Sectors 2 and 3

Region Vectors

1 V10, V1, V12

2 V10, V12, V20

3 V20, V2, V12

4 V20, V10, V0
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Consequently, by substituting the state space representation of themachine and the

filter, Equation (8.56), into expressions (8.61) and (8.62), it is possible to deduce the

derivative expressions of the stator active and reactive powers, for each voltage vector

of the three-level NPC converter. Hence, the slopes produced by the zero vectors are

calculated as

dPs

dt

����
V0

¼ KLf �PsK1 �orQs=KLf þorK2


 � ð8:63Þ

dQs

dt

����
V0

¼ KLf �QsK1 þorPs=KLf þK3


 � ð8:64Þ

After that, the slopes produced by the rest of the vectors can be calculated

according to the following equations:

dPs

dt

����
V

¼ dPs

dt

����
V0

þKvK4 sinðortþ dþ �Þ ð8:65Þ

dQs

dt

����
V

¼ dQs

dt

����
V0

�KvK4 cosðortþ dþ �Þ ð8:66Þ

with d being the phase shift between the rotor and stator flux space vectors and the

constant values served in Table 8.15 and:

KLf ¼ 1

sf LsLrf
ð8:67Þ

K1 ¼ RsLrf þRrf Ls ð8:68Þ

K2 ¼ 3

2
Lrf

j~vsj2
os

ð8:69Þ

K3 ¼ 3

2
Rrf

j~vsj2
os

ð8:70Þ

K4 ¼ KLf LmVbusj~vsj ð8:71Þ

Therefore, in Figure 8.79, the stator active power and reactive power derivative

expressions are graphically represented, when the machine operates at subsynchro-

nous speedwith an inverter voltagevector that lies in regions 1, 2, and 3.Analyzing the

resulting sinusoidal waveforms, for instance, in sector 12, under these operating

conditions regions 2 and 3 are required. In that sector, according to Figure 8.79,

vectors V20, V10, V2, and V12 are the corresponding voltage vectors. As can be noted

from Figure 8.79, these four vectors produce the four required combinations ofPs and

Qs variations (1, 1), (1,�1), (�1, 1), and (�1,�1), with the smallest slopemagnitude.

Consequently, by choosing these four vectors, control of the stator active reactive

power, with reduced error ripples is ensured.
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Power Error Reduction Criteria at Constant Switching Frequency The

switching instants hc1 and hc2 shown in Figure 8.78 are calculated in order to

obtain the objective of reducing the squared Ps and Qs errors at the end of the

switching period. So, once the three vectors are chosen, their corresponding time

intervals are calculated based on a prediction of Ps and Qs. This task is graphically

represented in block 6 of Figure 8.71.

Thus, since the objective is to minimize the sum of the squared Ps and Qs errors at

the end of the switching period h, it can be mathematically expressed as

f ¼ e2Ps
þ e2Qs

ð8:72Þ

Figure 8.79 Stator active and reactive power slopes in subsynchronism.

TABLE 8.15 Amplitude and Phase Shift Constants for Vectors of the Three-Level

NPC Converter with N¼ 1–6

V Kv �

Large vectors VN � V1, V2, V3, V4, V5, V6 1 � p
3
ðN�1Þ

Medium vectors VN,Nþ 1 � V12, V23, V34, V45, V56, V61

ffiffi
3

p
2

� p
3
ðN�1Þ� p

6

Small vectors VN0 � V10, V20, V30, V40, V50, V60
1
2

� p
3
ðN�1Þ
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with

e2Ps
¼ ½hc1ðs1 � s2Þþ hc2ðs2 � s3Þþ s3h�P

�
s þPsðkÞ�2 ð8:73Þ

e2Qs
¼ ½hc1ðs11 � s22Þþ hc2ðs22 � s33Þþ s33h�Q

�
s þQsðkÞ�2 ð8:74Þ

Hence, the minimum of expression (8.72) is derived by calculating the derivative

expressions

qf ðhc1; hc2Þ
qhc1

¼ 0;
qf ðhc1; hc2Þ

qhc2
¼ 0 ð8:75Þ

and solving the system of two equations and two unknowns. This yields the following

switching instants:

hc1 ¼ �ðs22 � s11Þ�Ps þðs1 � s2Þ�Qs þðs22s3 � s2s33 þ s33s1 � s11s3Þh
s22s1 � s33s1 � s22s3 þ s3s11 � s2s11 þ s33s2

ð8:76Þ

hc2 ¼ �ðs22 � s33Þ�Ps þðs3 � s2Þ�Qs þðs22s3 � s2s33Þh
s22s1 � s33s1 � s22s3 þ s3s11 � s2s11 þ s33s2

ð8:77Þ

with

�Ps ¼ �P
�
s þPsðkÞ and �Qs ¼ �Q

�
s þQsðkÞ

The pair of equations (8.76) and (8.77) will minimize the Ps and Qs errors in the

same proportion. These expressions are valid formagnitudes of different scales and do

not require a special weighting treatment.

Note that in previously studied predictive direct controls, the switching instants

were calculated by focusing on the power ripple minimization. However, in this case,

for simplicity and just to show a different solution, power errors at the end of the

switching period are minimized.

Balancing of DC Bus Capacitors Voltages The medium vectors of the three-

level NPC converter must be selected appropriately to ensure the DC bus capacitor

voltage balance. That choice is simply made by considering only the medium vectors

V10 and V20 of equivalent sectors 2 and 3 and the output currents of the converter (iar,

ibr, icr). This task is accomplished in block 7 of Figure 8.71.

Hence, from the equivalent sectors 2 and 3, Tables 2.8 and 2.9 from Chapter 2

provide sufficient information to perform the voltage balancing, according to the

typical criteria for 3L-NPC converters. The reader should note the equivalence

between the sextants (Chapter 2) and sectors used in this chapter, to appropriately

be able to interpret these tables.

Vector Sequence Definition: Reduction of the Commutations Once the three

vectors and their duty cycles (hc1 and hc2) are selected from the equivalent sectors 2
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and 3, the next task is to define the right implementation sequence, in order to reduce

the commutations of the semiconductors. As can be seen in Figure 8.78, the vectors

are generated by a triangular based comparison, since the first and second vectors of

the sequence are split into two different application time intervals. This strategy is

different from the one employed in two-level converter based P-DTC and P-DPC

strategies. In this case, for an equal sample period h, the switching frequency of the

devices is increased compared to the two-level converter based control strategies. In

contrast, the Ps and Qs ripples are decreased for the triangular based vector sequence

implementation. In addition, many authors adopt this implementation procedure for

three-levelNPC converter applications, since, in general, it producesmore symmetric

commutations of the switching devices, especially considering the transition to

subsequent sample periods.

Hence, depending on the medium vector choice, defined by the DC bus capacitor

voltage balancing algorithm that has been described in the previous section,Table 2.10

fromChapter 2 provides the vector sequence order that reduces the commutations in a

switching period. According to that, it is found that the zero vector employed will

always be 111 since it produces the lowest commutations.

Real Vector Definition The last task of the proposed algorithm is to generate the

real voltage vectors, from the calculated equivalent vectors in sectors 2 and 3. The real

vector definition can be performed by simply interchanging the phases according to

Table 2.11 presented in Chapter 2, considering the sector where the~xr space vector

lies. The reader againmust note the equivalence between sextants and sectors. Finally,

these two last tasks are accomplished in block 8 of Figure 8.71.

Hence, Figure 8.80 illustrates how the pulses for the controlled semiconductors can

be created, according to a triangular based comparison. A sequence of vectors, 100-

200-210–210-200-100, is generated, with two specific switching lengths, hc1 and hc2.

Therefore, thanks to the triangular based comparison of hc1 and hc2 values, the

pulses can easily be created. The sequence of three different vectors is divided into

fivedifferent parts. In this particular case, only semiconductors Sa1 and Sb2 commutate

within the switching period h.

On the other hand, when Table 2.10 is used for a reduced commutation schema

within the switching period, the first vector defined by Tables 8.13 or 8.12, can

actually be injected as the first, the second, or the third vector, as illustrated in

Figure 8.81.

8.6.2.4 Example 8.7: 3L-NPC VSC Based P-DPC of a 15 kWDFIM In this

example, an experimental result of the control strategy presented in the previous

section is carried out. Despite the fact that this control technique is oriented to

high power applications, for practical reasons, the results have been obtained in a

15 kW test bench, composed of a 380V–15 kW–1500 rev/min doubly fed induction

machine.

The selection of the rotor side inductive filter ismade according to a simulation and

experimental comparison procedure. Table 8.16 shows the obtained stator current

THD with several inductance values, at nominal power conditions.
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Figure 8.80 Triangular based pulse generation schema: 100-200-210–210-200-100 sequence

of vectors injection.
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Figure 8.81 Two examples of Ps and Qs evolutions, according to multilevel P-DPC: (a) first

vector defined by Table 8.12 is finally the first vector injected; (b) first vector defined by

Table 8.12 is finally the second vector injected.
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In order to produce the stator current THD that reasonably meets the IEEE

Standard 519-1992 recommendation, the selected inductive filter will be 14mH, for

subsequent experimental trials.

Hence, the steady state behavior of the presented predictive DPC strategy will be

shown in two different scenarios: with a 14mH inductive rotor filter and without a

rotor filter. It is obvious that, with the filter, the achieved current and power qualities

will be better than without the filter.

Hence, the machine is magnetized by the stator, interchanging a stator reactive

power of 11 kVARwith the grid. TheDC bus voltage of the three-level NPC converter

has been set to 320V. The switching frequency is imposed to a considerably low value

of 0.5 kHz. In both cases, the stator active power reference is set to the nominal power

of 15 kW, implying that the machine will operate at the nominal torque. The speed of

the machine is controlled externally to 1250 rev/min first and then to 750 rev/min.

Under these operating conditions, the three-level NPC converter will operate in the

fourth region (1250 rev/min) and in the first, second, and third regions (750 rev/min)

of the space vector diagram.

As can be seen in Figure 8.82, the quality of the generated stator and rotor currents

is better when themachine is fedwith the rotor filter; on the other hand, while at higher

modulation indexes (Figures 8.82c and 8.82d), all the voltage levels of the three-level

NPC converter are used.

8.6.3 Three-Level NPC VSC Based DTC of the DFIM

In this next section, the predictive DTC strategy is depicted for the three-level NPC

converter. Since this control strategy is equivalent to the DPC strategy presented in

this chapter, only themost significant features of the predictiveDTCwill be analyzed.

First, the control block diagram will presented; second, only the new different blocks

will be analyzed, that is, the first vector selection blocks, the slope calculation block,

and the error reduction block.

8.6.3.1 Control Block Diagram The block diagram of the proposed control

strategy is shown in Figure 8.83. The directly controlled magnitudes are the

electromagnetic torque and the rotor flux amplitude. From the references, the

TABLE 8.16 Generated Stator Current Quality for Different Rotor Side Filter

Values (15 kW, 11 kVAR, 1250 rev/min and 500Hz Switching Frequency)

Lf (mH)
Stator Current THD

Simulation Experiment

0 7.1% 7.8%

4 4% 4.7%

10 2.6% 3.1%

14 2.5% 2.8%
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control strategy calculates the pulses (S1a, S2a, S1b, S2b, S1c, S2c) for the IGBTs of the

three-level NPC voltage source converter (VSC), in order to meet the following two

objectives: reduced ripples and constant switching frequency behavior. Figure 8.83

shows that the control strategy is divided into eight different tasks represented in eight

different blocks. Note that this control block diagram is equivalent to the block

diagram of Figure 8.71 for predictive DPC strategy. In fact, blocks 1, 2, 3, 7, and 8 are

exactly the same, so for simplicity they will not be analyzed again in this section.

On the other hand, blocks 4, 5, and 6 present some differences that will be analyzed in

subsequent subsections.

8.6.3.2 First Vector Selection Strategy The basic principle of the direct

control techniques determines the choice of one specific voltage vector of the

CH1 200V
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CH3 50.0A CH4 50.0A
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2
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Figure 8.82 Voltage (CH1-vab andCH2-vao) and current (CH3-ias andCH4-iar) waveforms of

predictive DPC control strategy, with and without rotor side inductive filter, at steady state with

Ps¼ 15 kW, Qs¼ 11 kVAR, and 0.5 kHz switching frequency: (a) 1250 rev/min without filter,

(b) 1250 rev/min with 14mH inductive filter, (c) 750 rev/min without filter, and (d) 750 rev/min

with 14mH inductive filter.
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converter, in order to correct the directly controlled magnitude’s errors. Equivalently,

as occurred with the predictive DPC, the choice of this vector is directly calculated to

the electromagnetic torque and the rotor flux amplitude errors themselves, the sector

where the ~xr lies, and the region of the equivalent voltage vector~vf eq.

Once again, the proposed predictive DTC strategy adopts this principle to select

the first voltage vector of the three-vector sequence employed to minimize the Tem
and j~cjr errors. Hence, the first voltage vector selection is based on a look-up

table mapped by the output of two ON–OFF comparators without hysteresis bands.

These tasks are accomplished in blocks 2, 3, and 4 of Figure 8.83. When the

estimated inverter voltage vector lies in regions 1, 2, or 3, the look-up table is that

shown in Table 8.17.

On the contrary, when the inverter space vector is located in region 4, the look-up

table is that shown in Table 8.18. Note that, in both cases, the required information

to select the first vector for the predictive DTC and DPC strategies has been

included.

After that, the second and third vector selection procedure of DTC strategy

employs the same table as in DPC strategy (Table 8.14).
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Figure 8.83 Predictive DTC block diagram.

TABLE 8.17 First Vector Selection for Regions 1, 2, and 3 at Subsynchronism

Sectors (eTem, ej~crj) or (ePs, eQs)

DTC DPC (1, 1) (1, �1) (�1, 1) (�1, �1)

1, 5, 9 4, 8, 12 V20 V10 V2 V12

2, 6, 10 3, 7, 11 V20 V10 V12 V1

3, 7, 11 2, 6, 10 V10 V20 V1 V12

4, 8, 12 1, 5, 9 V10 V20 V12 V2
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8.6.3.3 Derivative Expressions Calculation In this subsection, the

mathematical expressions that relate the electromagnetic torque and the rotor flux

amplitude variations with the inverter voltage vectors are presented. From the

machine’s model equations the torque and flux derivative expressions yield:

dj~crj
dt

¼
 
Rrf Lm

sLsLr

!
j~csj cos d�

 
Rrf

sLr

!
j~crj

�
 

Lf Lm

sLsLr

!
orj~csj sin dþ

2

3
Vbus cos

 
ort� p

3
ðn� 1Þ

! ð8:78Þ

dTem

dt
¼ Tem

  
Lf

sLr
þ 1

!
or

tan d
�
 

Rs

sLs
þ Rr

sLr

!!
� 3

2
pLf

 
Lm

sLsLr

!2

orj~csj2

þ p
Lm

sLsLr
Vbusj~csj sin

 
ortþ d� p

3
ðn� 1Þ

! ð8:79Þ

8.6.3.4 Torque and Flux Error Reduction Criteria at Constant Switching
Frequency The expected electromagnetic torque and rotor flux evolutions in one

switching period are shown in Figure 8.84. Since the same error reduction procedure

as predictive DPC is followed, the expressions for the duty cycles are

hc1 ¼ �ðs22 � s11Þ�Tem þðs1 � s2Þ�Fr þðs22s3 � s2s33 þ s33s1 � s11s3Þh
s22s1 � s33s1 � s22s3 þ s3s11 � s2s11 þ s33s2

ð8:80Þ

TABLE 8.18 First Vector Selection for all the Sectors and Region 4 at

Subsynchronism

Sector
DTC (uTem, uj~crj)

(1, 1) (1, �1) (�1, 1) (�1, �1)

1, 2 V60 V50 V20 V30

3, 4 V10 V60 V30 V40

5, 6 V20 V10 V40 V50

7, 8 V30 V20 V50 V60

9, 10 V40 V30 V60 V10

11, 12 V50 V40 V10 V20

Sector

(1, �1) (1, 1) (�1, �1) (�1, 1)

DPC (uPs, uQs)
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hc2 ¼ �ðs22 � s33Þ�Tem þðs3 � s2Þ�Fr þðs22s3 � s2s33Þh
s22s1 � s33s1 � s22s3 þ s3s11 � s2s11 þ s33s2

ð8:81Þ

with

�Tem ¼ �T
�
em þ TemðkÞ and �Fr ¼ �j~crj

� þ j~crjðkÞ

8.7 CONTROL SOLUTIONS FOR GRID VOLTAGE DISTURBANCES,
BASED ON DIRECT CONTROL TECHNIQUES

8.7.1 Introduction

In this section, the behavior of the wind turbine generation system is studied under

abnormal grid voltage situations. Mainly an unbalanced grid voltage scenario is

addressed, but the presence of voltage dips in the grid is also considered. It will be

shown that if no special control efforts are employed, the wind turbine system

behavior, controlled by any of the direct control strategies presented in this chapter,

can deteriorate.

Therefore, in order to tackle these problems, different control modifications to the

direct control techniques studied in this chapter will be provided for rotor side and

converter control of the wind turbine.
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Figure 8.84 Steady state electromagnetic torque and rotor flux amplitudewaveforms atmotor

and generator modes in subsynchronism.

CONTROL SOLUTIONS FOR GRID VOLTAGE DISTURBANCES 451



For an easier understanding and in order to focus more on the control solutions for

these two disturbances, simple nonpredictive direct control techniques are employed

(see Sections 8.2 and 8.3), and the simplest two-level back-to-back converter is used

as the VSC. The control solutions proposed for this faulty scenario are based on the

appropriate reference generation strategy. Therefore, with the combination of a

simple but efficient direct control technique (DTCorDPC), togetherwith the required

reference generation strategy, the wind turbine system will be able to tackle the

problems provoked by the faulty grid voltage context. Finally, simulation based

illustrative examples successfully help the reader to understand the theoretical

considerations.

The grid side converter behavior is excluded from this study; however, as seen in

Chapter 7, the grid side converter is also affected by the grid voltage disturbances and

should accordingly be controlled as specified in Section 7.6.

8.7.2 Control for Unbalanced Voltage Based on DPC

In this section, the behavior of a doubly fed induction machine is studied under

unbalanced grid voltage conditions. It’s shown that if no special control efforts are

employed, the behavior of the generator deteriorates, basically due to two reasons:

electromagnetic torque oscillations and nonsinusoidal current exchange with the

grid. Those phenomena are theoretically analyzed first, as a function of the stator

active and reactive instantaneous power exchange, by the stator of the DFIM.

This analysis provides the main ideas for generation of the active and reactive

power references, for the rotor side converter (RSC) controlled by means of

direct power control (DPC) techniques. Therefore, this section proposes the

algorithm that generates the RSC power references, without the necessity of a

sequence component extraction, in order to eliminate torque oscillations and

achieve sinusoidal stator current exchanges through the stator. Finally, a simulation

based example successfully validates the studied power reference generation

methods.

8.7.2.1 Description of the Scenario The analyzed system considers the

imbalance created in the grid voltage by the presence of an unbalanced load, as

illustrated in Figure 8.85. In a general situation, not all the impedances (Rabc) of the

load considered are equal. The unbalanced consumption of currents of the load (iabcL),

together with the impedance of the lines (ZN1, ZN2), induces an unbalanced voltage in

the stator and in the grid side converter of the wind turbine.

For simplicity in the exposition, the transformer of the wind turbine system has

been omitted in the analysis. It must be highlighted that there could be other different

situations where the voltage seen by the wind turbine is unbalanced, but in almost all

the cases, the permanent imbalance is created by a permanent unbalanced load

consuming unbalanced currents. Thus, the presentation in this section focuses on

the scenario illustrated in Figure 8.85. The VSC employed in the study is the classic

2L-VSC.
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In this study, the DPC technique is adopted for RSC as enunciated in Section 8.3;

note that any other DPC technique could also be applied. Through the rotor side

converter, the stator active and reactive powers (Ps and Qs) exchanged with the grid

are directly controlled. Hence, the pulses for the controlled semiconductors of the

two-level back-to-back converter are calculated from the stator active and reactive

power references. Thus, by means of these direct control techniques, it is possible to

achieve quick dynamic performances, without using current regulators and with

reasonably good implementation simplicity. This strategy can be understood as

an alternative solution to control methods based on current loops, as studied in

Chapter 7. In this case, an easy and standard version of DPC has been utilized for

rotor side converter control. One of the most important reasons for this choice is

that, with this work, we want to show how the unbalanced problem can be tackled,

by simply adding the appropriate power reference generation strategy to a classic

DPC technique; however, as mentioned before, it is also possible to use any other

direct power control. The proper reference generations are studied in depth in

subsequent sections.

Prior to the design of the control strategies, to address this unbalanced situation, the

following subsection presents the theoretical bases for analyzing the effect of

unbalanced voltage in the active and reactive powers.
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Figure 8.85 Wind energy generation system under unbalanced voltage grid conditions.
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8.7.2.2 Active and Reactive Power Representations Under Unbalanced
Conditions As seen several times in this book, the active and reactive power

expressions can be calculated as follows:

P ¼ 3
2
Re
�
~v �~i � ¼ 3

2
ðvaia þ vbibÞ Q ¼ 3

2
Im
�
~v �~i� ¼ 3

2
ðvbia � vaibÞ ð8:82Þ

Note that since this section studies an unbalanced voltage supply, all the

space vectors of the wind turbine electric system could have positive and negative

sequences as well; that is, they can be unbalanced. Hence, considering a general case

with positive and negative sequences in both voltage and current space vectors;

we have

~v ¼ ð~v1 þ~v2Þ ¼ va þ jvb ¼ ðva1 þ va2Þþ jðvb1 þ vb2Þ ð8:83Þ
~i ¼ ð~i1 þ~i2Þ ¼ ia þ jib ¼ ðia1 þ ia2Þþ jðib1 þ ib2Þ ð8:84Þ

Substituting expressions (8.83) and (8.84) into equations of active and reactive

powers yields

P ¼ AP þBP þCP þDP ð8:85Þ

Q ¼ AQ þBQ þCQ þDQ ð8:86Þ

with

AP ¼ 3
2
Re
�
~v1 �~i �

1g ¼ 3
2
ðva1ia1 þ vb1ib1Þ ð8:87Þ

BP ¼ 3
2
Re ~v2 �~i �

2g ¼ 3
2
ðva2ia2 þ vb2ib2Þ

� ð8:88Þ

CP ¼ 3
2
Re ~v1 �~i �

2g ¼ 3
2
ðva1ia2 þ vb1ib2Þ

� ð8:89Þ

DP ¼ 3
2
Re ~v2 �~i �

1g ¼ 3
2
ðva2ia1 þ vb2ib1Þ

� ð8:90Þ

AQ ¼ 3
2
Im ~v1 �~i �

1g ¼ 3
2
ðvb1ia1�va1ib1Þ

� ð8:91Þ

BQ ¼ 3
2
Im ~v2 �~i �

2g ¼ 3
2
ðvb2ia2�va2ib2Þ

� ð8:92Þ

CQ ¼ 3
2
Im ~v1 �~i �

2g ¼ 3
2
ðvb1ia2�va1ib2Þ

� ð8:93Þ

DQ ¼ 3
2
Im ~v2 �~i �

1g ¼ 3
2
ðvb2ia1�va2ib1Þ

� ð8:94Þ

Note that, for simplicity, the time dependence of each term has been omitted.

On the other hand, the terms AP, AQ and BP, BQ are constant at steady state, since they

are composed of same sequence product. However, termsCP,CQ andDP,DQ oscillate
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at 2o angular speed, since they are composed of positive and negative

sequence products. In a subsequent subsection, this basic analysis is applied to the

DFIM.

8.7.2.3 DFIM Analysis and Control Under Unbalanced Voltage This

section finds the required modifications for the control, in order to make the wind

turbine operative under unbalanced voltage situations. First, the system under

unbalanced voltage is studied and then the control strategy is designed.

DFIM Analysis The DFIM can be modeled with the following voltage and flux

equations, in the stator reference frame as seen in previous sections:

~vs ¼ Rs
~is þ d~cs

dt
ð8:95Þ

~cs ¼ Ls~is þ Lm~ir ð8:96Þ

On the other hand, the electromagnetic torque can be expressed using the following

equation:

Tem ¼ 3
2
p Im ~c

�
s �~is

o
¼ 3

2
pðcasibs �cbsiasÞ

n
ð8:97Þ

It must be highlighted that as the stator voltage is unbalanced, all the space vectors

of Equations (8.95)–(8.97), may present positive and negative sequences.

The influence of the unbalanced voltage will be analyzed in the stator flux. From

expressions (8.83) and (8.95), the relationship between stator flux and the stator

voltage results:

~vs1 ¼ Rs
~is1 þ jos

~cs1 ð8:98Þ
~vs2 ¼ Rs

~is2 � jos
~cs2 ð8:99Þ

The stator flux evolves as the superposition of the positive and negative sequence

fluxes—the first one rotating clockwise and the second one anticlockwise, as

illustrated in Figure 8.86:

Substituting the positive and negative sequence components of the stator current

and stator flux into the torque expression (8.97), we have

Tem ¼ 3
2
p Im ~c

�
s1
~is1 þ~c

�
s1
~is2 þ~c

�
s2
~is1 þ~c

�
s2
~is2

on
ð8:100Þ

It is deduced that the torque is composed of two constant terms, associated with

equal sequence products and two 2o pulsating terms associated with nonequal

sequence products.
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Substituting the flux from expressions (8.98) and (8.99) in torque equation (8.100),

we find

Tem ¼ 3
2
p
1

os

Re ~vs1~i
�
s1 �~vs2~i

�
s2 �~vs2~i

�
s1 þ~vs1~i

�
s2 �Rsðj~is1j2 � j~is2j2Þ

on
ð8:101Þ

By similitude with the active power expression, Equation (8.85) and defining the

constant term Es T , we have

Es T ¼ Rsðj~is1j2 � j~is2j2Þ ð8:102Þ
The torque can be expressed as

Tem ¼ p

os

ðAPs �BPs þCPs �DPs �ETsÞ ð8:103Þ
where the subscript s indicates the stator variables.

On the other hand, the stator active and reactive power expressions, as a function of

the positive and negative sequences of the voltage and currents, yield

Ps ¼ APs þBPs þCPs þDPs ð8:104Þ
Qs ¼ AQs þBQs þCQs þDQs ð8:105Þ

As can be observed fromEquations (8.103) and (8.104), the stator active power and

the electromagnetic torque are closely related since they share four common terms:

APs, BPs, CPs, and DPs. Hence, the relationship between the torque and the active

power can be derived:

Ps ¼ Temos

p
þ 2BPs þ 2DPs þETs ð8:106Þ

sω

s1ψ

α

β

s1v

s1ss1 iv −R

s1s i−R

s2v

s2s i−R
s2ss2 iv −R

s2
ψ

sω

Figure 8.86 Relationship between stator voltage, current, and flux space vectors.
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This expression is exploited later, in order to improve the control performance

under unbalanced grid voltage conditions.

Active Power Oscillations Cancellation Strategy (APOC) As depicted in

Figure 8.85, the control strategy for the DFIM is divided into two different

general blocks. The first block is a DPC technique, directly controlling the stator

active and reactive powers. The second block calculates the required stator power

references, to dealwith the problems generated by the unbalanced grid voltage, that is,

electromagnetic torque oscillations and nonsinusoidal stator currents.

However, in this subsection, the control strategy that produces constant active

power is analyzed. From the stator active power expression, Equation (8.104), we

notice that addition of the two oscillating terms is zero:

CPs þDPs ¼ 0 ð8:107Þ
The active power will remain constant, and sinceCPs andDPs depend on both positive

and negative stator currents sequences, it is impossible to make both oscillating terms

zero at the same time (CPs ¼ 0 and DPs ¼ 0), because it will require the imposition

of zero stator currents. The required power (Ps_required) is equal to the reference active

power (P
�
s):

P
�
s ¼ Ps required ¼ APs þBPs ð8:108Þ

but the electromagnetic torque, Equation (8.103), will have oscillating terms,

Tem ¼ p

os

ðAPs �BPs � 2DPs �ETsÞ

¼ p

os

ðAPs �BPs þ 2CPs �ETsÞ
ð8:109Þ

Torque Oscillations Cancellation Strategy (TOC) As occurs with the active

power, the analysis of expression (8.103) shows that the only way to achieve constant

electromagnetic torque, under unbalanced grid voltage conditions, is by imposing

CPs �DPs ¼ 0 ð8:110Þ
The resulting electromagnetic torque is

Tem ¼ p

os

ðAPs �BPs �ETsÞ ð8:111Þ

This imposition, for a givenvoltage imbalance, in general does not make either the

positive or negative sequences of the stator currents zero.
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Under this situation, the required stator power and the reference stator active power

are related by the following expression:

P
�
s ¼ Ps required þ 2CPs ¼ Ps required þ 2DPs ð8:112Þ

Note that by equating the oscillating terms of this last expression and expres-

sion (8.104), we have expression (8.110). On the other hand, as a function of

electromagnetic torque from Equation (8.106), the active power reference results:

P
�
s ¼ Temos

p
þ 2BPs þ 2CPs þEPs

¼ Temos

p
þ 2BPs þ 2DPs þEPs

ð8:113Þ

In addition, as shown later in a simulation validation, with this power reference

generation strategy, the stator currents exchanged with the grid are unbalanced as

well, but they are sinusoidal, ensuring that there is no further quality deterioration.

Torque Oscillations Cancellation Without Sequence Calculation (TOC-
WSC) In the previous two power reference generation strategies, positive and

negative sequence calculations of voltage and currents were needed, to avoid power–

torque oscillations. In this subsection, an improved method to avoid these sequence

calculations is presented.

For a given active power reference (Ps_required), an oscillating term obtained from

the electromagnetic torque and stator power is added as shown in Figure 8.87:

P
�
s ¼ Ps required þðPs�os

p
TemÞ ð8:114Þ

Substituting into expression (8.114) Equations (8.103) and (8.104), the stator

active power reference expression yields

P
�
s ¼ Ps required þð2BPs þ 2DPs þETsÞ ð8:115Þ

_
s /pω

+

sP

emT

+

+

s_requiredP

*
sP

Figure 8.87 Stator active power generation strategy.
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Again, this last expressionmust be equal to expression (8.104); thus, the oscillating

terms yields

CPs þDPs ¼ 2DPs ð8:116Þ

This means that, with this last equation, the condition to cancel the torque

oscillations has been obtained.

Note that with this reference generation strategy, as mentioned before, since the

positive and negative sequence calculations are not needed to avoid the electro-

magnetic torque oscillations, implementation of the strategy is simpler.

8.7.2.4 Example 8.8: System Behavior Controlled by DPC Under
Unbalanced Voltage with Oscillatory Power References This example

shows the behavior of a 690V and 2MW DFIM supplied by an unbalanced grid

voltage, when it is controlled by a classic DPC but with the studied torque oscillations

elimination strategy (TOC-WSC). It seeks to show the improvements derived from

the proper power references generation strategy. The programmed unbalanced

voltage in p.u. is vas ¼ 1ff0˚, vbs ¼ 1:17ff�115:3˚, vcs ¼ 1:17ffþ115:3˚.
Figure 8.88 covers the simulation results. The speed of the machine is controlled

to constant 0.9 p.u. subsynchronous speed. During the first half of the experiment,

oscillating power references are commanded, while in the middle of the experiment,

the power references are constant.

Thus, Figure 8.88a illustrates the unbalanced stator voltage. During the first half of

the experiment, the stator currents are unbalanced but sinusoidal. Both the stator

voltage and currents present the same imbalance, as can be noticed fromFigures 8.88a

and 8.88b. However, once compensation of the imbalance is disabled, the stator

currents further deteriorate, becoming nonsinusoidal. This deterioration of currents is

typical when direct control techniques are employed with constant references during

permanent voltage imbalance of the grid.

In order to achieve the shown improvement in the stator currents, the stator active

power performance can be seen in Figure 8.88c. The active power oscillations

commanded have a frequency of 100 Hz, as studied theoretically. Note that in the

middle of the experiment, both references are set to a constant value.

In addition, as exhibited in Figure 8.88d, the torque oscillations are totally

eliminated in the first half of the experiment thanks to the control strategy employed.

Again, as studied analytically, the torque oscillations are at 100Hz when they are not

disabled. Note that this oscillatory torque would create oscillatory behavior of the

speed, disturbing the performance of the wind turbine operation.

Finally, Figures 8.88e and 8.88f illustrate how the rotor voltages (shown filtered

for an easier analysis) and currents under both situations, have 100 Hz oscillations

superimposed on the fundamental component. Note that an additional rotor voltage

is required, to keep the stator currents sinusoidal in the absence of torque

oscillations.

Hence, thanks to the programmed power reference strategy, it is possible to avoid

two of the major problems derived from an unbalanced stator voltage scenario:
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nonsinusoidal exchange of currents through the stator and oscillatory torque behavior.

However, the stator currents must still be unbalanced to eliminate the torque

oscillations.

8.7.3 Control for Unbalanced Voltage Based on DTC

This section explores the issue of controlling the doubly fed induction machine

(DFIM) under an unbalanced grid voltage situation and by using a direct torque

control (DTC) technique. The effect of the imbalance on the machine is studied first,

Figure 8.88 The 2MW DFIM behavior under unbalanced voltage and controlled by DPC

with oscillatory references: (a) unbalanced stator voltage, (b) stator currents, (c) stator active

and reactive powers, (d) electromagnetic torque, (e) filtered rotor voltage, and (f) rotor

currents.
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based on an amplitude space vector analysis. An alternative analysis method for

studying the unbalanced situations is to use the symmetric decomposition method

seen in the previous section. Next, a special control strategy is proposed in order to

address the two main difficulties generated by the imbalance; torque oscillations and

nonsinusoidal current exchange with the grid through the stator of the machine. This

control strategy is composed of DTC control (Section 8.2) and a special flux reference

generation schema (Figure 8.89). As similarly occurs with theDPC, if constant torque

and rotor flux amplitude are required, the DFIMwill exchange nonsinusoidal currents

with the grid through the stator in the presence of unbalanced voltage. This fact in

general is not accepted in energy generation applications, since it can unstabilize the

electric network among other reasons.

Consequently, the same philosophy as in the previous section is followed to tackle

the unbalanced situation. By simply adding a special rotor flux reference generation

strategy, to the widely used DTC for the DFIM, it is possible to solve the unbalanced

voltage problem, without modifying either the control philosophy or the hardware-

system structures.

Prior to the design of the control strategies, to address this unbalanced situation, the

following subsections present the theoretical principle for analyzing the effect of

unbalanced, voltage based on a different methodology than the previous section. In

this case now, the method is based on an amplitude analysis of the space vector

magnitudes.

8.7.3.1 Analysis of the Unbalanced Voltage Distortion Based on the
Amplitude of Space Vectors In this case again, the unbalanced voltage

considered is as represented in Figure 8.85. There is no zero sequence

consideration and, for simplicity, two of the phases have equal amplitude and

equal angle displacement w from the 120� (b and c phases in Figure 8.85). Hence,

Rotor side  
2 level VSC   

Grid side  
2 level VSC   

DTC 

Reference 
generation

Vbus

Sabc_r S abc_g

Pr Q–  r Pg Q– g

Side Grid 
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Qg
*Vbus

*

Tem
*

requiredr ||ψ

*|| rψ

Figure 8.89 General control block diagram under unbalanced voltage grid conditions.
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the voltage is mathematically represented according to the following three voltage

equations:

va ¼ V̂a cosðotÞ ð8:117Þ

vb ¼ V̂b cosðot� 120��wÞ ð8:118Þ

vc ¼ V̂c cosðotþ 120� þ wÞ ð8:119Þ

where va, vb, and vc are the voltages and V̂a, V̂b, and V̂c are the constant amplitudes of

the voltages. In this case the zero sequence is not present; the imbalance produces

V̂b ¼ V̂c and constant w phase shift. Therefore, applying the space vector definition

(see the Appendix for more detail) and by using the general trigonometric equiv-

alences, it is possible to derive the ab components of the voltage space vector:

va ¼ V̂a cosðotÞ ð8:120Þ

vb ¼ V̂b sinðotÞ ð8:121Þ

with the following constant amplitudes of the ab components:

V̂a ¼ 1
3

�
2V̂a þ V̂b ðcoswþ

ffiffiffi
3

p
sinþ wÞ

�
ð8:122Þ

V̂b ¼ V̂b

�
cosw� sinwffiffiffi

3
p

�
ð8:123Þ

Once again by using general trigonometric relations, the amplitude of the voltage

space vector j~vj can be expressed as follows:

j~vj2 ¼V̂a
2 þ V̂b

2

2
þ V̂a

2�V̂b
2

2
cosð2otÞ ð8:124Þ

This last equation shows the oscillating behavior of the voltage space vector

amplitude when it is represented as a function of time. On the other hand, the space

vector representation in the ab complex plane would yield an elliptic trajectory when

unbalanced, as depicted in Figure 8.90 and seen in previous chapters.

8.7.3.2 Analysis of the DFIM at Steady State Once the unbalanced voltage

has been studied, we turn to how it affects the DFIM behavior. Since the unbalanced

grid voltage is directly connected to the stator, the relation between the stator voltage

and the stator flux space vectors is required in the ab reference frame—based on the

well-known relation

~vs ¼ Rs
~is þ d~cs

dt
ð8:125Þ
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Similarly, the electromagnetic torque is calculated according to

Tem ¼ 3
2
p

Lm

sLsLr
Im ~cr

�
�~cs

on
ð8:126Þ

Hence, the unbalanced grid voltage connected directly to the stator will also

directly provoke equal behavior in the stator flux space vector, that is, nonconstant

amplitude and elliptic trajectory in the ab complex plane. This fact can be understood

by checking expression (8.125) and neglecting the voltage drop in the stator

resistance.

Consequently, the stator and rotor flux space vector can be mathematically

represented as follows:

~cs ¼ cas þ jcbs ¼ Ĉas cosðotþ dÞþ jĈbs sinðotþ dÞ ð8:127Þ

~cr ¼ car þ jcbr ¼ Ĉar cosðotÞþ jĈbr sinðotÞ ð8:128Þ

Note that, for the DFIMmodel, the rotor flux has been selected as the space vector

at 0�. Hence, the stator voltage will be phase shifted approximately 90� to the stator
flux space vector, as illustrated in Figure 8.91.

In addition, depending on the rotor flux control performed, the rotor flux space

vector can describe a circular or an elliptic trajectory in the ab complex plane. The

general unbalanced case has been considered in Equation (8.128).

8.7.3.3 Conditions for Constant Electromagnetic Torque By using the

general electromagnetic torque expression (8.126) and substituting the flux

expressions (8.127) and (8.128), the electromagnetic torque can be represented as

follows at steady state:

Tem ¼ 3

4
p

Lm

sLsLr
ðĈbsĈar þ ĈasĈbrÞ sin d
h

þðĈbsĈar � ĈasĈbrÞ sinð2otþ dÞ
i ð8:129Þ

t
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Figure 8.90 Unbalanced effect on the space vector amplitude and trajectory.
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For an unbalanced voltage situation, the electromagnetic torque is composed of

a constant term and an oscillating term. In general, a real application will require

constant electromagnetic torque behavior at steady state as discussed before, de-

manding a cancellation in the oscillatory term of Equation (8.129). This means that

the following equation must be true:

Ĉar

Ĉbr
¼ Ĉas

Ĉbs
ð8:130Þ

In fact, if this relation between the flux amplitudes is not maintained under an

unbalanced situation, and at the same time, the control strategy imposes a constant

electromagnetic torque, the DFIM will reach a steady state that imposes nonsinu-

soidal ab stator and rotor fluxes and currents.

For this reason, the rotor flux reference generation strategy needs to create a rotor

flux, in accordance with expression (8.130), in order to exchange sinusoidal currents

with the grid together with a generation of constant electromagnetic torque.

8.7.3.4 Rotor Flux Reference Generation Strategy Since the stator flux

behavior is mainly imposed by the grid stator voltage, as deduced from

expression (8.125), the stator and rotor flux space vector amplitudes can be

expressed in a similar manner to Equation (8.124), at steady state:

j~csj2 ¼
Ĉ

2

as þ Ĉ
2

bs

2
þ Ĉ

2

as � Ĉ
2

bs

2
cosð2otþ dÞ ð8:131Þ

j~crj2 ¼
Ĉ

2

ar þ Ĉ
2

br

2
þ Ĉ

2

ar � Ĉ
2

br

2
cosð2otÞ ð8:132Þ

Note that since the stator flux is unbalanced, the rotor flux will be unbalanced as

well, in order to fulfill Equation (8.130), that is, the condition for sinusoidal current

ω
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β

sv

rψ
sψ

rv

ri

si

δ

Figure 8.91 Space vector magnitudes of the DFIM under unbalanced conditions.
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exchange. Consequently, the rotor flux space vector amplitude needs to be oscillatory,

as represented by expression (8.132).

The next task is to define how this oscillatory rotor flux space vector amplitude can

be created. For implementation simplicity, a closed-loop reference generation

strategy has been adopted, as illustrated in Figure 8.92.

Note that the oscillating term is simply derived from the rotor flux a squared

component itself:

carð Þ2 ¼ Ĉ
2

ar

2
þ Ĉ

2

ar

2
cosð2otÞ ð8:133Þ

for expression (8.130), the ab components of the fluxes are calculated by using the

same procedure, but, in this case,we remove the oscillating termswith a lowpass filter.

The speed variation of the oscillating amplitude is adjusted by the constant gainK and

G is an attenuation gain that can be positive or negative depending on the unbalanced

voltage.

Hence, with this rotor flux reference generation strategy, it is possible to maintain

the quality of the current exchanges, under an unbalanced situation, and maintain

constant electromagnetic torque.

It must be highlighted that there are many alternative solutions for generating the

required oscillating flux reference, to that proposed in Figure 8.92.
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Figure 8.92 Rotor flux amplitude generation strategy.
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8.7.3.5 Example 8.9: System Behavior Controlled by DTC Under
Unbalanced Voltage with Oscillatory Rotor Flux Reference This

example shows the behavior of a 380V and 15 kW DFIM supplied by unbalanced

grid voltage, when it is controlled by a classic DTC with the presented flux reference

generation strategy. It seeks to show the improvements derived from the proper flux

reference generation strategy. The programmed unbalanced voltage in p.u. is vas ¼
1ff0� , vbs ¼ 1:25ff�113:6˚, vcs ¼ 1:25ffþ113:6˚. Figure 8.93 covers the simulation

results.Thespeedof themachine iscontrolled to0.8p.u. subsynchronousspeed.During

the first half of the experiment, an oscillating flux reference is commanded, while after

the middle of the experiment it is maintained constant.

Therefore, Figure 8.93a illustrates the unbalanced stator voltage. Compared to the

previously seen example related to imbalance with DPC, a slightly more unbalanced

Figure 8.93 The 15 kW DFIM behavior under unbalanced voltage and controlled by DTC

with oscillatory flux reference: (a) unbalanced stator voltage, (b) stator currents, (c) stator active

and reactive powers, (d) electromagnetic torque, (e) rotor flux amplitude, and (f) stator flux

amplitude.
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grid has been simulated. During the first half of the experiment, the stator currents

are unbalanced but sinusoidal. Both the stator voltage and currents have the

same imbalance as can be noticed from Figures 8.93a and 8.93b. However, once

the controlled compensation of the imbalance is disabled, the stator currents

deteriorate further, becoming nonsinusoidal. The amplitude of the space vector also

shown in the figures oscillates at 100Hz, as studied theoretically in previous sections.

In order to achieve the shown improvement in the stator currents, the stator active

power performance can be seen in Figure 8.93c. The active power oscillations

commanded are at 100Hz, due to the effect of the DTC, but note that these power

are not being directly controlled. In the middle of the experiment, both references are

set to oscillatory values, in a different way fromwhat occurred in DPC. This behavior

is due to the fact that the DTC is inherently maintaining the torque constant, since it

controls directly the torque itself. In this case, as exhibited in Figure 8.93d, the torque

is maintained constant all the time by the DTC.

Therefore, Figure 8.93e shows the rotor flux amplitude control of the simulation

experiment. Once the oscillations are disabled in the middle of the experiment, the

stator currents deteriorate further, becoming nonsinusoidal.

Finally, Figure 8.93f illustrates the continuous oscillating behavior of the stator

flux amplitude. This occurs due to a direct connection of the stator to the grid. Thanks

to the programmed oscillating rotor flux reference strategy, it is possible to avoid the

nonsinusoidal exchange of currents with the grid.

8.7.4 Control for Voltage Dips Based on DTC

This final section shows a special rotor flux amplitude reference generation strategy

for doubly fed induction machine (DFIM) based wind turbines. It is specially

designed to address perturbations such as voltage dips, keeping the torque of the

wind turbine controlled and considerably reducing the stator and rotor overcurrents

during faults. A direct torque control (DTC) strategy that provides fast dynamic

response accompanies the overall rotor side control of the wind turbine. Despite the

fact that the proposed control does not totally eliminate the necessity of the typical

crowbar protection for this kind of turbine (see Chapters 7 and 9), it eliminates

activation of this protection during some low depth voltage dips.

8.7.4.1 Description of the Scenario This section focuses on analysis of the

control of DFIMbased high power wind turbines when they operate in the presence of

voltage dips. As seen in previous chapters, most of the wind turbine manufacturers

build these wind turbines with a back-to-back converter sized to approximately 30%

of the nominal power. When the machine is affected by voltage dips, the reduced

converter design needs special crowbar protection in order to avoid damage in the

wind turbine and to meet the grid code requirements.

The main objective of the control strategy proposed in this section is to eliminate

the necessity of the activation of the crowbar protection when low depth voltage dips

occurs. Hence, by using DTC, with a proper rotor flux generation strategy, during the

fault it will be possible to maintain the machine connected to the grid, generating
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power from the wind, reducing overcurrents, and eliminating the torque oscillations

that normally produce such voltage dips.

The proposed control block diagram is exactly the same as proposed in a previous

section in Figure 8.89, however, in this case, the flux reference generation is done

according to different criteria. The grid side converter controls theDCbus voltage and

the reactive power exchange to the grid through this converter; however, as done in the

previous sections, its behavior is not studied under this situation.

Thus, the voltage dip is directly seen by the stator of the machine and by the grid

side converter. Once again, the transformer and its effect have been neglected in order

to simplify the exposition. Therefore, when the wind turbine is affected by a voltage

dip, we will need to address three major problems:

1. From the control strategy point of view, the dip produces control difficulties,

since it is a perturbation in the winding of the machine that is not being directly

controlled (the stator).

2. The dip generates a disturbance in the stator flux, making a higher rotor voltage

necessary to control the machine currents.

3. If special improvements are not adopted, the power delivered through the rotor

by the back-to-back converter will be increased due to the increase of voltage

and currents in the rotor of themachine, provoking finally an increase in the DC

bus voltage.

Taking this into account, depending on the dip depth and asymmetry, together with

themachine operating conditions at themoment of the dip (speed, torque, mechanical

power, etc.), we can see that crowbar protection is inevitable in most of the faulty

situations. However, in this section a control strategy that eliminates the necessity of

crowbar activation in some low depth voltage dips is presented.

8.7.4.2 Analytical Study of the DFIM Behavior During the Voltage
Dip The stator flux evolution of the machine is imposed by the stator voltage

equation:

~vs ¼ Rs
~is þ d~cs

dt
ð8:134Þ

In general, since very high stator currents are not allowed, the stator flux evolution

can be approximated by the addition of a sinusoidal term and an exponential term

(neglecting Rs):

cas ¼ K1e
�K2t þK3 cosðostþK4Þ ð8:135Þ

cbs ¼ K5e
�K2t þK3 sinðostþK4Þ ð8:136Þ

whereK1,K2,K3,K4, andK5 are constants that depend on the nature of the voltage dip

and the moment when it occurs. On the other hand, sinusoidal current exchanges with
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the grid are always preferred by the application during the fault. This means that the

stator and rotor currents should be sinusoidal. However, by checking the expressions

that relate the stator and rotor currents as a function of the fluxes, we find

~is ¼
Lm

sLrLs

Lr

Lm
~cs �~cr

! 
ð8:137Þ

~ir ¼
Lm

sLrLs

Ls

Lm
~cr �~cs

! 
ð8:138Þ

It is very hard to achieve sinusoidal current exchanges, since only the rotor flux

amplitude is controlled by a DTC technique. So if, due to the dip, the stator flux

presents an unavoidable exponential term, it will probably be seen also in the stator

and rotor currents.

Consequently, as proposed in the next section, a solution that reasonably cancels

the exponential terms from expressions (8.137) and (8.138) is to generate equal

oscillation in the rotor flux amplitude as in the stator flux amplitude. Thus, as shown is

subsequent sections, the quality of the currents is substantially improved with this

oscillatory rotor flux, rather than with constant flux.

8.7.4.3 Rotor Flux ReferenceGeneration Strategy for Voltage Dip Effect
Mitigation As depicted in Figure 8.94, the proposed rotor flux amplitude reference

generation strategy adds a term (Dj~crj) to the required reference rotor flux amplitude

according to the following expression:

Dj~crj ¼ j~csj�
j~vsj
os

ð8:139Þ

where j~csj is the estimated stator flux amplitude and j~vsj is the voltage of the grid not
affected by the dip. This voltage can be calculated by several methods, for instance,

using a simple small bandwidth lowpass filter, as illustrated in Figure 8.94. It must be

highlighted that constantsK1–K5 fromexpressions (8.135) and (8.136), are not needed

in the rotor flux reference generation, thus reducing its complexity.

Note that at steady state, without the presence of a dip, the term Dj~crjwill be zero.
On the other hand, when a dip occurs, the added term to the rotor flux referencewill be

|| sψ

requiredr ||ψ

|| rψΔ
*|| rψ

||vs

–
sω1/

+ +

+
LPF

Figure 8.94 Rotor flux reference generation strategy for voltage dip effect mitigation.
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approximately equal to the oscillations provoked by the dip in the stator flux

amplitude. For simpler exposition, the voltage drop in the stator resistance has been

neglected.

8.7.4.4 Example 8.10: System Behavior Controlled by DTC Under
Voltage Dip This example shows the behavior of a 690V and 2MW DFIM

affected by a three-phase balanced voltage dip of 30% depth. The performance is

shown when it is controlled by a classic DTC with the presented flux reference

generation strategy andwithout it. It seeks to show the improvements derived from the

proper flux references generation strategy as well as to show the general behavior of

the wind turbine during the dip when it is controlled by DTC. Figure 8.95 covers the

simulation results when the rotor flux amplitude reference is left constant. The speed

of the machine is controlled to 0.9 p.u. subsynchronous.

Figure 8.95a illustrates the stator voltage when the voltage dip occurs. The dip

occurs suddenly and it lasts 0.1 second. Figure 8.95b shows the torque behavior.

Before the dip, the wind turbine was generating energy with�0.2 p.u. torque. During

the dip, no action is taken by the torque reference, so it tries to keep constant at the

same value. However, as seen in the figure, the torque cannot be maintained to the

desired value and several peaks appear.

As shown in Figure 8.95c, the rotor flux amplitude is kept constant and there is no

problem for the system to achieve this objective. On the other hand, due to the direct

connection of the stator to the grid, the dip provokes a strong oscillation in the stator

flux amplitude.

Unfortunately, the behavior of the currents is not acceptable in a realistic situation.

As noted in Figures 8.95f and 8.95h, during the dip, they take too high values so the

converter would need to be disconnected to avoid damage to it. However, in this

simulation, for a comprehensive analysis, the current flow has been allowed.

Figure 8.95g, showing the rotor voltages (filtered), reveals a very important fact.

During thedip, theDTC tries to control the torque andflux to the requiredvalues.When

the required voltage is higher than that available by the converter (Vbus¼ 1250V), it is

not possible to control the torque, provoking the torque peaks shown in Figure 8.95b.

Note that the torque peaks occur when the rotor voltage exceeds the rotor voltage limit

for controllability (Vbus=
ffiffiffi
3

p
). Consequently:

. The torque in this case cannot be controlled all the time, since the perturbation

provoked in the stator flux by the dip requires more rotor voltage than the back-

to-back converter can provide.

. On the other hand, since the DTC does not control directly the rotor or stator

currents, during the dip perturbation, they take high values that can only be

reduced indirectly by a proper torque or rotor flux amplitude command.

Under these circumstances, Figures 8.95d and 8.95e show how the perturbation

affects the DC bus voltage and the active and reactive stator powers. In this case, the

oscillatory behavior of the rotor voltage and currents provokes power transmission
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Figure 8.95 The 2MW DFIM behavior under a voltage dip of 30% depth and controlled by

DTC with constant rotor flux reference: (a) unbalanced stator voltage, (b) electromagnetic

torque, (c) rotor and stator flux amplitudes, (d) DC bus voltage, (e) stator active and reactive

powers, (f) stator currents, (g) rotor voltages (filtered), and (h) rotor currents.
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Figure 8.96 The 2MW DFIM behavior under a voltage dip of 30% depth and controlled by

DTC with oscillatory rotor flux reference: (a) unbalanced stator voltage, (b) electromagnetic

torque, (c) rotor and stator flux amplitudes, (d) DC bus voltage, (e) stator active and reactive

powers, (f) stator currents, (g) filtered rotor voltage, and (h) rotor currents.
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through the back-to-back converter, producing a nonsignificant perturbation in the

DC bus.

Finally, in a realistic application, due to the high currents, the rotor side converter

would inevitably be disabled during this dip, enabling the crowbar for energy

dissipation through the rotor. However, this situation would end up with the machine

in a different state from that presented in this simulation.

Thus, the next simulation experiment shows how, by means of the proposed rotor

flux reference generation, the disturbing effect of the dip can bemitigated, avoiding in

this case the necessity to disable the converter and the crowbar action. Figure 8.96

shows the simulation experiment, under the same operating conditions of the wind

turbine, affected by the same dip butwith a rotor flux reference generated as presented

in Figure 8.94.

Figure 8.96a illustrates a stator voltage dip equal to the previous experiment.

Thanks to the employed rotor flux reference generation, we see in Figure 8.96b how

the torque in this case is kept reasonably close to the desired value of �0.2 p.u.

Figure 8.96c shows the stator and rotor flux amplitudes. Notice that the rotor flux

amplitude presents the same oscillation as the stator flux amplitude. In this case, also,

the stator and rotor currents are kept reasonably safe (Figures 8.96f and 8.96h),

eliminating the strong overcurrents of the previous example and therefore avoiding

also the necessity to disable the converter. Unfortunately, during the dip, the stator and

rotor currents are not maintained sinusoidal, implying a nonsinusoidal exchange of

currents with the grid through the stator.

It is also seen that, under these circumstances, the required rotor voltage by DTC

exceeds the limit but less severely than in the previous example, allowing the torque

and the rotor flux amplitude to be kept reasonably controlled (Figure 8.96g).

In addition, Figures 8.96d and 8.96e show how the perturbation affects the DC

bus voltage and the active and reactive stator powers. In this case, also, the

oscillatory behavior of the rotor voltage and currents provokes power transmission

through the back-to-back converter, producing a nonsignificant perturbation in the

DC bus.

Consequently, this example demonstrates how, by the proper choice of the rotor

flux reference, during a small dip, it is possible to control the torque of the wind

turbine. There is no necessity to disconnect the converter (also avoiding crowbar

activation) to avoid damage to it; the rotor and stator currents and DC bus voltage are

maintained at their safe values, and the wind turbine can continue operating as if the

dip did not exist.

8.8 SUMMARY

This chapter has examined and discussed a wide range of direct control solutions,

arising as alternative solutions to vector control techniques for DFIM based wind

turbines. The performance characteristics achieved by both vector and direct control

philosophies, in broad terms, can be categorized as very similar, making them two

valid solutions for wind energy generation contexts.
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In addition, both control solutions can be adapted to deal with faulty conditions of

the grid; therefore, they are both valid controls for a realistic wind energy generation

environment.

Finally, thanks to the advanced control knowledge acquired inChapters 7 and 8, the

reader is ready to address the last control aspects treated in this book for grid

connected wind turbines. The next two chapters deal with some more control issues

related to the practical operation of DFIM based wind turbines.
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CHAPTER 9

Hardware Solutions for LVRT

9.1 INTRODUCTION

The preceding two chapters have studied the control of DFIM wind turbines.

The effect of voltage dips has been analyzed and control solutions to deal with the

problematic situations that result from these faulty scenarios have been provided.

It has been proved how control by itself is incapable of handling any kind of voltage

dip. It is often the case, during the most severe voltage dips, that DFIM based wind

turbines require additional hardware protection to avoid disconnection from the grid.

Additionally, the latest grid code requirements specify the behavior of wind

turbines when voltage dips occur, defining mainly:

. Under what type of dips the wind turbine must remain connected to the grid

. How much reactive power the wind turbine must provide to the grid in order to

contribute to the fault clearance

This performance of the wind turbines is known as the low voltage ride-through

(LVRT). This chapter examines some of the most commonly used hardware solutions

in DFIM based wind turbines, in order to fulfill the LVRT requirements. First, we

inform the reader about the specific grid code requirements related to this type of

faulty scenarios; and second, we present and analyze several hardware solutions for

different voltage dips.

A review of DFIM based wind turbines in Chapters 6 to 9 would give the reader

advanced understanding of the technology, its advances, and its constraints.

9.2 GRID CODES RELATED TO LVRT

The grid code requirements regarding the behavior of wind turbines under voltage

dips has rapidly changed in the last years.

Doubly Fed Induction Machine: Modeling and Control for Wind Energy Generation,
First Edition. By G. Abad, J. López, M. A. Rodr�ıguez, L. Marroyo, and G. Iwanski.
� 2011 the Institute of Electrical and Electronic Engineers, Inc. Published 2011 by JohnWiley& Sons, Inc.

479



Some decades ago wind turbines were considered to behave similarly to large

industrial loads and the same quality standards applied to both. In general, the

requirementswere focused on protection of the turbines themselves and on prevention

of the wind turbines from operating under islanding conditions. Accordingly, grid

codes demanded disconnection of the turbines in the case of over currents and in the

case of abnormal frequency or voltage in the grid. This behavior contributes to the dip

as the wind turbines stop generating electric power [1].

This loss of power was tolerable in the past, when the share of wind turbines for

power generation was insignificant. In recent years, however, the increasing contri-

bution of wind turbines to the grid has displaced conventional power generation and

therefore the loss of a considerable part of the wind generators cannot be accepted

anymore. As an example, the European outage on 4 November 2006, caused the

tripping of 4892MW of wind-origin power in Western Europe, exacerbating the

imbalance between demand and supply in this area and risking a continental

outage [2].

In order to guarantee the grid stability, many countries have recently enforced

grid codes that demand wind farms perform similarly to power plants. A core

element of these requirements is the ability of wind turbines to remain connected

to the grid during and after faults, even with extensive frequency and voltage

variations. This performance is commonly known as low voltage ride through ability.

Figure 9.1 depicts the requirements for LVRT for different grid codes. Wind

turbines must be designed, built, and operated so as to remain in service without

tripping if the voltage stays in the zone above a corresponding line. The figure

refers to three-phase voltage dips and requirements can be different for asymmet-

rical dips.
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Figure 9.1 Low voltage ride-through requirements for different grid codes.
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It can be observed that most countries set the lowest voltage that wind farms must

withstand at 15%or 20%. Some countries (Canada,Germany) require supporting zero

voltage, a capability often referred to as zero voltage ride through (ZVRT).

Moreover, most grid codes (Spain [3], Germany [4], United Kingdom [5], and

Canada [6]) demand the injection of reactive current during the dip. Figure 9.2 shows,

for example, the required additional reactive current according to the latest E.ON

guidelines [7]. As can be seen, if the voltage drops more than 10%, the turbine must

provide a reactive current. The deeper the dip, the higher must be the reactive current

injected.

Although the oldest grid codes didn’t specify the timing of the reactive

injection, it is common for most recent ones to establish a maximum time.

The current Spanish operation procedure, for example, stipulates that the reactive

current must attain the demanded value before 150ms after the beginning of

the fault [3]; meanwhile, the latest German code requires a settled time equal to

80ms [4]. This is an important point because, as we will see later, some hardware

solutions (such as crowbars) hamper the injection of reactive current during

the first instants of the dip.

9.3 CROWBAR

A crowbar is a device widely used to protect electronic circuits against an

overvoltage condition in their power supply. It operates by putting a short-circuit

or low resistance path between the terminals. The circuit is therefore protected;

meanwhile, the short-circuit current can cause, in general, blow-out of an

upstream fuse.

Figure 9.2 Reactive current required during a voltage dip.
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In wind turbines the crowbar is installed at the rotor terminals (see Figure 9.3) and

prevents the overvoltage induced in the case of voltages dips from damaging the rotor

converter. It is activated when an anomalous situation is detected (overcurrent in the

rotor, overvoltage in the DC link, or low stator voltage). The rotor current is then

diverted to the crowbar and the rotor converter is switched off.

Figure 9.4 shows the equivalent circuit of the system of Figure 9.3 using the rotor

model deduced in Chapter 6. As can be seen, when the crowbar is activated the circuit

becomes an impedance divider: the converter voltage is then a fraction of the emf

induced in the rotor windings. Another way to understand how it works is the

following: when the crowbar is connected, a large current circulates across the rotor,

causing a big voltage drop in the rotor internal impedance, R0
r and L

0
r; this reduces the

remaining voltage at the rotor terminals.

In Figure 9.3 the crowbar was made up of three resistors and three switches. Since

the rotor current is AC, the switches must be bidirectional. In order to reduce the

complexity and cost of the circuit, many manufacturers use the alternative circuit of

Figure 9.5.

This alternative schema rectifies the rotor currents, in general, by means of a

diode bridge, and hence it requires only one unidirectional switch. Neglecting the

harmonics, both schemas are equivalent if their resistances fulfill the following

relationship:

RcrowDC ¼ p2

6
Rcrow ð9:1Þ

rotor
converter

dc-link

 grid 
converter 

grid DFIM

crowbar Rcrow

Figure 9.3 System equipped with a crowbar.
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Figure 9.4 Equivalent circuit of the system when the crowbar is activated.

482 HARDWARE SOLUTIONS FOR LVRT



Earlier versions of the crowbar used thyristors (or SCRs) as switches. However, the

problem with thyristors was that their cut-off is not controlled: once the crowbar is

triggered, it remains connected until the circuit breaker of the generator stops the

short-circuit current. As a result, the wind turbine is disconnected from the grid and

stops generating electric power even if the grid recovers its normal operation.

In order to provide the LVRT capability, the crowbar short-circuit has to be

eliminated without disconnecting the turbine from the grid. Today most manufac-

turers use the “active crowbar” [8] in which the activation and also the deactivation

can be actively controlled. Modern versions of active crowbars are usually based on

the scheme of Figure 9.5 and include at least one switch with cut-off capability, such

as aGTOor IGBTs. This design allows direct disconnection of the crowbar and instant

rotor converter reactivation, enabling the resumption of normal operation in the

turbine.

The active crowbar has an additional advantage: Since the resistor can be

connected and disconnected, it is possible to perform a pulse width modulation

(PWM) in order to simulate a variable resistor [9]. It can be interesting, for example, to

simulate a low resistance at the beginning of the dip, when the rotor current is very

large, and to increase the resistance as the current decreases.

Another possibility to obtain a variable resistance is to use different resistors that

can be switched independently, as Figure 9.6 depicts. At the beginning of the dip, the

resistors can be connected simultaneously in order to provide a low resistance path to

the rotor currents and to avoid exceeding the maximum voltage of the rotor converter.

rotor 
converter

dc-link

grid 
converter

grid DFIM

crowbar 
RcrowDC

Figure 9.5 Alternative implementation of a crowbar.

active
crowbar

rotor

Figure 9.6 Active crowbar with a set of various resistors.
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Once the rotor current has died down, one ormore resistors can be disconnected so the

resulting total resistance will be higher.

Many manufacturers have proposed crowbar variants. As an example, in Llorente

and Visiers [10] a crowbar equipped with varistors (or some voltage-dependent

resistor) is proposed. The idea again is to obtain a variable resistance, lower at the

beginning and higher as the transient current dies down.

Next, and in order to simplify, it will be considered that a constant resistance is

used.

9.3.1 Design of an Active Crowbar

In an active crowbar there are two parameters that must be carefully chosen: its

resistance Rcrow and its activation time.

Regarding the resistance Rcrow:

. If a very low value is chosen, the short-circuit current will be very large. The

crowbar switch should then be oversized and, as will be seen, the electro-

magnetic torque will have a big peak.

. The rotor current can be reduced by using a higher resistance. However, if the

resistance is too big the crowbar won’t pull the rotor voltage low enough. In this

case, the rotor current will circulate across the rotor converter via its free-

wheeling diodes even if it is inactive. In order to properly protect the rotor

converter, the voltage should be kept below the following value:

V̂r <
Vbus
ffiffiffi

3
p u ð9:2Þ

where Vr is the peak value of the rotor voltage, Vbus is the DC-link bus voltage,

and u is the turn ratio.

The crowbar resistance also has an influence on the decay of the natural flux. As an

example, Figure 9.7 depicts the evolution of the natural flux during a total three-phase

voltage dip for three different situations: with a low resistance, with a high resistance,

and with the rotor open-circuited, that is, with an infinite resistance.

As can be observed, the crowbar assists the demagnetizing of the machine and this

effect is accentuated when, as is usual, its resistance is low.

The activation time is also another critical parameter of the crowbar operation.

While the crowbar is connected, the machine is not controlled, so it is impossible to

generate the reactive power that most grid codes demand during voltage dips. On the

other hand, a premature disconnection, when the natural flux is still too high, might

cause the rotor emf to saturate the converter. Under those circumstances, control over

the current is lost and problems of rotor overcurrents or overvoltage in theDC-link bus

appear. For instance, Figure 9.8 shows the difference in the DC-link voltage during a

three-phase 80% voltage dip for the cases when the crowbar is connected for 100ms

and 50ms.
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The connection time is then a compromise between safety and fulfillment of grid

codes. Over the past years grid codes have toughened their requirements, demanding

each year quicker injection of reactive current. The manufacturers have reacted by

shortening the time during which the crowbar is connected but there is a minimum

time that must be respected at the risk of losing control of the turbine.
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Figure 9.7 Dynamics of the natural flux in a full voltage dip with and without a crowbar.
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9.3.2 Behavior Under Three-Phase Dips

The main difficulty for the DFIM in three-phase dips is the large emf induced in the

rotor by the natural flux. Since this emf is transient the crowbar can be an effective

solution for these voltage dips:

. The crowbar is connected for the first stages of the dip, when the emf is higher,

thus preventing that emf from damaging the rotor converter.

. Once the natural flux has decayed and the emf is no longer dangerous, the

crowbar can be disconnected so that the machine can resume its normal

operation.

The minimum time that the crowbar must be connected depends mainly on the

natural flux that is caused by the voltage dip. As a result, the activation time is longer

for severe dips than for shallow dips, as shown in Figure 9.9.

The figure is just an example, as the connection time may be very different for

each turbine and many other factors also have an influence, such as the rotational

speed and the slope of the voltage drop at the beginning of the dip. In general,

manufacturers monitor some variables during the crowbar activation in order to

determine when it can be deactivated safely. In B€ucker [11], for example, the

crowbar is disconnected when the rotor currents have declined below a predeter-

mined value.

The crowbar activation causes a strong current rise in the rotor, as is shown in the

upper part of Figure 9.10. This over-current does not affect the rotor converter since it

is disconnected and its current is zero; see the lower part of the Figure 9.10.
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Figure 9.9 Minimum connection time under three-phase dips.
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The rotor over current, however, causes a sudden increase of the electromagnetic

torque, typically reaching 2 to 3 times its rated value, as represented in Figure 9.11.

Manufacturers usually install a slip clutch in the shaft in order to prevent the torque

peak from damaging the costly gearbox.

Figure 9.10 Rotor and converter currents using a crowbar during a three-phase dip.
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Figure 9.11 Electromagnetic torque using a crowbar.
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Finally, Figure 9.12 shows the active and reactive currents in the stator of the

generator. The currents have been calculated taking into account only the positive

sequence of currents and voltages, as recommended by the IEC 61400-21

standard [12] that is used in most grid codes [3,4]. During the crowbar connection,

the rotor converter is deactivated so the generator remains uncontrolled and acts

as a squirrel cage machine with a rotor resistance slightly higher than normal.

Consequently, the generator absorbs reactive power while it can generate or absorb

active power depending on its rotational speed. The amount of both powers,

nevertheless, depends on the stator voltage and is very small in the case of severe

voltage dips, as is the case in Figure 9.12. Only once the crowbar is disconnected can

the converter resume its operation and the stator powers can be controlled. In

Figure 9.12 generation of as much as possible reactive current was preferred, keeping

the active current equal to zero.

9.3.3 Behavior Under Asymmetrical Dips

The crowbar protects the DFIM from any three-phase dip, regardless of its depth. If

the dip is very severe, the crowbarmust be connected for a longer time, but the natural

flux will end up disappearing so the converter can resume its operation.

Under asymmetrical dips, the behavior of the crowbar is very different due to

the presence of a negative flux. The crowbar contributes to the damping of the

natural flux, but it can do nothing to reduce the negative flux; see Figure 9.13.

Consequently, once the crowbar is deactivated, the stator continues to have a

negative flux that only depends on the unbalanced factor as stated by Equation

(6.35). If the negative flux is too high, which occurs in severe dips, the converter

saturates and loses control of the current, resulting in rotor overcurrents or

Figure 9.12 Active and reactive currents using a crowbar.
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overvoltage in the DC-link bus. Unlike in the case of three-phase dips, a longer

connection time is now completely useless.

Figure 9.14 shows the minimum time that the crowbar must be connected in the

case of a phase-to-phase dip. It is interesting to compare this figure with the one

Figure 9.13 Natural and negative fluxes under an asymmetrical dip.

Figure 9.14 Minimum connection time under phase-to-phase dips.
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corresponding to three-phase dips (Figure 9.9). As we can see, the behavior under

asymmetrical dips is completely different for small and severe dips:

. If the dip is deeper than a certain value, 0.53 in this case, the crowbar cannot be

disconnected because the negative flux alone is enough to cause converter

saturation.

. If the dip is shallower than this value, the converter can also saturate due to the

combined action of the natural and negative fluxes. The crowbar must then be

connected until the natural flux has fallen off. The necessary connection time can

vary since thenatural fluxcausedbyanasymmetrical voltagedipdependsheavily

on the timing of the fault. In the figure, two lines are plotted corresponding to the

extreme cases: when the natural flux generated is maximum and when it is zero.

9.3.4 Combination of Crowbar and Software Solutions

The crowbar behavior can be notably enhanced when combined with the demagne-

tizing technique that was presented in Section 7.6.1. That software solution is based

on the injection of a demagnetizing current into the rotor in order to reduce the emf

induced by the natural and negative fluxes.When used alone, that solution demands a

large capacity of rotor current, but this drawback can be overcome when using the

active crowbar.

In López et al. [13], this combined solution is presented and the following

operational sequence is suggested:

1. Immediately upon detection of a grid fault connect the crowbar, quickly

demagnetizing the machine.

2. While the crowbar is active, calculate the necessary demagnetizing current

using Equation (7.45) or the schema of Figure 7.42.

3. If the current estimated at point 2 is lower than the converter maximum value,

disconnect the crowbar, thus activating the converter and starting to inject a

demagnetizing current.

4. As the amplitude of the demagnetization decreases, introduce progressively a

positive current to the grid in order to generate reactive power.

Compared with using a crowbar alone (without the demagnetizing current) this

solution allows shortening the time of activation of the crowbar; hence, the injection

of a reactive current is accelerated. As an example, Figure 9.15 compares the

evolution of the DC-link voltage during a three-phase 80% voltage dip with and

without a demagnetizing current:

. Without a demagnetizing current, a connection time of 50ms is not enough:

when the converter resumes its operation there is still too much natural flux and

the converter saturates, resulting in an unacceptable increase of the DC-link

voltage bus.
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. With demagnetizing current the DC-link voltage is controlled because it reduces

the induced emf, therefore avoiding saturation of the rotor converter.

The combined use of the crowbar and demagnetizing current enhances the

behavior not only under three-phase dips but also under asymmetrical voltage dips.

As an example, Figure 9.16 shows the necessary connection time for the crowbar

using this technique. Note the reduction in time comparedwith the results presented in

Figures 9.9 and 9.14, traced without a demagnetizing current.

Figure 9.15 DC-link voltage using a crowbar and demagnetizing current.
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Figure 9.16 Minimum crowbar connection time using a demagnetizing current: (a) three-

phase dips and (b) asymmetrical dips.

CROWBAR 491



Obviously, the enhancement is more noticeable when the current capacity of the

converter is higher and, hence, it can introduce a larger demagnetizing current.

The figure was traced for a converter whose maximum current was established

at 1.5 times its rated value. For bigger converters shorter times are obtained and

vice versa.

9.4 BRAKING CHOPPER

A braking chopper is an electric device connected to the DC-link bus of the back-to-

back converters to prevent an uncontrolled increase of their voltage. They are used in

those drives, such as locomotives or streetcars, where the electrical machine may

function as a generator when the drive is braking. In this kind of situation, themachine

feeds energy back to the DC-link bus. As very frequently the bus cannot evacuate this

energy to the power supply, this energy is accumulated in the DC link and may cause

overvoltages in the DC link if it is not dissipated.

Figure 9.17 shows a system equipped with a braking chopper. The braking

chopper is made up of a resistor that can be connected or disconnected bymeans of a

switch. A freewheeling diode is also necessary to prevent overvoltages in the switch

when it is turned off. Control of the switch is often made by an ON–OFF (also

known as hysteresis) controller: when the actual DC bus voltage exceeds a specified

level, for example, 1.2 p.u., the resistor is connected and the surplus energy is

dissipated. The resistor is kept connected until the voltage drops below a minimum

specified level, for example, 1.1 p.u., when the resistor is disconnected.

The installation of a braking chopper in modern commercial turbines to protect

the converters from overvoltages in the DC link is more and more common. It can be

installed alone or in combination with an active crowbar.

9.4.1 Performance of a Braking Chopper Installed Alone

In Chapter 7 the behavior of the DFIM during severe voltage dips was analyzed and

two associated problems were discussed: (1) large rotor currents and (2) overvoltages

in the DC-link bus. A braking chopper is a very effective solution for the second

grid 

chopper

DFIM

rotor 
converter

grid 
converter

Figure 9.17 System equipped with braking chopper.
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problem if it is sized towithstand all the power absorbed by the rotor converter during

the dip. However, the chopper does not affect the dynamics of the rotor currents and

therefore does not solve the first problem.

As an example, Figure 9.18 shows the evolution of theDC-link busvoltage during a

three-phase 80% dip. The figure includes also the connection function of the chopper.

Although the bus voltage is completely controlled, during the earliest moments of

the dip the rotor converter saturates and hence it loses control of the rotor current.

Depending on the machine and dip characteristics, the current must reach up to 3 p.u.

for three-phase dips, as observed in Figure 9.19, and even higher for asymmetrical

voltage dips. Unlikewith the crowbar operation, the current flows across the converter

so it must be oversized.

9.4.2 Combination of Crowbar and Braking Chopper

The braking chopper is often associated with an active crowbar, as shown in

Figure 9.20. This arrangement creates a synergy since both solutions complement

each other:

. The active crowbar is activated at the beginning of the dip and prevents the initial

overcurrents from damaging the rotor converter.

. The braking chopper makes it possible to disconnect the crowbar earlier and

hence to accelerate injection of reactive power in to the grid.

Figure 9.20 shows the schema of the whole system.

The addition of the crowbar avoids the need to oversize the rotor converter that the

chopper alone requires. On the other hand and compared with the crowbar alone, the
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Figure 9.18 DC-link bus voltage using a braking chopper.
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chopper allows the shortening of the crowbar activation and, hence, it accelerates

the injection of a reactive current. This can be observed in Figure 9.21, where the

dynamics of the DC-link voltage are compared for three cases:

. Using only a crowbar that is connected for 50ms

. Using only a crowbar that is connected for 80ms

. Combining a chopper and a crowbar activated for 50ms

As can be observed, when the crowbar is used alone, its activation time must be

longer than if the crowbar is combined with a chopper.
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Figure 9.20 System combining crowbar and braking chopper.

Figure 9.19 Rotor current using a braking chopper.
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9.5 OTHER PROTECTION TECHNIQUES

9.5.1 Replacement Loads

This solution provides the wind turbine with a standby load, as Figure 9.22 shows.

When a network fault occurs, the generator is disconnected from the grid and is

connected to the standby load by means of a special switch placed in the stator of the

machine [14]. After removal of the grid fault condition, the standby load is

disconnected and the stator windings are reconnected to the power grid.

In one embodiment of the solution, the standby is sized so it can dissipate all the

rated power of the turbine. The load is then controlled in such a way that the voltage

of the generator is kept at the same level as the voltage that was present prior to

the fault. The wind turbine can therefore continue to generate power so speed

overshoots are avoided.
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Figure 9.21 DC-link bus voltage using a crowbar and a combination of crowbar þ chopper.

rotor converter 

grid

DFIM

replacement
loads 

Figure 9.22 Different alternatives to connect the series resistances.
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Another possibility is to use a reduced load designed to dissipate only a part of the

generated power. In this case, the goal is to maintain a certain magnetization in

the generator.

In any case, the replacement load limits the stator and rotor currents during the

fault. Besides, since the generator is maintained magnetized during the fault, it can

quickly be reconnected to the grid when the fault is removed without performing a

time-consuming resynchronization process.

The main drawback of the solution is that during the fault the turbine does not

generate reactive power. In the strict sense, this solution does not provide LVRT

capability and therefore would only be used when the grid codes require fast

reconnection times but do not demand a reactive current. Another possibility, if

LVRT capability is required, is to use the grid converter of the back-to-back converter

to generate reactive power, as suggested by Nielsen [15].

9.5.2 Wind Farm Solutions

The solutions presented in the previous sections are addressed to improve the

performance of individual turbines. Sometimes, however, wind farm operators prefer

to install a general solution directed at the whole farm. This avoids retrofitting

the already installed turbines and, hence, can be the most economical solution in the

case of old farms.

One of themost common options is the so-called STATCOM [16]. The STATCOM

(STATic COMpensator) uses a voltage source converter interfaced in parallel to the

transmission line of the wind park, as shown in Figure 9.23.

The STATCOM does not have any power source so the active power exchanged

with the line must be zero. However, it can absorb or generate reactive power and, by

doing so, it can vary the transmission line voltage. By introducing a large amount of

reactive power in the case of a voltage dip, the STATCOMcan boost the voltage inside

the park, attenuating therefore the dip consequences in the turbines individually.

The wind farm voltage can also be modified by using a static synchronous series

compensator (SSSC), also known as a dynamic voltage restorer (DVR). This device

uses a voltage source converter interfaced in series with the transmission line. In the

case of a dip, the converter generates between its terminals the missing voltage so that

the farm voltage is kept at its rated value. With fast and accurate control, the wind

turbines only experience a very short transient that does not affect their behavior.

wind farm 

grid 

STATCOM

~

Figure 9.23 Wind farm equipped with a STATCOM.
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Another option, cheaper and more reliable than the SSSC, is the use of series bank

resistors [17], as shown in Figure 9.24. This solution includes a series resistor between

the grid and the turbines. The resistor is bypassed in normal operation by means of a

switch. In the case of a voltage dip, the switch is opened so that the current is diverted

to the resistor. The aim of the resistor is to increase the short-circuit impedance,

therefore reducing the overcurrents in the stator and in the rotor. Moreover, the

addition of the resistor accelerates the damping of the natural flux, as if the stator

resistancewas higher. The resistor therefore assists the demagnetizing of the machine

and the resumption of its normal operation.

9.6 SUMMARY

Modern grid codes require wind turbines to remain connected to the grid even in the

case of severe dips, that is, to have a low voltage ride through (LVRT) capability.

Moreover, the latest grid codes demand the injection of reactive current during voltage

dipswith the aimof contributing to the fault clearance and assisting the recovery of the

grid voltage.

This chapter has presented some of themost commonly used hardware solutions to

provide a LVRT capability. Their advantages and drawbacks have been examined and

some examples of their behavior have been given.

The most wide spread hardware solution, the crowbar, was analyzed. The crowbar

short-circuits the rotor by connecting low impedance resistances at its terminals.

When a wind turbine detects a voltage dip, the rotor converter is switched off and the

rotor current is diverted to the crowbar.

A side effect of the crowbar is the large short-circuit current that flows across the

rotor and stator of the machine during its connection, especially at the beginning.

This overcurrent can be reduced by increasing the impedance of the resistances, but

if a too large impedance is used, the rotor voltage can be too high and the crowbar does

not protect the converter any more.

The oldest variants of crowbars couldn’t be autonomously disconnected, so they

forced the turbine to be separated from the grid. In order to provide the LVRT

capability, the crowbar short-circuit has to be eliminated without disconnecting the

turbine from the grid. This can be done by using the “active crowbar,” which allows

wind farm  

grid 

series 
resistors

~

Figure 9.24 Series resistors installed in a wind farm.
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disconnection of its resistances, thus enabling the rotor converter to resume its

normal operation.

In an active crowbar the connection time must be carefully chosen. A very long

time can prevent the turbine from fulfilling the requirements of reactive current

injection. On the other hand, a very short connection may not be enough to

demagnetize the machine. If this happens, the converter will saturate and lose current

control when it resumes its operation.

Under severe asymmetrical dips the crowbar must be permanently connected,

impeding the turbine from injecting reactive current and, even worse, causing the

turbine to consume reactive power. This occurs because the negative flux induces in

the rotor enough emf to saturate the rotor converter.

These problems can be overcome if a demagnetizing current is injected into the

rotor when the crowbar is disconnected. Thus, the use of the demagnetizing technique

notably enhances the behavior of the crowbar under three-phase and asymmetrical

voltage dips.

Another hardware solution that is increasingly used is the braking chopper. This

protection system uses a resistor installed in the intermediate circuit (DC-link bus) of

the rotor converter. The resistance is connected in order to discharge theDC linkwhen

its bus voltage is too high, and it is disconnected when it is no longer necessary.

When used alone, the braking chopper prevents overvoltages in the DC link during

voltage dips but it does not reduce the rotor currents. Thus, the rotor convertermust be

current-oversized. This drawback is often overcome by combining the chopper with

an active crowbar. In this case, the crowbar is connected at the very beginning of

the dip, when the rotor converter is higher. After a few milliseconds, the crowbar can

be disconnected, and the rotor converter resumes its operation. The addition of the

braking chopper allows a shorter disconnection of the crowbar and therefore a quicker

injection of reactive current.

Other solutions have briefly been presented: replacement loads (or standby loads)

whose purpose is to supplant the grid during the dip or other wind farm solutions such

as STATCOMs, DVRs, or series resistors installed between the grid and the turbines.
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Red El�ectrica Española, Spain, January 2000, available at http://www.aeeolica.es/doc/

privado/procedimiento_verificacion_v3.pdf.

4. Technical guidelines (Technische Richtlinien), F€ordergesellschaft Windenergie e.V,

Germany, available at http://www.wind-fgw.de/.

498 HARDWARE SOLUTIONS FOR LVRT



5. The Grid Code, Connection Conditions (CC), National Grid, UK, available at http://www.

nationalgrid.com/uk/Electricity/Codes/gridcode/gridcodedocs/.

6. Requirements for the Interconnection of Distribution Generation to the Hydro-Qu�ebec
Medium-Voltage Distribution System, Hydro-Qu�ebec, Canada, available at http://www.

hydroquebec.com/transenergie/fr/commerce/producteurs_prives.html.

7. “Grid Code, High and Extra High Voltage,” E.ON Netz GmbH Bayreuth, Germany,

April 2006, available at http://www.eon-netz.com.

8. Lorenz Feddersen(VestasWind Systems), “Circuit to beUsed in aWindPower Plant,”U.S.

Patent No. US7102247 September 2006.

9. M. Rodriquez, G. Abad, I. Sarasola, and A. Gilabert, “Crowbar Control Algorithms for

Doubly Fed InductionGenerator DuringVoltageDips,” presented atEuropeanConference

on Power Electronics and Applications, 2005.

10. J. I. Llorente and M. Visiers(Gamesa Innovation & Technology), “Control and Protection

of a Doubly-Fed Induction Generator System,” European Patent No. EP1499009, Octo-

ber 2007. Patent also granted in US, Patent No. US7518256, April 2009.

11. Andreas B€ucker(General Electric Company), “Method for Operating a Wind Power Plant

and Method for Operating It,” U.S. Patent No. US7321221, February 2008.

12. IEC 61400-21:Wind Turbine Generator Systems, Part 21: Measurement and Assessment

of Power Quality Characteristics of Grid Connected Wind Turbines. 2nd edition.

International Electrotechnical Commission, Geneva, Switzerland, 2008.
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CHAPTER 10

Complementary Control Issues:
Estimator Structures and Start-Up
of Grid-Connected DFIM

10.1 INTRODUCTION

After having accomplished, in a broad manner, control of the DFIM as well as the

solutions to address a faulty scenario of the grid with Chapters 6 to 9, this chapter

looks ahead to real applications, covering some of the most important aspects not

addressed yet, but necessary for a practical operation of DFIM based wind turbines.

Therefore, as discussed several times in previous chapters, the reduced size of the

converter employed to supply the rotor of the DFIM makes this concept a cost

effective solution for wind turbines. However, it also presents some major drawbacks

or particular limitations with which the reader must be familiar.

For instance, the start-up (acceleration from zero speed until normal operation) of

the doubly fed induction machine with a reduced size back-to-back converter implies

a specific procedure that requires encoder calibration followed by synchronization

with the grid voltage, prior to connection of the machine with the grid. These two

actions are necessary, due to the fact that the limited voltage of the back-to-back

converter reduces the speed range (around�30% from synchronous speed) in which

the DFIM can be controlled, so low speeds, including zero speed, are out of the

controllable range.

Consequently, this chapter describes these two encoder calibration and grid

synchronization processes, contextualized in an example of a general sequential

control procedure that is normally utilized in DFIM based wind turbines. Also,

various illustrative examples show the most representative steps and stages that the

machine commonly follows in a real application: start-up of grid side converter,

encoder calibration, wait for minimum wind speed, grid synchronization, connection

with the grid, normal operation, and so on.

Added to this, the first part of the chapter provides the reader with a wider view

of estimators and observer structures for measuring or estimating normally

Doubly Fed Induction Machine: Modeling and Control for Wind Energy Generation,
First Edition. By G. Abad, J. López, M. A. Rodr�ıguez, L. Marroyo, and G. Iwanski.
� 2011 the Institute of Electrical and Electronic Engineers, Inc. Published 2011 by JohnWiley& Sons, Inc.
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immeasurable magnitudes of the machine (torque, fluxes, etc.), necessary for imple-

mentation of control.

10.2 ESTIMATOR AND OBSERVER STRUCTURES

This first section covers estimation techniques of immeasurable variables of the

DFIM. In preceding chapters, we have seen howmagnitudes such as torque and fluxes

are necessary for the proper control performance of themachine. Unfortunately, these

variables are not commonly directly available by sensors; hence, in this section we

provide various estimation possibilities. Consequently, different versions of estima-

tors are presented, with different grades of complexity and therefore of accuracy, with

the objective of narrowing down the huge amount of estimation techniques available

in the specialized literature.

Depending on the control technique employed (vector control, direct power

control, etc.), not all the required estimated magnitudes are equal; therefore, some

of the studied estimators will be useful for only its corresponding control technique.

10.2.1 General Considerations

Doubly fed induction machine based wind turbines require several current, voltage,

and speed sensors, as illustrated in Figure 10.1. Depending on the employed control

strategies, some of the sensors can be used for different purposes, but in general,

unless sensorless control techniques are adopted, the following magnitudes must be

sensorized: is, ir, ig, vs, vg, and speed-position.

The following sections introduce how these sensor measurements can be used to

perform estimations of nonavailable magnitudes of the machine such as torque

and fluxes.

rotor 
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Rotor side VSC Grid side VSC

Rotor Side 
Control

Grid Side 
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Rotor current 
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Stator Circuit

Breaker 
Speed and 
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DC bus voltage 
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Figure 10.1 DFIM based wind turbine sensorization schematic.
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10.2.2 Stator Active and Reactive Power Estimation for Rotor Side DPC

DPC of the DFIM requires stator active and reactive power control. Since these

magnitudes can not be directlymeasured in general, they are estimated from the stator

voltage and current measurements, according the following well-known expressions:

Ps ¼ 3

2
Re

n
~vs �~is�

o
¼ 3

2
vasias þ vbsibs
� � ð10:1Þ

Qs ¼ 3

2
Im

n
~vs �~is�

o
¼ 3

2
vbs ias � vas ibs
� � ð10:2Þ

The ab components of voltage and currents from the measured values are

calculated with the Clarke transformation (see Appendix for more details):

xa
xb

� �
¼ 2

3

1 � 1

2
� 1

2

0

ffiffiffi
3

p

2
�

ffiffiffi
3

p

2

2
66664

3
77775 �

xa
xb
xc

2
4

3
5 ð10:3Þ

Finally, the block diagram of the estimator is depicted in Figure 10.2.

10.2.3 Stator Flux Estimator from Stator Voltage for Rotor Side
Vector Control

As discussed in Chapter 7, the angle of rotation, �s, of the stator flux space vector is

necessary for vector control of the DFIM. There are several alternative methods to

estimate the stator flux. For instance, it is possible to exploit the fact that the DFIM is

directly connected to the grid, only taking into consideration measurements from the

stator. Hence, the stator flux can be calculated according to the next expression:

~cs ¼
ð

~vs � Rs
~isÞdt

� ð10:4Þ

iαsias

abc 

αβ

ibs

ics
iβs

( )ssss iviv βααβ ⋅−⋅
2

3

vαsvas

abc 

αβ

vbs

vcs
vβs ( )ssss iviv ββαα ⋅+⋅

2

3
Ps

Qs

Figure 10.2 Stator active and reactive power estimation.
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We break this down into ab components, yielding

cas ¼
ð

vas � Rsiasð Þdt ð10:5Þ

cbs ¼
ð

vbs � Rsibs
� �

dt ð10:6Þ

This means that the stator flux is estimated from only stator voltage and current

measurements. This fact is graphically illustrated in Figure 10.3. The amplitude and

the angle are calculated according to the expressions

j~csj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c2
as þc2

bs

q
ð10:7Þ

�s ¼ a tan
cbs

cas

� �
ð10:8Þ

However, this estimator presents a pure integration requirement that brings many

problems if it is implemented in real systems, where the measured stator voltage or

current can be polluted by small offsets or drifts.

In order to avoid these offsets, which accumulate increasing offset error in the

stator flux ab components, there are several solutions proposed in the literature.

A simple one consists of substituting the integrator (1/s) with a lowpass filter

1 /(s þ oc).

As can be deduced from the Bode diagrams of Figure 10.4, the unavoidable DC

offsets of the stator current and voltage measurements are not integrated as occurs

with a pure integrator. However, the lowpass filter modifies the amplitude and the

phase shift of the flux estimation and this modification depends on the frequency of

the signal.

α

β

d

q

θs

ωs

sψ

sαψ

sβψ

Figure 10.3 dq Reference frame alignment with stator flux space vector.
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Consequently, these errors must be corrected, for instance, by following the next

procedure: defining the transfer functions of the integrator and lowpass filter.

FðsÞ ¼ 1

s

FcðsÞ¼ 1

sþoc

ð10:9Þ

Thus, taking advantage of the fact that the frequency of the stator magnitudes is a

constant fixed by the grid, it is possible to quantify the amplitude and angle errors:

jFð joÞj ¼ 1

o

jFcð joÞj ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
o2 þo2

c

p

)
! jFð joÞj

jFcð joÞj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
o2 þo2

c

o2

r
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ o2

c

o2

r
¼ emod

ð10:10Þ
ffFð joÞ ¼ �90�

ffFcð joÞ ¼ �atan
o
oc

)
! ffFð joÞ � ffFcð joÞ ¼ �90� þ a tan

o
oc

¼ eang ð10:11Þ

Consequently, the simplified block diagram of the estimator is depicted in

Figure 10.5.

10.2.3.1 Example 10.1: Error Correction in a 50Hz Network The DFIM

is connected to a grid of 50Hz and the lowpass filter is tuned at 10Hz. The angular

frequencies are

o ¼ 2p � 50 ¼ 314:16 rd=s

oc ¼ 2p � 10 ¼ 62:83 rd=s
ð10:12Þ

s

1

cs ω+
1

cωlog ω log ω

grid 
pulsation 

Figure 10.4 Bode diagrams of a pure integrator and a lowpass filter.

ESTIMATOR AND OBSERVER STRUCTURES 505



Thus, the errors yield

emod ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ oc

2

o2

r
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 62:832

314:162

s
¼ 1:02 ð10:13Þ

eang ¼ �90� þ a tan
o
oc

¼ �90� þ atan
314:16

62:83
¼ �90� þ 78:69� ¼ 11:31�

ð10:14Þ

10.2.4 Stator Flux Synchronization from Stator Voltage for
Rotor Side Vector Control

A very similar method to the previous one consists of using the measured stator

voltages and a phase locked loop (PLL) to derive only the angle of the stator flux space

vector, �s. Since the stator flux and the stator voltage space vectors are approximately

90� phase shifted (Figure 10.6), this method synchronizes with the stator voltage.
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Figure 10.5 Stator flux estimation from stator voltage and currents measurements.
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Figure 10.6 The 90� phase shift between the stator voltage and flux space vectors.
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Thus, by neglecting the stator resistance, the relation between the stator voltage and

flux at steady state yields

~vs ¼ Rs
~is þ d~cs

dt
!~vs ffi jos

~cs ð10:15Þ

This means that the stator flux angle can be estimated as illustrated in the block

diagram of Figure 10.7. This estimation is based on a steady state relation, so it is only

accurate if the stator voltage is not affected by sudden variations. In that case, the PLL

can reject these voltage variations, because �s is not affected.
Accuracy can be improved if the stator resistance is also considered in the

expression. The PLL needs both rotational and Clarke transformations, tuning of

a PI controller, and a pure integrator. Due to its closed-loop philosophy, the problems

related to the offsets do not have as dramatic affect as in the previous estimator

structure.

Finally, once the PLL achieves synchronization with the stator voltage, the phase

angle of the stator flux is simply obtained by subtracting 90� from the grid angle �g.

10.2.5 Stator and Rotor Fluxes Estimation for Rotor Side DPC, DTC,
and Vector Control

As studied in Chapters 7 and 8, DPC and DTC need knowledge of the rotor flux space

vector for the sector calculation. On the other hand, FOC also needs the stator flux

space vector knowledge for alignment with the rotatory dq frame, as seen in previous

sections. Hence, from the stator and rotor currents, both fluxes can be calculated

according to the model based expressions:

~cs ¼ Ls~is þ Lm~ir ð10:16Þ

~cr ¼ Lm~is þ Lr~ir ð10:17Þ

Note that, in this case, stator and rotor currentmeasurements are needed in addition

to two previously off-line estimated Ls, Lr, and Lm inductance values. Both fluxes are

abc PI
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ωs

dt
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Figure 10.7 Estimation of stator flux space vector angle �s.
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calculated in the ab stationary frame. In addition, as illustrated in Figure 10.8, the

angular position of the rotor, �m, is also needed for stationary frame conversion ofDQ

rotor current components.

Due to their similarity and for simplicity in the exposition, both flux estimators are

represented by only one estimator; however, they are not strictly needed at the same

time by any control in general.

10.2.6 Stator and Rotor Flux Full Order Observer

There also exists a more sophisticated estimation procedure based on state observers.

Compared with the previously presented estimators, the observers are based on

closed-loop estimation. In general, they aremore complex than simple estimators, but

observers allow estimating directly immeasurable magnitudes with reasonably good

accuracy, when the estimated parameters can have uncertainties.

In this section, an example of a full order observer is studied from a wide range of

existing alternative possibilities. The general block diagram of the observer is shown

in Figure 10.9. The most relevant characteristics can be summarized as follows:

. Due to its full order nature, it needs both stator and rotor abc voltages as inputs,

together with the stator abc currents.

. The objective of the observer is to estimate the stator and rotor fluxes’ ab
components.

. The structure of the observer is based on the state-space representation of the

system that is to be observed, that is, the DFIM.

. From the voltage inputs, together with theA, B, andCmatrices of the state-space

representation of the DFIM, the observer calculates an estimated state vector x̂

and an estimated output îs.
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Figure 10.8 Stator and rotor fluxes estimation from currents measurements.
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. In order to improve the estimation, a closed-loop structure is provided to the

observer, by adding a proportional part of the error between the real (measured)

stator current is and the estimated stator current îs, to the first derivative of the

state vector dx̂=dt.

. Note that the observer tries to be robust to uncertainty in parameters from

matrices A, B, and C, by minimizing the error between is and îs.

. The feedback matrix G must be tuned, in order to obtain a quicker dynamic

observation than the DFIM dynamic.

Hence, as seen in Chapter 4, the state-space representation of the DFIM, by

choosing as the state vector the stator and rotor fluxes, is

dx

dt
¼ AxþBu ð10:18Þ

d

dt
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Figure 10.9 Full order observer for stator and rotor fluxes.
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1

sLs
0

�Lm

sLsLr
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0
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sLs
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Note that not all the coefficients of matrix A are constant, since some of them

depend on the speed om. Thus, the dynamic of the state-space system (the DFIM) is

given by the eigenvals of matrix A:

eigðAÞ ð10:22Þ

The resulting expressions for the eigenvals are significantly complex so they have

been omitted.

On the other hand, the observer is defined as follows (assuming no uncertainty in

matrices A, B, and C):

dx̂

dt
¼ Ax̂þBuþGðy� ŷÞ ð10:23Þ

ŷ ¼ Cx̂ ð10:24Þ
with the estimated vector being

x̂ ¼

ĉas

ĉbs

ĉar

ĉbr

2
666664

3
777775 ð10:25Þ

and

ŷ ¼
îas

îbs

2
64

3
75 ð10:26Þ

In this case, the dynamic of the observer is given by the eigenvals of matrix A�GC:

eigðA� GCÞ ð10:27Þ
Again, the resulting expressions for the eigenvals are significantly complex, so they

are not shown.
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Therefore, matrix G is chosen with the next criterion: the dynamic of the observer

is k times (with k> 1) faster than the dynamic of the DFIM. This means that

eigðA� GCÞ ¼ keigðAÞ ð10:28Þ
Consequently, by using the G matrix, we have

G ¼

ar12

c12
ð1� k2Þ 0

0
ar12

c12
ð1� k2Þ

ar22

c12
ð1� kÞ � ar11

c12
kð1� kÞ ai22

c12
ðk � 1Þ

ai22

c12
ð1� kÞ ar22

c12
ð1� kÞ � ar11

c12
kð1� kÞ

2
666666666666664

3
777777777777775

ð10:29Þ

with the terms

ar11 ¼ �Rs

sLs
ð10:30Þ

ar22 ¼ �Rr

sLr
ð10:31Þ

ar12 ¼ RsLm

sLsLr
ð10:32Þ

ai22 ¼ om ð10:33Þ

c12 ¼ �Lm

sLsLr
ð10:34Þ

Hence, the stator and rotor fluxes are estimated within the x̂ vector. Note that the

resulting matrixG is reasonably simple and could be implemented without expensive

computational cost. On the other hand, depending on which magnitudes are chosen

for the x and y vectors, we can find many different observer combinations, but almost

all of them with the G matrix expression longer and, subsequently, more computa-

tionally costly.

In addition, with this observer structure, the torque can also be estimated from the

expression

Tem ¼ 3

2

Lm

sLrLs
pIm

n
~c�

r �~cs

o
ð10:35Þ
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10.3 START-UP OF THE DOUBLY FED INDUCTION MACHINE BASED
WIND TURBINE

Doubly fed induction machine based wind turbines require more complex start-up

than other typical AC machines (e.g., squirrel cage induction machines), due to the

reduced size of the back-to-back converter used to supply the rotor. The added

complexity arises from the intrinsic behavior of the DFIM itself since, as studied in

Chapters 3 and 4, it demands more AC voltage amplitude supply at the rotor, at lower

speeds near zero, while lower AC amplitude at speeds near synchronism. If a cost

effective reduced size back-to-back converter is used, its limited AC voltage

availability, only permits the DFIM to be controlled in a range of speeds near

synchronism. Thus, it is necessary to use an alternative acceleration process for the

machine at zero speed.

Under this environment, normally the solution adopted obliges one to disconnect

the stator of the machine from the grid, by using a breaker located in the stator so that

the machine can be accelerated externally by the wind itself. Then, once the machine

reaches the speedwithin the controllabilitymargin, a connection process with the grid

is carried out that concludes with the stator circuit breaker closed and the machine

generating energy from the wind at normal operation.

In addition, due to the presence of the three physical windings of the rotor, in

general, it is necessary to calibrate the encoder’s zero-reference position with the

magnetic field created by the three phase windings of the rotor. This task is not

necessary, for instance in squirrel cage induction machines, due to the different

physical construction of their rotor. In contrast, for instance, synchronous machines

with permanent magnets also require a specific alignment of both rotor and stator

fluxes to be performed normally in a start-up process.

Therefore, this section examines these two special processes for start-up, together

with an illustrative example of how the wind turbine is controlled sequentially by

means of different states, in a typical real wind energy generation application.

From the system configuration point of view, both encoder calibration and grid

voltage synchronization processes share a common electric circuit structure; that is,

the stator breaker is opened, so there is no current flow through the stator. This fact is

graphically represented in Figure 10.10. As can be noticed, both processes are

driven by the rotor side converter, so, in general, they need the DC bus voltage of

the back-to-back converter established by the grid side converter. Only when the

synchronization process is finished, is the stator breaker ready to be closed safely

and normal operation of the wind turbine can start. In both cases, it is necessary to

establish a fixed speed for proper start-up, this task is carried out by the pitch control

of the wind turbine.

On the other hand, from the control strategy point of view, both encoder calibration

and grid voltage synchronization processes share an almost-common control struc-

ture. In both cases, the rotor dq current components are controlled according to the

vector control principles studied in Chapter 7. By controlling the rotor currents

according to criteria described in subsequent sections, together with information

for the DFIM provided by several sensors, it is possible to calibrate the encoder’s
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absolute position as well as to synchronize the induced stator voltage with the grid

voltage, in order to produce a proper connection to the grid.

Figure 10.11 illustrates the simplified control block diagram for both processes.

The idr and iqr control loops are shared by all controls; then, depending onwhich of the

control processes is enabled, these dq rotor current references are generated according

to different criteria by superior control loops. The encoder calibration operates on the

estimated angle of the rotor position.While the grid voltage synchronization operates

on the rotor dq currents, modifying the phase and amplitude of the induced stator

voltage.
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Finally, once the synchronization process is finished, the normal operation control

of the DFIM is enabled. If this control is based on a vector control technique, the rotor

current loops are still maintained and Qs and Tem are then controlled. However, if at

normal operation of the DFIM, a different control technique is adopted, such as DTC

or DPC, the overall control structure of the rotor side converter is changed. In this

section, for simplicity, vector control is considered as the control at normal operation.

10.3.1 Encoder Calibration

10.3.1.1 Introduction to the Problem The problem to be solved arises when

the encoder is mechanically coupled to the axis of the DFIM’s rotor. In general, the

absolute zero position of the encoder and the zero location of the three-phasewindings

do not have to be coincident, so there is an angle shift between the two zeros that must

be corrected (Figure 10.12).

The alignment between the two zeros is crucial for proper implementation of the

reference frame transformations used in the control of the machine. As mentioned

before, this occurs due to the fact that the rotor windings are physically located in the

rotor, creating the resultant flux spatial vector according to this physical distribution.

In contrast, for instance, in cage induction machines, since they do not have three

physical windings at the rotor, this calibration is unnecessary.

Considering this issue in the space vector diagram, as depicted in Figure 10.13a,

for proper transformations of the space vectors between different reference frames,

the studied control techniques need �m, that is, the DQ reference frame position

(aligned with the rotor). However, as graphically illustrated in Figure 10.13b,

depending on how the mechanical coupling of the encoder is done, the initial zero

position of the encoder and the real position of the rotor three-phase windings

could be unequal. Consequently, assuming that it is not realistic to ensure a

mechanical coupling of the encoder aligned with the zero real position of the rotor

windings, the angle �cor must be estimated first for later use in the transformation

of the reference frames. The procedure for this angle shift estimation is described

in the next section.

DFIM

Rotor 
Encoder 

θm

θenc

ωm

Figure 10.12 Simplified representation of different location, for the zero absolute position of

the encoder and zero location of the three-phase rotor windings.
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10.3.1.2 Encoder Zero Position Correction As introduced before, the

encoder is calibrated by means of the rotor side converter. Figure 10.14 illustrates

the system configuration during this process. The most important characteristics can

be summarized as follows:

. The grid side converter operates normally, imposing the requiredDCbus voltage

and exchanging sinusoidal currents with the grid through the grid side converter.

. The pitch control establishes a constant speed (om), as the mechanical axis must

be moving to detect the angle shift between the encoder and the rotor electric

windings. However, it is not necessary to have one specific speed of rotation and

the test can be performed at a wide range of speeds (but reasonably constant).
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. The stator breaker is opened, so there is no current in the stator side.

. The rotor side converter controls the rotor currents in the dq reference frame

(normally iqr¼ 0) according to the vector control principles, as depicted in

Figure 10.15.

. Due to the rotor currents imposed by the rotor side converter, there is a stator

voltage induced in the machine. Note that, in some way, the machine operates

similarly to a transformer.

. It is very important to locate a stator voltage sensor, tomeasure the induced stator

voltages. Note that, under this situation, since the stator is disconnected from the

grid, the measured stator voltages are the rotor voltages generated by the grid

side converter filtered by the machine itself (Figure 10.16). Consequently, the
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Figure 10.15 Simplified control structure of encoder calibration processes.
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Figure 10.16 Induced stator voltage due to the rotor current flow when the stator is

disconnected from the grid.
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measured voltages must be free of ripples and aliasing for a proper encoder

calibration. Therefore, the stator voltage sensors must be chosen accordingly for

that purpose (see Chapter 5 for more details).

Hence, with the machine driven under the mentioned conditions, the angle

correction is based on the estimation of the rotor flux by two different methods.

The first estimation method is based on the flux expression:

~cr
r ¼ Lm~i

r
s þ Lr~i

r
r ð10:36Þ

Note that as the stator breaker is opened, there is no stator current, so the expression

yields

~cr
r ¼ Lr~i

r
r ð10:37Þ

Consequently, the rotor flux in DQ coordinates can be estimated by the block

diagram in the top left-hand side of Figure 10.18.

On the other hand, the rotor flux can also be derived from the stator flux. Thus,

taking into account that there is no stator current, the stator and rotor fluxesmust be in

phase, as deduced from Equation (10.37) and

~cs
s ¼ Ls~i

s
s þ Lm~i

s
r ! ~cs

s ¼ Lm~i
s
r ð10:38Þ

This fact is graphically represented in the space vector diagram of Figure 10.17.

Consequently, an alternativeway to estimate the rotor flux is to calculate the stator

flux from the induced stator voltage, according to the expression

~cs ¼
ð

~vs � Rs
~isÞdt

� ð10:39Þ
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Figure 10.17 Rotor and stator flux space vectors alignment with zero stator current.
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Since the stator current is zero, this expression can be simplified to

~cs ¼
ð
~vs dt ð10:40Þ

Based on this expression, the rotor flux in theDQ reference frame can be estimated

according to the simplified block diagramof the bottom left-hand side of Figure 10.18.

It is important to highlight that since the ab to DQ reference frame transformation is

within the estimation, the error due to the encoder zero position produces an incorrect

rotor flux estimation. However, this error can easily be detected by comparison to the

first presented rotor flux estimation based on rotor currents. Basically, it yields a phase

displacement between the rotor flux estimations of two methods. As seen in

Section 10.2.3, the pure integrator used by this last estimator must not be affected

by the offsets; however, in this section, this problem is not tackled for simplicity.

Finally, the encoder is calibrated according to the algorithm of the block diagram

shown in Figure 10.18. In order to knowwhether both estimated fluxes are in phase or

not, their angles are compared. When both fluxes are in phase, the subtraction of both

angles iszero.Kcor isonlyaconstant toaccelerate thecalibration.Duringthecorrection,

by means of the integrator, the term �cor is added to �enc until the subtraction of both
angles (�2��1)giveszero, so the integratordoesnotmodify�cor,becausebothfluxesare
in phase, so �m corresponds to the position of the rotor reference frame DQ.

On the other hand, when the calibration is finished because �cor is maintained

reasonably constant, the algorithm is disabled and the adjusted �cor is kept for

subsequent control processes.

Finally, itmust be remarked that if themachine’smanufacturer ensures a calibrated

encoder placement on the machine, obviously this automatic encoder calibration

becomes unnecessary.

10.3.2 Synchronization with the Grid

As mentioned in the introduction to this section, DFIM based wind turbines with a

reduced size of the back-to-back converter supplying the rotor require a special
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synchronization process with the grid voltage, since control of the machine is only

possible in an approximately �30% speed range, around synchronous speed. This

section studies in detail the most important characteristics of this synchronization

process. However, the readermust know that the synchronization procedure presented

in this section is only one representative example of the different synchronization

philosophies that can be applied to solve this problem.

10.3.2.1 General Control Loops When it comes to connect the stator of the

DFIM to the grid, the process establishes a vector current control structure based

synchronization. The parallelism with the encoder calibration is evident, as

exhibited in the schematic control block diagram of Figure 10.19. The same

current control loops of the encoder calibration process are maintained, while the

corrected angle �cor must be kept as well. In this case, the main difference with

the previous process is that the dq current references are generated by superior

control loops. Thanks to the proper generation of these references, it is possible to

synchronize the DFIM with the grid and safely close the stator breaker. It is not

necessary to create new references for this task, since the schematically

represented “grid synchronization” block is in charge of doing it automatically.

In addition, the angle for the vector control, �s, is derived from the grid voltage as

shown in Figure 10.19.

As mentioned before, the main objective of this control process consists of

establishing the proper conditions, to proceed to the stator breaker closure and

thus connection of the DFIM with the grid. For that purpose the following is

carried out:

. By controlling the rotor dq currents with the stator breaker opened, a voltage in

the stator side of the DFIM is induced.

. This induced stator voltage (three phases) must be as equal as possible in phase

and amplitude to the grid voltage, as represented in Figure 10.20.
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Figure 10.19 Simplified control structure of grid voltage synchronization processes.
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. Thus, once the induced stator voltage and the grid voltage are similar enough, the

stator breaker can be closed and the normal operation regimen can start.

. Note that, as occurred in the encoder calibration process, while the stator breaker

is opened, the DFIM operates like in some way as a transformer, inducing an

image of the rotor chopped voltage into the stator. This induced stator voltage is

far from being as sinusoidal as the grid voltage; consequently, the sensor used for

the stator voltagemust be prepared to filter the hormonics of this voltage in order

to be compared with the grid voltage (see Chapter 5 for more details).

Hence, the grid synchronization process is based on two independent cascaded

control loops. One loop is dedicated to equalizing the amplitudes of both the stator and

grid voltages (abc phases), while the other loop is dedicated to equalizing the phases

of both the stator and grid voltages (abc phases). The proposed control block diagram

is represented in Figure 10.21. In subsequent sections the basis of this control structure

is studied in detail.
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10.3.2.2 Amplitude Control Loop We first study the amplitude control. As

illustrated in Figure 10.22, if specific rotor dq currents are established bymeans of the

rotor side converter, the space vector representations of both the induced stator and

grid voltages, in general, would have different amplitudes and phases.

Thus, Figure 10.23 shows how the amplitude control can be automatically

achieved by modifying the idr current component. Note that this process must be

carried out with the machine rotating at constant speed, preferably not “very low”

speed. As seen in Chapter 3, the relation between the stator and rotor voltage

amplitudes depends on the slip of the machine as follows:

j~vsj ¼
~jvrj
s

; s ¼ os � om

os

ð10:41Þ

Consequently, for a specific required grid voltage, at speeds not far from the

synchronous speed, the needed rotor voltage will be smaller than at speeds far from

the synchronous speed. Note that since �r is calculated from �m and �s (grid abc

voltage is used), as shown in Figure 10.19, the induced stator voltage is of equal
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Figure 10.22 Space vector representations of the grid voltage and the induced stator voltage.
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angular frequency (os) as the grid voltage, at any speed (om) that the machine

rotates.

Finally, note that a PI controller could be a suitable regulator to correct the error

between both stator and grid voltages, since both controlled variables (~vs and~vg) have
constant magnitudes at steady state.

10.3.2.3 Phase Control Loop What comes next is the phase synchronization

of the stator and grid voltages. As occurred with the amplitude, phase can be

controlled by modifying one component of the rotor currents, that is, the

q component. Hence, with this philosophy, it is possible to create a cascaded

control loop as shown in Figure 10.21, modifying the q component of the rotor

current whenever the phase shift of the stator voltagemust be equal to the grid voltage.

For that purpose, the control structure of Figure 10.24 can be employed. In order to

detect a phase shift error between the induced stator and grid voltage spacevectors, the

angle calculation of the ab components can be used. Once the phase shift error is

detected, the integrator modifies the q rotor current reference, modifying next the

q component of the induced stator voltage, and thus finally correcting the phase angle

shift. Once both voltages are synchronized, the angle difference (�1� �2) provides a
zero input to the integrator, stopping the phase correction. A constant, Kgrid, is used

to accelerate or decelerate the process.

To conclude, both amplitude and phase control loops are coupled, so, in general,

both regulators work simultaneously.

10.3.2.4 Jump to the Normal Operation Once the synchronization process

has finished, resulting in equal (as much as possible) induced stator and grid voltages,

the stator breaker can safely be closed. Its closure brings a smooth transient in stator

and rotor currents, due to the fact that since a chopped voltage (rotor side converter) is

used for the stator voltage generation, it is impossible to ensure an exactly equal

induced stator voltage and grid voltage.
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Nevertheless, this is not a problem.What it is more critical is the change of control

strategy—from synchronization to normal operation. As depicted in Figure 10.25, the

most relevant change is that the two superior loops of the amplitude and phase control

must be disabled, thus enabling Tem and Qs control. Note that these two incoming

controls (Tem and Qs) must be perfectly coordinated with the outgoing controls

(amplitude and phase), so they do not provoke a strong undesired transient due to a

sudden change in the idr and iqr references. For that purpose, Tem and Qs references

should be properly chosen as well as the initial conditions of the integral part of the

PI regulators.

Finally, for simplicity, only the vector control technique has been considered at

normal operation of the DFIM.

10.3.3 Sequential Start-up of the DFIM Based Wind Turbine

This section gives an example for the start-up of a 2MWDFIM based wind turbine up

to normal operation. For simplicity in the exposition, we do not include the LVRT

process during disturbances. We only want to give a general idea of how the wind

turbine can be commanded when it is connected to the grid. There are many

improvements or alternative methods that can be used; however, the presented

start-up procedure only seeks to provide the reader with some basic knowledge

about the further work that accompanies the control strategies studied in previous

sections, to integrate them in a realistic wind energy generation scenario.
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Figure 10.25 Control strategy change to normal operation.
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10.3.3.1 General Sequential Procedure Figure 10.26 illustrates the

schematic state-flow for the sequential start-up of the wind turbine. As can

be noticed, it is composed of eight different states, in which the wind turbine

operates at different modes. Due to its complexity, different converters, reduced

DC bus voltage, pitch control, stator breaker, and so on, the DFIM must go through

different previous states, until it finally can operate at normal conditions, generating

energy from the wind. In subsequent subsections, all the states are analyzed.

10.3.3.2 “Stop” State This is the initial state of the start-up procedure. The

system is waiting until the start is commanded.

10.3.3.3 “Start-up ofGrid Side Converter” State Once the general start-up

is enabled, the DC link of the back-to-back converter is precharged. After closing the

main grid breaker, the DC link is charged through the diodes of the grid side converter

and the charging resistors. Figure 10.27 shows graphically the charge power circuit.

After some milliseconds, the charge resistors are short-circuited and the DC bus

voltage is stabilized (Figure 10.28).

Once the DC link is charged, the operation of the grid side converter is enabled,

charging the DC-link voltage to normal operating conditions. Thus, the V�
bus and Q�

g

references are set to the desired values, as illustrated in Figure 10.29. Since the rotor

side converter is not operating, a minimum consumption of grid side currents is
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Figure 10.26 General sequential start-up.
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established in order to maintain the DC bus voltage. Figure 10.30 shows the most

importantmagnitude variations during the start-up of the grid side converter. Note that

at steady state, once theDCbus voltage has reached the required value, there is a small

current consumption for the losses of the grid side converter and the DC bus.

10.3.3.4 “Encoder Calibration” State During this state, the encoder is

calibrated as presented in the previous section. First, the pitch control sets the

rotation speed of the turbine to a given constant value. During the entire state, the

speed is maintained constant and the rotor side converter is enabled. Figure 10.31

shows the system configuration during this state. Note that the grid side converter

controls the power flow through the grid, ensuring sinusoidal current exchange and the

desired Qg.
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Figure 10.30 Most relevant magnitudes of start-up of the grid side converter (Qg¼ 0) of a

2MW DFIM based wind turbine: (a) Vbus, (b) and of currents, (c) grid side currents, and

(d) grid voltage.
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Hence, after some milliseconds, the encoder is calibrated by synchronizing the

stator and rotor flux estimations and achieving the required final angle of correction,

�cor. The required power for this process is not very high, so the rotor dq current values
are normally established relatively small. Figure 10.32 illustrates the most relevant

rotor 

filter 

grid

filter

DFIM 

Wind 

Transformer 

Network 

Rotor  side VSC Grid side VSC

Sabc_r 
Sabc_g 

Stator 

Circuit Breaker 

Pitch 

Control 

m

Grid Side 

Control 

Vbus

*

Qg

*

idr

*

iqr

*

Encoder 

Calibration 

Figure 10.31 System configuration during encoder calibration.
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magnitudes during the calibration of the encoder. Note that once the calibration is

finished, the estimated �cor value is maintained until the sequential procedure

makes the encoder calibration start again. In this example, the rotor currents have

been set to idr pu¼ 0.16 and iqr pu¼ 0.

10.3.3.5 “Wait for Minimum Wind Speed” State Once the calibration of

the encoder is finished, the system waits until the pitch control sets the speed to the

required value for the subsequent task: synchronization with the grid voltage. Note

that, during this task, the rotor side converter can be disabled again since it is very

simple and quick to reenable it. However, in order to avoid repeating the same task

several times, it is preferable to keep the grid side converter operating while waiting

for the required speed to be achieved (Figure 10.33).

10.3.3.6 “SynchronizationwithGridVoltage” State Once the speed of the

wind turbine is high enough, the voltage synchronization process can be started.

Again, the rotor side control must be reenabled, controlling the rotor dq currents as

studied in previous sections, until each phase of the induced stator voltages and

the grid voltages are approximately equal in phase and amplitude. The system

configuration is graphically illustrated in Figure 10.34. During the entire task, the

speed is maintained constant by the pitch control.

Figure 10.35 illustrates the most relevant magnitudes during the synchronization

with the grid. Note that, since the back-to-back converter generates induced stator

currents polluted by harmonics, the stator voltages that use the synchronization

algorithm must be filtered.

When the voltage synchronization is finished because the stator and grid voltages

are similar enough (in phase and amplitude), the stator breaker is closed minimizing
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Figure 10.33 System configuration while waiting for the required speed for grid connection.
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the overcurrents due to the transient. Thus, since the breaker takes somemilliseconds

in closing, once the stator and grid voltages are measured to be equal, the procedure

steps to the next state. Also, in this case, the pitch control maintains the speed roughly

constant.

Figure 10.36 graphically shows this state configuration and Figure 10.37 shows the

stator voltage and currents during the stator voltage closure. Once the stator breaker is

closed, theDFIM operates at zero torque (iqr¼ 0). It is strongly recommended that the

stator reactive power reference is near zero, in order to minimize the reactive stator

current increase during the stator breaker closure. For that purpose, the corresponding

idr is commanded by the grid synchronization algorithm, magnetizing the DFIM

almost completely by the rotor.

10.3.3.7 “Normal Operation” State When the stator breaker is closed, the

wind turbine can operate normally. The change of the state must be done carefully,

so that the new controllers entering do not provoke any strong transient and the

DFIM begins to be controlled in torque (stator active power) and stator reactive

power, as illustrated in Figure 10.38. Of course, to reach normal operation,

according to the speed of the wind, the system should modify the torque stator

reactive power (Tem 6¼ 0 and Qs 6¼ 0) and speed references smoothly to their

corresponding values. Table 10.1 and Figure 10.39 show an example of a steady

state wind turbine.

10.3.3.8 “Wind Speed Not Enough” State When the wind turbine is

operating in the normal state and the speed of the wind goes down, the speed

reference is decreased accordingly. If the speed goes down to its predefinedminimum

value there is no torque capability, so the wind turbine is no able to generate energy

and the stator of the machine must be disconnected from the grid. This means that the

rotor 

filter 

grid

filter

DFIM 
Wind 

Transformer 

Network 

Rotor side VSC Grid side VSC

Sabc_r Sabc_g 

Stator 

Circuit Breaker 

Pitch 
Control 

m

Grid Side 
Control 

Vbus
* Qg

*

Grid
Synchronization

Figure 10.36 System configuration during stator breaker closure.

530 COMPLEMENTARY CONTROL ISSUES: ESTIMATOR STRUCTURES



1.1

1.05

1

0.95

0.9
2.5 2.6 2.7 2.8 2.9 3 3.1 3.2 3.3 3.4 3.5

0.2

0

-0.8

-0.6

-0.4

-0.2

-1
2.5 2.6 2.7 2.8 2.9 3 3.1 3.2 3.3 3.4 3.5

0.08

0.06

0.04

0.02

0

-0.02

-0.04

-0.06

-0.08
2.5 2.6 2.7 2.8 2.9 3 3.1 3.2 3.3 3.4 3.5

0.05

0.04

0.03

0.02

0

0.01

-0.01

-0.02
2.5 2.6 2.7 2.8 2.9 3 3.1 3.2 3.3 3.4 3.5

(a) (b) 

(c) (d) 

Time (s)

idr pu

iqr pu

Time (s)

Stator currents

Time (s)

Tem

|vs|

|vg|

Time (s)

Figure 10.37 Most relevant magnitudes of the stator breaker closure, of a 2MWDFIM based

wind turbine: (a) modules of the stator and grid voltages, (b) idr and iqr, (c) stator currents, and

(d) torque.

rotor 

filter 

grid

filter

DFIM 
Wind 

Transformer 

Network 

Rotor side VSC Grid side VSC

Sabc_r Sabc_g 

Stator 

Circuit Breaker 

Pitch 
Control 

ωm

Grid Side 
Control 

Vbus
* Qg

*

Rotor Side 
Control 

Tem
* Qs

*

Figure 10.38 System configuration during normal operation, at hypersynchronous speed.

START-UP OF THE DOUBLY FED INDUCTION MACHINE BASED WIND TURBINE 531



TABLE 10.1 Operation Conditions of the 2MWDFIMBasedWind Turbine

Rotational speed 1875 rpm

slip -0.25

Torque -12.9 kN

Stator Active power -2MW (Generating)

Rotor/Grid Side Active power (ideally) -0.55MW (Generating)

Total Active power -2.55MW (Generating)

Stator Power factor 1

Grid Side Power factor 1
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Figure 10.39 Most relevant magnitudes of normal operating state: (a) stator voltages,
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currents (note that the same base current as the machine has been chosen for comparison

purposes), and (f) DC bus voltage.

532 COMPLEMENTARY CONTROL ISSUES: ESTIMATOR STRUCTURES



sequential procedure jumps to the “wind speed not enough” state, where the stator

breaker is opened.

However, before proceeding to open the stator breaker, it is recommended that the

rotor side converter be disabled first, setting the Tem (Ps) andQs references tomake idr
and iqr zero or near zero (magnetizing through the stator and zero torque). Thus,

the rotor side converter is inhibited when almost no current flows through the rotor.

This disconnection is totally safe, since it does not produce overcurrents either in the

stator or in the rotor (Figure 10.40).

In that way, once the rotor is disconnected from the rotor side converter, only the

stator of the machine is connected to the grid, consuming mainly reactive stator

current for the magnetizing inductance (Lm). After that, the stator breaker can be

opened (not at zero current).

If the process is done the other way around, disconnection of the stator first

provokes such a strong perturbation (similar situation to a voltage dip) that control can

be lost as seen in Chapter 9. However, alternatively, it could also be possible to shut-

down the DFIM, by setting a zero stator current (Tem¼ 0 andQs¼ 0) by control, then

opening the stator breaker at zero stator current and then immediately disabling the

rotor side converter (Figure 10.41).

10.3.3.9 “Disconnection” State Disconnection of the wind turbine can be

performed for different reasons. This section shows some of them.

1. When the user wants to stop the wind turbine, the system is disconnected in

general by following several steps. The speed control is disabled, while the rotor side

converter sets a breaking torque, making the speed decrease. Once the speed goes

below a minimum threshold, the procedure disables both the rotor and grid side
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converters, while the stator and main grid breakers are also opened. After that

moment, the mechanical brake stops the wind turbine.

2. When a sudden disconnection is required, the mechanical brake operates until

the speed is zero. The rotor and grid side converters are disabled, and the stator and

main grid breakers are also opened, so the DFIM is totally disconnected from the grid.

It is possible to reach this state, due to user demand, due to a failure (stator current out

of margins, overspeed, etc.).

10.3.3.10 Final Discussion It is important to highlight again that this is just

one example of how the DFIM based wind turbine can be automated in a real context.

There are many alternative improvements and modifications to the presented

procedure. However, this level of exposition is enough for the reader, to achieve a

general perspective and basic knowledge about the requirements to make these kinds

of turbines operable.

Finally, it is also important to note that there are many other aspects of wind

turbine operation that have not been considered, such as error handling, commis-

sioning, and details about the changes between different controls when jumping into

new states.

10.4 SUMMARY

This chapter has examined the basic structure and characteristics of several estimation

techniques for immeasurable magnitudes of the DFIM. The reader has been intro-

duced to the wide area associated with control, which deals with many different

estimation techniques, in this case applied to the DFIM.
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On the other hand, the characteristics of the start-up of DFIM based wind turbines

with a reduced size back-to-back converter are studied and illustrated, with the help of

several graphical examples, providing the reader with control knowledge about grid

connected wind turbines. The most important aspects of the start-up are identified as

the encoder calibration and synchronization with the grid voltage.

Finally, the last two chapters of this book exhibit and analyze several aspects of the

stand alone operation of DFIM based wind turbines; while the last chapter presents

and discusses future trends and challenges of wind turbine technology in general.
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CHAPTER 11

Stand-Alone DFIM Based Generation
Systems

11.1 INTRODUCTION

The previous chapters have analyzed the most relevant aspects of DFIM based

wind turbines connected to the grid. Under this scenario, wind turbines deliver

electric energy captured from wind to a main electric grid. However, a DFIM can

also be employed as a generator that operates unconnected to the grid, that is, in

stand-alone mode. In addition, it can also transform energy from energy sources

different from wind.

In this way, this chapter analyses the stand-alone operation of the doubly fed

inductionmachine, showing how it is possible to increase the application possibilities

of thismachine. Thus, themathematicalmodel of theDFIMas a stand-alone is studied

accompanied by its control.

Therefore, from the study carried out in preceding chapters, this chapter describes

how several modeling and control differences must be introduced, to allow the DFIM

to operate in stand-alone mode.

11.1.1 Requirements of Stand-alone DFIM Based System

A doubly fed induction machine is an interesting solution for primary movers other

thanwind turbines,with limited range of speed, like internal combustion engines [1,2]

and water turbines [3–6]. These sources are more controllable than wind turbines and

can assure required power availability. In the case of such power sources, it is

advisable to obtain controlled stand-alone operation with a fixed amplitude and

frequency of the generated voltage. This operation mode increases power availability

during grid failures in grid connected systems and allows load supply in remote and

isolated areas. For a rotating energy storage the DFIM can also be used [7], and

operation as a rotary uninterruptible power supply (UPS) system can be applied.

Doubly Fed Induction Machine: Modeling and Control for Wind Energy Generation,
First Edition. By G. Abad, J. López, M. A. Rodr�ıguez, L. Marroyo, and G. Iwanski.
� 2011 the Institute of Electrical and Electronic Engineers, Inc. Published 2011 by JohnWiley& Sons, Inc.
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Recently, the main applications of the DFIM are wind driven power generation

systems connected to the grid. Single operated wind turbines cannot be applied

as high-reliability stand-alone power sources, regardless of a generation system

topology. However, stand-alone operation of a wind power system can be applied

successfully, if the system is supported with additional energy source like an internal

combustion engine (ICE), PV panels, or long-term energy storage connected to the

DC or AC side.

In the case of a DFIM power system, both connections are also possible. However,

connection of a supporting storage or source to the DC bus (Figure 11.1) can only

partially help in reduction of an energy deficit, due to the limited power of the rotor

side RC and grid side GC converters.

Apart from the support of additional storage or a source, the stator side has to be

able to supply the load with high-quality generated voltage. High-frequency

harmonics can be reduced by stator connected filtering capacitors Cf, similar to

the VSI equipped with LC filters applied in uninterruptible power supply (UPS)

systems. Symmetrical voltage in the case of an unbalanced load requires mainly

adequate system topology with load access to the neutral wire. It can be realized by

the use of a neutral wire connected with the neutral point of a DFIM’s star connected

stator (Figure 11.2a). Another solution is the use of a transformer in the case of a

stator voltage that is higher (e.g., standard in wind turbine, 690V) than the voltage

DFIM

RC

GC

ESt

DC/DC

Load

PV, ICE, other

Cf

WT

Cdc

Figure 11.1. Stand-alone DFIM based wind generation system supported by DC coupled

additional power source and energy storage.
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required by the load. A transformer is used for simultaneous change of the voltage

and connection type from three wire system to four wire system (Figure 11.2b). The

supporting power source and energy storage with converters are neglected in

Figure 11.2, as they have no influence on the connection type of the stator side.

In the case of primary movers other than wind turbines, which do not have to be

supported by an additional energy source or storage (ICE, water turbine), it is

necessary to obtain preliminary charging of the DC link to start the rotor connected

converter RC and obtain excitation. The simplest way to charge the DC link is use of

the same battery that is used for start-up in the case of an internal combustion engine,

or application of a fractional power permanent magnet generator coupled on the same

shaft (Figure 11.3) in the case of a water turbine.
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Figure 11.2. Possible system connections for unbalanced load supply.
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Figure 11.3. Possible scheme allowing preliminary DC link charging with fractional power

PMG.
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11.1.2 Characteristics of DFIM Supported by DC Coupled Storage

Characteristics of the maximum power that can be produced by a DFIM driven by

different energy sources are shown in Figure 11.4. In the case of a fixed torque

characteristic of a primary mover, the maximum mechanical power, Pm, that can

be converted to electrical power changes in proportion to the mechanical speed in the

operation range fromOmin toOmax (Figure 11.4a). A system driven by a sourcewith a

fixed torque and supported by energy storage can generate a total power Ptot equal to

the maximum power of the system Pmax (Figure 11.4a) depending on the energy

storage capacity. An example of a sourcewith almost fixed torque and a limited speed

range is an ICE. The presented characteristics are the upper limits of the power

system; it is not possible to generate more stator power and other curves are a

consequence of this fact.

In the case of a wind driven DFIM, mechanical power Pm in the speed range from

Omin to Omax changes with the cube of mechanical speed; at minimum speed Omin

equal to 66% of Os the DFIM can generate at most 12.5% of Pmax. Assuming that a

positive slip power occurs when power is taken from the rotor of the DFIM and

delivered to the load, the mechanical power Pm is the sum of rotor power and stator

power if power losses are neglected:

Pm ¼ Ps þ Pr ¼ 1� sð ÞPs ð11:1Þ
Hence,

Ps Ominð Þ ¼ Pm Ominð Þ
1� sð Þ ð11:2Þ
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Figure 11.4. Characteristics of maximum active power generated by a DFIM versus rotor

speed for (a) a fixed torque primary mover and (b) a wind turbine, supported by DC coupled

energy source.
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and is equal to 19% at 0.66 of Os, whereas the slip power is equal to –6.5% of

Pmax.

A wind turbine supported by a DC coupled energy source can generate a total

power Ptot equal to the sum of mechanical power Pm and the power of the supporting

source Psup or is equal to the sum of the stator power Ps and the power delivered to the

load by the GC equal to 25% of Pmax (Figure 11.4b).

Belowminimum speedOmin in both cases (e.g., during start-up or shut-down in the

case of an ICE or for low wind speed in the case of a wind turbine), the stator of the

machine has to be disconnected from the load by the switch placed between the stator

and filtering capacitors. Then, the power is generated only in a limited range through

the GC converter. In both cases, maximum possible generated power with a

disconnected stator side of the DFIM is equal to the rated power of the GC converter

(25% of Pmax).

11.1.3 Selection of Filtering Capacitors

Application of filtering capacitors on the stator side eliminates switching frequency

harmonics produced by both RC and GC converters and additionally compensates

part of the reactive power needed for magnetization. In a simplified model of the

machine, it can be assumed that the rotor is supplied from the VSI with current

feedback; therefore, it can be treated as a machine fed from a current source on the

rotor side. In such a case, two equations of the machine connected with the stator

side and a third equation connected with the stator capacitors can be taken into

consideration:

~vs ¼ Rs
~is þ d~cs

dt
þ jos

~cs ð11:3Þ

~cs ¼ Ls~is þ Lm~ir ð11:4Þ

~is ¼ �Cf

d~vs
dt

þ~i ld � josCf~vs ð11:5Þ

where vs and vr are stator and rotor voltage,cs is the stator flux, is and ir are stator and

rotor currents, Rs is the stator resistance, Ls and Lm are stator and magnetizing

inductances, pb is the number of poles pairs, os is the synchronous speed, Cf is the

filtering capacitance, and ild is the load current.

Based on equations (11.3)–(11.5) for a filtering capacitance Cf equal to zero

and a resistive load, a model of a stand-alone DFIM supplied from a current

source can be derived:

~vs ¼ RoLm

Zs

d~ir
dt

þ j
osRoLm

Zs

� �
~ir � Ls

Zs

d~vs
dt

ð11:6Þ
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whereRo is the load resistance, stator resistance is neglected, and Zs is the stator side

impedance:

Zs ¼ Ro þ josLs ð11:7Þ

The differential of the rotor current in Equation (11.6) indicates that the generated

voltage vs is distorted by rotor current ripples produced by the converters. The

negative sign of the stator voltage derivative is responsible for partial damping of

thevoltage distortions. In the limiting case—no-load operation—Ro andZs are infinite

and Equation (11.6) is reduced to

~vs ¼ Lm
d~ir
dt

þ josLm~ir ð11:8Þ

This indicates that the stator voltage is distorted by rotor current ripples of PWM

frequency.

Power electronics supply systems generating high-quality AC voltage are

equipped with LC filters. Inductors used for current formation are not necessary in

a stand-alone DFIM, due to the high inductance of the machine itself. To obtain high-

quality generated voltage, only filtering capacitors are needed on the stator side.

Theworst case for the voltage quality is no-load operation, due to the lowest damping

ratio of the output circuit. For a high-power DFIM, the stator resistance can be

neglected and the output voltage can be described by

~vs ¼ 1

1� o2
s LsCf

Lm
d~ir
dt

þ josLm~ir � j2osLsCf

d~vs
dt

� LsCf

d2~vs
dt2

 !
ð11:9Þ

The negative sign of the second-order derivative of the stator voltage in Equa-

tion (11.9) is the component responsible for effective damping of the voltage

distortions caused by rotor current ripples.

The first criterion for capacitor selection is that the capacitance Cf must not fully

compensate the magnetizing reactive power. However, the frequency related to

mechanical speed has to be taken into consideration instead of the stator voltage

frequency (50 or 60Hz). It has to meet the requirement

Cf <
1

4p2f 2mLm
ð11:10Þ

At the same time, to obtain a given resonant frequency fr of the output filter LrssCf,

which has to be significantly smaller than the switching frequency, the capacitance

must be equal to

Cf ¼ 1

4p2f 2r sLm
ð11:11Þ

For high-frequency harmonics, the model of an unloaded DFIM can be simplified

to an LC filter, which consists of equivalent machine leakage inductance Lrss close to
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sLm, where s is the total leakage factor, and filtering capacitor Cf. On the logarithmic

scale, the resonant frequency fr has to be obtained more or less in the middle between

the operational frequency (50 or 60Hz) and the switching frequency to avoid

resonances for these frequencies.

Comparison of generated voltagewithout and with filtering capacitors is presented

in Figure 11.5. Figures 11.5a and 11.5b show the stator voltage and rotor current of a

simulatedmodel of a 250 kW slip ring inductionmachine operated as a generator. The

use of filtering capacitors completely eliminates switching frequency harmonics in

the stator voltage (Figure 11.5a), whereas the system not equipped with capacitors on

the stator side has significantly distorted stator voltage (Figure 11.5b).

Results of laboratory tests of a DFIM model (2.2 kW) are shown in Figures 11.5c

and (11.5)d. Similar to the simulated model, filtering capacitors eliminate switching

harmonics (Figure 11.5d), whereas the system without filtering capacitors generates

strongly distorted voltage.

Figure 11.5. Oscillograms presenting generated voltagewaveforms for a stand-alone system

(a) without and (b) with filtering capacitors connected to the stator of the DFIM.
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11.2 MATHEMATICAL DESCRIPTION OF THE STAND-ALONE
DFIM SYSTEM

11.2.1 Model of Stand-alone DFIM

The mathematical model of a stand-alone operated DFIM is based on the same

equations as the grid connected machine. Model of the grid connected DFIM with dq

components of the stator and rotor currents as the state variables is desribed by

Equation (11.12).

dids

dt

diqs

dt

didr

dt

diqr

dt

2
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3
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The only difference in relation to the grid connected system is that the stator

voltage is not given by the power grid, but is obtained as a result of the excitedmachine

loaded on the stator side. Assuming that the machine is not equipped with stator

connected filtering capacitors, the stator voltage during a resistive load supply is

calculated as

~vs ¼ �Ro
~is ð11:13Þ

where Ro is the load resistance, and the stator current also represents the load

current.

Replacement of the stator voltage components in Equation (11.12) with compo-

nents taken from Equation (11.13) gives a model of a stand-alone DFIM without

filtering capacitors, loaded with resistive load, Equation (11.14), and with stator and

rotor current components as state variables. Othermodels with rotor current and stator
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voltage components can be described by Equation (11.15); as for the resistive load,

stator voltage and current are linearly dependent.
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Simulation results of the models are shown in Figure 11.6. The parameters taken

from the data of 250 kW DFIM (Lm¼ 4.2mH, Ls¼ Lr¼ 4.4mH, Rs¼Rr¼ 0.02O)
are referred to the stator side.

For any speed, the d component of the rotor voltage is selected to achieve a stator

voltage equal to 230 V for a fully loaded stator, while the q component equals zero.

Thus, for no-load operation, especially at synchronous speed, the stator voltage for the

same rotor voltage value is higher than for the fully loaded stator. Two waveforms

from the top in each column of Figure 11.6 show the rotor current and stator voltage

vector components of a fully loaded 250 kWmachine, whereas the next two show the

same variables for a 10% loaded machine. The left-hand column is related to the case

with mechanical speed om equal to 66% of os; the middle column to synchronous

speed os, and the right column is related to the case of 133% of os.

A power system equipped with filtering capacitors is able to generate voltage

with significantly higher quality with reduced switching frequency harmonics. A

model of a stand-alone DFIM equipped with capacitors is complemented by

Equation (11.5). State equations of the machine can be created based on compo-

nents of rotor and stator currents and stator voltage, Equation (11.16). In an

autonomous DFIM system, rotor voltage is only one electromotive force and for

given speed and load all responses of currents and voltages in the system depend

only on rotor voltage vector components.

Figure 11.6. DFIMmodel simulation: (a,b,e,f,i,j) fully loaded and (c,d,g,h,k,l) loaded in 10%

for (a–d) 66% of synchronous speed, (e–h) synchronous speed, and (i–l) 133% of synchronous

speed.

546 STAND-ALONE DFIM BASED GENERATION SYSTEMS



d
i d
s

d
t

d
i q
s

d
t

d
i d
r

d
t

d
i q
r

d
t

d
v d

s

d
t

d
v q

s

d
t

2 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 4

3 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 5¼

�
R
sL

r

L
sL

r
�
L
2 m

o
s
þ

o
m
L
2 m

L
sL

r
�
L
2 m

�
�

R
rL

m

L
sL

r
�
L
2 m

o
m
L
rL

m

L
sL

r
�
L
2 m

L
r

L
sL

r
�
L
2 m

0

�
o

s
þ

o
m
L
2 m

L
sL

r
�
L
2 m

�
�

�
R
sL

r

L
sL

r
�
L
2 m

�
o

m
L
rL

m

L
sL

r
�
L
2 m

R
rL

m

L
sL

r
�
L
2 m

0
L
r

L
sL

r
�
L
2 m

R
sL

m

L
sL

r
�
L
2 m

�
o

m
L
sL

m

L
sL

r
�
L
2 m

�
R
rL

s

L
sL

r
�
L
2 m

o
s
�

o
m
L
rL

s

L
sL

r
�
L
2 m

�
�

�
L
m

L
sL

r
�
L
2 m

0

o
m
L
sL

m

L
sL

r
�
L
2 m

R
sL

m

L
sL

r
�
L
2 m

�
o

s
�

o
m
L
rL

s

L
sL

r
�
L
2 m

�
�

�
R
rL

s

L
sL

r
�
L
2 m

0
�

L
m

L
sL

r
�
L
2 m

�
1 C
f

0
0

0
�

1

R
o
C
f

o
s

0
�

1 C
f

0
0

�o
s

�
1

R
o
C
f

2 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 4

3 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 5i d
s

i q
s

i d
r

i q
r

v d
s

v q
s

2 6 6 6 6 6 6 6 6 6 6 6 6 6 6 4

3 7 7 7 7 7 7 7 7 7 7 7 7 7 7 5

þ

�
L
m

L
sL

r
�
L
2 m

0

0
�

L
m

L
sL

r
�
L
2 m

L
s

L
sL

r
�
L
2 m

0

0
L
s

L
sL

r
�
L
2 m

2 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 4

3 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 5v d
r

v q
r

"
#

ð1
1
:1
6
Þ

547



The stator connected filtering capacitor Cf, which fully compensates the induc-

tive character of the stator at the frequency related to the highest possible speed

(1.33 ofos), is equal to 1.3mF. To achieve partial compensationwith somemargin, a

capacitor is selected to compensate around 75% of the reactive power calculated for

a pulsation equal to 418 rad/s, that is, 1.33 of os.

Similar to Figure 11.6, in Figure 11.7 the rotor current and stator voltage vector

components are presented. There are for cases of a fully loaded (Figures 11.7a,b,

(11.7)e,f, (11.7)i,j) and a 10% loaded (Figures 11.7c,d, (11.7)g,h, (11.7)k,l) stator of

the machine, for mechanical speed equal to 66% of os (Figures 11.7a–d), synchro-

nous speed os (Figures 11.7e–h), and 133% of os (Figures 11.7i–l). It can be seen

that, for a DFIM equipped with stator connected filtering capacitors, the response

dynamics strongly depend on the mechanical speed, especially in the case of low

load operation.

Figure 11.8 presents waveforms of the DFIM stator voltage components in the dq

frame for fully loaded and 10% loaded for different values of filtering capacitors.

For 0.65mF, which is half of the capacitance compensating the reactive power during

no-load operation, the system is stable for both load cases. For 1.3mF and no-load

operation, there are sustained oscillations; while for a fully loaded DFIM, the same

capacitance value allows stable operation. Sustained oscillations for the fully loaded

DFIM occur for 1.95mF of filtering capacitance. It means that, for a loaded system,

Figure 11.7. DFIMmodel simulation: (a,b,e,f,i,j) fully loaded and (c,d,g,h,k,l) loaded in 10%

for (a–d) 66% of synchronous speed, (e–h) synchronous speed, and (i–l) 133% of synchronous

speed with 1mF of stator connected filtering capacitors.
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especially for a nonlinear load, a larger capacitance can be used for better filtering of

higher harmonics in the generated voltage.

11.2.2 Model of Stand-alone DFIM Fed from Current Source

The rotor of the DFIM is supplied from the current controlled voltage source inverter

(VSI). With good approximation, the inverter can be treated as a current source. For

such a case, the standard rotor side equations can be eliminated. Instead, the rotor

current is given arbitrarily, and its dynamics is limited with a Te time constant.

Limitation of the rotor current rise with 1/Te is necessary for elimination of the

numerical calculation errors caused by a step change of the rotor current. Themodel is

described with the following equations:

d~ir
dt

¼ 1

Te
~i
�
r �~ir

� �
ð11:17Þ

~vs ¼ Rs
~is þ d~cs

dt
þ jos

~cs ð11:18Þ

~cs ¼ Ls~is þ Lm~ir ð11:19Þ

where ~i
�
r is the reference rotor current vector. Assuming reference rotor current

components as input signals, the following equations for a DFIM supplied from a

current source can be described:

Figure 11.8. DFIM model simulation: (a–c)10% loaded and (d–f) fully loaded with (a,d)

0.65 mF, (b,e) 1.3mF, and (c,f) 1.95mF filtering capacitor at 133% of synchronous speed.
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A model of a stand-alone machine equipped with filtering capacitors loaded with

resistive load and supplied from a current source on the rotor side is described by
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Simulation results of the model are presented in Figure 11.9. For different filtering

capacitors, the rotor current components are selected to obtain a stator voltage
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amplitude equal to 325V for a fully loaded generator. Thus, for a 10% loaded DFIM,

the stator voltage amplitude is higher for the same rotor current. The results are the

same for any mechanical speed.

11.2.3 Polar Frame Model of Stand-alone DFIM

In grid connected power systems, the p and q power components are controlled in

orthogonal frames. In a stand-alone system, the amplitude and frequency of the

produced voltage have to be fixed in spite of the load and rotor speed. The fixed

amplitude of the generated voltage corresponds to a fixed magnitude of its vector,

while the fixed frequency corresponds to a fixed position of the vector in the rotating

reference frame connected with the vector. Moreover, a fixed angle of this vector

means also a fixed phase of the generated voltage. Representation of all vectors by

magnitude and angle give a model of the DFIM in a polar frame.

Consider that the model in Equation (11.16) takes the form in Equation (11.22):
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Figure 11.9. DFIM fed from a current controlled VSI model simulation: (a,c,e) fully loaded

and (b,d,f) 10% loaded for (a,b) 0.1mF (c,d), 1mF and (e,f) 2mF of filtering capacitors.
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and, based on transformations of component derivatives from a Cartesian to a polar

frame,

d~vj j
dt

¼ dvx

dt
cos av þ dny

dt
sin av ð11:23Þ

dav
dt

¼ 1

~vj j
dvy

dt
cos av � dvx

dt
sin av

� �
ð11:24Þ

a model of a DFIM in a polar frame can be achieved. For a standard DFIM model

without filtering capacitors, equations are based on magnitudes and angles of the

stator and rotor current vectors:

d~is
�� ��
dt

¼ A~is
�� ��þ C~ir

�� ��cos air � aisð Þ þ D~ir
�� ��sin air � aisð Þ

þE~vsj jcos avs � aisð Þ þ F~vrj jcos avr � aisð Þ ð11:25Þ

dais
dt

¼ �B�
~ir
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þ ~vsj j
~is
�� �� E sin avs � aisð Þ þ ~vrj j
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�� �� F sin avr � aisð Þ ð11:26Þ
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dt
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�� ��cos ais � airð Þ þ H~is

�� ��sin ais � airð Þ þ I~ir
�� ��

þK~vsj jcos avs � airð Þ þ L~vrj jcos avr � airð Þ ð11:27Þ

dair
dt

¼ �J �
~is
�� ��
~ir
�� �� H cos ais � airð Þ � G sin ais � airð Þð Þ

þ ~vsj j
~ir
�� ��K sin avs � airð Þ þ ~vrj j

~ir
�� �� L sin avr � airð Þ ð11:28Þ

For a stand-alone DFIM without filtering capacitors and a supplied resistive

load given in Equation (11.13), a polar frame model is described with Equa-

tions (11.29)–(11.32):

d~is
�� ��
dt

¼ A� ERoð Þ~is
�� ��þ C~ir

�� ��cos air � aisð Þ
þD~ir
�� ��sin air � aisð Þ þ F~vrj jcos avr � aisð Þ ð11:29Þ

dais
dt

¼ �B�
~ir
�� ��
~is
�� �� D cos air � aisð Þ � C sin air � aisð Þð Þ þ ~vrj j

~is
�� �� F sin avr � aisð Þ

ð11:30Þ
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d~ir
�� ��
dt

¼ G� KRoð Þ~is
�� ��cos ais � airð Þ þ H~is

�� ��sin ais � airð Þ þ I~ir
�� ��þ L~vrj jcos avr � airð Þ

ð11:31Þ
dair
dt

¼ �J �
~is
�� ��
~ir
�� �� H cos ais � airð Þ � Gþ KRoð Þsin ais � airð Þð Þ þ ~vrj j

~ir
�� �� L sin avr � airð Þ

ð11:32Þ
where the angle of the rotor voltage vector aur, as an angle of single electromotive

force in the model, can be assumed arbitrarily zero. Then, all angles are related to the

rotor voltage vector.

For a stand-alone DFIM equipped with filtering capacitors and supplied with a

resistive load, a full polar frame model is described by Equations (11.33)–(11.37),

where the coefficients are taken from Equation (11.16).

d~is
�� ��
dt

¼ � RsLr

LsLr � L2m

~is
�� ��þ Lm

LsLr � L2m

~ir
�� �� Rr cos air � aisð Þ þ omLr sin air � aisð Þð Þ

þ Lr

LsLr � L2m
~vsj jcos avs � aisð Þ � Lm

LsLr � L2m
~vrj jcos avr � aisð Þ ð11:33Þ

dais
dt

¼ � os þ omL
2
m

LsLr � L2m

� �
�

~ir
�� ��
~is
�� �� Lm

LsLr � L2m
omLr cos air � aisð Þ�Rr sin air � aisð Þð Þ

þ ~vsj j
~is
�� �� Lr

LsLr � L2m
sin avs � aisð Þ � ~vrj j

~is
�� �� Lm

LsLr � L2m
sin avr � aisð Þ ð11:34Þ

d~ir
�� ��
dt

¼
~is
�� ��Lm

LsLr � L2m
Rs cos ais � airð Þ � omLs sin ais � airð Þð Þ � RrLs

LsLr � L2m

~ir
�� ��

� Lm

LsLr � L2m
~vsj jcos avs � airð Þ þ Ls

LsLr � L2m
~vrj jcos avr � airð Þ ð11:35Þ

dair
dt

¼ � os � omLrLs

LsLr � L2m

� �
þ

~is
�� ��
~ir
�� �� Lm

LsLr � L2m
omLs cos ais�airð Þ þ Rs sin ais�airð Þð Þ

� ~vsj j
~ir
�� �� Lm

LsLr � L2m
sin avs � airð Þ þ ~vrj j

~ir
�� �� Ls

LsLr � L2m
sin avr � airð Þ ð11:36Þ

d~vsj j
dt

¼ �
~is
�� ��
Cf

cos avs � aisð Þ � ~vsj j
RoCf

ð11:37Þ

davs
dt

¼ �os þ
~is
�� ��

Cf ~vsj j sin avs � aisð Þ ð11:38Þ
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For a synchronously rotated frame connected with the rotor voltage vector, angle

avr can be assumed zero. For the system not equipped with filtering capacitors,

Equations (11.37) and (11.38) are removed and everyRs in Equations (11.33)–(11.36)

is replaced with the sum of stator Rs and load Ro resistance.

Figure 11.10 shows the responses of the simulated polar frame model of a fully

loaded DFIM system (Figures 11.10a,b, (11.10)e,f, and (11.10)i,j) and the system

loaded at 10% (Figures 11.10c,d, (11.10)g,h, and (11.10)k,l) for a rotor speed equal to

0.66os (Figures 11.10a–d), synchronous speed (Figures 11.10e–h), and 1.33os

(Figures 11.10i–l). Waveforms represent vector magnitudes and angles related to

the rotor voltage vector. The negative value of the stator current magnitudemeans that

this current has negative direction corresponded to generation of the power and supply

of the load. The linear dependence of all vectormagnitudes on the rotor voltage vector

for a given speed is shown in Figure 11.11.

Figure 11.11c shows the vector magnitudes for twice the reduced rotor voltage

vectormagnitude in relation to the case presented in Figure 11.11a. It can be observed

that, for given load and mechanical speed, vector angle responses are independent of

the rotor voltage magnitude (Figures 11.11b and 11.11d). Magnitude response is

independent of the selected frame, as shown in Figure 11.12, where results of the

model simulation are presented in stationary (Figures 11.12a and 11.12b) and

synchronously rotating (Figures 11.12c and 11.12d) coordinate systems.

11.2.4 Polar Frame Model of Stand-alone DFIM Fed
from Current Source

Similar to the Cartesian frame in polar coordinates, we can show a model of a DFIM

supplied from a current controlled voltage source or current source with limited

Figure 11.10. Polar frame DFIM model simulation: (a,b,e,f,i,j) fully loaded and (c,d,g,h,k,l)

10% loaded for (a–d) 66% of synchronous speed, (e–h) synchronous speed, and (i–l) 133% of

synchronous speed with 1mF of stator connected filtering capacitors.
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Figure 11.12. Polar frame DFIM model simulation results presented in (a,b) stationary and

(c,d) synchronously rotating coordinates.

Figure 11.11. Polar frame DFIM model simulation: (a,c) vectors magnitude and (b,d) angle

responses of fully loaded system for different voltage vector magnitudes at 133% of synchro-

nous speed.
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change of the rotor current rapidity. We assume that the model (11.21) takes the form

shown in Equation (11.39),

didr

dt

diqr

dt

dids

dt

diqs

dt

dvds

dt

dvqs

dt

2
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ð11:39Þ

The Polar frame model of a DFIM with rotor connected current source is given by

Equations (11.40)–(11.45).

d~ir
�� ��
dt

¼ 1

Te
~ir
�� ��� � ~ir

�� ��� �
ð11:40Þ

dair
dt

¼ 1

Te

~ir
�� ���
~ir
�� �� sin a�ir � air

� � ð11:41Þ

d~is
�� ��
dt

¼ A~ir
�� ��cos air � aisð Þ þ B~ir

�� ��sin air � aisð Þ þ C~is
�� ��

þE~vsj jcos avs � aisð Þ � A~ir
�� ���cos a�ir � ais

� � ð11:42Þ

dais
dt

¼ �Dþ
~ir
�� ��
~is
�� �� A sin air � aisð Þ � B cos air � aisð Þð Þ

þ ~vsj j
~is
�� �� E sin avs � aisð Þ �

~ir
�� ���
~is
�� �� A sin a�ir � ais

� � ð11:43Þ

d~vsj j
dt

¼ �
~is
�� ��
Cf

cos avs � aisð Þ � ~vsj j
RoCf

ð11:44Þ

davs
dt

¼ �os þ
~is
�� ��

Cf ~vsj j sin avs � aisð Þ ð11:45Þ
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where the equation describing the angle air of the rotor current vector can be replaced
with a simpler version,

dair
dt

¼ 1

Te
a�ir � air
� � ð11:46Þ

if a quasi-step change of the reference angle is needed in the analysis or if the reference

angle is changed according to a known function.

Linear change of the reference angle can be given with the equation

a�ir ¼
ð
os

irdt ð11:47Þ

and this change is defined by a reference angular speed os
ir

The speed of the rotor current vector is related to the rotating reference frame. In

the case of synchronous rotation of the rotor current vector, the differential equation

with the rotor current vector angle derivative can be neglected, and only the

reference amplitude of the rotor current is given. For the reference frame rotated

synchronously with the rotor current vector, Equation (11.41) is eliminated and it

can be assumed that

a�ir ¼ 0 ð11:48Þ

For such an assumption and with the coefficients taken from Equation (11.21), a full

polar coordinates model in a synchronously rotated frame connected with the rotor

current vector can be obtained as in Equations (11.49)–(11.53).

d~ir
�� ��
dt

¼ 1

Te
~ir
�� ��� � ~ir

�� ��� �
ð11:49Þ

d~is
�� ��
dt

¼ � Lm

LsTe
~ir
�� ��� � ~ir

�� ��� �
cos ais � osLm

Ls
~ir
�� ��sin ais � Rs

Ls
~is
�� ��þ 1

Ls
~vsj jcos avs � aisð Þ

ð11:50Þ

dais
dt

¼ �os þ Lm

LsTe~is
�� �� ~ir

�� ��� � ~ir
�� ��� �

sin ais �
~ir
�� ��
~is
�� ��osLm

Ls
cos ais þ ~vsj j

~is
�� �� 1Ls sin avs � aisð Þ

ð11:51Þ

d~vsj j
dt

¼ �
~is
�� ��
Cf

cos avs � aisð Þ � ~vsj j
RoCf

ð11:52Þ

davs
dt

¼ �os þ
~is
�� ��

Cf ~vsj j sin avs � aisð Þ ð11:53Þ
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Simulation results of the polar frame model of a DFIM fed from the current

controlled VSI are presented in Figure 11.13. Figures 11.13a and 11.13b show the

magnitudes and angles of the rotor current, stator current, and stator voltage vectors

for a fully loaded DFIM system, while Figures 11.13c and 11.13d show the same

variables for a 10% loaded DFIM system, respectively. Responses of the system are

independent of the mechanical speed. Vector magnitudes are proportional to the rotor

current vector magnitude and are the same for any rotational speed of the reference

frame, whereas vector angles are independent of the rotor current vector magnitude.

11.3 STATOR VOLTAGE CONTROL

11.3.1 Amplitude and Frequency Control by the Use of PLL

Frequency of the stator voltage results from the sum of the frequency related to the

mechanical speed and rotor current frequency Equation (11.54):

fs ¼ om

2p
þ fir ð11:54Þ

Amplitude of the stator voltage for a given speed and load is proportional to the rotor

current amplitude and frequency.However, for the rotor current frequency equal to the

slip frequency, the onlyway to obtain a reference amplitude of the generated voltage is

to maintain adequate rotor current amplitude, as can be observed in the polar frame

model of a DFIM supplied from a current controlled VSI.

Figure 11.13. Polar frame model of a DFIM fed from a current controlled VSI: (a,c) vectors

magnitudes and (b,d) angles for (a,b) fully loaded and (c,d) 10% loaded DFIM system.
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Abasic control diagramwith rotor position sensor is presented in Figure 11.14. The

reference angle of the rotor current ��ir is obtained from Equation (11.55):

��ir ¼
ð
o�

s dt� p�m ð11:55Þ

where o�
s is the reference speed of the frame related to the reference frequency (e.g.,

50Hz).

Control of the stator voltage amplitude is based on the voltage vector magnitude

calculated from the orthogonal components in the ab frame. The output signal of the

voltage vector magnitude controller RV is responsible for the reference magnitude of

the rotor current vector.

Fast rotor current controllers can be realized as two-level hysteresis controllers in a

three-phase system, three-state hysteresis controllers in an ab frame, or proportional

controllers in a three-phase or ab frame. Proportional controllers applied in the inner

control loop have no negative influence on elimination of the steady state error in the

stator voltage amplitude control loop. Two PI controllers of the rotor current vector

components can be used in synchronously rotated frame xy connected with the rotor

current vector, as discussed later.

Control of the grid side converter is similar to the case of a grid connected system,

as a superior control loop for this converter is used for stabilization of the DC-link

voltage. An additional role for the grid side converter can be reduction of the stator

current harmonics [8] or asymmetry [9] during supply of a nonlinear and an

unbalanced load, respectively, and reactive power compensation by the stator side

of the machine, if not enough reactive power is delivered through the rotor converter.

Those functions are independent of the voltage stabilization by the rotor converter

control.
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Figure 11.14. Simple stator voltage and frequency control by the use of a rotor position

encoder.
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Reference rotor current vector angle ��ir can be obtained with no need of a rotor

position encoder. One of the known methods is determination of rotor position by the

use of a phase locked loop (PLL). In the case of a grid connected power electronics

converter, a PLL used for synchronization of the generated current with first

harmonics of the grid voltage produces an angle for transformation of variables [10].

In the case of DFIM sensorless control with a PLL, the produced signal is treated as a

rotational speed not an angle. The angle is obtained after integration of achieved

rotational speed. In the case of a grid connected DFIM, the use of PLL synchronizing

stator current with grid voltage is not a reliablemethod, as the grid connectedDFIM is

nonlinear. However, in the case of a stand-alone DFIM system, a PLL can be used for

synchronization of the generated stator voltage vector with arbitrary given reference

voltage vector. This is presented in Figure 11.15.

A PLL is realized as a PI controller of the stator voltage vector angle avs calculated
from dq orthogonal components in a synchronously rotated frame, Equation (11.56),

whereas reference angle a�vs equals zero; this means that the reference voltage vector

overlaps the d axis of the frame.

avs ¼ tan�1 vqs

vds

� �
ð11:56Þ

Other signals indicating voltage vector displacement can be derived from the

calculation of the cross product of the reference and actual voltagevectors represented

in, for example, ab coordinates.

~v�s �~vs ¼ ~vsj j�~vsj jsin avs ¼ v�asvbs � v�bsvas ð11:57Þ
so

avs ¼ sin�1
v�asvbs � v�bsvas

~vsj j�~vsj j
� �

ð11:58Þ
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Figure 11.15. Sensorless control of the stator voltage and frequency with PLL.
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In the dq frame, Equation (11.58) is reduced to

avs ¼ sin�1 vqs

~vsj j
� �

¼ sin�1 vqsffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2ds þ v2qs

q
0
B@

1
CA ð11:59Þ

as the reference vector~v�s is placed along the d axis, so v
�
qs equals zero and v

�
ds equals

~vsj j�.
Equivalently, vqs can be used instead of aus as an indication of displacement of

the actual voltage vector in relation to the reference one. All mentioned input

signals are correct for a PLL to obtain the reference angular speed o�
ir of the rotor

current vector and consequently the rotor current vector angle ��ir in the frame

connected with rotor.

A vector diagram presenting the dynamic state of the rotor current and stator

voltage vector is shown in Figure 11.16. For given speed and load, there is a base

position and length of the rotor current vector~irbase responsible for generation of the
stator voltage related to the reference vector~v�s . Displacement of the rotor current

vector~ir from the base position~irbase caused by mechanical speed or load change or

during start-up of the system causes also phase displacement aus of the stator voltage
vector~vs from reference position~v�s .

To obtain the reference position by the stator voltage vector, it is necessary to

move the rotor current vector by at least an instantaneous change of its rotational

speed. Phase movement of the rotor current vector is realized by the change of

rotational speed of the reference rotor current vector, which rotates with the speed
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Figure 11.16. Space vector diagram of the rotor current and stator voltage in a transient state

caused by mechanical speed or load change.
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o�
xy equal to

o�
xy ¼ om þ o�

ir ð11:60Þ

where o�
ir is a result of a voltage vector synchronization loop PLL.

Change of the reference angular speed o�
ir, forced by the PI controller, moves this

vector as long as the voltage vector displacement avs, related to the reference position,
is eliminated. The actual rotor current vector follows the reference position until the

base position for a given speed and load is achieved.

Figure 11.17 shows a full scheme of sensorless stator voltage control with a PLL

based on the stator voltage angle controller and PI controllers of the rotor current

vector components in an xy frame connected with the reference rotor current.

Reference magnitude and angle of the rotor current achieved from two stator voltage

controllers, RVand Ra, respectively, represent the reference rotor current vector in a
polar frame. Two transformations of the reference rotor current vector from the polar

to ab frame, Equation (11.16), and next from ab to xy, Equation (11.62), have been

applied using a reference angle of the rotor current ��ir.

i�ar
i�br

" #
¼ ~ir
�� ��� cos ��ir

sin ��ir

" #
ð11:61Þ

i�xr
i�yr

" #
¼ i�ar

cos ��ir
sin ��ir

" #
þ i�br

sin ��ir
�cos ��ir

" #
¼

~ir
�� ���
0

" #
ð11:62Þ
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Figure 11.17. Full scheme of sensorless stator voltage control with a PLL based on the stator

voltage angle controller and PI controllers of the rotor current.
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As a result, two components of the reference rotor current vector are obtained, in

which the x component is equal to its amplitude and the y component is always zero,

so in fact these transformations can be neglected. The same angle is used for

transformation of the actual rotor current vector to ab and from ab to xy. Thus, PI

controllers of the rotor current components can be applied, as xy components of the

rotor current vector are fixed during the steady state. Two components of the rotor

voltage vector are calculated by the rotor current PI controllers, Rixr and Riyr.

Transformation from the xy to the ab frame connected with the rotor allow one to

apply the SVM method.

The worst case for the system stability is no-load operation, because of the lowest

damping ratio. For an unloaded model, rotor current and stator voltage controllers

should be designed. This feature concerns every power electronics conversion system.

Simplified analysis of the rotor current dynamics can be done for the simplified RL

model, in which the inductance seen from the rotor side is treated as some equivalent

value, Leq. The equivalent inductance is determined by the calculation of stator and

capacitor impedances for frequency fm related to rotor speed om. For a large power

doubly fed machine, the stator winding resistance Rs can be neglected.

The equivalent inductance Leq is

Leq ¼ Lrs þ Ls

1� 4p2fm2LsCf

ð11:63Þ

where the stator inductance Ls is a sum of magnetizing Lm and stator leakage Lss
inductance.

Dynamics of the current responses in the full model and simplified RL model are

very similar, as can be seen in a result of simulation in Figure 11.18. The unloaded

generator is considered, because it is the worst case from the system stability point of

view, and for an equivalent RrLeq model the rotor current controllers can be

prototyped.

Comparison of the open-loop RL model response and response of the RL model

equipped with a PI current controller is shown in Figure 11.19a. Input signals have

been selected to achieve the same current in the steady state. The same PI controller

has been used in the full model in both axes of the xy frame to control the rotor
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Figure 11.18. Current responses of a full model iar, ibr, icr and equivalent RLmodel iaeq, ibeq,

iceq for DC rotor current at different rotor speeds: (a) 1000 rpm, (b) 1500 rpm, and (c) 2000 rpm.
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current components. Simulation results are also shown in Figure11.19. The refer-

ence rotor current vector components i�xr, i
�
yr and current responses ixr, iyr are shown

in Figure 11.19b, whereas voltage responses in the dq frame are shown in

Figure 11.19c.

Full model responses to the step change of stator voltage vector magnitude and

phase are shown in Figure 11.20. Figure 11.20a shows the reference and actual stator

voltage vector magnitudes during a step change of reference value, while

Figure 11.20b shows the responses of the reference and actual rotor current vector

components that correspond to Figure 11.20a. Stator voltage vector dq components

(Figure 11.20c), reference angular speed of the rotor current vector (Figure 11.20d),

and stator phase voltage and rotor phase current (Figure 11.20e) have been presented

as the responses to the step change of reference voltage vector angle from zero to p.
The function of the stator voltage vector angle, Equation (11.56), is nonlinear and

returns values in the range from �p to p, as shown in Figure 11.21, similar to the
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position encoder overflow. In some cases, error ea of the Ra controller has a periodical
character and the average value of this error is zero. As a result, if the Ra controller

cannot deliver an adequate signal of reference rotor current angular speed o�
ir before

the first overflow, it may not be possible during the next periods. Modification of the

reference angle a�vs, based on the function overflow (Figure 11.21c) results in

monotonic dependence of the error on the actual value of the voltage vector angle

(Figure 11.21d). Practical realization of the method is shown in Figure 11.22. Initial

value of a�vs equals zero. Every change of the angle higher than p causes an a
�
vs increase

by 2p and an opposite change causes a decrease by�2pwith simultaneous limitation

of a�vs to 2p and �2p and limitation of the error ea to �p and p.
Simulation results of an unloaded system, starting up at 1000 rpmwithout andwith

modified reference signal of the stator voltage angle, is shown in Figure 11.23.

Comparisons of unsuccessful start-up (Figure 11.23a–e) and successful start-up in the

case of modification of the reference stator voltage angle (Figures 11.23f–j) are

presented.

Transient states caused by mechanical speed change during supply of linear

(resistive) and nonlinear (three-phase diode rectifier loaded by resistor) load are

presented in Figures 11.24a,b and 11.24c,d, respectively. Implementation of stator

connected capacitors allowone to obtain satisfactory quality of the stator voltage vas at

nonlinear load current iald.

Rα
ωir

* αvs

overflow
detection± 2π  <=

Sat I

Sat II

εα

αvs
*

*

Figure 11.22. Practical realization of modification of reference voltage vector angle a�us.

Figure 11.21. Method of modification of reference voltage vector angle a�us.
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Currently, themain applications of theDFIM are inwind turbines, which generally

are not reliable as an isolated power source. Therefore, stand-alone operationmode of

a DFIM has been reported in only a few publications, whereas the grid connected

DFIM systems are described widely. From the small number of publications on the

stand-alone DFIM, the most attention has been addressed in References [8,11,12],

where in opposition to the direct voltage control method presented in the current

chapter, stator flux oriented control is described in different versions. Those are the

only proposals, where in a different manner, rotor speed or position sensors are

eliminated. However, there is no complex solution to different problems arising from

use of a stand-alone system. Even if there are complementary control methods for the

grid side converter proposed for reduction of stator voltage harmonics [8] or

Figure 11.24. Transient states caused by rotor speed for (a,b) linear and (c,d) nonlinear load.

Figure 11.23. Stator three-phasevoltage vabcs, stator voltagevector angle aus, angle controller
error ea, reference angular speed of the rotor current vector o�

ir, and three-phase rotor current

iabcr during (a–e) unsuccessful and (f–j) successful (fghij) start-up of stand-alone DFIM.
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imbalance [9], it may not be enough and an adequate control for the rotor side

converter during a nonlinear and unbalanced load supply may be necessary.

11.3.2 Voltage Asymmetry Correction During Unbalanced
Load Supply

Similar to the case of a grid connected DFIM working with an unbalanced grid, a

stand-alone power system should be able to operate with an unbalanced load.

Independent of the DFIM system topology dedicated to unbalanced load supply, it

is not possible to compensate the zero sequence component by three wire converters.

Themain control part presented in the previous section, responsible for amplitude and

frequency stabilization, is connectedwith a positive sequence, whereas elimination of

the negative sequence component requires additional controllers [13,14].

It can be realized by control of the orthogonal components of the stator voltage

vector in the dq(2) frame, rotating with negative synchronous speed �os, opposite to

the main polar frame (Figure 11.25). Transformation of the stator voltage vector from

a three-phase system abc(s) to dq(2) gives two signals, which contain a DC component

representing the negative sequence and a 100Hz component representing a positive

sequence. A lowpass filter (LPF) in each negative sequence component control loop

reduces significantly the content of the 100Hz harmonics (corresponding to the

positive sequence). It allows one to use PI controllers for elimination of negative

sequence components, forwhich reference signals v�ds2, v
�
qs2 equal zero. Output signals

of negative sequence controllers, Rvd2 and Rvq2, are responsible for the reference
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Figure 11.25. Scheme of the control method based on positive and negative sequence

components for voltage asymmetry reduction during unbalanced load supply.
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rotor current negative sequence dq components i�dr2, i
�
qr2, and they are represented in

the negatively rotated frame dq(2). It is necessary to transform this signal to the

rotating frame xy connected to the positive sequence reference rotor current, to obtain

an equivalent reference current. Negative sequence reference rotor current compo-

nents after transformation to the xy frame are represented by a signal of frequency

equal to 100Hz.

Instead of the transformation from abc(s) to dq(2), calculation of the reference

rotor current negative sequence components, and transformation from dq(2) to xy,

another realization of stator voltage asymmetry correction is possible. Calculated

dq components vds and vqs (Figure 11.15), needed to obtain polar coordinates of the

stator voltage vector, contain DC components corresponding to the positive

sequence and 100Hz component related to the negative sequence. Implementation

of resonant PI controllers designed for the 100Hz frequency allows elimination of

the negative sequence component in the stator voltage. Output signals from resonant

converters have a 100 Hz frequency and are responsible for reference rotor current

negative sequence components. From the control point of view, it is only an other

way of calculating the same reference rotor current signals and there is no difference

in results.

In both cases, the total reference current is a sum of positive (DC component) and

negative (100Hz) sequence components and is compared with actual xy components

of the rotor current vector. The PI rotor current controllers are designed for the DC

component. However, a proportional part can successfully control the negative

sequence current. It causes the steady state error in the rotor current control loop

but has no negative influence on elimination of negative sequence in the stator voltage,

as rotor current control is the inner loop, and the outer control loop is a PI type.

Figure 11.26 presents comparative results of two cases of unbalanced load supply

with a DFIM stand-alone system. The first case is for a sinusoidal rotor voltage

(Figure 11.26b). The unbalanced load, even if the rotor voltage is sinusoidal, causes

the rotor current to contain not only slip frequency but also higher harmonics of

frequency equal to double the synchronous frequency minus the slip (Figure 11.26c).

Figure 11.26. Comparative results of unbalanced load supply for (a–c) sinusoidal rotor

voltage, and for (d–f) rotor voltagewith negative sequence component for full compensation of

asymmetry.
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For an unbalanced load, in each phase there are different voltage drops in machine

resistances and leakage inductances. Even if the negative sequence of the current is

delivered from the rotor converter through the machine to the stator side, asymmetry

of the stator voltage is not fully eliminated (Figure 11.26a). Full compensation of the

stator voltage asymmetry (Figure 11.26d) requires additional content of negative

sequence in the rotor voltage (Figure 11.26e), which causes more negative sequence

in the rotor current (Figure 11.26f) than in the case of a sinusoidal rotor voltage.

Figure 11.27 presents laboratory tests results of 2.2 kW slip ring induction

machine. Stator voltage asymmetry is significantly reduced. Moreover, the control

method is fast enough and allows one to obtain short transient states during the step

change of the load in the single phase (Figure 11.27b).

11.3.3 Voltage Harmonics Reduction During Nonlinear Load Supply

A similar control method, used for voltage asymmetry correction with an unbalanced

load, can be used for stator voltage harmonics compensation at nonlinear load supply.

Each harmonic can be represented as a vector rotating with angular speed related to

the harmonics frequency. By assuming that odd harmonics are negative sequence

components, even harmonics are positive sequence components, and there are no

multiples of third harmonics in the threewire system, a controlmethod for elimination

of stator voltage harmonics can be synthesized (Figure 11.28).

By having dq components of the stator voltage vector in a synchronously rotated

frame (Figure 11.15), harmonic vector dq components in every respective frame can

be obtained by transformation from dq to dq(h), where h is the number of harmonics.

The transformation requires fewer calculations; for example, for 5th and 7th

harmonics, transformation is done by the use of �6os and 6os, respectively,

After calculation of the reference rotor current harmonic components, the required

transformations also use 6os and �6os for 5th and 7th harmonics, respectively. It

means, that sin(6ost) and cos(6ost) can be calculated only once per calculating period

and can be used many times in both transformations. Similarly, for 11th and 13th

harmonics, 12os and �12os can be used, respectively, for transformation of stator

Figure 11.27. Laboratory tests results of 2.2 kW slip ring induction machine for unbalanced

load in (a) steady state and in (b) transient caused by step change of the load in single phase.

STATOR VOLTAGE CONTROL 569



voltage from the dq synchronous frame to the dq(h) frame for each harmonic

(Figure 11.29). The x and y components of the reference rotor current vector,

responsible for harmonics compensation, are, respectively, the sum of all x and y

components of each harmonic considered in the control part.
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Figure 11.29. Control part responsible for stator voltage harmonics compensation at

nonlinear load.
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Figure 11.28. Control part responsible for stator voltage harmonics compensation at

nonlinear load.
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Another way to calculate the reference rotor current components for stator voltage

harmonics compensation is the use of resonant controllers for dq components of

each harmonic in a synchronously rotated dq frame. The d components of 5th and

7th harmonics are represented in this frame, by a common 300Hz component of the

vds signal. Thus, a common resonant controller designed for the 300Hz frequency can

be used. The same is true for q components of both harmonics. For 11th and 13th

harmonics, a 600Hz PI resonant controller frequency is correct.

In practice, controllers for 11th and 13th harmonics can be neglected in all

presented methods, as filtration by a stator connected filtering capacitor is enough.

Moreover, for a high power DFIM system, 11th and 13th harmonics are too high to be

effectively reduced by the rotor converter, as the converter’s switching frequency is

not much higher.

Steady state simulation results of a DFIM with a nonlinear load are presented in

Figure 11.30. This control part, responsible for stator voltage harmonics compensa-

tion, is taken from Figure 11.29. Current harmonics needed by the nonlinear load

(Figure 11.30a) are provided by the rotor converter. Rotor current shown in

Figure 11.30b contains a fundamental harmonic equal to the slip frequency and

higher harmonics for compensation of the voltage distortions.

Figure 11.31 shows results of a simulation during start-up of a stand-alone DFIM

system with nonlinear load. The initial transient lasts about 1 second and originates

from the control of the stator voltage vector angle. After this period, harmonic

components are reduced to zero by harmonic components PI controllers, as can be

observed in Figure 11.31b for 5th harmonic components and in Figure 11.31c for

7th harmonic components. Simulation test results of transient states caused by

mechanical speed change of a DFIM supplying a nonlinear load are shown in

Figure 11.32.

Figure 11.30. (a) Stator phase voltage vas and load current iald and (b) rotor three-phase

current with harmonics iabcr during nonlinear load supply by DFIM.
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For the control part, from Figure 11.29, it is assumed that, the nonlinear load is

symmetrical and is supplied in a three wire system. For a four wire system and

simultaneous supply of an unbalanced and nonlinear load, a combination of the

control parts from Figures 11.25 and 11.29 is necessary. Moreover, it may be

Figure 11.32. (a) Stator phase voltage vsa, (b) three-phase rotor current iabcr, and (c) three-

phase rotor voltage vabcr during nonlinear load supply at variable speed.

Figure 11.31. (a) Stator phase voltage vas and (b,c) responses of stator voltage harmonics

controllers.
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necessary to take into consideration the odd harmonics positive sequence and even

harmonics negative sequence. Compensation of any zero sequence component is

not possible, unless the rotor side is equipped with four slip rings and four wire

converter topology. However, in a small number of such loads, application of a

fourth ring in the rotor side to obtain high quality voltage of the four wire stand-

alone DFIM is unnecessary.

Stator voltage asymmetry correction and compensation of harmonics can be

supported by an active filter function applied in control of the grid side converter.

Active filter operation of GSC can provide reduction of shaft torque pulsations caused

by rotor and stator current harmonics. However, for high amounts of harmonics or

asymmetry, supporting operation of GSC may not be enough, especially during

operation near the bottom and top limits of mechanical speed. Then, adequate control

in the rotor side converter can significantly increase the stator voltage quality.

11.4 SYNCHRONIZATION BEFORE GRID CONNECTION
BY SUPERIOR PLL

Direct voltage control can easily be adopted to obtain synchronization of the stator

voltage with the grid [15], before controlled connection by a grid connection switch

(GCS) (Figure 11.33). Controlled connection of a DFIM based wind turbine to the

power network eliminates the impact of magnetizing current appearing in a directly

connected stator of a DFIM without synchronization.

The DFIM’s advantages can be utilized in a sources other then wind turbines.

Adjustable speed hydro power generation plants and a range of power generation

systems driven by internal combustion engines can successfully apply the DFIM as a
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power generation unit. For such type of energy sources, stand-alone mode is

recommended, as during a grid failure they can still operate and supply a selected

part of the grid connected load. This is one of the goals of the so-called distributed

generation concept. In the case of any power system designed for both operation

modes, depending on the grid voltage conditions, synchronization is also needed to

protect the load supplied in stand-alone mode against the rapid change of the load

supplied voltage phase. Such a phase change, in the case of connection without prior

synchronization, may negatively influence loads like electrical motors andmay cause

disturbances of the voltage in a weak power grid.

Another issue is controlled disconnection after the loss of mains. In the case of

any grid connected power system, during grid failures, uncontrolled voltage in the

grid is maintained by the local power system (e.g., DFIM) unless grid failure is

detected [16]. Even if the methods of islanding detection are developed for a

specific topology and control method of the grid connected power source, they can

easily be adopted for different types of power systems including the DFIM.

Controlled stand-alone operation after mains outage detection has to be applied

immediately, without a change of the stator voltage phase in relation to the phase of

grid voltage before failure.

Synchronization is realized by reduction of the grid voltagevector angle avg related
to the dq reference frame rotating with speed

o�
dq ¼ o�

s �
davg
dt

ð11:64Þ

where positive avg means that the grid voltage vector is delayed in reference to the

d axis of the dq frame.

The angle avg can be achieved in the sameway as for the stator voltage angle avs in
the main control loop, so based on tan�1 or sin�1 functions with dq components of the

grid voltage vector as function arguments, or based on cross product of stator and grid

voltage vectors in, for example, the ab frame:

aug ¼ sin�1 vasvbs � vbsvas

~vsj j~vg
�� ��

 !
ð11:65Þ

The rotation angle of the dq frame equals

��dq ¼ ��s � ksavg ð11:66Þ

where ks is a factor allowing iterative decrease of the grid voltage vector angle.

Figure 11.34 shows a vector diagram of the stator voltage and grid voltage during

synchronization. In the initial state after grid voltage recovery, the grid voltage vector

overtakes the d axis and the stator voltage by angle avg. The angle �
�
dq in the next step is

calculated with Equation (11.66); this causes the movement of the dq frame and

reference stator voltage vector. Basic control synchronizes the stator voltage vector

with the new reference position, so the actual stator voltage vector achieves a new
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position. Successive positions of the stator voltage vector in the next steps are shown

in Figure 11.34.

An oscillogram showing synchronization of the stator phase voltage vas with the

power network phase voltage vag is shown in Figure 11.35a; the final part, with

closing of the grid connection switch (GCS) at tcon and change of operation mode, is

shown in Figure 11.35b. A 2.2 kW DFIM has been loaded at 50% with a resistive

load. Very fast synchronization is achieved, but for other than a resistive type of

load, a longer time process may be required to avoid rapid change of the load supply

voltage phase.

Change of the operation mode from grid connection to stand-alone operation after

grid failure detection has to be realized without any change of the supply voltage seen

by the load. This is an uninterruptible load supply [17] for electromechanical variable

Figure 11.35. Synchronization process of stator voltage with grid.
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Figure 11.34. Vector diagram during synchronization of the stator voltage with the grid.
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speed power units. Between failure instant tf and disconnection instant tdiscon, voltage

in the part of the power grid between the stator and grid failure point is maintained by

the DFIM power unit (Figure 11.36), but this voltage is out of control, due to the fact

that in this period the controlmethod for grid connectionmode is applied.After DFIM

disconnection by the GCS, operating mode has been changed to stand-alone and the

voltage parameters have been controlled. Stator voltage phase remains unchanged in

relation to the grid voltage phase before loss of main. The mains outage detection

methods are independent of the power generation system topology and the methods

developed for other generation systems can be adapted to the DFIM.

11.5 SUMMARY

In the introduction of this chapter, basic features and requirements of stand-alone

power systems with DFIMs have been discussed. Basic topologies allowing black

start and stand-alone operation of the DFIM and topologies of a four wire systemwith

neutral point access on the stator side for unbalanced and single phase load supply

have been shown. Steady state characteristics of a stand-alone DFIM supported by an

additional energy source and storage connected to the DC side, which is quite

important in the case of a wind turbine as the primary mover of the DFIM, are

discussed. The need for a stator connected filtering capacitor as well as a comparison

of DFIM systems equipped and not equipped with those capacitors have been

presented and explained.

In Section 11.2, we present different models of stand-alone DFIMs with filtering

capacitors and loaded with resistive load. An initial model is described in Cartesian

coordinates based on a typical model of a grid connected DFIM with stator and

rotor current components as state variables. The next model is extended by using a

filtering capacitor circuit equation, with stator voltage components as state variables.

To achieve a simplified model for analysis of stator voltage control methods, a model

of a stand-alone DFIM fed from a current controlled voltage source inverter on the

rotor side was developed. Polar coordinate models have been derived. All models

have been implemented in C language and simulated.

Figure 11.36. Controlled disconnection of DFIM after grid failure detection.
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Section 11.3 is devoted to the sensorless stator voltage control metod for a

standaloneDFIM, based on PLL synchronization of actual and reference stator voltage

vector and PI controllers of the rotor current. Additional control parts for stator voltage

asymmetry correction during unbalanced load supply and stator voltage harmonics

compensation during nonlinear load supply have been discussed. The results of the

control methods, simulated and verified in a small laboratory unit, are shown.

In Section 11.4, the method of stator voltage synchronization with the grid voltage

is analyzed. A PLL, superior in relation to the stator voltage control, is shown and

laboratory results of DFIM synchronization with the grid are presented.
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CHAPTER 12

NewTrends onWindEnergyGeneration

12.1 INTRODUCTION

The preceding chapters have concentrated on the technical aspects of the DFIM based

wind energy generation systems. Deep and numerous theoretical analyses accompa-

nied by a wide range of illustrative examples have provided the reader with the

technical fundamentals and basis of the DFIM, especially the power electronic

converter and the wind energy generation application.

In this last chapter, the new trends in wind turbine technology are identified and

discussed, focusing not only on the DFIM based wind energy generation but also

considering alternative wind turbine concepts and solutions, as well as emerging

technologies. Novel wind energy generation issues are treated, such as the wind farm

location and electric grid integration; as a result of an increasing interest in this field,

more people from different scientific and social disciplines are becoming involved.

However, the material presented in this chapter is not intended to be definitive,

since the rapid advances in technology all around theworld, togetherwith the different

technological and particular interests of manufacturers, researchers, and industry in

general, make it almost impossible to predict the scenario for wind turbines in the

long term.

Instead, the approach taken is to present and discuss the potential major areas for

development of wind energy generation technology, taking into account also that it

cannot evolve totally independently, since it is closely influenced by the technological

advances in other scientific areas, such as the power electronics and drives and

mechanics.

In order to identify and summarize the new trends in wind energy generation, this

chapter is organized as follows. The first section of this chapter answers the question

ofwhatmust be improved or innovated in wind power generation in the future; that is,

it identifies the general future challenges, considering basically the present state of

wind turbine technology and its margin for improvement.

The second section of this chapter identifies the impact onwind turbine technology

to achieve these future challenges, that is, how these challenges can be achieved.
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Therefore, technical details and tendencies of wind turbine technology are revealed

that can contribute to a more sustainable and efficient wind energy generation.

12.2 FUTURE CHALLENGES FOR WIND ENERGY GENERATION:
WHAT MUST BE INNOVATED

This section presents, sets priorities, and summarizes the future challenges for wind

energy generation. The technological advances and enhanced efforts of wind turbine

manufacturers and researchers should tend to improve the following fourmain aspects

of wind power generation:

1. Wind farm location

2. Power, efficiency, and reliability increase

3. Electric grid integration

4. Environmental concerns

These four distinct challenges are not so different from each other, since they are

closely interrelated.However, for amore simple exposition the division into fourmain

challenges or objectives has been followed. The subsequent sections specify and

justify each proposed future challenge.

12.2.1 Wind Farm Location

An important issue is to provide the possibility of increasing the potential locations of

wind farms, in new sites with different characteristics than present locations and of

course, maintaining the wind power generation as a competitive energy resource.

12.2.1.1 Onshore–Offshore An increase in offshorewind farms is expected in

the future, especially for those countries whose wind power generation is already

significant and who are finding limits in land for the location of wind farms. Thus, the

present onshorewind turbine technology is serving as the basis for new offshorewind

turbines. However, new efforts are needed basically in two issues:

. The offshore wind farms require innovative technology for wind turbine

suspention for deep water. In addition, the reliability and robustness of these

turbines is also crucial if offshore locations are used.

. On the other hand, the generated energy of the offshore sites must be transmitted

though submarine cables, so technology for energy evacuation to onshore must

be introduced as well. There are mainly two possible solutions for energy

transmission through submarine cables: AC transmission and converter based

transmission in DC (HVDC technology), as schematically represented in

Figure 12.1.
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On the other hand, the offshore wind turbine technology itself is being altered to

newer generator-gear-converter concepts, as presented in subsequent sections, com-

pared to onshore wind turbine technology.

Thus, thanks to this new generation of offshore wind turbines, it is possible to

facilitate the increase of wind energy generation while reducing the visual impact

on land.

12.2.1.2 Wind Maps and Prediction It is important to generate more

knowledge related to wind forecasts and predictions. The wind expectations and

wind behavior of specific terrains, determines the best locations forwind farms, layout

configurations, and specific needs that are fundamental for the efficiency of the

wind farm.

12.2.1.3 Aerodynamic Behavior of Wind Turbines Very closely related

to the previous issue is the understanding of the aerodynamic behavior of different

configurations of wind turbines. This fact contributes directly to wind turbine

optimization, in terms of efficient wind power generation. Thus, it is expected that

research oriented to better understand wind flux and distribution around the wind

turbine and its blades, under several external conditions,will enable optimizationof the

wind turbine mechanical design and the measurement techniques of wind conditions.

12.2.1.4 Low Wind Scenarios–Low Wind Turbines Despite the fact that

wind turbine sizes have been increasing since their first usage, it is also expected that

the demand for small wind turbines will increase, for instance, in small village energy

production or stand-alone applications.
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Figure 12.1 (a) AC transmission wind farm. (b) DC transmission wind farm with HVDC.
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Therefore, it is also necessary to think of integrating wind energy with small wind

turbines that can be adapted to low wind scenarios and also to remote locations.

12.2.2 Power, Efficiency, and Reliability Increase

Since the beginning of wind energy generation, the sizes of the individual wind

turbines have been progressively increasing. Wind turbine manufacturers started

offering products of less than 1MW,while expectations in the near future tend to sizes

greater than 5MW (Figure 12.2).

The basic reason for the increase of power is that the efficiency of the individual

wind turbines is improved as well. Not only does the efficiency increase impact on

the generated energy, but it also impacts manufacturing, maintenance, and costs of

wind turbines.

Thus, the following challenges result from the size increase of wind turbines.

12.2.2.1 Manufacturing and Logistics Issues related to manufacturing

process improvements and reduction of civil work costs must be aligned and in

accordance with the increase in the size of wind turbines.

12.2.2.2 Reliability and Maintenance A very important aspect of the wind

turbine is the reliability and, associated with it, the maintenance. The reliability of

each separated element of thewind turbine, as well as thewhole wind turbine itself, is

a continuously researched issue. As the size increases, reliability and availability of

the wind generated energy become a major issue, since a failure in a single turbine

would make a large capacity unavailable.

Hence, newer concepts of “preventivemaintenance” (e.g., applied during lowwind

periods) or “predictive maintenance” (by means of analysis and supervision during

normal operation) are expected to be introduced in wind turbine technology.

In addition, well-known concepts such as element redundancy and reduced

number of elements are also introduced in wind turbine technology in order to

improve reliability. Thus, risky or weak elements are identified and substituted by

alternative or more reliable solutions.
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Figure 12.2 Growth in sizeofwind turbine. (Source: http://www.wind-energy-the-facts.com/.)

582 NEW TRENDS ON WIND ENERGY GENERATION



12.2.2.3 Reduced Costs Finally, in addition to all these aspects of increasing

the efficiency and reliability of the wind turbine, obviously we must pay special

attention to the costs of wind energy generation in general. The new wind turbine

technology must still be a competitive energy generation resource in terms of costs.

12.2.3 Electric Grid Integration

The increase of wind energy penetration affects the electric grid and influences its

behavior too. Mainly due to the variability of the wind, wind energy generation

presents some differences from more traditional or conventional energy resources.

Thus, the increase of wind energy penetration on the grid requires additional efforts to

ensure the stability and sustainability of the electric system.

12.2.3.1 WindVariability Ingeneral, ifwind energypenetration is high, itmeans

that dependency on thewind is high to cover energy demands. This disadvantage of the

wind energy generation provokes mainly two solutions to mitigate this:

. Disposition of additional energy generation (operating reserves) to cover the

demand for energy when thewind is low. This additional energy can be supplied

by a generation system based on a different energy resource or can also be based

on a storage facility system. By using any of these solutions, the energy cost

impact must be reduced, so optimized design plays an important role.

. Thewind forecast accuracy is improvingso it ispossible toavoidproblemsderived

from low wind periods, activating in an optimized way the operating reserves.

12.2.3.2 Grid Planning Operation The integration of wind energy also

requires coordination efforts with the grid. Wind farms can also accomplish

complementary functionalities such as voltage and frequency regulation, operation

during disturbances (LVRT—low voltage ride through), energy management, reactive

power management, and power quality improvements. These functionalities together

with the energy generation itself can contribute to a more optimized and reliable

electric grid system.

12.2.3.3 Grid Codes and Standards In order to regularize wind energy

generation and integration with the grid, countries are continuously developing

new grid codes and standards that adapt the wind energy generation to the

specific characteristics of their electric grids. These grid codes are similar in

essence from one country to another and impose characteristics such as generated

power quality and behavior during grid failures. Hence, wind farms must be adapted

to different grid codes, for proper integration in the grid.

12.2.4 Environmental Concerns

The concern about environmental implications of wind energy generation has gained

significant relevance during the last few years, and still an increase in production is

expected due to the spreading population of wind turbines around the world.
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Although many environmental benefits can be derived from wind energy genera-

tion compared to other energy resources, it is still possible to emphasize several

environmental challenges that must be solved.

12.2.4.1 Greenhouse Gases Reduction Probably the most obvious and

popular benefit of the employment of wind energy as an alternative and clean

energy resource from fossil fuels is the reduction of CO2 emissions. There are

well supported theories justifying a global climate change due to the global increase

of CO2 emissions.

Hence, wind energy generation permits a reduction in our dependence on fossil

fuels for energy generation, together with a reduction in the CO2 global emissions.

12.2.4.2 Visual Effect An environmental challenge related to wind energy

generation is the visual impact of the wind turbines located in landscapes near

inhabited areas. Alternative locations could be exclusion areas like the sea. Placing

wind turbines some kilometers out from the coast may significantly reduce their

visual impact.

However, as mentioned before, this solution is also accompanied by new chal-

lenges related to wind turbine technology.

12.2.4.3 Noise Reduction Sound emissions of recent wind turbine models

have been reduced significantly from initial designs. In today’s designs, the main

source of noise emission is the blade turning noise. Special focus on blade design

research can contribute to reduce this issue in the future. Nevertheless, several studies

have found noise from modern wind turbines much lower than other common noise

sources such as road traffic and construction.

12.2.4.4 Bird Fatalities Animal or bird fatalities provoked by wind turbines are

mainly significant when large migratory groups of birds cross wind parks. Bigger

wind turbines with lower rotating speeds of the blades are more advantageous for

birds than smaller turbines, with faster rotation speeds.

Therefore, new bigger wind turbine models together with careful location of wind

parks out of the way of migratory routes can contribute to mitigate this important

environmental concern.

12.3 TECHNOLOGICAL TRENDS: HOW THEY CAN BE ACHIEVED

The previous section has identified the main innovations and improvements that wind

energy generation requires to be more competitive and sustainable in the future.

Therefore, this section tries to provide specific details about how the previously

mentioned improvements can be achieved from a technological perspective of wind

energy generation. In other words, this section summarizes the technological
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advances and trends in wind turbines that can contribute to achieve the aforemen-

tioned general objectives:

1. Wind farm location

2. Power, efficiency, and reliability increase

3. Electric grid integration

4. Environmental concerns

For that purpose and seeking to provide a simple exposition, the technological

challenges have been divided into two groups:

1. Mechanical structure of the wind turbine

2. Power train technology

Thus, for instance, by improving the mechanical structure of the wind turbine,

developing newer blade concepts, and enabling the introduction of better materials,

we can develop the next generation of bigger, more efficient, and more reliable wind

turbines. Moreover, these mechanical advances inevitably must be aligned and

coordinated with advances in the power train technology, allowing, for instance, the

introduction of newer generator and drive train designs, together with an adequate

offshore energy evacuation technology. Finally, this may allow us to locate the new

more efficient and reliablewind turbines offshore providing a sustainable electric grid

integration of wind energy that is environmentally clean.

12.3.1 Mechanical Structure of the Wind Turbine

The mechanical configuration of the wind turbine is a continuously advancing area.

Obviously, it plays a very important role inwind energy generation, and technological

innovations in the structure of wind turbines necessarily impacts on the overall wind

turbine development.

In this section, five main research issues within the mechanical structure of wind

turbines have been distinguished: blades, materials, fatigue, mechanical tests, and

manufacturing processes.

12.3.1.1 Blade Concepts Larger blade scaling is necessary for multimegawatt

wind turbines. It thus becomes necessary to take into account design innovations

such as:

. Improved wind inflow—optimized aerodynamic shapes (to improve the wind

energy capture efficiency)

. Load mitigation control

. Larger, lighter, and more flexible blades (but also stronger)

. Acoustic noise mitigation
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12.3.1.2 Materials An other important area where efforts must be focused is the

existing and new materials for blade construction of wind turbines.

. Existing Materials. Based mainly on fiber reinforced composites, the most

important challenge is to develop fatigue life prediction methods.

. New Materials. They can contribute to stronger and stiffer blade designs.

Thus, for instance, reinforcements based on materials such as carbon fiber and

polymer resins, may allow smarter blade concepts. On the other hand,

environmental considerations such as the recyclability and production pro-

cesses of blades using new materials must also be taken into account.

12.3.1.3 Fatigue and Reliability Designs that prevent damage from fatigue

can also improve the reliability and life of the blades. Hence, design processes can be

improved by iterativemethods considering load histories obtained from tracking data

(structural heath monitoring), developing fatigue life predictions based on simulation

tools and drawing conclusions from the obtained performances.

12.3.1.4 Mechanical Tests Design advances require design validations and

verifications. For that purpose, specialmechanical testsmust be carried outwhen the

blades are not operating normally in the wind turbine. Therefore, concepts such as

modal testing, nondestructive tests, and full-scale tests on prototype blades can

detect problems before they occur and contribute to preventive designs yielding

resolution initiatives.

12.3.1.5 Production Processes and Manufacturing The main problems

derived from the production processes of blades are the defects and imperfections.

In general, these defects reduce the strength and lifetime of the blades. In structural

designs, these imperfections are considered by using safety margins and oversizing,

but unfortunately, this reduces the economic competitiveness of the product.

Consequently, better understanding of what can influence production defects is

an important matter of innovation for a more sustainable blade design.

12.3.2 Power Train Technology

With the same philosophy as in the previous sections, there are many advances

in power electronics and AC machines that can contribute to more efficient and

sustainable wind energy generation. This section tries to summarize the most

remarkable technological aspects of power electronics and drives, dividing the

exposition into six concepts:

. Gear–generator–converter

. Offshore energy evacuation

. Power quality, grid support, and energy storage concepts

. Innovative wind turbine

586 NEW TRENDS ON WIND ENERGY GENERATION



. New generator designs

. New converter topologies

12.3.2.1 Gear–Generator–Converter Concept From the electronic and

electric point of view, the most important element of the wind turbine generation

system is the gear–generator–converter system. These three elements are closely

related to each other and, in general, the design of eachof these three elements is carried

out in a coordinated fashion, considering individual and overall characteristics. Thus,

for instance, if a design with a specific generator is going to be used, the converter and

the gearbox must be accordingly designed and adapted to the voltage, current, speeds,

and so on of the whole system. Of course, in the same way, the mechanical and

aerodynamic structure must also be coordinately designed.

On the contrary, for instance, if a gearless system (direct drive) is wanted, the

generatormust be specially designed to operate at the low speeds of thewind turbine’s

rotor (in close relation with the blades), and also accordingly the converter must meet

the supply necessities of the generator and the connection to the grid.

Hence, this section tries to summarize the emerging most representative gear–

generator–converter concepts. Some of them are prototypes of different wind turbine

manufacturers, which in the future can supplant today’s mostly used DFIM based

wind turbines. The new wind turbine concepts summarized in this section are also

accompanied by some other more classic concepts already examined in Chapter 1.

It is difficult to know if, in the future, there will be a leading wind turbine concept

that be used for all power range, onshore location, and offshore locationwind turbines,

or, on the contrary, if there will be a diversification of the wind turbine concepts as

seems to be occurring right now.

Direct Drive Multipole Wound Rotor Synchronous Generator One example of

a direct drivewind turbine is the Enercon concept. The necessity of the gear is avoided

with a special generator design based on a wound rotor synchronous generator

(annular generator) as shown in Figure 12.3. The main characteristics of this

configuration can be summarized as follows:

. The generator is a low speed synchronous generator that must be fed through a

rotor and a stator (excited rotor).

Wound Rotor  

Synchronous Generator 

Exciter 

Figure 12.3 Direct drive concept based on multipole wound rotor synchronous generator

(a DC-DC converter may be added in the DC-link for lower speeds).
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. Full power generated by the converter is evacuated by a full scale converter,

composed of a diode rectifier, a DC link, and an active front end.

. Low voltage ride through and grid code fulfillment are achieved.

In a similar way, with very similar features, Mtorres has developed a very close

concept based on a multipole wound rotor synchronous generator but with a slightly

different converter topology (Figure 12.4). In this case, a back-to-back converter is

employed to evacuate the generated energy, requiring a different control strategy for

the machine.

Direct Drive Permanent Magnet Synchronous Generator Also with a direct

drive concept based on a different generator design, we have the permanent magnet

synchronous generator solution. Figure 12.5 shows the gearless turbine concept. The

generator operates at low speeds and is fed by a full scale back-to-back converter.

There are somemanufacturers that have adopted this concept, for instance, GoldWind

and General Electric.

Permanent Magnet Synchronous Generator with Different Stage
Gearboxes Another common wind turbine concept allows the generator to

operate at medium speed, using a multipole generator and different stage

gearboxes. There are several manufacturers that have adopted this configuration

(Figure 12.6), resulting in a competitive solution (e.g., Multibrid, Winwind, Vestas,

GE Wind, Clipper).

Alternatively, theGamesaG128–4.5MWwind turbine concept is also a permanent

magnet multipole based generator but incorporates a modular technology solution

PM-Synchronous Generator 

Multi-Pole 

Figure 12.5 Direct drive permanent magnet synchronous generator based wind turbine.

Wound Rotor  

Synchronous Generator 

Exciter 

Figure 12.4 Direct drive concept based onmultipolewound rotor synchronous generatorwith

back-to-back converter.
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and uses a two-stage gear (Figure 12.7). With different full scale converters, the

different stators of the generator are fed. Thanks to its modular design, mounting and

transportation are easier, and the reliability is increased.

Medium Voltage Doubly Fed Induction Generator Another wind turbine is the

Acciona medium voltage concept. The generator is specially designed so it can

be connected to a medium voltage (12 kV), reducing considerably the size of the

transformer (Figure 12.8). In this way, the wind turbine itself presents very similar

features to the traditional DFIM based wind turbines, but it needs an specially

designed generator.

PM Synchronous  

Generator 

Figure 12.7 Modular permanent magnet synchronous generator based wind turbine. Gamesa

concept.

PM-Synchronous Generator 

Multi-Pole 

GEARBOX 

Figure 12.6 Wind turbine based on permanent magnet synchronous generator with different

stage gearboxes.

Medium Voltage Doubly Fed 

Induction Generator 
GEARBOX 

Medium Voltage 

Figure 12.8 Medium voltage doubly fed generator, Acciona concept.
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Exciter Mechanically Coupled to the DFIM Several authors have also reported a

different configuration based on the DFIM known as the “Kramer drive.” Figure 12.9

shows a schematic representation of the proposed configuration. An exciter

(permanent magnet synchronous machine) mechanically coupled to the DFIM

feeds the VSC of the rotor side. Both machines share mechanical speed, torque,

and power. The main characteristics of this configuration can be summarized as

follows:

. One of themain objectives of this system is to avoid connection of theVSC to the

grid. Thus, the power generated/consumed by the rotor of the DFIM is

exchanged with the exciter, instead of being delivered directly to the grid, as

in a normal grid connected DFIM configuration.

. In that way, power exchange with the grid is performed through the stator of the

DFIM, avoiding power delivery through power electronic converters.

. Thanks to this, the low voltage ride through capability of the wind turbine

(reliability against voltage dips) can be improved.

. On the other hand, this system compared to a normal DFIM configuration

system, increases the complexity of the machine concept, since two machines

are needed instead of only one, increasing also the volume of the system that

must be placed in the wind turbine.

DFIM with Grid Side Converter Connected in Series An alternative DFIM

based wind turbine system is depicted in Figure 12.10. It is a special DFIM

configuration, with the stator of the machine connected to the grid and a

transformer connected in series. The transformer is fed by the grid side converter

of the DFIM itself. Thanks to this configuration, the stator of the machine is supplied

by the addition (vector) of two voltages—the grid voltage and the voltage created by

DFIG 

GEARBOX 

Exciter 

Machine 

m m

Figure 12.9 Exciter mechanically coupled to the DFIM based wind turbine. Ingeteam

concept.
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the grid side converter. The main characteristics of this configuration can be

summarized as follows:

. It provides stator voltage control during faulty operation of the grid voltage

(transient and steady state), without the need of any additional hardware

protection. Thus, if the grid voltage suffers a voltage drop, the grid side converter

is in charge of increasing thevoltage seen by the stator, still allowing exchange of

active and reactive powers according to grid code requirements.

. Equivalently, if the grid voltage suffers any other type of contingency (e.g.,

imbalance), the contribution created by the grid side voltage tries to mitigate the

effect on the stator voltage of the DFIM.

. Thanks to this configuration, it is also possible to maintain the wind turbine

connected evenwith lowwind speed, reducing the stator voltage bymeans of the

grid side converter and operating at very low mechanical speed.

. On the other hand, the special transformer requirement slightly complicates the

system configuration compared to the normal DFIM connected to the grid.

Reconfigurable Wind Turbine Based on DFIM Especially for offshore wind

farms, where system failure results in a very expensive repair, concepts such as

availability, redundancy, and derating become major issues. Thus, the system shown

in Figure 12.11, developed by Ingeteam, based on a DFIM, can operate in three

different modes:

1. Full converter with asynchronous machine short-circuiting the rotor of the

DFIM

2. As a typical DFIM based wind turbine

3. Asynchronous machine directly connected to the grid, without the back-

to-back converter and at fixed speed

Therefore, this versatile system, which will also use the parallel connection of

several back-to-back converters, is able to operate at different derated modes when a

Doubly Fed  

Induction Generator 
GEARBOX 

Figure 12.10 DFIM with grid side converter connected in series configuration (w2pS

concept).
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failure occurs (e.g., one of the converters fails), increasing the availability of the

system and reducing the necessity of a total disconnection of the wind turbine.

Double Inverter Fed DFIM Several authors have reported the possibility to

operate a DFIM fed by converters for both the stator and rotor. As illustrated in

Figure 12.12, it is possible to use different configurations depending on how the

converters are connected. But the basic idea is to be able to control the imposed

(a) (b) 

(c) 

Doubly Fed
Induction Machine   

Doubly Fed
Induction Machine   

Doubly Fed
Induction Machine   

Step Down
Transformer  

Figure 12.12 Double inverter fed DFIM drive: (a) common front end, (b) two independent

converters with the same characteristics, and (c) two independent converters with the same

characteristics, feeding a machine with a stator–rotor turn ratio different from 1.

Doubly Fed  

Induction Generator 
GEARBOX 

Figure 12.11 Reconfigurable wind turbine based on DFIM (several converters can be placed

in parallel).
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voltage on both the rotor and stator sides (amplitude and frequency), with reversible

capacity of power exchange. The main characteristics of these configurations are

summarized as follows:

. The relation between the DFIM stator and rotor voltage ratio and the available

voltage source converters (voltage, power, etc.), implies different supplying

combinations, requiring transformers of different characteristics as shown in

Figure 12.12.

. Thanks to these configurations, it is possible to operate the machine in all four

quadrants of torque–speed range. Thus, an increase of the speed range can be

achieved compared to the grid connected configuration, accompaniedwith speed

reversibility,making this system suitable towork in awide range of applications.

. In addition, the start-up of the machine can inherently be done by the control

system of the normal operation, making this drive more versatile than the grid

connected configuration.

. Obviously, these advantages are obtained by increasing the complexity of the

supply system by introducing more power electronics.

. Probably, this is not a competitive solution for wind energy generation applica-

tions but it could be useful in some drive applications.

12.3.2.2 Offshore Energy Evacuation One of the particularities of the

offshore wind farms is that the generated energy must be transported by

submarine cables to onshore. These cables (Figure 12.13) present a parasitic

Figure 12.13 Schematic of 220 kV submarine cables. (Source: ABB.)
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capacitance much more significant than land cables. For a given active power

(active current) that must be transmitted through the cable, there is an additional

reactive current circulating through the cable (reactive current through the capacitance

of the cable), yielding a significant reduction of the active power that can be effectively

transmitted through this cable, without reaching its maximum current limit.

Therefore, as mentioned in Section 12.2.1.1, there are two possibilities for

transporting the generated energy onshore through submarine cables: AC transmis-

sion (assuming the strong capacitive character of the cables) or DC transmission

(assuming two stages of conversion AC/DC and DC/AC, by means of power

electronics).

ACTransmission (HVAC) When this solution is adopted, theACenergygenerated

by the offshore wind turbines is transmitted onshore by AC cables. Under this

situation, the most challenging characteristics can be distinguished as follows:

. Design and evaluation of the transmission layout. The choice of the submarine

cables (voltage, distance from coast, number of clusters, characteristics of the

offshore and onshore substations, etc.), together with the selection of an efficient

compensation of the capacitance in the cables through passive elements

(inductances in general), is an important issue that must be adapted to each

wind farm.

. On the other hand, the capacitive character of the submarine cables not only

produces difficultieswith the static energy transmission, but also is susceptible to

resonant problems due to the combination of inductive elements (grid side filters

of wind turbines, transformers, and compensation inductances) and capacitive

elements (submarine cables). Hence, a combination of passive and active filters

with optimized size and location is necessary for proper and safe energy

transport to onshore. In addition, a detailed frequency model predicting the

behavior of the designed layout is very important.

. Finally, grid code compliance of AC offshore wind farms, especially their

behavior under voltage faults, is an issue that can require additional power

electronics (reactive power compensators, crowbars, damping elements, etc.)

located either in the offshore and onshore substations or even at each wind

turbine itself. Thus, to meet the LVRT requirements, adequate designs of these

compensators must be introduced.

DC Transmission (HVDC) When this solution is adopted, the AC energy

generated by offshore wind turbines is transmitted onshore by DC cables. For that

purpose, power electronic converters allowing AC/DC conversion and DC/AC

conversion are necessary. Depending on how the energy is generated by the wind

turbines, it is possible that the offshore converter could be passive (based only on

diodes). However, in a realistic general case, the onshore converter must be an active

front end, so the active and reactive powers delivered to the PCC (point of common

coupling) can be controlled.
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Thus, although the converter topology used in the past for similar applications

(HVDC)wasmainly based on thyristor valves, today, the tendency hasmoved toVSC,

which providesmore control capacity for the transmission, basedmostly on IGBTs. In

this way, the high voltage transmission levels (hundreds of kilovolts) require that the

converter topologymust be prepared to operatewith a high number of semiconductors

to reach those voltage levels. Today, two leading technologies are very well posi-

tioned, theMMC (modularmultilevelVSC) shown in Figure 12.14a and the two-level

VSC based on a series connection of IGBTs (Figure 12.14b). In both cases, there are

still efforts required to adapt this topology to the grid codes for grid integration, aswell

as to achieve a more efficient, cost effective, and reliable transmission option.

Nevertheless, it seems that the most important manufacturers are tending to the

modular multilevel converter solution rather than the series connections of IGBTs,

based on the classic two-level converter.
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Figure 12.14 (a) MMC VSC topology. (b) Two-level VSC based on a series connection of

IGBTs.
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12.3.2.3 Power Quality, Grid Support, and Energy Storage
Concepts The parallel or series connection of power electronic converters can

provide several functionalities to the grid that can also be useful with the growth of

wind energy (Figure 12.15). Thus, the most common supports that can be found are

reactive power compensation for voltage regulation, energy management active

power storage for frequency regulation, or energy support and active filter for

harmonics compensation.

Note that only if active power handling is needed does energy storage become

necessary, with its associated DC/DC converter and battery (or alternative energy

storage) arrangement technology.

Therefore, in scenarios with close interaction of wind energy generation combined

with some other energy resources and loads of different characteristics (harmonic

consumption, variability, etc.), we can conclude that multifunctional converters can

provide the necessary support for grid stability and efficient operation. Consequently,

the design of the converters and their control and operation represent a big challenge

for increasing development of wind farms and integrating them into the grid.

12.3.2.4 New Generator Designs As seen in this chapter and in Chapter 1,

several generator concepts can be found in wind turbine technology. In general, the

most generalized ones can be grouped as:

. Asynchronous Generators. Doubly fed at different voltages and with a cage

induction rotor (currently less used).

. Synchronous Generators. Both permanent magnet at medium and high speeds,

and multipole externally excited and with permanent magnet at low speed, for

direct drive.

(a) 

Generation Load 

Energy  
Storage 

DC/DC 
Converter

(b) 

Generation Load 

Energy  
Storage

DC/DC 
Converter

Figure 12.15 (a) Series connection of multifunctional converter. (b) Parallel connection of

multifunctional converter (In both cases the energy storage is optional and depends on

the functionality of the converter).
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In general, strong efforts must be made to improve the designs and to introduce

newer generator concepts. This section covers possible future generator improve-

ments and designs valid for wind turbine technology. Nevertheless, for already

existing generator concepts, the margin for improvement in designs can simply be

summarized into the following aspects (all of them interrelated):

. Improve the power and torque densities (torque and power capacity for given

longitude and diameter of the machine).

. Reduce weights, diameters, longitudes, and dimensions in general.

. Reduce the costs.

. Improve themagnet designs (deterioration, sensitivity to high temperature, etc.).

. Improve the efficiency and energy yield.

Permanent Magnet Synchronous Generators Probably, the most important

drawbacks of direct drive (or low speed and high torque) generators can be identified

as their cost (together with an uncertain availability of magnets now a days) and their

large diameter. In low speed (multipole) permanent magnet synchronous generators,

the most common topology is the radial flux concept.

However, there also exist some alternative generator designs known as the

transverse flux and axial flux concepts. In a generic classification of permanent

magnet generators, it is possible to find some other concepts as well. Figure 12.16

illustrates the most promising permanent magnet generator topologies for wind

turbines. From these three types, radial flux generators have mostly been used for

high power applications; however, in the future, improved designs based on these

three topologies can be expected—reducing losses, increasing torque–power densi-

ties, and simplifying construction aspects.

Brushless Doubly Fed Generator Some authors have also reported the

possibility of using other machine concepts, but not looking at higher power wind

turbines. Figure 12.17 shows the brushless doubly fed generator. This wind turbine

concept is very close to the classical doubly fed induction machine based wind

(a) (b) (c) 

Figure 12.16 Permanent magnet synchronous generators: (a) radial flux generator with

concentrated windings, (b) axial flux generator, and (c) transversal flux generator.
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turbine, but instead of awound rotor, thismachine has a control three phasewinding of

lower power in the stator (double stator). The major advantage of this machine

compared to the classic DFIM is that it avoids the necessity of the brushes; however, a

main disadvantage is that its complexity leads to amore complex control than in other

type of machines.

12.3.2.5 New Converter Topologies Although in the past, the most

commonly used converter topology was the two-level VSC, higher power wind

turbines are demanding greater voltage operation, other than the 690V from the past.

This enabled the introduction of different converter topologies, such as the multilevel

converters, which are more suitable for medium voltage. Thus, topologies that have

commonly been used in medium voltage drives for high power applications are now

a realistic solution also for higher power wind turbines.

Consequently, there exists the possibility not only to adapt known converter

topologies towind power generation applications, but also to use emerging topologies

in order to achieve a more efficient and reliable power conversion and control of the

wind turbines.

Medium Voltage IGCT Based 3L-NPC Full Scale Converter for OffshoreWind
Turbines ABB, for instance seems that, has started to adopt the 3L-NPC VSC

topology for offshore wind turbines, based on a full scale converter concept as

illustrated in Figure 12.18.

PM-Synchronous 

Generator 

Figure 12.18 Medium voltage IGCT based 3L-NPC wind turbine.

Figure 12.17 Brushless doubly fed generator concept.
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Current Source Converter Based PMSG Wind Turbine There have been

scientific efforts to test the current source converter topology in wind energy

generation applications. This solution, based on SGCTs, is also commonly

employed in medium voltage drives (Figure 12.19).

Matrix Converter BasedDFIMWind Turbine Leading companies such as Vestas

have proposed innovative converter designs such as matrix topologies. See

Figure 12.20.

12.4 SUMMARY

This chapter has outlined the most relevant future trends in wind energy generation,

involving a wide perspective of concerns. It has been structured: identifying first the

general improvements and objectives that wind energy generation must address in

the future. Then, many technological advances and possibilities that can contribute to

achieve those objectives have been presented and discussed.

It is anticipated that, as a result of the wide range of emerging technologies, there

will not be a unique gear–generator–converter technology for wind turbines in the

near future, and manufacturers will tend to diversify the wind turbine solutions,

establishing their own particular solutions, in many cases very close to one another,

but probably still combining the direct drive solution with a full scale converter, the

geared full scale converter solution, and the geared doubly fed based solution with

reduced scale converter.

PM-Synchronous 

Generator 

Figure 12.19 CSC based wind turbine.

Doubly Fed  

Induction Generator 

Matrix Converter 

Figure 12.20 Matrix converter based wind turbine.
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However, future wind turbine technology must also innovate the mechanical

structure of the wind turbine itself, guarantee increasing penetration into the market

with efficient and reliable grid integration, widen the location of wind turbines by

developing their capabilities (low wind, offshore, etc.), and increase diversification

while paying attention to environmental concerns.

Consequently, in order to optimizewind turbine technology in amore efficient and

reliable way, it is necessary to coordinate the innovation efforts, yielding a more

integrated design. At the same time the application itself must be considered, together

with all the elements of thewind turbine: the electric generator, the converter, the gear,

the mechanical structure, the aerodynamics, the location, grid integration, and so on.
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Appendix

A.1 SPACE VECTOR REPRESENTATION

Space vector notation is a commonly extended tool that can be applied in AC

machines to represent the flux, voltage, and current magnitudes in a compact manner.

By using the space vector representation, it is possible to derive models and obtain

the differential equations representing their behavior, in a simpler way than using

the classic three-phase representation. Space vector notation is used inmany analyses

in this book.

A.1.1 Space Vector Notation

The three phase magnitudes representing the system ideally can be written

xa ¼ X̂cosðotþ �Þ
xb ¼ X̂cosðotþ �� 2p=3Þ
xc ¼ X̂cosðotþ �þ 2p=3Þ

ðA:1Þ

with constant angular frequency o, amplitude X̂, and constant phase shift �. This
balanced three-phase system can be represented in a plane, as a space vector~x, that
rotates at o angular speed across the origin of the three axes~a,~b,~c spatially shifted

120�, as shown in Figure A.1. The projection of the rotating space vector~x on each of

the axes provides the instantaneous magnitudes xa, xb, xc. The axes are defined as

follows:

~a ¼ 1 ðA:2Þ

~b ¼ e jð2p=3Þ ðA:3Þ

~c ¼ e jð4p=3Þ ðA:4Þ

Doubly Fed Induction Machine: Modeling and Control for Wind Energy Generation,
First Edition. By G. Abad, J. López, M. A. Rodr�ıguez, L. Marroyo, and G. Iwanski.
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Thus, mathematically, the space vector can be expressed as

~x ¼ j~xje jðotþ�Þ ðA:5Þ

with the amplitude of the space vector equal to the amplitude of the three-phase

magnitudes:

j~xj ¼ X̂ ðA:6Þ

On the basis of the space vector notation, the three phase magnitudes may be

alternatively represented by the same rotating space vector, by two phase

magnitudes (xa and xb) in the real–imaginary complex plane, as illustrated in

Figure A.2. In this case, the projections of the rotating space vector on the ab axes

provide the two phase magnitudes xa and xb. This fact can be represented

x

a

ω

ω

b

c

xa

xb

xc

t

Figure A.1 Space vector representation of axes~a,~b,~c.

x

Re

Im 

x

a

b

c

Figure A.2 Space vector representation in stationary ab axes.
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mathematically as

~x ¼ xa þ jxb ¼ 2
3
ðxa þ axb þ a2xcÞ ðA:7Þ

where

a ¼ e jð2p=3Þ ðA:8Þ

The constant 2/3 of expression (A.7) is chosen to scale the space vectors

according to the peak amplitude of the three phase magnitudes, that is, to give

relation (A.6).

The ab components of the space vector can be calculated from the abcmagnitudes

as follows:

xa ¼ Re ~xf g ¼ 2
3
xa � 1

2
xb � 1

2
xc

� � ðA:9Þ

xb ¼ Im ~xf g ¼ 1ffiffiffi
3

p ðxb � xcÞ ðA:10Þ

These last two expressions are commonly represented in matrix form:

xa

xb

" #
¼ 2

3

1 � 1

2
� 1

2

0

ffiffiffi
3

p

2
�

ffiffiffi
3

p

2

2
664

3
775 �

xa

xb

xc

2
64

3
75 ðA:11Þ

with the T matrix often called the Clarke direct transformation:

T ¼ 2

3

1 � 1

2
� 1

2

0

ffiffiffi
3

p

2
�

ffiffiffi
3

p

2

2
664

3
775 ðA:12Þ

This fact can be represented schematically as in Figure A.3.
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Figure A.3 ab Components calculation from abc components.
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In addition, the inverse Clarke transformation gives the inverse relation:

xa

xb

xc

2
64

3
75 ¼

1 0

� 1

2

ffiffiffi
3

p

2

� 1

2
�

ffiffiffi
3

p

2

2
666664

3
777775 �

xa

xb

" #
ðA:13Þ

graphically represented in Figure A.4.

It is necessary to highlight the following:

. xa and xb are sinusoidal varying magnitudes.

. The amplitudes of xa and xb are equal to the amplitudes of xa, xb, and xc.

. xa and xb are 90� phase shifted.

. xa is equal to xa.

� is the angular position that can be calculated from the angular frequency o as

� ¼
ð
o dt ¼ ot ðA:14Þ

Note that the following can be written:

~x ¼ xa þ jxb ¼ j~xj cosðotþ �Þ þ jj~xj sinðotþ �Þ ðA:15Þ

A.1.2 Transformations to Different Reference Frames

On the other hand, as seen inChapter 4 of this book, for developing the dynamicmodel

of the DFIM, it is very useful to represent the space vectors in different rotatory and

stationary reference frames. Hence, three phase magnitudes of the DFIM (fluxes,

x xa

abc 

xb

xcx
xx 3

2

1

x

x

xa

xb

xc

x

xx 3
2

1

Figure A.4 abc Components calculation from ab components.
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current, and voltages) are represented with the space vector notation, but in different

reference frames.

In order to denote that one space vector is referred to one specific reference frame,

the superscript notation is introduced. Three different reference frames can be

distinguished:

1. The Stator Reference Frame (a-b). Aligned with the stator, the rotating speed

of the frame is zero (stationary), and the space vector referred to it rotates at

the synchronous speed os.

~xs ¼ xa þ jxb ðA:16Þ
The s superscript denotes space vectors referred to the stator reference frame.

2. The Rotor Reference Frame (D-Q). Aligned with the rotor, the rotating speed

of the frame is the electric angular speed of the rotor om, and the space vector

referred to it rotates at the slip speed or.

~xr ¼ xD þ jxQ ðA:17Þ
The r superscript denotes space vectors referred to the rotor reference frame.

3. The Synchronous Reference Frame (d-q). The rotating speed of the frame is the

synchronous speedos, and the space vector referred to it does not rotate, that is,

it presents constant real and imaginary parts.

~xa ¼ xd þ jxq ðA:18Þ
The a superscript denotes space vectors referred to the synchronous reference

frame.

Figure A.5 shows the three different reference frame representations.

Note that the angular frequency of the reference frame can be different from the

angular frequency of the magnitudes being represented in space vector notation.
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Figure A.5 Space vector representation in different reference frames.
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For referencing space vectors into different reference frames, the rotational

transformation is used. So, for instance, to transform from ab coordinates to DQ

coordinates, the following operation is used:

~xr ¼ xD

xQ

" #
¼

cos�m �sin�m

sin�m cos�m

" #
�

xa

xb

" #
ðA:19Þ

where �m is the electric angular position of the shaft,

�m ¼
ð
omdt ¼ om � t ðA:20Þ

we use M as the direct rotational transformation:

M ¼ cos�m �sin�m

sin�m cos�m

" #
ðA:21Þ

Hence, the inverse rotational transformation is defined with the matrix

M�1 ¼ cos�m sin�m

�sin�m cos�m

" #
ðA:22Þ

In addition, note also that the next relation holds:

~xr ¼ e�j�m~xs ðA:23Þ
or

~xs ¼ e j�m~xr ðA:24Þ
Graphically, this transformation of coordinates can be represented as illustrated in

Figures A.6 and A.7.

Finally, the relations with the synchronous reference frame are

~xa ¼ e�j�s~xs ðA:25Þ
or

~xa ¼ e�j�r~xr ðA:26Þ
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Figure A.6 DQ Components calculation from ab components.
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with

�r ¼
ð
ordt ¼ ort; �s ¼

ð
osdt ¼ ost ðA:27Þ

�r, �s, or, and os are as described in Chapter 4.

A.1.3 Power Expressions

When considering voltage and currents as magnitudes represented in space vector

notation, the active and reactive powers can be calculated according to established

expressions. Therefore, the apparent power (S) is defined as the complex power

formed by the reactive power (Q) and active power (P):

S ¼ Pþ jQ ðA:28Þ
Thus, by using the space vector notation, the apparent power is calculated as follows:

S ¼ 3
2
ð~v �~i �Þ ðA:29Þ

where the superscript * represents the conjugate of a space vector found as

~x ¼ xa � jxb ðA:30Þ

Consequently, the apparent power is

S ¼ 3
2
ðva þ jvbÞðia � jibÞ
� �

¼ 3
2
ðvaia þ ibvbÞ þ jðvbia � vaibÞ
� � ðA:31Þ

Accordingly, the active and reactive powers are calculated as

P ¼ 3
2
ðvaia þ ibvbÞ ðA:32Þ

Q ¼ 3
2
ðvbia � vaibÞ ðA:33Þ

Note that the term 3
2
is necessary in the power expressions in order to maintain the

correspondence of powers from the abc coordinates and the ab coordinates. On the

xα αxD

DQ 

αβxQ xβ β

QD xx sinθmcosθm+. .

QD x–x sinθmcosθm+. .

⇔
θm

mje θ

θm

⇔
xxD

xQ x

xD

xQ

xα

xβ

Figure A.7 ab components calculation from DQ components.
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other hand, equivalent expressions can be derived in dq and DQ coordinates as

follows:

P ¼ 3
2
ðvDiD þ iQvQÞ ðA:34Þ

Q ¼ 3
2
ðvQiD � vDiQÞ ðA:35Þ

P ¼ 3
2
ðvd id þ iqvqÞ ðA:36Þ

Q ¼ 3
2
ðvqid � vd iqÞ ðA:37Þ

A.2 DYNAMIC MODELING OF THE DFIM CONSIDERING THE
IRON LOSSES

The dynamic models developed in Chapter 4 of this book do not take into account

the core loss that may be present in the DFIM. In this section, the ab and the dq

model differential equations of the DFIM are developed considering the iron losses.

Traditionally, most of the models have ignored this phenomenon causing in certain

cases inaccuracies in the control strategies based on these models. Consequently,

in order to develop amodel as close as possible to the real machine, the iron loss will

be introduced in the machine’s model equations. In general, this analysis is oriented

to low power machines, since they present more significant power loss than higher

power machines.

In general, when a DFIM presents significant iron losses and the control strategy

that is driving the machine does not consider these losses, the following errors are

committed:

. There is an error in the estimated flux (rotor or stator), since part of the stator and

rotor currents are delivered through the iron losses but do not create flux, while

the estimator used by the control considers that all the current is creating the flux.

This error is revealed as phase shift and amplitude variations between the real

and estimated flux.

. If there is an error in the estimated flux, there is an error in the orientation based

on this flux, necessary for vector control (dq reference frame alignment) or

direct control strategies (sector calculation for vector injection in DTC

or DPC).

. This orientation error provokes one more undesired effect:

� In vector control based techniques, there is an additional decoupling

between the d and q axes, producing an accuracy error in the controlled

torque.
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� In direct control techniques, in addition to the problems affecting vector

control techniques, it can provoke time intervals where the injected vectors

are not appropriate, because the flux is supposed to be in the wrong sector.

This normally leads to torque and flux oscillations. Note that this effect only

would occur in the neighborhood of a sector change.

. These facts can be more significantly felt under certain operating conditions of

the machine, especially at torques/powers far from the rated (low) ones.

. Finally, it can be concluded that the iron losses present in the machine but not

considered in control can lead to slight deteriorations and inaccuracies that in

general do not produce instability, but they are responsible for control perfor-

mance degradations.

Therefore, this section gives the basis for considering the losses of the DFIM at the

modeling stage. In that way, based on this DFIMmodel and testing it with the studied

control strategies by means of a simulation based evaluation, it could be possible to

assess if there are going to be problematic situations due to the iron losses. This gives

the designer the opportunity to provide corrective actions. However, at this stage, no

solutions of control considering iron losses are provided.

A.2.1 ab Model

In this section, the model of the DFIM is developed using the space vector

representation in the stator reference frame and considering the iron loss. The voltage

equations of the typical DFIM model are still valid:

~v s
s ¼ Rs

~i
s

s þ
d~c

s

s

dt
ðA:38Þ

~vsr ¼ Rr
~i

r

r þ
d~c

s

r

dt
� jom

~c
s

r ðA:39Þ

The iron loss of the machine is modeled as a resistance in parallel to the mutual

magnetizing inductance of each phase, as shown in Figure A.8.

This resistance Rfe provokes an active current consumption (ife) but does not create

flux. The flux is created by the current flow through the mutual magnetizing and

leakage inductances. Hence, the flux expressions in the stator reference frame are

given by

~c
s

s ¼ Lss~i
s

s þ Lm~i
s

m ðA:40Þ

~c
s

r ¼ Lm~i
s

m þ Lsr~i
s

r ðA:41Þ
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Additionally, from the current and voltage relations, two new expressions are

added to the model:

~i
s

s þ~i
s

r ¼~i
s

fe þ~i
s

m ðA:42Þ

Rfe
~i

s

fe ¼ Lm
d~i

s

m

dt
ðA:43Þ

Therefore, by means of all derived equations, Figure A.9 shows the electrical

model of the DFIM in stator coordinates considering the iron loss.
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Figure A.9 ab Model of the DFIM in stator coordinates considering the iron loss.
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is ir

imife

Figure A.8 Iron loss modeling at one of the abc phases.
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On the other hand, the instantaneous power transmitted through the rotor and the

stator is calculated as follows:

psðtÞ ¼ vasðtÞ � iasðtÞ þ vbsðtÞ � ibsðtÞ þ vcsðtÞ � icsðtÞ
¼ 3

2
ðvasias þ vbsibsÞ ¼ Ps

ðA:44Þ

prðtÞ ¼ varðtÞiarðtÞ þ vbrðtÞibrðtÞ þ vcrðtÞicrðtÞ
¼ 3

2
ðvariar þ vbribrÞ ¼ Pr

ðA:45Þ

Therefore, the total instantaneous power of the machine, p(t), is the sum of the

stator and the rotor instantaneous powers. Note that in a balanced three-phase system

(with no zero sequence components), the active power (P) is equivalent to the

instantaneous power (p(t)).

pðtÞ ¼ 3
2
ðvasias þ vbsibsÞ þ 3

2
ðvariar þ vbribrÞ ðA:46Þ

By substituting expressions (A.38) and (A.39) into expression (A.46) and rearran-

ging the terms, the total power transmitted to the machine is given by

pðtÞ ¼ 3
2
Rs

~is
�� ��2 þ 3

2
Rr

~ir
�� ��2

þ3

2
Re

d~cs

dt
�~i �s þ

d~cr

dt
�~i �r

( )
�3

2
Re jom

~cr �~i
�
r

n o
ðA:47Þ

where, for simplicity, the superscript s of the space vectors has been omitted. Now

substituting Equations (A.40) and (A.41) into expression (A.47), in order to remove

the flux derivates, it is possible to obtain

pðtÞ ¼ 3
2
Rsj~isj2 þ 3

2
Rrj~irj2 þ 3

2
Rfej~i fej2

þ3

2
Re Lss

d~is
dt

�~i �s þ Lsr
d~ir
dt

�~i �r þ Lm
d~im
dt

�~i �m
( )

�3

2
Re jom; ~cr �~i

�
r

n o
ðA:48Þ

Hence, three different terms are distinguished:

Ploss ¼ 3
2
Rs

~is
�� ��2 þ 3

2
Rr

~ir
�� ��2 þ 3

2
Rfe

~i fe
�� ��2 ðA:49Þ
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where Ploss represents the resistive active power losses.

Pmag ¼ 3
2
Re Lss

d~is
dt

�~i �s þ Lsr
d~ir
dt

�~i �r þ Lm
d~im
dt

�~i �m
( )

ðA:50Þ

Pmag is the stored magnetic power, and is equal to zero.

Pmec ¼ � 3
2
Re jom

~cr �~i
�
r

n o
ðA:51Þ

Pmec is the mechanical power produced by the DFIM, that is, the power stored in

the equivalent voltage source jom
~cr, that will be transmitted to the mechanical

system by means of the electromagnetic torque. So using this last result, the

torque produced by the machine can be calculated from the mechanical power as

follows:

Tem ¼ Pmec

om=p
¼ �3

2
p Re j~cr

~i
�
r

n o

¼ �3

2
p Im ~c

�
r �~ir

n o
¼ 3

2
pðcaribr � cbriarÞ ðA:52Þ

Note that the equivalent torque expressions derived in the model without consid-

ering the iron losses (Chapter 4), due to the presence of the termRfe, in this case do not

remain.

A.2.2 dq Model

In this section, the model differential equations of the DFIM are developed using the

space vector representation in the synchronous reference frame and considering

core loss. Again, the voltage equations are equivalent to the voltage equations derived

from the “classic” model of the DFIM (Chapter 4).

~v a
s ¼ Rs

~i
a

s þ d~c
a

s

dt
þ jos

~c
a

s ðA:53Þ

~v a
r ¼ Rr

~i
a

r þ d~c
a

r

dt
þ j os � omð Þ~c a

r ðA:54Þ

The rest of the flux and current equations are obtained from expressions (A.40)

to (A.43), transforming them to the synchronous reference frame:

~c
a

s ¼ Lss~i
a

s þ Lm~i
a

m ðA:55Þ
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~c
a

r ¼ Lm~i
a

m þ Lsr~i
a

r ðA:56Þ

~i
a

s þ~i
a

r ¼~i
a

fe þ~i
a

m ðA:57Þ

Rfe
~i

a

fe ¼ Lm
d~i

a

m

dt
þ jos

~i
a

m ðA:58Þ

Figure A.10 shows the electric model of the DFIM in synchronous coordinates,

considering the iron loss.

Added to this, the instantaneous power transmitted through the rotor and the stator

is calculated as follows, using the expression (A.46) in dq coordinates:

pðtÞ ¼ 3
2
ðvdsids þ vqsiqsÞ þ 3

2
ðvdridr þ vqriqrÞ ðA:59Þ

Substituting Equations (A.53) and (A.54) in the last expression:

pðtÞ ¼ 3
2
Rs

~is
�� ��2 þ 3

2
Rr

~ir
�� ��2 þ 3

2
Re

d~cs

dt
�~i �s þ

d~cr

dt
�~i �r

( )

�3

2
Re jos

~cs �~i
�
s

n o
� 3

2
Re jðos � omÞ~cr �~i

�
r

n o
ðA:60Þ
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Figure A.10 dq Model of the DFIM in synchronous coordinates, considering the iron loss.
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For simplicity, the superscripts have been omitted in this case again. Then, as done

in the ab model, by substituting in this last equation expressions (A.55) to (A.58), it

leads to an equivalent expression of the power in dq coordinates (despite the fact that

the original expression is slightly different):

pðtÞ ¼ 3
2
Rs

~is
�� ��2 þ 3

2
Rr

~ir
�� ��2 þ 3

2
Rfe

~i fe
�� ��2

þ3

2
Re Lss

d~is
dt

�~i �s þ Lsr
d~ir
dt

�~i �r þ Lm
d~im
dt

�~i �m
( )

�3

2
Re

n
jomc

*

r �~i
�
r

o
ðA:61Þ

Consequently, the torque expression is calculated in the same manner:

Tem ¼ Pmec

om=p
¼ �3

2
p Re j~cr �~i

�
r

n o

¼ �3

2
p Im ~c

�
r �~ir

n o
¼ 3

2
pðcdriqr � cqridrÞ ðA:62Þ

A.2.3 State-Space Representation of ab Model

As stated in Chapter 4, a representation of the ab model in state-space equations

is very useful for simulation purposes. Next, one of the different state-space

representation combinations will be shown. It employs the state-space magnitudes
~i
s

s ,
~i
s

r , and
~i
s

fe.

d

dt

~i
s

s

~i
s

r

~i
s

fe

2
66664

3
77775¼

� Rs

Lss

� 	
0 � Rfe

Lss

� 	

jom

Lm

Lsr

� 	
� Rr

Lsr
þ jom

Lr

Lsr

� 	
� Rfe

Lsr
� jom

Lm

Lsr

� 	

� Rs

Lss
þ jom

Lm

Lsr

� 	
� Rr

Lsr
þ jom

Lr

Lsr

� 	
�Rfe

1

Lss
þ 1

Lsr
þ 1

Lm


 �
� jom

Lm

Lsr

� 	

2
6666666664

3
7777777775
�

~i
s

s

~i
s

r

~i
s

fe

2
66664

3
77775

þ

1

Lss
0

0
1

Lsr

1

Lss

1

Lsr

2
66666664

3
77777775
�

~v s
s

~vsr

" #
ðA:63Þ

If each space vector is replaced by its ab components, the state-space representa-

tion yields
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115
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First Edition. By G. Abad, J. López, M. A. Rodr�ıguez, L. Marroyo, and G. Iwanski.
� 2011 the Institute of Electrical and Electronic Engineers, Inc. Published 2011 by JohnWiley& Sons, Inc.

619



Control for voltage dips based on DTC, 467
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dips, 485, 491, 493, 495
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Derivative expressions of stator active and

reactive powers, 397
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Design
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requirements for the DFIM, 202

Direct control, 363

Direct drive, 24, 587, 588
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basic control principle, 387

control block diagram, 390

rotor voltage vector effect in the

DFIM, 395

Direct torque control (DTC) of the

DFIM, 364

basic control principle, 365

control block diagram, 371

rotor voltage vector effect in the

DFIM, 379

Double inverter fed DFIM, 592

dq model of the DFIM, 214

dq model of the DFIM considering iron

losses, 614

Dual vector control techniques, 346

dv/dt Filter, 96

Dynamic modeling of the DFIM, 210

considering the iron losses, 610

Dynamic response, See Transient

response performance of DTC

and DPC,

Electric grid integration, 583

Electric power system, 47

Electromagnetic force induced during a

voltage dip, 272

Electromagnetic torque, Tem, 167, 168, 169,

214, 216, 306, 331

control, 365

during voltage dips, 487
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Encoder calibration, 514

Encoder zero position correction, 515

Equivalent circuit of the system when the
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Equivalent inductance, Leq, 563

Exciter mechanically coupled to the
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Experimental tests, 241

Feedback matrix G, 509

Field oriented control, See Vector control

of DFIM,

Fixed speed wind turbine, 2

basic description, 2

commercial wind turbine, 9

power control of wind turbines, 5

Flux ON–OFF controller, 373, 404

Flux orientation, 305, 311

Flying capacitor multilevel topology,

115

Forced flux, 274

Forced machine, 294

Four quadrant modes of operation, 171

Full converter, 24

Future challenges for wind energy

generation, 580
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frequency operating range, 40

inertial response, 44

low voltage ride through (LVRT), 46

power control, 43, 479

power factor control, 41

power system stabilizer function, 45
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voltage operating range, 40

voltage support, 41

Grid connection switch, 573

Grid model, 94

Grid side converter, 28, 348
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ab model, 139

base values, 149

control block diagram, 146

dq model, 140

dynamic modeling of the grid side system,
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per unit (p.u.) representation, 148
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phasor diagram, 135

power flow study, 135, 136
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vector control of the grid side system, 143

Grid voltage orientation, 312, 315

Growth in size of wind turbines, 582

Hardware solutions for LVRT, 479

HVDC technology, 581, 594

Hypersynchronous operation, 158, 172

Hysteresis band, 373, 391

IEEE standard 112-1996, 242

Imbalanced voltage, SeeUnbalanced voltage,

Induced force, 156

Inductive filter, 94

Influence of the rotor currents during voltage

dips, 290

Insulated gate bipolar transistor, IGBT, 115

Internal combustion engines, 537

Iron losses, 243, 610

Jump to the normal operation in start-up of

the DFIM, 522

Leakage coefficient, 169, 214

Leakage inductances estimation byVSC, 250

Limitation of the current references in vector

control, 307

Loss of the current control under voltage dips,

337

Low voltage ride through (LVRT), 46

Low wind scenarios–low wind turbines, 581

Lowpass filter, 505

LVTR, 479

Magnetizing inductance, 163, 212, 243

and iron losses estimationwith no-load test

by VSC, 256

Mathematical description of the stand-alone

DFIM system, 544

model of stand-alone DFIM, 544

model of stand-alone DFIM fed from

current source, 549

polar frame model of stand-alone DFIM,

551

polar frame model of stand-alone DFIM

fed from current source, 554

Mechanical power, Pm, 167, 169

Medium voltage doubly fed induction

generator, 589

Minimum crowbar connection time, 489

Modular multilevel converter, 115, 118

Multifunctional converter, 596

Multilevel VSC topologies, 114

Nacelle, 11

Natural flux, 274, 291, 317, 320, 344, 485,

489

Natural machine, 295, 297, 298

Negative machine, 296, 298, 329, 333, 344

Negative sequence, 279

Neutral point clampled multilevel topology,

115

Neutral point piloted multilevel topology,

116

New converter topologies for wind turbines,

598

New generator designs for wind turbines, 596

New trends on wind energy generation, 579

No-load test, See Magnetizing inductance

and iron losses estimation with

no-load test by VSC,

Normal operation state of a wind turbine, 530

Off-line estimation of the DFIM model

parameters, 242

Off-line iron losses estimation,

See Magnetizing inductance and

iron losses estimation with no-load

test by VSC,
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Off-line leakage inductance estimation,

See Leakage inductances estimation

by VSC,

Off-line magnetizing inductance estimation,

See Magnetizing inductance and iron

losses estimation with no-load test by

VSC,

Off-line rotor resistance estimation,

See Stator and rotor resistances

estimation by VSC,

Off-line stator resistance estimation,

See Stator and rotor resistances

estimation by VSC,

Offshore energy evacuation, 593

ON–OFF controller, See Torque ON–OFF

controllers and Flux ON–OFF

controller,

ON–OFF hysteresis controller, See Torque,

Flux, Stator active power or Stator

reactive power ON–OFF controllers,

Onshore–Offshore windfarms, 580

Oscillations in the electromagnetic torque,

328

Oscillations in the stator current, 328

Overvoltages in the DC-Link Bus under

voltage dips, 338

Parameters of the DFIM, 179

Partial voltage dip, 273

Per unit transformation, 173

Phase looked loop (PLL), 332,

507, 558

Phase-to-phase dip, 286

Phasor diagram, 163

PI, proportional integral controller, 322

Pitch (b) control, 5, 14
Plant of the control loop in vector control,

309, 319

Polar frame, 551, 554

Positive machine, 295, 298, 329, 333, 341,

344

Positive sequence, 279

Power coefficient, Cp, 8

Power train technology trends, 586

Predictive direct power control (P-DPC)

of the DFIM, 416

basic control principle, 417

control block diagram, 419

multilevel converter based P-DPC, 428

Predictive direct torque control (P-DTC) of

the DFIM, 399

basic control principle, 399

control block diagram, 402

multilevel converter based P-DTC, 447

Preliminary DC link charging for stand-alone

systems, 539

Proportional action in PI controller, 322

Rated power, 179, 181

Rated rotor current, 179, 181

Rated rotor voltage, 179, 181

Rated stator current, 179, 181

Rated stator voltage, 179, 181

Reactive power calculation, 610

Reactive power control, 37, 42

Reconfigurable wind turbine based on DFIM,

591

Reference adaptation of DPC, 395

Reference frame orientation, 312, 314, 316,

318, 328

Reference frames, 606, 607

Referring rotor emf to the stator, 160

Region calculation, 434

Relation between the steady state model and

the dynamic model, 234

Reliability, 364, 399, 582

Replacement loads, 495

Requirements of stand-alone DFIM based

system, 537

Reversible power electronic converter, See

Back to back power electronic

converter,

Rotational transformation, 608

Rotor, 25, 159

active power, Pr, 167, 169, 214, 215

current, 158, 211

Rotor flux, 163, 211

amplitude control, 365

amplitude reference generation for DTC,

386

reference generation strategy, 464

reference generation strategy

for voltage dip effect mitigation, 469

space vector, 212

Rotor leakage inductance/impedance, 158,

179, 212, 243

Rotor locked test, 254

Rotor open-circuited analysis, 268, 273
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Rotor reactive power, Qr, 170, 214, 215

Rotor reference frame (D-Q), 607

Rotor resistance, Rr, 158, 161, 179, 212, 243

Rotor side

converter, 96

filter, 429

Rotor voltage, 158, 211

Saturation of rotor converter, 328

Sector angle look-up table, 373

Selection of filtering capacitors for

stand-alone systems, 541

Sensorless control of the stator voltage and

frequency with PLL of stand-alone

systems, 560, 562

Sensors, 502

Sequence component, 567

Sequences, 279

Sequential start-up of the DFIM based wind

turbine, 523

Setting of the references during unbalanced

voltage, 350

Simulation block diagram of the DFIM, 217

Single-phase dip, 283

Sinusoidal pulsewidthmodulation (PWM) of

two level converter, 101

amplitude modulation index, 102

frequency modulation index, 102

output voltages, 103

spectrum, 104

Sinusoidal PWM with third harmonic

injection of two level converter, 104

block diagram, 107

output voltages, 106

spectrum, 106

Six pulse generation, 93

Slip, 157

Space vector, 282, 603

Space vector modulation (SVM) of two level

converter, 107

block diagram, 112

normalized voltage amplitude, mn, 109

output voltages, 111, 113

space vector representation, 108

spectrum, 114

Space vector diagram in a transient state

caused by mechanical speed or load

change for stand-alone systems, 561

Space vector representation, 603, 607

in ab, 220
in dq, 226

in DQ, 225

Spanish verification procedure, 55

Spectrum analysis

of DTC, 384

of P-DTC, 411

Squirrel cage induction machine, 256

Stacked multicell multilevel topology, 115

Stall control, 6

Stand-aloneDFIMbased generation systems,

537

Start-up of the DFIM, 512

STATCOM, 496

State space equations of the DFIM and the

rotor side filter, 430

State-space representation

of ab model, 216

of dq model, 229

of DFIM considering iron losses, 616

Stator, 25, 159

Stator active and reactive power estimation,

503

Stator active power ON–OFF controller, 390

Stator active power, Ps, 167, 169, 214, 215,

305, 330

Stator and rotor flux full order observer,

508

Stator and rotor fluxes estimation, 507

Stator and rotor resistances estimation by

VSC, 245

Stator circuit breaker, 513

Stator current, 158, 211

space vector, 212

Stator flux, 163, 211

estimation from stator voltage and currents

measurements, 506

space vector, 212

synchronization from stator voltage, 506

trajectory during a voltage dip, 270, 276,

285, 287, 289, 290

Stator leakage inductance/impedance, 158,

179, 212, 243

Stator power error reduction criteria, 443

Stator power ripple reduction criteria, 422

Stator power waveforms

of DPC, 393

of P-DPC, 418, 431, 441
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Stator reactive power ON–OFF controller,

390

Stator reactive power,Qs, 170, 214, 215, 305,

330

Stator reference frame (a-b), 607
Stator resistance, Rs, 158, 179, 212, 243

Stator voltage, 158, 211

control of stand-alone systems, 558

harmonics compensation at nonlinear

load of stand-alone systems, 570

space vector, 212

Steady state curves, 184

Steady state equations of the DFIM in

p.u, 177

Steady state equivalent circuit, 158,

162, 166

Steady-state performance

of DPC, 395

of DTC, 377

of P-DPC, 424, 445

of P-DTC, 411, 415

Subsynchronous operation, 158, 172

Superposition principle, 329, 333

applied to voltage dip analysis, 294

Switching power loss reduction, 410

Symmetrical components, 278

Synchronization before grid connection by

superior PLL of stand-alone systems,

573

Synchronization with the Grid, 518

Synchronous operation, 158, 172

Synchronous reference frame (d-q), 607

System configuration during encoder

calibration and grid voltage

synchronization processes, 513

Testing the DFIM, 241

Third harmonic, 261

Third harmonic injection, See Sinusoidal

PWM with third harmonic injection,

Three phase magnitudes, 603

Three-level neutral point clamped (3L-NPC)

multilevel topology, 116

block diagram, 132

capacitor voltage balancing, 129

duty cycles, 126, 128

large vectors, 124

medium vectors, 126

model, 120

output voltages, 123

regions, 126

sextants, 124

short vectors, 126

sinusoidal pulse width modulation

(PWM), 122

space vector modulation (SVM), 124

spectrum, 123

switching states, 120

zero vectors, 126

Tip speed ratio, 8

Torque and flux error reduction criteria, 450

Torque and flux ripple reduction criteria, 407

Torque and flux waveforms

of DTC, 376

of P-DTC, 401, 405, 451

Torque coefficient, Ct, 8

Torque ON–OFF controllers, 373, 404

Torque oscillations cancellation strategy

(TOC), 457

Torque oscillations cancellation without

sequence calculation (TOCWSC),

458

Torque–slip curve of a SCIM, 258

Total voltage dip, 268

Transformation of coordinates, 605, 608

Transformations to different reference

frames, 606

Transformer, 30, 53

Transient response performance

of DPC, 395

of DTC, 377

of P-DPC, 424, 445

of P-DTC, 411, 415

Tuning of the regulators in vector

control, 320

Two-level voltage source converter (VSC),

88, 364, 367

u, Stator and rotor turns ratio

relation, 160

Unbalanced load, 567

Unbalanced voltage, 327

dip, 278

Uncertainty in parameters, 509

Variable speed wind turbine, 10

aerodynamics, 7, 11

control of a variable speedwind turbine, 15

electrical system, 22
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maximum power tracking, 18

maximum speed control, 18

mechanical system, 13

minimum speed control, 18

modeling of variable speed wind turbine,

11, 72

Vector control of DFIM, 303

behavior under unbalanced conditions,

327

behavior under voltage dips, 331

complete control system, 313

control solutions for grid disturbances,

340

current control loops, 308

current references, 305, 307, 314

reference frame orientations, 311, 328

small signal stability of the vector control,

314

Voltage asymmetry correction during

unbalanced load supply in

stand-alone systems, 567

Voltage dips, 50, 265, 467

asymmetrical voltage dips, 278

DFIM equivalent model during voltage

dips, 297

three-phase voltage dips, 268

Voltage dips classification, 51

Voltage harmonics reduction during

nonlinear load supply in

stand-alone systems, 569

Voltage sensor, 247

Voltage source converter (VSC),

87

Wind energy generation system,

1, 25

Wind farm, 33

control system, 36

solutions for voltage dips, 496

Wind speed, 8

Wind turbine manufacturers, 57, Table of

Chapter 12

Zero sequence, 279
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