Energy Systems in Electrical Engineering

Anindya Dasgupta
Parthasarathi Sensarma

Design and
Control

of Matrix
Converters

Requlated 3-Phase Power Supply and
Voltage Sag Mitigation for Linear Loads

@ Springer



Energy Systems in Electrical Engineering

Series editor

Muhammad H. Rashid, Pensacola, USA



More information about this series at http://www.springer.com/series/13509



Anindya Dasgupta - Parthasarathi Sensarma

Design and Control of Matrix
Converters

Regulated 3-Phase Power Supply and Voltage
Sag Mitigation for Linear Loads

@ Springer



Anindya Dasgupta Parthasarathi Sensarma

Avionics Department Department of Electrical Engineering

Indian Institute of Space Science Indian Institute of Technology Kanpur
and Technology Kanpur, Uttar Pradesh

Thiruvananthapuram, Kerala India

India

ISSN 2199-8582 ISSN 2199-8590 (electronic)

Energy Systems in Electrical Engineering

ISBN 978-981-10-3829-7 ISBN 978-981-10-3831-0  (eBook)

DOI 10.1007/978-981-10-3831-0
Library of Congress Control Number: 2017931048

© Springer Nature Singapore Pte Ltd. 2017

This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part
of the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations,
recitation, broadcasting, reproduction on microfilms or in any other physical way, and transmission
or information storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar
methodology now known or hereafter developed.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this
publication does not imply, even in the absence of a specific statement, that such names are exempt from
the relevant protective laws and regulations and therefore free for general use.

The publisher, the authors and the editors are safe to assume that the advice and information in this
book are believed to be true and accurate at the date of publication. Neither the publisher nor the
authors or the editors give a warranty, express or implied, with respect to the material contained herein or
for any errors or omissions that may have been made. The publisher remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Printed on acid-free paper
This Springer imprint is published by Springer Nature

The registered company is Springer Nature Singapore Pte Ltd.
The registered company address is: 152 Beach Road, #21-01/04 Gateway East, Singapore 189721, Singapore



Preface

Improving power density of converters, apart from conversion efficiency, has been
one of the major drivers of modern developments in power electronics. Tracing the
evolution of power electronics reveals that improvement in semiconductor devices,
digital control with ever-increasing computational capability, improved packaging
techniques combined with parallel development of converter topologies, switching
schemes and advanced control techniques have kept on redefining the benchmarks
with every passing day. The power converter which forms the core of any power
electronic application is an electrical network involving only semiconductor
switches and passive storage elements, with the latter largely contributing to the
volume and weight of the converter. Therefore it is quite natural that, among
competing candidates for a given application, the topology with the highest
semiconductor to passives ratio—both in terms of component count and size—
would offer the highest power density. For this specific possibility, the Matrix
Converter—a generic name for any converter having only semiconductor devices in
its power stage—demands focused investigation.

Matrix converters were proposed in the 1980s and almost immediately generated
a lot of research interest, mostly in the domain of 3-phase AC-AC power conver-
sion, and there has been several significant breakthroughs in modulation methods,
multi-step commutation and space vector pulse width modulation. With respect to
applications, academic and industrial research interest in Matrix Converters has
been largely confined to motor drives. But since the last decade, there had been an
emerging interest towards using Matrix Converters in power system applications.
Most of these applications demand faster dynamic performance than the industrial
drives, which have high plant inertia and thus do not require such response speeds.
Absence of any intermediate energy buffering element makes the Matrix Converter
a dynamically tightly coupled input—output unit and the overall system design,
particularly controller design, challenging.

The research efforts which led to this book were a part of this effort to expand the
application domain of Matrix Converter to power systems. Two target applications
for synchronous systems have been addressed—regulated 3-Phase voltage supply
and voltage sag mitigation. The objective of the book has been subsequently
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categorized into the following—developing a dynamic model which provides
adequate design insight, filter design and devising a control scheme. The
low-frequency dynamic model is first analysed for regulated voltage supply
assuming balanced system. A linearized dynamic model is developed and it is
shown that depending on the input power, input voltage and filter parameters a
possibility of appearance of a set of right half zeros exist.

The design of filters is considered next. Apart from general issues like ripple
attenuation, regulation, reactive current loading and filter losses, additional con-
straints which may be imposed by dynamic requirements and commutation are also
addressed.

In the third stage, voltage controller design is detailed for 3-Phase regulated
voltage supply. In the synchronous dg domain, output voltage control represents a
multivariable control problem. The control problem is reduced to a single variable
one while retaining all possible right half zeros, thereby preserving the internal
stability of the system. Consequently, standard single variable control design
technique has been used to design a controller. The analytically predicted dynamic
response has been verified by experimental results. The system could be operated
beyond the critical power boundary where the right half zeros emerge.

Finally, the developed control approach has been extended to voltage sag mit-
igation with adequate modifications. A 3-wire linear load has been considered. Both
symmetrical and asymmetrical voltage sags have been considered.

Thiruvananthapuram, India Anindya Dasgupta
Kanpur, India Parthasarathi Sensarma
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Chapter 1
Introduction

Matrix Converter (MC) is a class of switched mode power converters (SMPC) which
contains only semiconductor devices in its power processing stage. These converters
were conceived as an alternative to the Back to back inverter (B2BI) topology used
in 3-phase to 3-phase power conversion. The necessity of finding an alternative to
B2BI in the form of a more silicon reliant solution can be understand by analyzing
its power stage. Figure 1.1a, shows the power conversion stage of B2BI.

The power stage of B2BI is made up of two inverters connected back to back
through a capacitor which is also commonly referred to as the DC link capacitor.
The inverter at the input side transforms the 3-phase sinusoidal AC voltage applied to
its input terminals to a switched DC voltage which appears across the DC capacitor.
The inverter at the output side requires a very stiff DC link voltage at its input
terminals. Consequently a large electrolytic capacitor has to be used as the DC link
capacitor. A significant portion of volume and weight of the converter is attributed to
the DC link capacitor. Moreover, it has a higher failure rate than the semiconductors.
Therefore, a 3-phase AC to AC converter whose power stage is realized only with
semiconductor devices is likely to have a higher power density and lifetime than
the B2BIs. This was the motivation behind finding a more semiconductor reliant
mechanism for power conversion.

Topologically MC is similar to buck converter. Although the former is mostly
associated with AC power and the latter strictly with DC, a look at the evolution of a
buck converter helps to appreciate how MCs work. Figure 1.2 shows the power stage
of a buck converter where the single pole double throw switch Sw is periodically
connected to the positive and negative terminals of the input DC voltage source V;,.
This results in a pulsating voltage vy, at the output. The DC component of v, can
be obtained by averaging the pulse waveform over the switching period Ty as

1 T
Vow = _/ vswdt = dvm (11)
Ts 0

© Springer Nature Singapore Pte Ltd. 2017 1
A. Dasgupta and P. Sensarma, Design and Control of Matrix Converters,
Energy Systems in Electrical Engineering, DOI 10.1007/978-981-10-3831-0_1
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Fig. 1.2 Buck converter realized with a single pole double throw switch

Thus, by regulating the duty cycle d it is possible to synthesize a desirable DC
component of the switched voltage v;,,. The switching frequency (f = 1/ T;) compo-
nents and its harmonics which are also present in vy,, can be subsequently attenuated
to a large extent by using a LC filter. The important point to note here is that any
desirable value of the DC component of the output voltage can be generated as long
as this value is less than the source voltage V;,.

Another useful aid in the analysis of 3-phase MC is the output voltage of a
3-phase AC to DC rectifier. Figure 1.3a shows a diode rectifier and the output voltage
is shown in Fig. 1.3b. Let the input voltages be

Vg = sin2m50f, vy, = sin 27 50r — 120°) & wvg = sin 2750t + 120°) .
1.2)
Replacing the 3 diodes connected to each of the output terminals by a fully con-
trollable single pole-triple throw(SPTT) switch results in the converter shown in con-
figuration Fig. 1.4. S1 and S2 are the two SPTT switch. Presence of the two SPTT
switches makes it possible to synthesize a sinusoidal voltage at the output terminals.
The pole of each SPTT switch is connected to the output terminal which ensures that
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0.09 0.1
Time (s)

Fig. 1.4 A 3-phase to 1-phase AC converter power stage

the output is always connected to any one of the input voltages. It ensures that the
path of the current through the load is never interrupted—a mandatory requirement
for inductive load. Figure 1.5 shows the envelope of the input voltages for all possible
switching combinations. Taking cue from the operation of buck converter, it should
be possible in a similar manner to generate the desired fundamental component of a
target AC voltage from the 3-phase source. If the turn-on and turn-off durations of
the individual SPTT switches can be properly regulated it is possible to synthesize
an output voltage v, with a desired fundamental frequency component. The only
restriction towards achieving this is that the fundamental component must be com-
pletely encapsulated within the input voltage envelope. Referring to Fig. 1.5, this
restriction implies that the maximum amplitude of v, is 0.866 times that of the input
line-line voltage amplitude. Within this amplitude limit, a fundamental component
of v, having any amplitude, phase and frequency can be produced by appropriately
regulating the SPTT switches.

The mode of operating a 3 to 1-phase AC converter can be extended to 3-phase
to 3-phase AC conversion as well. Figure 1.6 shows a 3-phase to 3-phase AC to AC
converter structure made up of 3 SPTT switch. Since the 3-phase output voltages
have to be synthesized directly from the 3 input phases all possible 3-phase output
voltage envelopes must be completely encapsulated by the input voltage envelope.
Consequently, the maximum achievable gain in voltage amplitude is 0.866. Apart
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from this fundamental limitation, there is no theoretical limitation on the possible set
of output voltage waveforms. Therefore, the operational requirements are simply—
realization of the SPTT switches by using available semiconductor switches and
devising an appropriate scheme for controlling them.

Each SPTT switch can be realized by 3 single pole-single throw (SPST) switch.
By replacing the SPTT switch by 3 SPST switch with common poles connected to an
output phase, the topology shown in Fig. 1.7 is obtained. The 9 SPST appears to be
arranged in a 3 x 3 matrix and hence the topology is referred to as Matrix converter.

The input terminals of the MC are connected to voltage source and consequently
the output terminals has to be connected either resistive or inductive load. The nature
of the source and loads which are mostly inductive sets up the following fundamental
switching law which must be obeyed

e input terminals should never be shorted,
e output terminals should never be left opened.
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Fig. 1.7 Power processing
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These constraints can be expressed in terms of switching functions as
Sja(t) + Sjp(@) + S;c(t) =1, where, j€{A,B,C}. (1.3)

At any instant, a switching function S, (¢) is either O if the switch S, is open or
1 if it is closed. There can be 27 (3 x 3 x 3) switching combinations for connecting
the output with input side, which obey these fundamental switching rules.

Figure 1.7 represents the conceptual building block of MC topology. Realization
of a fully operational converter involves realization of the switches by means of
available commercial devices and a control law for controlling these devices. Since
AC variables are dealt with at the input as well as output side, these SPST switch
must be capable of blocking voltages of both polarity and conducting current in both
directions.

This book chapter aims to elaborate only on some aspects of design and control of
MC from the perspective of low to medium power level applications in the distribution
side of power system. Before moving to the details, an overview of 3-phase MC is
provided in the following sections to impart an overall understanding of the key
design and operational aspects of MC. Those readers who are familiar with MCs
may skip this part and start from Sect. 1.2.

1.1 Overview of 3-Phase Matrix Converter

The different design/operational aspects of MC can be broadly be categorized into
the following: hardware design, commutation of switches, structure of the topology,
modulation and control schemes. These are summarized in the following sections.
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1.1.1 Hardware Design

Hardware design begins with the realization of a bidirectional switch. If the switching
laws are violated it may lead to short circuit at the input side leading to high input
current and eventually failure of the converter. On the other hand if the current
flowing through an inductive load is interrupted due to error in switching it would
result in high voltage appearing across the switch and eventually lead to its failure.
So a protection mechanism for the switches in these situations is a critical feature
in design of the hardware. Another very important aspect in hardware design is
designing the switching frequency ripple filters. Each of these aspects are discussed
below.

1.1.1.1 Realization of a Bidirectional Switch

A bidirectional switch should be capable of conducting current as well as blocking
voltages of both polarity. This cannot be achieved by using a single discrete semi-
conductor device and thus it has to be configured by using more than one switch.

Different ways of realizing a bidirectional switch with discrete IGBT and diodes
are shown in Fig. 1.8. Figure 1.8a shows one of the configurations, which is however
not used in MCs. One of the reasons behind this is presence of highest number of
devices in the current conduction path, leading to higher conduction losses. A more
important reason is that it is not possible to selectively allow or block current of
a particular direction through this bidirectional switch. So if an output phase has
to be switched from one input phase to another, it cannot be done without turning
off this switch which leads to violation of the fundamental switching rules. Readily
available anti parallel arrangement of diode and IGBTs can be connected to form
either the common emitter (CE) or common collector (CC) configurations shown in
Fig. 1.8b, c respectively. In terms of device count, bidirectional switch using Reverse
blocking (RB) IGBTs shown in Fig. 1.8d is clearly the best option. However RB
IGBTs are still not widely available.
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Fig. 1.8 Realizing bidirectional switch. a Diode bridge with IGBT, b common emitter, ¢ common
collector, d reverse blocking IGBTs
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Fig. 1.9 a Power stage of MC looking from source and load side. b Input filter. ¢ Output filter

1.1.1.2  Filter Design

Like a buck converter, the power stage of MC presents current and voltage stiff
terminal properties when viewed from the source and load respectively. This is shown
in Fig. 1.9a where the MC is modeled as appropriate controlled sources. Balanced 3
phase system has been considered which allows analysis on a single phase basis.

The controlled sources shown in Fig. 1.9a are composed of fundamental as well
as switching frequency ( f;) components. Hence, the input side has to be interfaced
to the input source through ripple filters to ensure only low-frequency interaction at
fundamental frequency. Input filter is an essential requirement of this topology for
providing a local circulating path to the switching frequency current. Output side
filters are also necessary in applications which require a filtered voltage to be applied
to the load. At the same time it has to be ensured through design that addition of
filters do not degrade performance parameters like voltage regulation, efficiency and
size. These place conflicting demands on the choice of filter elements. Moreover,
as the basic structure of MC is made of bi-directional switches, the only associated
inertial elements in this topology are the filter components. Consequently the filter
parameters affect the system dynamics significantly.

Input filter design has been discussed in [1-6], where, from cost and weight
considerations, single stage LC filter has been found to be the most appropriate
topology. Figure 1.9b, ¢ show the widely used input and output filter configurations.
It is not possible to control the input current in MC, hence a damping resistor is
used for the input filters. Although the set of filter elements (L ¢, Cs) for a particu-
lar resonant frequency is infinite, [2] advocates a maximum C; to ensure minimum
leading Input Displacement Factor (IDF) at low loading conditions. However, in a
distribution system most of the loads are inductive and hence this should not be a
major concern at lighter loads. An exhaustive treatment of input/output filters with
focus on reducing electromagnetic interference and common-mode voltages has been
provided in [7]. However, most of these have not investigated the comprehensive
design of filters in the context of dynamic performance requirements or reliabil-
ity of commutation hardware. Filter design, considering stability limits detailed in
[8, 9], has been discussed in [6]. However, it will be discussed in a subsequent chapter
of this book, that with a proper choice of the modelling paradigm, the derived plant
has non-minimum phase zeros but minimum phase poles for all operating points.
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Fig. 1.10 Clamp circuit

Therefore a stable plant is obtained. The relation between filter parameters and non-
minimum phase zeros would be detailed and the modifications necessary in filter
design will also be discussed.

1.1.1.3 Protection Schemes

Standard protection schemes like overcurrent and overvoltage protection used in any
converter are also necessary in MCs. The switches need to be protected in the event
of short circuit at input side and open circuit at the output side. Protection for high
current during shorting of input terminals can be realized on the gate drivers of the
switches themselves. Standard technique like sensing the collector to emitter voltage
across an IGBT to detect short circuit can be employed.

Interruption of load current, during communication or due to activation of protec-
tion circuit following any fault, may result in high voltage at the output side. Normally
a diode clamp circuit along with a capacitor (C.) and discharging resistor (R.) as
shown in Fig. 1.10 is used to absorb the energy of inductive load [4]. Design of the
clamp capacitor has been presented in [5]. Clamp circuits requiring lesser number
of diodes have also been proposed in the same paper. This circuit also protects the
MC from overvoltages at grid side. Overvoltage protection using varistors and zener
diodes with high blocking capability is reported in [10].

1.1.2 Commutation

One of the major hurdles in controlling MCs is switching a load from one input
terminal to another without violating the fundamental switching rules. This diffi-
culty in switching can be understood with the example of a two phase to single
phase MC feeding an inductive load shown in Fig. 1.11. The bidirectional switch are
realized through the CE configuration using discrete IGBTs and diodes. IGBTs in
each bidirectional switch (S; and S,) supporting conduction in the forward (towards
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Fig. 1.11 2 phase to 1 phase MC

load) or backward are denoted with additional subscripts F and R respectively. Load
was initially connected to v; and a switchover to v; is required. Now, simultaneous
switching of S| and S, shorts the input terminals, while sequential switching leads
to momentary opening of load terminal.

To avoid this a multi-step commutation process based on either output current
direction or relative input voltage magnitude [11, 12] becomes necessary. The objec-
tives of these methods are to ensure that the current is not interrupted and at the same
time input terminals are not shorted at any instant during the process of commutation.
These approaches are detailed in the following subsections.

1.1.2.1 Output Current Direction Based Commutation

Output current direction must be correctly determined for this method to be suc-
cessful. Figure 1.12a shows the switching sequence from S to S, for forward (i,g)
and reverse (i,r) direction of i,, respectively. The sequence is shown in terms of
switching function of each IGBT. As an example, commutation sequence for i, is
described. Figure 1.12b shows the different stages of commutation in the two phase
to single phase MC. IGBTs shown in bolder mark are those which are turned on
(gating pulses are provided), while those which are shown in grey shade indicate the
turned off IGBTs.

Step 1. Non conducting IGBT (Sr) in the outgoing bidirectional switch Sy, is first
turned off.

Step 2. Next, the IGBT in the incoming S, that can support conduction of i, i.e.
Sopisturned on. If vo > vy, then natural commutation from S to S, takes
place at this stage.

Step 3. Sir is turned off subsequently. If v; > wv,, then forced commutation from
S| to S; occurs at this stage.

Step 4.  Finally, Sy is turned on.
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Fig. 1.12 Switching from S; to S, based on output current. a Timing diagram. b Stages of com-
mutation
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Fig. 1.13 Estimating current Vee
direction by sensing the
voltage across a bidirectional
switch

In steady state, both IGBTs in a bidirectional switch are turned-on to allow reversal
of current. The commutation process is thus achieved through 4 steps of turn off-on-
off-on sequence. Since turning on times of IGBTs are much lower than the turn off
duration, the second and third step can be concurrently executed thereby resulting in
a three step commutation method.

Since the first step involves turning off an IGBT, incorrect current direction mea-
surement would lead to open circuit of the load. During the zero crossovers (ZC) of
i,, correctly sensing its direction may become difficult. To overcome this, a method
where the direction of i, is derived by measuring voltage across each device has been
reported in [13]. Conceptually this amounts to using an arrangement similar to what
is shown in Fig. 1.13. The collector voltage of each device is fed to a comparator,
whose output state determines the instantaneous current direction. For example, if
the direction of current i is downward as shown, the comparator output would be
approximately V.. Since the device has to block the input line to line voltage in
blocking mode, the voltage at input of the comparator has to be clamped to the con-
trol voltage level. Hence, the major fraction of the voltage appears across R. So the
value of R has to be high enough to restrict the power loss to an acceptable level.
Apart from the increased number of components in this method, use of a high R
along with unavoidable stray capacitances makes the measurement prone to errors
due to the inherent delays involved [14, 15].

1.1.2.2 Input Voltage Magnitude Based Commutation

This method requires knowledge of the relative magnitudes of input voltages.
Figure 1.14a, b shows the switching sequence from S; to S, for different polari-
ties of v; — vy. For v; > vy, the commutation process as shown in these figures is
achieved in the following manner.

Step 1. Syp is turned on. This activates the conduction path for i, in S,, while
ensuring that there is no circulation current between the two input phases.

Step 2. Si is turned off. At this instant, if i, is in forward direction (i, = i,F),
conduction is taken up by S, i.e. forced commutation takes place here.
However, if i, is in the backward direction (i, = i,g) conduction would
still be supported by S;.
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Fig. 1.14 Switching from S; to S, based on relative magnitude of v; and vy. a Timing diagram.
b Stages of commutation
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Step 3. Syr is turned on. Therefore conduction path for i,r gets activated in S, and
since v; > v, natural commutation occurs for reverse current flow.
Step 4.  Finally Sy is turned off.

If the relative voltage magnitudes can be clearly distinguished the first two steps
and the third and fourth step can be merged to form a two step sequence.

Voltage based commutation starts with a turning on process. Here, the major
concern is correct polarity detection of phase to phase input voltage during its ZC.
Falsely detecting this polarity would lead to shorting of the two input terminals.
The difficulty in detecting the polarity is compounded by the presence of switching
frequency ripple component. Around ZC of the line to line voltage the magnitude of
its fundamental component is small but the same does not hold for the ripple com-
ponent. Also it is much more difficult to accurately measure the switching frequency
component than the slowly varying fundamental component.

This issue has been addressed in various papers on commutation. In [16], an
analysis of critical window width around ZC of input line voltages has been provided,
based on the magnitude of fundamental component of input voltage and resonant
component that appears due to the input filter oscillations. During commutation
between two phase voltages lying in this defined window, an intermediate step is
introduced where the switch over takes place through the third phase. However the
effect of the input switched current which plays the major role behind switching
frequency ripple in input voltage has been ignored.

In [17], it is shown that with proper zero vector placement for Space vector
modulation (SVM) based approaches, safe commutation can be achieved in spite of
voltage measurement inaccuracies. This method is restricted to operation within a
certain input displacement angle (+6°) around voltage ZC, where 6 is to be decided
on the basis of the specific input ripple voltage measurements for a given hard-
ware. Moreover, as this method depends on minimum duration of zero vectors it is
not applicable to all operating points. For all operating regions and in applications
requiring wider control of IDF [18, 19], commutation at ZC of line-line voltage is
still difficult, particularly at high output current amplitude.

There is no guide for conclusively selecting a particular method for an application.
However, applications having a high inductance at the output side will have a low
switching ripple component in the output current. Therefore it is easier to sense
to measure the output current correctly and thus current based techniques may be
better suited for such conditions. For applications requiring a regulated sinusoidal
output voltage, an output filter becomes necessary. The inductor in this filter which
is in series with the output terminals must be small so that the voltage drop is less.
Consequently the ripple components of the current would be large and so would be
the magnitude of error in measuring it. The applications considered in this work falls
in the latter category. Existing input voltage based commutation method is adopted in
this work. A closed-form expression of the ripple voltage in the input filter capacitor
and error in measurement has been derived. This is used to derive the minimum size
of filter capacitor as would be detailed in a subsequent chapter.
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Fig. 1.15 Indirect MC
1.1.3 Topology

The structure shown in Fig. 1.7 is referred to as the Direct Matrix Converter (DMC).
The operational challenges associated with DMC have prompted engineers to find
out variants of this basic structure that may simplify some of the operational issues.

Figure 1.15 shows a variant of the basic MC topology. This is known as Indirect
MC (IMC) [20]. The power processing in this structure is achieved through recti-
fication and inversion process as found in B2B VSIs. Commutation is reported to
be simpler than DMCs [20, 21], as the rectifier stage bidirectional switches can be
switched when the inverter side is in free wheeling mode. In this condition, commu-
tation at the rectifier side is not constrained by any restriction on the opening of the
output terminals and only needs to ensure that the input terminals are never shorted.
Since the DC link voltage (v4.) has to be positive, IDF can be controlled in the range
0.866-1. Reduction of IMC structure leading to varying forms of ‘Sparse Matrix
Converters’ has been summarized in [21].

This work is related to power system applications for synchronous systems. In
such applications reactive power plays a significant role. Although control of input
reactive power has not been attempted in this work, it can be included in future
investigations by extending the analysis presented here. Since DMC offers a much
wider scope of IDF control than IMC, it has been adopted here. Hence, subsequent
discussions are related to DMCs. However since the basic functional feature of both
DMC and IMCs are same, discussion related to dynamic model, filter design and
modulation applies equally to both topologies.

1.1.4 Modulation

A large number of modulation techniques have been reported, dating back to the
inception of MC. A few of those, which have been critically evaluated, are discussed
here.
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1.1.4.1 Direct Transfer Function Based Approach

One of the earliest papers [22] known to provide a rigorous analysis of a 3-phase
MC demonstrated this approach (Fig. 1.16).

This method derives the low frequency modulation signals directly from the ref-
erence and input voltages. In the first algorithm [22] the envelope of output voltage
waveform to be synthesized must remain within the input voltage envelope at all
instants of time. Consequently, as shown in Fig.1.17a, the maximum achievable
output voltage (v,) amplitude is 0.5 times of the input. The performance was sig-
nificantly improved in the second algorithm [23] where the maximum 0.866 voltage
gain ratio could be reached. The essence of the second algorithm is explained with
the help of Fig. 1.17b—e. Figure 1.17b shows the input and target output voltages
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whose amplitude are 0.866 times of the input. The output waveform is observed
to exceed the input waveform envelope at some intervals. By appropriately adding
common mode (cm) terms, the second algorithm reshapes the target voltage enve-
lope to completely fit into the input envelope. Figure 1.17¢ shows the third harmonic
cm components for input (cm;) and output (cm,) which are added on to the target
output waveform. Figure 1.17d shows the reshaped target waveforms, the envelope
of which is now completely enclosed by that of the input waveform, as shown in
Fig. 1.17e. Since the load and supply neutrals are usually isolated and the cm terms
disappear from the line to line voltages, addition of these low frequency terms are
justified. Denoting the input and target output voltage amplitude and frequency as
Vi, ‘70*, and w;, w, respectively, the described procedure is equivalent to generating
the output voltage references as [23],

cos(wyt) cos(wyt) v, cos(3w;t) V* cos(Bwyt)
VOR cos(wot — 120°) | = V¥ | cos(wpt — 120°) | + —- | cosBuw;t) | — -2 | cos(Bw,t)

cos(w,t + 120°) cos(wyt + 120°) cos(3w;t) cos(Bwyt)

cm; cmg

(1.4)

If the output load angle (¢, ) can be measured, IDF can also be controlled using the
second algorithm. The same maximum voltage gain and IDF control can be achieved
by other modulation methods without the necessity of measuring ¢, and therefore
having a relatively simple hardware realization. They are described in the following
section.

1.1.4.2 Space Vector Modulation (SVM)
The power stage of MC can be viewed [24] as a cascaded rectifier-inverter stage

coupled by a fictitious DC link as shown in Fig. 1.18. SVM based on this decoupled
construct allowing control of IDF has been described in [25]. This method is referred
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Fig. 1.18 Decoupled rectifier-inverter construct
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Fig. 1.19 Mapping the switching functions

in this book as Indirect space vector modulation ISVM). Here, the duty ratios of
the switches for individual stages are initially calculated and then combined on the
basis of instantaneous active power balance between input and output. Thereafter,
the switching functions for the twelve switches are mapped to the nine 4Qsws MC
structure. An example of this mapping from the 12 to 9 switch structure is shown
in Fig. 1.19a, b. Suppose the input terminal a in the decoupled structure needs to
be connected to output terminals A and C, while terminal b to output terminal B as
shown in Fig. 1.19a. The corresponding switches which need to be closed in the 9
switch structure are shown in Fig. 1.19b.

A maximum voltage gain of 0.866 for unity IDF is attainable with ISVM. Hard-
ware realization of ISVM is simpler than direct approaches and knowledge of ¢, is
not required for IDF control. Moreover, space vector based schemes offers substantial
freedom in choosing the switching sequence which can be used for reducing com-
mon mode voltage at the output [26], output current ripple [27], reducing switching
losses [28] etc. These features make SVM one of the most widely adopted modula-
tion method in MCs. The basic working principle of ISVM has been briefly discussed
later in this book.

1.1.4.3 Other Pulse Width Modulation (PWM) Based Methods

One of the often stated disadvantages of SVM lies in the use of look-up tables
for hardware realization. This has been the primary inspiration for alternate PWM
methods like [29] where cm terms are added to modulation signals in order to achieve
avoltage gain of 0.866. Control of IDF is also possible in this scheme. Another carrier
based method [30] emulates the input line to line voltages as the DC link voltage
of an inverter and by doing so tries to extend modulation strategies for VSI to MC.
The method proposes to use two input line to line voltage as the imaginary DC link
voltage over a switching cycle. The input voltages are denoted as Vyax, Vimed and
Viin based upon their relative magnitudes, as shown in Fig. 1.20. The switching
period T is divided into two parts T and T, depending on the input voltage angle.
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Now for the two separate parts of the switching cycle, two carriers (C; and C,)
are defined as the difference between the values of input voltages. The argument
behind using two carriers, is, utilization of all three input voltages during a switching
period [30]. If two inputs are only used, one of the input phase currents would remain
zero thereby leading to higher input current distortion. A voltage gain of 0.866 in the
linear modulation region and unity IDF is ensured with this method.

The PWM based methods are gradually becoming an active area of research.
The performance in terms of voltage gain and controllable IDF has been proven to
be equivalent to SVM methods. However the superiority or equivalence of these in
context of the flexibility shown by SVM schemes in choosing and placing the zero
vectors is yet to be established.

1.1.4.4 Discrete Methods Based on Predictive Model

Modulation methods based on discrete models have been a very actively researched
topic in the last decade. These methods use discrete-time models of the load, filter
and converter to predict behaviour of variables like load current, reactive power etc.
For example, if the objective is to control the output current (i,), its value at k + 1th
sampling instant is first computed using the predictive models for all valid switching
states. The resulting absolute error between the reference and predicted values for a
single valid switching state can be represented as

Aigk+ 1) = |if(k+1) — il (k+ 1)

: (1.5)

where * and 7 denote reference and predicted values respectively. Subsequently,
the state that gives minimum Ai,(k + 1) is chosen as the k + 1th switching state.
However, as no current feedback is used, this may cause unchecked deviation of
actual current. The strength of the method lies in its flexibility to address multiple
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control objectives. An example of this was reported in [31], where the objective was
to control i, and minimize input reactive power g;. A quality function (Q¢) was
defined as

Oc=WI1-Ai,(K+1)+W2-Ag;(K + 1), (1.6)

where W1, W2 are weighting functions. An analytical approach of choosing the
weighting functions is yet to be reported. On basis of a particular set of W1 and W2,
Q¢ is calculated for all the 27 valid switching states of MC. Thereafter the state
resulting in minimum Qg is selected at the next switching instant. Applications of
this predictive model based approach for different control objectives are summarized
in [32].

Keeping aside the obvious concern regarding the accuracy of the predictive mod-
els, on-line computation of Q¢ for all valid switching states would increase the
computational burden to a great extent. Superiority of this technique over the perfor-
mance obtained with SVM approaches has not been established yet [32].

1.1.5 Dynamic Model for Controller Design

Tight coupling between the input and output side of MC complicates controller
design, particularly for applications requiring high bandwidth. Hence, for stable
operation, a proper control scheme based on a tractable dynamic model becomes
necessary—an area, which has not received sufficient attention. This has been
acknowledged in [33] which presents a dynamic model for MC used as an inter-
face between high speed micro turbine generator and the utility grid. The model is
developed using state matrices, which is subsequently utilized for design of active and
reactive power control. State feedback approaches based on eigenvalue analysis has
been used in [34] for voltage sag mitigation, another application which demands high
dynamic performance. With available tools like MATLAB control toolbox, design-
ing controllers using state matrices is not difficult and desired dynamic performance
is guaranteed provided the system is well modeled. But these methods provide little
insight into the system as associating the eigenvalues, or critical dynamic behav-
ior, with specific physical elements becomes increasingly difficult with higher order
systems.

In the context of stable operation of MCs, [8, 9, 35-38] have reported and analyzed
existence of a throughput power limit ( Py;,,,) for stable operation. In all these studies,
for output voltage control, the reference I_/U* is obtained treating the output filter and
the load as plant. Subsequently the modulation signals are essentially computed as

: (1.7)

m=

=<
3 |°*
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where V;,, is voltage vector of the input voltage v;, (v.) applied at the input terminals
shown in Fig. 1.9a, b. Although m is not extracted exactly through a scalar division as
it appears in (1.7), the conceptual basis is essentially same. This method is sometimes
referred as feed forward compensation of input voltages [8]. Py, is prescribed by
investigating the input side of MC assuming constant active power transfer through
it. Investigation of how filtering V;, affects the system eigenvalues has been reported
in [36]. Examination of how sampling delays in measuring V;, affects P;;,, has been
detailed in 8, 9] considering constant output power. More recently [38] has proposed
use of the source voltage i.e. vy in Fig. 1.9b in place of v.s which improves the stability
limit for grids having a low source impedance.

A detailed discussion on the dynamic model and appropriate controller design
has been provided later in this book chapter.

1.2 Motivation and Objectives

Out of the different research tracks highlighted in the last section, major effort has
been spent in investigating modulation algorithms that can extract the optimal per-
formance out of MC in terms of voltage gain, IDF control, relative ease of hardware
realization, switching losses etc. This has been followed by devising reliable com-
mutation and protection strategies, alternative topologies with reduced number of
switches in certain cases where unidirectional flow of power is required, input filter
design etc. One of the lesser investigated area has been the development of a dynamic
model that provides a physical insight into the system.

From the applications perspective, although MC is perceived as an alternative to
B2B VSI (DAB), research efforts has been largely confined to motor/drive. The last
decade have witnessed an emerging academic interest in using MC for power system
applications. For example, it has been reported to be used as a reactive power com-
pensator [18, 19], voltage sag compensator [34], regulated utility power supply [39],
Unified power flow controller [40] to name a few.

A major motivation of writing this book is to introduce to the reader the consid-
erations for using the MC for synchronous power system applications. Two typical
applications were chosen for investigation—regulated voltage supply and voltage sag
mitigation. Of course, several research publications have reported MC based solu-
tions, along with dynamic model and control techniques, for interfacing with utility
power systems. Section 1.1.5 of this book shows that some of these approaches,
which are either based on feed forward compensation of input voltages or on state
feedback based schemes, have specific limitations. Some reports, e.g. [34], incor-
porate an additional flywheel energy storage which negates the high power density
advantages of the MC. Hence, the broad aim of this book is categorized into the
following objectives.

1. Complexity of control has been widely acknowledged to be one of the major
reasons for the low industrial acceptance of MC, even after three decades of
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intensive research. Control may become more difficult as one moves out of the
motor/drives domain to power system applications, which demand faster dynamic
performance. For a tightly coupled input-output unit like the MC, the system
designer cannot take an independent approach towards design of sub components
like filter and controller, without addressing common constraints that bind both.
A dynamic model that helps to identify such common links and also aid the
physical understanding of the system is presented in this book. So development
of a tractable dynamic model by which the stated concerns can be addressed was
set to be the first objective of the work.

2. The next goal was to obtain a design guideline for filters which should also take
into consideration the constraints that emerge from the dynamic model and sizing
of passives for reliable commutation.

3. Once the first two targets were achieved, controller design naturally became the
third objective. Given that a recurring argument against using MC has been the
difficulty of control, emphasis was given on finding a control scheme that is easily
realizable.

4. Experimental validations of the analytical claims was set as the final objective.

1.3 Assumptions and Scope

The analysis presented in this book uses a set of assumptions, which are routinely
made in MC analysis but are stated nevertheless for clarity. This also helps to delineate
the scope of this book, which are listed below to enable correct evaluation of the
material presented here.

e Plant model is derived assuming 3 phase balanced system. Harmonic distortions
in supply voltage has not been considered.

e Modelling is confined to synchronous applications.

e Ideal converter and filter elements have been assumed.

e Dynamics of Phase lock loop (PLL) have not been considered.

e Harmonic analysis of MC has not been carried out.

e For voltage sag mitigation a 3 wire linear load is considered thereby removing any
possibility of zero sequence component in load.

1.4 Layout of the Book

The rest of the book is structured in the sequence the objectives were described.
The next chapter i.e. Chap. 2 describes the development of linearized plant model
based on the low frequency gain of MC. The same model is used for the investiga-
tion of the plant for non-minimum phase poles/zeros. Chapter 3 presents the filter
design approach where the different performance criteria are set in the process to
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find an acceptable solution set for filter parameters that satisfy all of them. Relevant
experimental results are presented. The next two chapters deal with the applica-
tion aspects where the design techniques have been applied. In Chap.4, a controller
design approach for an application requiring regulated 3 Phase sinusoidal voltage is
described. Experimental results are presented. The control design approach is then
extended with appropriate modifications in the next chapter where MC is used as a
voltage sag mitigating device. Chapter 5 discusses symmetrical and asymmetrical
voltage sag mitigation using MC for linear loads. Experimental results are presented.
Some critical observations based on the presented material are summarized in Chap. 6
along with some observations of the authors.
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Chapter 2
Low Frequency Dynamic Model

Like other converters in the switched mode power converter family, operation of
matrix converters involves two significant frequency components. These are the
fundamental frequency and the switching frequency. The fundamental frequency
component is associated with power transfer while the switching component is a
byproduct of the operation. If these switching components are injected into the grid
side or to the load side it would lead to undesirable consequences and thus it is
necessary to filter them. The filtering process has been discussed in detail in a later
chapter. For this chapter, it is sufficient to have the understanding that low pass filters
are realized by passive elements in these converters. For a given power level, the size
of these filter components reduces as the switching frequency becomes higher. Hence
a large difference between the switching frequency and the fundamental component
is always preferable as it helps to achieve effective filtering with smaller components
size. The switching frequencies are in the order kHzs, or tens of kHzs, a number
which depends upon the rated power handling capacity of the converter. On the
other hand, the order of the fundamental component is usually tens of Hertz. For
any well designed converter, the switching frequency component in the output vari-
ables are negligible compared to the fundamental frequency component. Therefore,
while deriving a model which represents the dynamic behaviour of the converter the
high switching frequency component can be neglected without any loss of accuracy
in modelling. Thus the control scheme of MC or for many other SMPCs has to be
devised such that the fundamental frequency component and low frequency harmonic
components can be processed with a desired degree of accuracy.

This chapter presents an analysis of the linearized low frequency model of MC,
where it has been used as a 3-phase regulated sinusoidal voltage supply. The objec-
tives of all modulation techniques for MC are attaining the desired—amplitude, phase
and frequency of the output voltages and IDF at the input side. In the first section of
this chapter, the modulation technique adopted in this work is briefly discussed to
describe the low frequency gain of MC. It has been subsequently used to develop the
linearized dynamic model in Sect.2.2 from where the plant transfer function matrix
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is derived. In Sect.2.3 it is demonstrated how the system poles/zeros are affected
by input voltage, input displacement factor, throughput power and parameters of the
input filter. In the process it is found that based on the operating points, right half
zeros may emerge in the control to output transfer functions beyond a critical level
of input power.

2.1 Low Frequency Gain of 3-Phase MC

The phase to input side neutral voltages applied to the converter i.e. the voltages
at terminals a, b and ¢ with reference to the input neutral shown in Fig.2.1 are
represented as

Uy cos(wit — ¢.)
vy | = va® = Vi | cos(wit — g — 120°) | . 2.1)
Ve cos(w;t — ¢, + 120°)

These voltages appear across the input filter capacitor C; depicted in the per-
phase diagram shown in Fig. 1.9b and reproduced in Fig.2.2. MC allows control on
the magnitude, frequency and phase of the output voltage and IDF. Let the desired
output voltages, referred to output neutral n, be described as

Vi, . cos(wyt + ¢,)
Vi = | vi, | =V, | cos(@ot + ¢, — 120°) |, (2.2)
Vg, cos(wot + @, + 120°)
Fig. 2.1 Schematic of a ni
3-ph MC Vsa Vsb Ve

Input filter

e ilfo ol
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Fig. 2.2 Input side
equivalent circuit for the
per-phase system

Lin

grid input filter

where * indicates reference signal. The corresponding line to line voltages are

Vi, — VBn Vig . cos(wyt + ¢, + 30°)
VP = vk, — vk, | = | vie | =3V, | cos@ot + @, +30° — 120°)
Ve, — Vhn Vi cos(wot + @, + 30° + 120°)

(2.3)

Indirect space vector modulation (ISVM) [25] method has been adopted in this

work to synthesize the desired voltage output. The basic principle of this method is
discussed in the following section.

2.1.1 Indirect Space Vector Modulation (ISVM) Approach

In ISVM technique the 9 bidirectional switch MC structure is conceptually decoupled
into an equivalent cascaded chain of fictitious current and voltage source convert-
ers (CSC and VSC) as shown in Fig. 2.3. The imaginary DC link voltage and current
i.e. V4. and I, are treated as sources for the VSC and CSC parts respectively. The
duty cycle of each switch in the 9 bidirectional switch MC structure is calculated in
two stages. In the first stage, the duty cycles are calculated separately for each convert-
ers of the decoupled construct using conventional space vector modulation (SVM)

Ve () V) Ve n
Fictitious DC link
a b [¢ A B C
U NI N N N
N— N— N— Ve N— N— N—
Current Source Converter Voltage Source Converter

Fig. 2.3 Decoupled current and voltage source converter construct



26 2 Low Frequency Dynamic Model

approach. In the next stage, the individual duty cycles are combined based on instan-
taneous active power balance between the input and output sides. The duty cycle of
the 12 switch fictitious CSC-VSC structure can be then directly mapped to the 9
bidirectional switch MC topology.

To illustrate this procedure, the VSC part is considered first, where the reference
line to line voltages are used to define the vector

— 2 . .
VoL = \/; (Vis + Vic P 4 vg, ‘fﬂnﬂ) . (2.4)

Here the constant multiplier /2/3 ensures power invariant transformations. Sub-
stituting the line voltages from (2.3) in (2.4), V:L is obtained as

\_I* — i Ao ol (@l +6,+30%) (2.5)

oL «/i

Referring to Fig. 2.3, there are 8 valid switching combinations by which the output
terminals of the VSC can be connected to the fictitious DC link. Here, the term valid
combinations refers to those which ensure that any output terminal is never left open.
The line voltages corresponding to each of these combinations are used to create the
vector

_ 2 . .
VoL z\/; (vAB+vBCe/2”/3+UCA67’2”/3). (26)

Applying (2.6) to each of the 8 combinations result in stationary vectors (SV)
which are sometimes also referred to as switching state vectors. These are tabulated
in Table 2.1 and also shown in Fig.2.4a.

Table 2.1 Switching state vectors for the VSC

A B C VoL Stationary
vectors

e =3 Va0 = Ve e ) = 2V 230° L

+ |+ - \/g [0+ Vge e/?7/3 — Vo e=1273] = 2V, £90° Vs

— = B Vi Vae 7 0] = V2V £150° A

- + + \/g[—Vdc + 0+ Vae e 23] = V2V £210° V4

- |- + @ [0+ —Vpn /23 4V, e 71273 = V2V 2270° | Vs

+ |- + ﬁ (Vpn — Vo €273 + 0] = /2,10 £330° Vs

- |- - \/2 [0+0+0]=0 Vo

+ + +
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axis of VAB

A —x
oo VoL

\G

. *
axis of VCA/,

7

/4
Vs

Fig. 2.4 a Output voltage stationary vectors and VzL. b Synthesizing V;L

It is evident that there are 6 sets of SVs with non zero magnitude having distinct
spatial onentatlon and 2 sets of SVs with zero magnitude. The objective of SVM is
to synthesize VoL, in a time-averaged sense, over a switching period (Ts), by using

the available SVs as
Ts _, Ts _
/ Vodt = / Vordt. 2.7)
0 0

Since the switching frequency ( fs) is much higher than the fundamental frequency,
V:L practically behaves like a stationary vector over a single switching period. So
with appropriate scahng, many combinations of SVs can be used to synthesize the
target voltage vector VOL However, using two adjacent SVs leads to minimum num-
ber of switching. Additionally, the instantaneous voltage deviation VOL — Vo is
lowest, which ensures minimum current ripple in the inductors connected to the
output terminals. The adjacent SVs, V,, and Vg, are shown in Fig.2.4b trailing and
leading V,; respectively. Ogy is the instantaneous angle between V,; and V. Over
a single switching period T, assumption of a stationary V:L implies a constant Oy .
Therefore, V,; can be synthesized as

VoL = V — + V,g (2.8)
TS
= Vada + Vﬁdﬁ.
Applying properties of triangle,

Vol IVadal  _ |Vpds|
sin 120° sin(60° — Hgy) sin(fsy) ’

(2.9)
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Table 2.2 Line voltages, when V;L is in sector I

ON time | A B C VAB VBC vCA
During |dyTs + - + — Ve —Vie 0
de (do)
During dlg Ts + - - —> Ve 0 —Vie
di (dp)

Using (2.5), Table 2.1 and (2.9), d, and dg are determined as

3V,

dy, = V3 sin(60° — Ogy) = m,, sin(60° — Osy),
dc
3V,

dﬁ = \/_ Sin(esv) =m, Sil‘l(@sv). (210)
dc

As an example, let V:L be considered to be lying in sector I. Here V,, = V¢ and
Vg = V. Using Table 2.1, the line voltages corresponding to the two duty cycles
are shown in Table2.2.

Using (2.10) and Table 2.2, the average value of the synthesized output voltages
over Ts, when V., is in sector I, are obtained as

VAB da + dﬁ COS(QSV — 300)
VOL(S) = UBC = _d(x Vdc = My — SiI1(6OO — Gsv) Vdc' (21 1)
VUca —dﬂ - Sin(esv)

Again from Fig.2.4a, b, when V,L is in sector I, fgy can be evaluated in terms of
output voltage frequency and phase as

Osy — (wot + @o + 30°) = 30° = Osy = w,t + ¢, + 60°. (2.12)
Substituting fgy from (2.12) in (2.11), the output voltages can be expressed as
cos(w,t + ¢, + 30°)

Vor.®) = m, | cos(w,t + ¢, +30° — 120°) | Vye = my Vg,

cos(w,t + @, + 30° 4 120°) (2.13)

my

where my represents the low frequency gain matrix of the VSC part.

Using Table 2.1, Fig. 2.4a, b, the ratio of the output voltages to V. and fsy in terms
of output voltage frequency and phase for sectors II to VI are tabulated in Table2.3.
For all the sectors, evaluation of the average value of the synthesized output voltages
results in the expression described by (2.13).
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Table 2.3 Ratio of line voltages to V., sy for sectors II to VI

vas [ Vae vac [/ Ve vea [ Ve Osy
Sector IT dy dg —dy —dp wot + @o
Sector III —dg dy +dp —dy wot + o — 60°
Sector IV —dy —dpg dy dg wet + ¢@p — 120°
Sector V —dy —dg dy +dg wot + @o — 180°
Sector VI dg —dy —dg dy wyt + @o — 240°

Table 2.4 Switching state vectors for CSC

+ - Iin State vectors
a c 214 230° I,

b c 214 290° I,

b a 2140 2150° I

c a V214 2210° L

c b 2140 2270° Is

a b V2140 £330° Is

a a 0 Iy

b b

C C

The low frequency gain matrix of the CSC part is derived in a similar manner.
If ¢; is the desired input displacement angle, the desired input currents are then
represented as
iy cos(wil — @ — ¢;)
5 = | if | =@ | cos(@it — @ — i — 120°) |, (2.14)
i cos(w;t — ¢, — @; + 120°)

&

and therefore the target input current rotating vector is

o 2 : : 3.
L, = \/; (@ +iyel™ P 4ite 175 = \/;Ii,, el @it =00, (2.15)

The valid switching states along with the SVs are tabulated in Table 2.4. Figure 2.5
shows the SVs of the CSC construct.

The duty cycles for the switches of the fictitious CSC part are determined in the
same manner as their VSC counterparts. They are

I I
dy = - sin(60° — Og7) = m; sin(60° — Os;) & dy = ~“sin(@sy) = m; sin(Osy).
1gc Tqc
(2.16)
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Table 2.5 Input currents when ii*n is in sector I

2 Low Frequency Dynamic Model

+ - iq ip ic
During a b — Ly Iy 0
de (dy.)
During a c — Iyc 0 —lac
d (dy)
Fig. 2.5 Input current 1,
vectors
I, @ @ I,
@ 2 eeorD  wyt-0:-0i-0
1, 6

Is

Here, 6g;, 1, y are analogous to 6sy, «, B in Fig.2.4b. When i;:l is in sector I,
where I, = I and I,, = I, the input currents are shown in Table 2.5.

Additionally, for sector I, 85; can be expressed as

Os1 = wit — @ — @; + 30°.

2.17)

Using (2.16), (2.17) and Table 2.5, the synthesized input phase currents are

iy d,+d, cos(wif — @ — ¢i)
i =i | = —d, lic = m; | cos(wit — @ — @; — 120°) | I
I. —d, cos(w;t — . — ¢; + 120°)
m;
=m;ly,
(2.18)

where m; represents the low frequency gain matrix of the CSC part. The ratio of the
input current to /;. and fg; in terms of input current frequency and phase for sectors

II-VI are tabulated in Table 2.6.

From the discussion based on separate CSC and VSC structure, it seems that both
v @ and i;kne) can be synthesized independently. This would imply that the duration
of active vectors in one converter, i.e. those corresponding to active power flow, can
be independent of the active power flow duration in the second converter. However
this is not possible. As an example, a zero vector for VSC means all 3 output phases
are connected to the same DC link terminal—resulting in zero /.. Hence, a nonzero
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Table 2.6 Ratio of input currents to /., s; for sectors II-VI

ia [ lac ip [ lac ic[lac Os1
Sector II d, d, —dy —dy Wit = Qe — @i —
30°
Sector 111 —d, dy +d, —dy Wit — Qe — Yi —
90°
Sector IV —dy, —d, d, dy Wit — Yc — Qi —
150°
Sector V —d, —d, dy +d, Wit — Qe — Qi —
210°
Sector VI d, —d, —d, d, Wit — Qe — P; —
270°

i:n cannot be synthesized during this period. Therefore, at a given instant of time, it
is not possible to have an active vector in one converter and a zero vector in the other
one. This is where the second stage of duty cycle computation begins as described
in the following.

Absence of any intermediate storage element in the power stage of MC implies
that instantaneous active power at the input and output side must be same. This power
balance necessarily requires that the active vector states of VSC and CSC must be
chosen at the same instant and applied for exactly the same duration. This requires
combining the gain matrices of the VSC and CSC parts. If P;, be the throughput
power, then using (2.18),

in

Va® = Ve = (m;} vy,

(2.19)
Subsequently, substituting V. in (2.13) by using (2.19), the voltage gain relation
is obtained as

Py = {in@} ver® = (my)" Lievee® = (my)"
dc
Vor ¥ = my fmy} v (2.20)

Hence my{m;}” is the input phase to output line voltage low frequency gain
matrix. Using (2.13) and (2.18), this gain is evaluated as

cos(@ot + o + 30°) cosit —gc —¢p) "
my{m;}’ = mym; | cos(wot + o +30° — 120°) | | cos(wit — g — @i — 120°) |
p cos(wot + @ + 30° + 120°) cos(wjt — ¢c — @; + 120°)
(2.21)

where m is commonly referred to as modulation index. The output voltage referred
to output neutral n, can thus be represented as

Von'? = mPve ™, 2.22)
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where, the input-output phase voltage gain matrix m® is obtained from (2.21) as

T
cos(w,t + ¢o) cos(wit — e — ¢i)
m® = (m/v/3) | cos(w,t + ¢, — 120°) cos(wit — ¢ — i — 120°)
cos(w,t + ¢, + 120°) cos(w;it — ¢. — ¢; + 120°)
(2.23)
From power balance and gain relationship of (2.22),
. T,
in® = (m?)" i,?. (2.24)
Instantaneous input-output power balance also implies that
A A 3.4 4
5 chin COS ¢; = EV{)I{) COS YoL 5 (225)

where, ¢, is the output displacement angle and I, is the amplitude of the output

current (i,). So for a given v* (3), load and v, it is not possible to independentl
g on p p y

control ¢; and fin. Using (2.25) along with m, and m; defined in (2.10) and (2.16)
respectively, the modulation index m is evaluated as

3 ‘70 fin 3 Voiin ‘70
m = m,m; :(f )(—): V3 = . (2.26)

Vie Lye Pn 3.
- f cos(g;)

Using (2.25) and (2.26), the magnitude of the input output variables are related
as

3 - A 3 .
V, = %_m Vercos(e;) and [, = %_m 1, cos(p,L). 2.27)

Now, when both ViL and i;kn are in sector I of their corresponding hexagons, using
(2.11) and (2.18), the input phase to output line voltage low frequency gain matrix
is obtained as

T
dy +dg d, +d,
m,{m;}’ = —d, —d, . (2.28)
—dg —d,

Therefore the average output line voltages over a switching cycle T are



2.1 Low Frequency Gain of 3-Phase MC 33

VAB da+d/3 dﬂ +dV Vg
VpC = —da —d,4 Up
VUca —dﬁ —dy Ve

_du(dot + dﬂ)(va - Ub) - dy(dot + dﬁ)(vc - Ua)
= _dutdu(va - Ub) + dady (vc - va)
—dgd, (v, — vp) + dpd,, (Ve — V4)

_dﬂ (do +dpg) —d, (dy + dp)
= —dyd, Vb + dod, Veg- (2.29)
—dgd, dgd,

Thus there are four combinations of duty cycles d,d,, d.d,, dgd,, and dgd,
corresponding to the active states Vo1, VoI, Vgl and VgI,. Using (2.10), (2.16)
and (2.26), the duty cycle for the active state V, 1, is

3V, I
dod, = V3V 2 5in(60° — Oy ) sin(60° — Os;)
Vdc dc
= m sin(60° — Osy) sin(60° — Og;). (2.30)

Similarly, the following are derived

dod,, = msin(60° — gy ) sin(fys;),
dgd,, = msin(Bsy) sin(60° — Os;),
dgd, = msin(Osy) sin(bg;). (2.31)

The input-output connections over a switching period in the decoupled con-

struct and the corresponding connections in the actual matrix topology are shown in
Table2.7.

Table 2.7 Mapping from CSC VSC construct to 9 Qsw MC

CSC VSC construct 3 Ph MC
ON time | A B C + - A B C
dod, Ts |+ - + a b a b a
dgd, Ts |+ - - a b a b b
dyd, Ts |+ - + a ¢ a c a
dgd,Ts |+ - - a c a c c
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2.1.1.1 Transformation of 3 Phase Variables in abc Domain to dgq
Domain

In this analysis the modelling of the system has been carried out in a synchronously
rotating (dq) domain. The advantage of working in the dg domain are that the
fundamental frequency components of all variables which were varying sinusoidally
in abc domain are transformed to time invariant quantities in steady state. This greatly
simplifies the task of analysis and controller design.

The 3 Ph variables of (2.22) in abc domain are transformed to a synchronously
rotating (dq) frame using the transfer matrix

) cos(wrt) cos(wrt — 120°) cos(wrt + 120°)
o[z

sin(wrt) sin(wrt — 120°) sin(wrt + 120°) |, (2.32)
1//2 1/v/2 1/V/2
in the following manner
Vond Vefd
Von = | Vong | = Tven® = (Tm(S)T_l) Tvg® =m Verg | =mve.  (2.33)
Von0 Ucfo

Here, w7t is estimated by a PLL locked to the phase—a of the point of common
coupling (PCC). For synchronous applications, wr = w, = w;. Since balanced 3-
phase system has been considered, the zero sequence components can be neglected.
The output-input voltage relationship in (2.33) gets modified to

Uon UC
vo,,:[v d]zmvcf:m[v-fff’] (2.34)
ong crq

where, the gain matrix m is obtained using (2.22), (2.23) and (2.32), as

m = ém |:COS('0”1| [cos@i sin@i] = |:Z{| [COSG[ sin@i]. (2.35)

2 sin ¢, q

Here,
0 = @i + ¢c. (2.36)

mg and m, allow complete control on the voltage gain of MC and 6; on the input
displacement angle.

The input currents are obtained as

i = m7i,. (2.37)
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Vin—> m —>Von ip— m —j

Fig. 2.6 Low frequency gain of MC

This concludes the discussion on the low frequency gain of MC. The ‘black box’
model of the low frequency gain of MC is shown in Fig.2.6. Dynamic modelling is
discussed in the next section.

2.2 Linearized Model

Figure 2.7 shows the single phase equivalent of the overall system where the source
impedance has been modelled as an inductance L;. P represents the PCC. An output
ripple filter is also necessary to attenuate the switching frequency components in the
voltage waveforms.

Referring to Fig.2.7, dynamic equations for i, and v.s in abc domain are,

d 1

(3) (3) 3 —

v \ and \ =
( on co ) It cf Cf

(% —im™).  (238)
Substituting ven® and i, ® in (2.38) by applying the gain equations (2.22) and
(2.24), leads to

d. 1 3 3 e L. N7 .
Zio® = — (mPvg® — v(o®) and Evcfm - (15(3) — (m®) ,0(3>) .

dt L, Cf
(2.39)

These equations are transformed to dg domain using the transfer matrix T in
(2.32). Subsequent omission of the zero sequence components in the transformed
equations results in

Is P| Ra | ! C(r)rr]f\lgir)t(er
OO0 o
| L P
N

oo . output filter

Zgi |t{> input filter <:, Z |
SO
Yoo |i>

Fig. 2.7 Single phase diagram including source inductance
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d . 0 —owr |. 1

El{) = [a)T O g ] I + L_U (mvcf - VCO) 5 (2'40)
d 0 — [ .
Ve = [wT o ] vat o (is — m"i,) . (2.41)

Equations (2.40) and (2.41) are nonlinear as product of states (v, i,) and
inputs (m) are involved. These are linearized around an equilibrium point (/s4, Iy,
Infas Irsgs Veras Vergs Loas Logs Veods Veog» Vsa and V). Denoting equilibrium value
of a variable x as X and a small perturbation in x around X as X, the equations
corresponding to (2.40) and (2.41) in the linearized model are

d v 0 —Q 4 1 ~ ~ ~

Elu = |:CUT 0 r i| 1, + L_o MV + M Vet — Vo) (2.42)
d ~ 0 —w ~ 1 7 ~ 7
TV = [wT OT] Vat o (ls — @1, - M’ 10) . (2.43)

m and M are obtained using (2.35) as,

. -
m=M 4= |:Md+md:| [005(91'4-9;')}

M, +my, || sin@; +6)
My My —MySy MyCo | 5
= Co S + ~ Cy So | + 0;
[MJ L€o 5] [mq} L€ 5] [—MqSe che} (2.44)
M i
where
cos; =Cy and sin6; = 5. (2.45)

So far, the analysis was carried out in time domain to highlight the source of
nonlinearity in the dynamic equations and the consequent requirement of lineariz-
ing them. Continuing the system description with dynamic equations in time domain
invariably leads to state space description and subsequently eigenvalue analysis using
computational tools. It is very difficult to correlate the eigenvalues with the passive
components, among which the filter elements are actually design parameters. Con-
sequently, an understanding of how the system dynamics are affected by hardware
design and different operating points cannot be developed. Hence, this route has
been consciously avoided in this book. Therefore, the system modelling from now
onwards will be discussed in s domain which enables use of transfer functions.

Before detailing the 3 Ph small signal model, the transfer functions of interest in
the per-phase system of Fig.2.7 are described. The input filter output impedance,
Z, 1s defined as
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Z(”__w@) _ s’LyLy + Ry(Ly + Ly)s
> iin(8) |y )0 $7LsLyCy+s*(Ls+ Ly)RyCy+sLy+ Ry
(2.46)
Input impedance seen from source, Zj; is
Vs s?LyLCy+s*(Ly+ Ly)R;Cy+sL;+ R
Z.i(s) = .‘(s) _ SLiLsCy (L, IR4Cy I 247
i;(s) i1 (5)=0 (SLy+ Rg)sCy
and the output admittance seen from the converter output terminals Y, is
1 o 1 1+sR,C,
Ym()(s) = Z = —l (S) = R_ +S L . (2 48)
mo(S) Von (8) 0S2L0C0+s—0—|—1 .
R,
The forward gain for the input and output filter are
Ver (5) is(s) 11
Gruls) = == = —= =—c—, (2.49)
v (s) iin (5)=0 iin(s) v, (5)=0 Scf Zsi(s)
oo (5) Veo(8) 1
vof(8) = = I . )
Uun(s) SZLOC(, + S_O + 1 ( 50)
R,
Hence in the per-phase system, is(s) can be described as
. s (s) . is(s)
is(s) = - iin(s) + g (s)
lin($) |y, =0 s ($) [, =0
= Gr(®in(s) +  Zg ()vs(s). (2.51)
Therefore in abc domain for a balanced 3 Ph system,
ii9() = G ;,in® )+ BZ; v ), (2.52)

where I3 represents a 3 x 3 identity matrix.

Whenever any transfer function matrix for a balanced 3 Ph system I3G (s) in abc
domain is transformed to dg domain, it results in a non-diagonal (coupled) transfer
matrix G(s) [41]. The transformed matrix G(s) is represented in the form

— G11(S) GIZ(S)
G@)_[—GuG)G“@J’ (2.53)

where the individual elements are
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1
Gui(s) = 3 {GGs + jor) + G(s — jor)},
Gia(s) = =3 (G(s + jor) — G(s — jor)). (2.54)
For example, I3G £, (s) is transformed to Ggy (s) as

Gro11(s) G ro12(s)
=G rv12(5) Gpp11(5)

1
Grp11(s) = 3 {Gro(s + jor) + Gro(s — jor)} &

G (s) = |: :| , where,

Gr12(s) = —% {Gro(s + jor) — Gro(s — jor)}. (2.55)

Z; !(s) can be similarly derived from its per phase counterpart Z;il (s). Hence (2.52)
can be described in dg domain as

is(9) = Gry(iim(s)  +  Zg' (5)vs(s). (2.56)
From (2.56), the perturbed variable is(s) in the linear model can be described as
1(5) = Gry(9) Tin(s) + Zg' (5)¥s(s). (2.57)

Using the transfer matrix notation of (2.53), (2.57) can be expanded as

[iw(s)]z{ G fon (s) valz<s)][§,~mz<s>]+ Zin@) Zan() [asd@)] (2.58)
5q () =G pu12(8) G po11(8) | [ ding () ~Z1,) Zgh () [ LOsg) J7

Similarly, other perturbed variables in dg domain can be described using the
per-phase equations (2.46)—(2.50), as

Vet (5) = Gy (5)Vs(5) — Ziso(5) Tin(s), (2.59)
i0(5) = Ymo(5) Von(s) = Zip (5) Von(s), (2.60)
i'co(s) = Gvof(s) von(s)- (261)

Using (2.34), (2.37) and (2.44), the gain equations in the linearized model are
obtained as

Von(s) = m(s)Ver + MVee(s), (2.62)
in(s) = @) T I, + M7 iy (s). (2.63)

The 3 Ph small signal model in dg domain is completely described by (2.57)—
(2.63), the equivalent circuit of which is shown in Fig.2.8. Figure 2.8a, b represent
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@ i ) Zo®  Tin®
G, 1 ~
() Ljn(®) T M is)
N Z) Y ©)
Vs(s) va(s)vs(s) T m(s) Lo
(c) M)V N (d)
m(S) cf io(s)
|+ T
Mch(S) T ~ T
Von® | | Zmo®  Gvof®)Von(s) Veo 5)

| |

Fig. 2.8 Equivalent circuit of the linearized system. a, b Input, ¢, d Output side

the input side described by (2.57), (2.59) and (2.63). The output side described by
(2.60), (2.61) and (2.62) is represented by Fig.2.8c, d.

The output variables in this model are the voltages V¢, (s) across the output filter
capacitors and the g-axis (reactive) component of source current, fsq (s). From (2.44),
the control inputs are r1,4(s), 1,4 (s) and 6;(s). In the present analysis, the output filter
voltages are the only variables which are being controlled. Thus, 6; is assumed to be

set at an arbitrary constant value 0;, leaving [n~1d (s) my (s)] ’ as the only control inputs
while Veo ($)(=[ Tcoa (5) Teog (5) ] "y are the output variables of the dynamic model. The

steps for deriving the input to output transfer matrix are described subsequently,
where, the distu~rbance inputs Vg(s) are not considered.
Substituting iy (s) from (2.63) in (2.59), and dropping the Laplace operator in the
notation yields
Vep = —Zgoi I, — ZgoMT i, (2.64)
Subsequent substitution of io from (2.60) in (2.64) results in
Vet = —Zgoi Iy — ZgoM” Yoo Von. (2.65)
Thereafter substituting vt from (2.65) in (2.62) yields
f’on = Ithf - MZsoﬁlTIO - MZsoMT Ymo Von

— (I + MZoM” o) Vo = (ﬁlvcf - MzsomTL,) . (2.66)
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where I, represents a 2 x 2 identity matrix. Denoting I + MZSOMTYmo as

Gi=L +MZ M"Y, (2.67)
Von 10 (2.66) can be expressed as

Von = G[! (mvcf - MZsoﬁnTlo) . (2.68)

Expanded form of Gy !is derived in (A.3) of Appendix A.l. It has also been
shown in Appendix A.2 that mV¢s — MZSOrﬁTI0 can be simplified to

(ﬁlvcf — MZSOﬁlTIO) — Ga(s) [Zd} , (2.69)
q
where
_|av— MdZmllIod _MdZsollloq
Ga(S) - |: _qusolllad ay — Mquollluq:| (270)
and
3 .
ay = 3 Ver cos @;. 2.71)
Therefore using (2.68) and (2.69),
- _ m
Von = G 'G, [mﬂ . (2.72)

Finally, substituting V,, from (2.72) in (2.61), the input to output equations after
re-introducing the Laplace operator are

o L ] o [als)
Veo($) = Got($)Von(s) = Gvof(s)G[ (5)Ga(s) [th(s)] = Gc(s) |:n~1q(s)i| .

The control plant transfer function matrix G¢(s) is a function of both input and
output filter parameters as well as the operating points. However it is not apparent how
these factors affect the poles and zeros of G¢(s). From the perspective of controller
design the question that immediately arises is whether the plant is stable under all
operating conditions. Another related concern is the possibility of non-minimum
phase zeros appearing in the plant. These are discussed in the following section.
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2.3 Composition of G.(s)

The first objective of the analysis is to examine whether the plant is stable at all
operating points i.e. to detect the presence of any right half poles (RHPs) in G.(s).
This is accomplished by looking into the 3 component matrices of Gc(s). Also,
another objective is to find out whether the plant contains any right half zeros (RHZs).
It has been shown in Appendix A.3, that all the component matrices of G(s)
belong to a special category, where all four elements in each of the component matri-
ces have a common denominator polynomial. Therefore all entries in G,(s) have
a common denominator polynomial and the same holds true for both G '(s) and
Gyot(s). Analysis of poles and zeros for this specific sub class of common denomi-
nator transfer function matrices (CdTM) are described in the following section.

2.3.1 Poles and Zeros of CdATM

A 2 x 2 transfer matrix G(s) with normal rank 2 is considered where

(2.74)

G(s) = |:G11(S) G12(S)] 1 [Nn(s) N12(S)].

Gai(s) Ga(s) |~ d(s) | Nar(s) Naao(s)
d(s) is the common denominator polynomial of each elements and Nj;(s), Ni2(s),
N3 (s) and Ny, (s) are the numerator polynomials. The common denominator d(s)
and the matrix composed of numerator polynomials will be denoted here as

(2.75)

Cs(G) =d(s) and N(G) = [Nll(s) le(s)} -

Noi(s) Nao(s)

Identifying the poles and zeros of the 2 x 2 matrix G(s), requires deriving a
diagonal matrix L(s) from G(s) as [42, 43],

L(s) = Ul(s)G(s)U2(s). (2.76)

Here Ul(s) and U2(s) are the pre and post multiplication matrices used to trans-
form G(s) to the diagonal matrix L(s). Therefore determinant of both Ul(s) and
U2(s) are constant. L(s) is obtained as

a(s)

Lo =| "% ol @.77)

by (s)

where a;(s), by (s) are factors of a,(s) and b, (s) respectively. Then the poles and
zeros of G(s) are obtained as the roots of the following equations
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p(s) =b1()ba(s) =0 & z(s) =a;(s)ax(s) =0. (2.78)

So at any frequency, if control on any single output is lost, it indicates that a zero of
the multivariable system resides at that particular frequency.
An alternative procedure for finding the poles and zeros is [42, 44]

e pole polynomial is the least common denominator of all non-zero minors of all
orders of G(s).

e zero polynomial is the greatest common divisor of the minor of order 2 i.e. the
determinant of G(s), where the determinant has been adjusted to have the pole
polynomial as the denominator.

Without using computational softwares, finding all the pole and zeros, adhering
to the described procedures, is a difficult exercise if the order of the polynomials
are high. This difficulty becomes greater if the transfer function matrix is composed
of several component matrices as in G.(s). For the purpose of controller design, it
is important to correctly identify non-minimum phase poles and zeros, if there are
any. As would be seen in a later chapter, this knowledge is sufficient for designing a
controller.

In (2.77), L(s) is obtained by applying standard matrix row/column operations
on G(s) and therefore determinant of each is a constant multiple of other. Therefore
the determinant of G(s) will be probed, where,

det(G(s)) = {N11(s)N2n(s) = Ni2(s) N1 ()} =

det (N (G)).

(2.79)
There may be some common factors between Cj (G) and det (N (G)) in (2.79),
which remains in addition to roots of p(s) and z(s). Hence, it cannot be said that
Cﬁ (G) has the same factors as p(s) described in (2.78) or whether it is the least
common denominator of all non-zero minors of all orders of G(s). However at the
same time, it can definitely be said that the p(s) is a factor of C§ (G). Similarly, z(s)
is a factor of det (N (G)). Hence for detecting non-minimum phase poles and zeros
of G(s), it is sufficient to investigate the roots of

1
d2(s) C3(G)

Cs(G) =0 and det(N(G)) =0. (2.80)

2.3.2 Poles and Zeros of G.(s)

On basis of the conclusions of the last section, G.(s), which can be represented using
(2.73) as,

1 1
G.(s) = ———N(Gy, — N (G{! ———N(Gy), 2.81
0 = GG C0 e N O) X gy N G 28D
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roots of the following needs to be investigated

Cy (Gvof) =0 and der (N (Gvof)) =0,
Cs(Gy') =0 and det(N(G;')) =0,
Ca(Ga) =0 and det(N(Gyp)) = 0. (2.82)

All the per-phase transfer functions defined in (2.46)—(2.50), can be represented
in the form
_ Dz(s)

"~ Dp(s)’

D(s) (2.83)

where Dz (s) and Dp(s) are the numerator and denominator polynomials respec-
tively. Using (2.53) and (2.54), the individual elements of the corresponding transfer
matrix D(s) in dg domain are

1l [Dz(s+ jor)  Dz(s — jor)
Dy(s) = 5 , . ,
2 | Dp(s+ jor) Dp(s— jor)
(D : Do(s — i

Dia(s) =~ I zistjer) Dzl = jor) ] (2.84)

2 [ Dp(s+ jor) Dp(s— jor)

Therefore the common denominator polynomial is

Ca (D) = Dp(s + jor) Dp(s — jor). (2.85)

The roots of common denominator C; (D) of the transfer matrices are obtained by
shifting only the imaginary part of the roots of Dp(s). Therefore the real part of the
roots remain unaffected as shown in Fig. 2.9. Hence, if D (s) does not have any RHP,
then all the roots of C,; (D) lie in the left half and consequently D(s) cannot have a
RHP. So a stable transfer function remains stable after the abc to dq transformation.

Again, determinant of N (D) is

det (N(D)) = Dz(s + jor)Dp(s — jor)
X Dz(s — jor)Dp(s + jor). (2.86)

Fig. 2.9 Roots of D(s) and
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So, if D(s) do not have any RHP or RHZ, then der (N) cannot have any root
with positive real part either and hence D(s) cannot have a RHZ. Therefore, since
Z0(5), Gyor (s) and Y,,,(s) do not have any RHP or RHZ, the corresponding transfer
matrices in dg domain i.e. Zgy(s), Gyor(s) and Yo (s) do not contain any RHP/RHZ
either. Therefore Cy (Zso), Cq (Ymo) and Cy (Gyor) do not have any root in the right
half of s plane.

Now the poles and zeros of the two component matrices G ! (s) and G, (s) will
be examined.

2.3.2.1 Poles of Gy L(s) and G,(s)

Expression for the common denominator of G ! (s) has been derived in (A.18) as

3
Ca (G1'(9)) = Cy (Ymo(5)) Cu (Zso(s)) 1+Zm2Ymon<s>Z.mn(s) . (2.87)

G2

Ci (Ymo(s)) Ca (Zso(s)) donot have any root with positive real part. To reduce losses,
all input filters are designed to be under damped. Consequently, Z;,(s) in (2.46) can
be represented with reasonably high accuracy for all frequencies as

Zso(s) = 2 450 L2 . (2.88)

s2(Ly + L)Cy+s +1

5

In terms of corner frequency (w,) and quality factor (Q), Z;,(jw) can be repre-

sented as
Zoo(jw) = (Lg+ L s
so(j@) ( f) 1 P N o
) " 0w,

(2.89)

where

1 Cr 15 Ls
We " ——— O~ Rd — ) +n)” &n=—. (290)
,/(I’l—i— I)Lfo Ls Lf
Denoting the following

Yo =

& K=L,+Lj, 2.91)

w
Wc

Zso(jw) in (2.89) can be expressed as
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ﬂwhl—%)—j%]

Zo(j) = Ko—20—— — Ko, .
(1—V£)+J'§w (1-r2) + Lo
- Pj[(l—rg)—jr—“’]=P[rﬁ+j(1—r§)], (2.92)
Q Q
where P is a positive number. Therefore
WMZ,(jow)} >0 Vo (2.93)

At the output side for any kind of load, virtual damping can be introduced which
would be discussed in a later chapter. So the quality factor of the output filter can
be controlled. Consequently, for any kind of load, it can be shown in a very similar
manner as done for Z;,(jw) that

MY mo(jw)} >0 Yo (2.94)
Therefore, using (2.84)
WMZon (o)} >0 and M{Yuoni (jow)} = 0. (2.95)

Hence denoting the phase of both Z;, | (jw) and Y, (jw) as £Zs,11(jw) and
LY mo11(jw) respectively, the following can be stated

—90° < LZp11(jw) <90° & —90° < LY o1 (jw) <90°, (2.96)

and therefore,
—180° < £Zp11(j@) Yimon1 (jw) < 180°. 2.97)
Hence, plot of Y,,,11(jw)Zs11(jw), for all possible values of filter parameters

and load, never encircles the (—1 + j0) point as shown in Fig.2.10. Therefore from

Fig. 2.10 Shaded area Im
encompassing all possible
plots of

Ymal 1 (jw)Zsoll (Jw)

Z.m]l (./0)) Ymo]l(jw)
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Nyquist criterion it can be concluded that in (2.87), (1 + G2) does not have a root
with positive real part. Therefore G !(s) does not contain a RHP.
G, (s) cannot have a RHP either, as from Appendix A.3, its common denominator
is
Ca (Ga(s)) = Ca (Zso(5)) - (2.98)

Since Gy 1(5), Gyor(s) and G, (s) do not contain any RHP, it is therefore concluded
that G.(s) cannot have any RHP.

2.3.2.2 Zeros of Gf L(s) and G,(s)

Recalling that
Ge(5) = Gyot(5)Gy ' (5)Gals), (2.99)

determinant of N (G ' (s)) has been derived in Appendix A.3 as
det(N(G'(5))) = Ca (G (5)) Ca (Ymo(s)) Ca (Zso(5)) - (2.100)

It has been discussed in the last section that Cy (GI_ 1(s)) does not contain any
right half zeros and neither does Cy (Ymo(s)) nor Cy (Zso(s)). Hence, G I(s) can
not have any RHZ.

So, now focusing on the zeros of G,(s), from (A.21)

Myl,; + Mqlo

det(N(Ga(5))) = C3 (Zso(5)) ay, [1 1 Zmnm} . (2.101)

ay
where,
Iod \/§ T COS(‘po + (poL)
==L . 2.102
|: qu i| 2 |: Sln((/)o + woL) ( )
Using (2.27), (2.35), (2.44) and (2.102)
Malos + Mylog = /3 T (2.103)

Substituting (2.103) in (2.101),

det(N(Ga(5)) = Cj (Zgo(s)) ay | 1 —

Zso11(8) | . (2.104)

37
\/;Iin
Vv

a

Thereafter using (2.25) along with (2.71) in (2.104),
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Fig. 2.11 Frequency response of Zg,11(s)

P,
det(N (Gy(s))) = C (Zuw(s)) [1 " e Zsoll(s>}
(2.105)
2 2 1
= Cd (Zso (5)) ay |:1 - R_Zmll(s)] .

Frequency response of Z,1(s) is shown in Fig.2.11. The magnitude plot shows
two adjacent peaks near the input filter corner frequency. Also, multiple zero crossing
of phase plot is observed. The frequency of the zero phase corresponding to the
maximum magnitude is chosen. For a given set of parameters, let point B be that
maximum, as shown in Fig.2.11, corresponding to frequency wj;. Owing to the
presence of negative sign preceding (1/R,,) Z,1; in (2.105), sufficient condition for
avoiding RHZ in G,, from Nyquist criterion, is

372 2
P s V= cos” g;
| ZouGomw)| < 1, or P, < =L —— =P, (2.106)
3VZcos? g | Zsor1(jeom)|

So, emergence of RHZ depends on the magnitude of voltage at the input terminals,
input power factor, power transfer, input filter parameters and source inductance.
Moreover, ||Zs11(jw)||loo increases with L;/L ¢ ratio and so does |Z,11(jwum)l.
Hence a higher L brings down the P;, limit (P,,) for RHZ.

It is noted that the present modelling is achieved without considering the parasitic
resistances of the filter elements which increase the overall damping in an actual
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plant. Hence, strictly following (2.106) would lead to conservative design. In this
context, the parasitic resistances for the inductors depends on the construction, wire
gauge etc. which makes it very difficult to address all these aspects in a generic
model.

Nevertheless, this analysis gives the system designer an insight into the plant
model and a rule to approach the design in an integrated manner. There are two
choices—either working with a minimum phase system by appropriate input filter
design or designing a suitable controller for a non-minimum phase plant. The former
choice simplifies the controller design. However if the load requirement makes the
later situation inevitable, then, a proper controller design ensuring stable closed loop
operation becomes imperative.

2.4 Concluding Remarks

A model of a grid connected 3¢ MC has been derived incorporating input, output
filters and source inductance. It has been clearly shown that based on a given operating
point, RHZs may appear in the control to output transfer function which depends
upon the input filter parameters. The power stage of MC along with the presence of
input filter is responsible for the emergence of these RHZs in the linearized model.
This is clarified with the following example of a generic DC-DC converter having a
power stage equivalent to MC.

Example: Figure2.12 shows the a DC-DC converter where the control objective is

to regulate i,. The input and output voltages and currents are related as

dzvcf
R

Von = dvyy & iy =di, = (2.107)

where d, the duty cycle is the control input. The dynamic equation of the
state v,y is

i R, i,
—» | | .- —>
W L A O
Lf T 3 i[n
" o gy O .
3 Von
A o

Fig. 2.12 Generic DC-DC converter having same power stage as MC
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Fig. 2.13 Equivalent circuit of the linearized system

dve 1 4P,
LI PR LLTAY (2.108)
dt Cf R

Due to product of the state and control input in (2.108), linearization
becomes necessary. In the linearized model shown in Fig. 2.13, the control
transfer function is obtained as

2LsCy+sL ( : D2)+1
H STLyCprsby\ 5 — &%
o VC X X R R
L) _ Yy s (2.109)
A& Rop e v (—+2) 11

Ad f R, R
Hence RHZs emerge if,

R

— <Ry, (2.110)

D2

i.e. when the load resistance referred to source side is less than the damp-
ing resistor. Again since,

R Von _ ch _ chf

D2 LD I, P

: 2.111)

therefore, the condition for RHZs described in (2.110), can also be rep-
resented as
B ! (2.112)
— > —. .
Vi Ry
Meeting the control requirement i.e. regulation of i, leads to the origin of the RHZ.
From the small signal model, the input side and the output side variables are related
as
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5011 (s) = Dﬁcf (s) + chdh‘(s)a
iin(s) = Di,(s) + Ld(s). (2.113)

Tightly regulated i, means that irrespective of the variation in vy, the power
transferred to the load P;, remains constant. In other words, perfect control demands
the following

Ton(s) =0, i,(s) = 0. (2.114)

Using (2.113) and (2.114) results in the following

Ues () Vep Ve R

;in(s) B DIO B Iin _ﬁ

(2.115)

Therefore, under the assumption of perfect regulation the load appears as a nega-
tive resistance in the linear model. Any increment in v is met with a simultaneous
decrement in i;,, thus exhibiting the typical RHZ characteristics.

The presented analysis is applicable to any other modulation or modelling tech-
nique. Thus a design constraint for overall system design has been established which
will be used in subsequent chapters where filter and controller design has been
detailed.



Chapter 3
Filter Design

This chapter details design of input and output filters for a 3-Ph MC. The design
method targets limitation of conducted electromagnetic interference (EMI) only.
The discussed methodology is not devised to meet any specific EMI standard. This
method evolves by setting individual targets for specific performance parameters and
subsequently combining them to identify an allowable solution set which ensures
compliance to all the specifications. To begin with, a set of performance criteria for
the input filter is stated, based on switching frequency ripple attenuation, voltage
regulation and input reactive current. Instantaneous input-output power balance in
MC mandates the following

‘,}ijin COS ¢; = ‘,}oio COS Yor.- (31)

Since in most applications the control variables are v, and cos ¢;, there is no scope
for controlling the input current amplitude. Therefore damping of any oscillations
in the input filter has to be provided by including an external damping resistor.
Approximation of the power loss due to this inclusion is presented. Note that the
internal resistances of the different elements are not considered here and therefore
the damping resistor represents the only power dissipating element.

Apart from this, certain constraints also arise due to operational characteristics
which are specific to MC. It was discussed in Chap. 1 that commutation in MC has to
be carefully orchestrated such that the switching rules are not violated. The working
principles of the two commutation methods were also discussed. Output voltage
regulation requirements limit the size of the output filter inductor (filter component
in series) leading to a high ripple in the output current through the inductor. This
makes commutation based on zero crossing (ZC) of current difficult, hence voltage
based commutation has been adopted for the applications considered in this book.

© Springer Nature Singapore Pte Ltd. 2017 51
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In the subsequent section, input filter design in presented. Input capacitor sizing—
for reliable commutation—is based on the voltage ripple and consequent problems in
voltage based commutation. The criterion for a minimum phase plant is revisited and
the consequent effects on input filter performance and controller design are discussed.
Thereafter, in Sect. 3.2, output filter design is presented where sizing of the corre-
sponding filter elements has been discussed. Thus a system design approach emerges
which helps to meet both steady state and dynamic performance requirements. The
entire filter design procedure is summarized in Sect.3.3 to aid a structured under-
standing. Finally, relevant experimental results on a 6 kVA experimental prototype
are provided for validation.

3.1 Input Filter Design

Filter parameters are chosen to satisfy certain steady state specifications for the
nominal system parameters shown in Table3.1.

Figure 3.1 shows the per phase equivalent circuit for the input filter of MC. Inter-
nal (Thevenin) impedance of the source is modelled as an inductance L;. Damping
resistor, Ry, is placed in parallel with the filter inductor, which best eases the conflict
between filter efficiency and damping [46]. The detailed design approach is pre-
sented neglecting L, since it is usually small in distribution systems. Once the filter
parameters are selected, L; is introduced to study how the overall filter performance
gets affected by its addition.

The selection of filter parameters are sequentially described in the following sec-
tions.

Table 3.1 Nominal/rated parameters

Base frequency (f},) Source voltage (per Switching frequency | Output current (per
phase) (Vs) ) phase) (/)
50 Hz 240V 10 kHz 10 A

Fig. 3.1 Input filter

input filter
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Fig. 3.2 |ij(nwpt)| /lim(wpt)| for am=1,bm =0.5

3.1.1 Attenuation to Switching Frequency Ripple
and Gain to Lower Order Harmonics

For L; = 0, the forward gain of input filter defined in (2.49), is obtained as

L,
sR—’d—I-l

- s?LiCy + S,% +1

I5(s)
iin (.S)

_ Vg (8)
o Us(s)

Gyy(s) = 3.2)

Denoting the corner frequency as w. (=2nf,) and quality factor as Q, the amplitude
of its frequency response is expressed in a normalized form as

r2 r2
|Gy (jw)| = [1 + Q—“;} / [(1 —r2)2 4 Q—“;} , (3.3)

and plotted in Fig.3.3. The definitions

© o=r, < ! 2mf. (3.4)
rw = _’ == _7 a) == jT C’ .
We d Lf ¢ 1/Lfo

enable generalized analysis.

Magnitude ratio of the switching ripple and fundamental components in i;, varies
with modulation index, m [47], which is also observed in the simulation results for
the first (dominant) sideband cluster shown in Fig.3.2.

To ensure acceptable switching ripple content in the source current, i, the first
design criterion is therefore set as,

Spec.1 |Grv (27 fs)| < Agw dB.

Low order harmonics in the input current could also occur because of distorted distri-
bution grid voltages at the site where the MC is installed. Denoting the corresponding
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low-order grid voltage harmonic order as #,, a limit on the amplification of these in
the filter capacitor voltage, vy, is introduced by the following restriction.

Spec.2 |Gy (i27fympm)| < Ay dB.

where,
Mg, = max.(h,) 3.5)

is the maximum significant harmonic order in the spectrum of the source voltage, vy.
Once the switching frequency, f;, is decided and the deployment site conditions, sig-
nified by the harmonic orders of the grid voltage, are known, the following frequency
ratio, defined as

s

—, 3.6
Mty .6

Mg =

has a unique value. The horizontal lines in Fig. 3.3 depict the limits defined in Spec.1
and Spec.2. These lines intersect each individual curve, drawn for a distinct value
of Q, at two separate points. As an example, these points are marked as A and B, for
the curve corresponding to Q = 5. Let the normalized frequencies, at these points of
intersection, be r,, and 7. Defining the ratio, for Q = Oy, as

ra)s
myy = — 0=0k (3.7

wv

a valid choice of Q) must satisfy the relation
k
m < myy,. (3.8)

The range of {Q : Q™" < Q < Q™**} for which (3.8) is satisfied defines the solution
space for Q. For any value of Q@ = Q) within the open range 0" < Q) < Q"a*,
the acceptable range of {f, : £{0:. < f. < £ }is determined. For the experimental
model and grid parameters at the site of experiment, these selections, along with the
numerical limits of Spec.1 and Spec.2, are listed in Table 3.2.

Note that if (3.8) is not satisfied, then it is not possible to find a feasible solution
with the given site constraints, limiting values and choice of switching frequency. A
simple way to overcome this impasse would be to increase the value of switching
frequency.

Table 3.2 Q and f. from forward gain
A max.(hy) | A oM D £
—26dB 7 2 dB 3 1.35 kHz 772 Hz
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Fig. 3.3 |Gy, (jry)|(dB) with 0 = 1,3 and 5

3.1.2 Voltage Regulation and Reactive Current Loading

Value of the filter inductance L, decides the fundamental voltage drop across the filter,
which determines the full load regulation. A significant portion of the fundamental
frequency component of input current i; has to flow through Ly to restrict the losses

in R,. The initial choices of Q") and [£"). | £() ] automatically ensures that. This

¢, min’J ¢, max
can be appreciated from the following relations

Cf R, (2%
0 d L = Lo = Ry = Q0Lyw. = Q (wb) wpLy (3.9

Using the numerical values of Q" and [fc(’lz1in f{1 ] from Table 3.2, it can be con-
cluded that

Therefore /;, can be expressed as

I, I =\[IZ + 1, (3.11)

This restriction on voltage regulation leads to another important design consider-
ation.

Spec.3 Vi R wply 175 41}, yieq < kR V.

Utility grids usually specify a minimum leading power factor, typically occurring at
part-load conditions. This leads to a restriction on reactive current loading, which is
formulated as the next design criterion.
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Table 3.3 Ly nax and Cy, max from regulation and reactive loading

) (D
kpF kR Lf. max Cf max
0.2 0.03 2.6 mH 22 uF

Specd Iy~ w,CrVy < kprlin, rated-

For deriving the boundary values at rated power level, analysis is done considering
unity IDF operation with unity modulation index (m) [25] and resistive load unless
stated otherwise. The spec1ﬁc inequalities in Spec.3 and Spec.4 obviously translate to
maximum limits for Ly (L; Znax) and Cy (C( ). The rated input current is evaluated
from [25]

, max

Lin. max = 0.8661,. (3.12)

For the rated values in Table 3.1, numerical limits considered for Spec.3 and Spec.4
along with the maximum allowable values L(l)max and C(l)max are listed in Table 3.3.
Note that these values are not sacrosanct and can be chosen differently for systems

where the nominal power level is different from what has been considered here.

3.1.3 Selecting Damping Resistor R,

Introducing the external damping resistor R, invariably adds to the losses in input
filter. So R, has to be chosen judiciously such that the efficiency does not degrade
beyond an acceptable limit. To address this, a limit has to be placed on the maximum
loss occurring in R;. Denoting the current through R, as ig,, the corresponding design
criterion is stated as

o0
Spec.5  3Rq ) _lir,(jnw;)]* < 1% of rated load.

n=1
Now, ig, is dependent on both the input voltage, v, and the input current, i;,, of the
MC. This dependence is expressed as

ir, () = GRri($)vs(s) + Gra(8)iin(s), (3.13)
where,
‘Gm(s) - le((;))
Us s=jw / rz)z
(3.14)
A i, (s) _ 1
‘sz( ) = _in(S)

s=jw l r2)2
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Fig. 3.4 a |Ggi (jo)|(dB) for Ry = 122, b |Gra (jo)|(dB)

Fig.3.4a, b plots the frequency response of Gg; and Gg,, respectively, forR; = 1.

A high value of Q is actually desirable in |Gg;| since this implies lesser ripple
component in ig,, hence lower loss. But, a similar consideration (high Q) in |Gg; |
indicates higher loss due to increase in low order harmonic content in ig,. These
plots exhibit response similar to that experienced with the normalized form of |Gy, |
in Fig. 3.3. From this similarity, Q" chosen in Sect. 3.1.1 expectedly leads to an even
balance between both these conflicting aspects. Thus, the value of Q" is finalized
for the input filter.

Power loss occurring in R, is given by

Pr =3Ry {Z (IGri(newp) PV, + |GR2<jnwb)|21§,,n)} : (3.15)

n

where, Vi, and [, , are the rm.s values of the n™ harmonic order in v, and i,
respectively. Calculation of Pg using (3.15) requires prior selection of f, for evaluating
the numerical values of the gains |Gy (jnwp)| and |G g, (jrwp)|. For the experimental
model, a selection of f,. is made from within the allowable range listed in Table 3.2
as

£ =1 kHz. (3.16)

3.1.3.1 R, from Loss Limit

An estimate of Py is derived as follows, assuming sinusoidal i,. A simulation of
the MC system is carried out and the harmonic content observed in i;, are listed in
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Table 3.4 Harmonics in i;;, from simulation at m = 1

193rd 195th 199th 201st 205th 207th
10.66 % 25.31% 32.58% 11.88% 5.84% 2.58%
Table 3.5 F1 and F2 Fi Fs
3.44 0.00116712

Table 3.4. Also, numerical values of the gains defined in (3.14) are evaluated using
£ and QY. These gain values and the harmonic content information, listed in
Table 3.4, are inserted in (3.15), along with the nominal parameters in Table 3.1, to
obtain Py in the following form.

F
Pr= —L + F3R, (3.17)
Ry

where F; and F; are functions of |Gg;(jwp)|, Vs, |Gra(jnwy)| and I;;, , and are listed
in Table 3.5.

Considering the numerical limit of Py, as specified in Spec.5, in (3.17), a quadratic
equation is R, is obtained. Assuming both its roots are positive, these define an
allowable range for R; as follows.

<R;<R) (3.18)

d, max*

R((Zl,)min
This choice of R, definitely satisfies Spec.1, Spec.2 and Spec.5. What is not apparent,
however, is whether any value of R, in this range and the corresponding Ly and C
designed using (3.4) also satisfy the voltage regulation and maximum leading power
factor criteria of Spec.3 and Spec.4.

3.1.3.2 R, from Voltage Regulation and Leading Reactive Power Factor
Limits
Since the value of f; is already decided by (3.16), the upper bounds C;Pmax and L;',l)max’

mentioned in Table 3.3, directly lead to their corresponding lower bounds Lf(',])min and
C"  These are listed in Table 3.6. From (3.4),

f, min*

Table 3.6 Ly nin and Cr, i from regulation, reactive loading and fixed f

[¢)) (D [¢V) [eV) 2 (@)
Lf, min Cf, min Rd, min Rd, max Rd, min Rd, max
1.15mH 9.7 nF 0.0175 534.16 21.7Q 45 Q
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Fig. 3.5 Commutation (a)
between input phases (a, b) a
i .
Vi lo
JE N
b
1
Ry = (2nfV o) Ly (3.19)

which leads to another set of bounds on R;, on substituting the range limits Lf(.l)max

and L;}imn in (3.19). These bounds are expressed as
R min < Ra < R . (3.20)

Obviously, the allowable values of R, lie in the intersection of the two ranges obtained
from (3.18) and (3.20). If this intersection is a nullity, numerical limits for all or some
of Spec.3, Spec.4 and Spec.5 must be relaxed. For the experimental model, these
ranges of R, are listed in Table 3.6, which, incidentally, did intersect and so (3.20)
defined the final set for selecting R;.

3.1.4 Lower Limit of Cy

Figure 3.5a shows the input phases-a and b, which are to be alternatively switched to
the same output phase carrying output current i,,. Voltage commutation between these
two phases is based on the polarity of the line-line voltage (v, = v,,) on the input
side. Exact measurement of its polarity becomes difficult at the ZC of v, since the
switching ripple component, v, , shown in Fig. 3.5b, causes multiple zero crossings.

In this analysis it is assumed that the spectra of both the input current and filter
capacitor voltages exclusively contain fundamental and switching frequency com-
ponents only. For phases-a and b, the line-line voltage is denoted as

Vp = VUgp = (Ufa =+ Um) — (Ujb + Urb)
= (Va — V) + (Wra — V), (3.21)
—_—

v UrL

where, the pair (vg, v,,) denote the fundamental and ripple components of the input
filter capacitor voltage of phase-a. Similar nomenclature has been used for phase-b.
Figure 3.6 shows the input current and filter capacitor voltage. It is assumed that the
ripple component (i, x € {a, b, c}) in input current (i,) flows only through the filter
capacitor while the fundamental component (ir) circulates through the source.



60 3 Filter Design

ig i T irx _
[ Cf Vo x=ab
/‘\ ‘ Ve = Vi + Vix

Fig. 3.6 Input current and
filter capacitor voltage

Hence, v,; can be expressed as,
1 . .
Ul = Vg — Upp = — (ira — i) dt. (3.22)
Cr

Since the MC synthesizes i, from the output current envelope, it is a direct function
of the load. Hence for a fixed value of Cy, v,y increases with load. Therefore an
arbitrarily small Cy, chosen to reduce reactive loading at low loads, leads to a corre-
sponding high v, at high loads. With the sensor delays involved, measurement error
in v,y is significantly more than that of vy . The resulting error in polarity detection
of v,z increases the chances of commutation failure, around ZC of vg . So, estimation
of maximum v,;, and investigating its effect on commutation, are essential for deter-
mination of the lower limit of Cy. This estimation requires revisiting the modulation
algorithm [25], in the following manner.

3.1.4.1 Maximum v,; Between Phases-a and b

The decoupled Current source converter— Voltage source converter (CSC-VSC) con-
struct of MC described in Chap. 2 is reproduced in Fig. 3.7a. The stationary vectors
for the input current hexagon are reproduced in Fig.3.7b. Here, stationary vector
I; (a,c) corresponds to the state during which, input phase-a is connected to the posi-
tive rail and phase-c to the negative rail of the imaginary DC link. In sectors Il and V,
switching between the two bordering stationary vectors for synthesizing the current
vector Ij, requires commutation between input phases-a and b. The voltage space
vector Vor,, can lie in any one of the sectors of output voltage hexagon shown in
Fig.3.7c. Here, V| (+, —, —) indicates that the output phase-A is connected to the
positive rail and both B and C are connected to the negative rail of the imaginary DC
bus. Figure 3.7d, e shows the stationary vectors adjacent to iin and VOL described
in Chap. 2. 65; and 6gy are the angles between the rotating vector and the stationary
vector trailing it.

Let an instant be considered when Iij, lies in sector II of the input current hexagon
and Vor, in sector III of the output voltage hexagon. Then the switching vectors
of interest are V,, V3 and I, I,. Therefore the four stationary vector combinations
of interest are V,I;, VI, V3I; and V3I,. The corresponding input-output phase
connections, both in the decoupled construct and in the 3 Ph MC, are provided in
Table 3.7. The fundamental and switching frequency components of the input currents
in phases-a and b are shown in Fig. 3.8. Since the switching frequency is much higher
than the fundamental, over one switching period, 7, the fundamental components
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(a) .
a c A B ¢
N N N + ol N~ -
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(b) (©) Vi (44—
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Fig. 3.7 a Decoupled CSC-VSC construct, b Input current hexagon, ¢ Output voltage hexagon,
e Synthesizing Iip, d Synthesizing Vor,

Table 3.7 Input-output connections in MC for Lin in sector II and Vg, in sector 111

3 PhMC

ON period Decoupled construct iq ip ic
A B C + - A B C
VoI dod Ts — Typy + + - a ¢ a a c —ic 0 ic
A\’ 0} dody Ts — Tyy + + - b c b b c 0 —ic | ic
Vi1 dgd, Ts — Tgu - + - a c c a c ip 0 —ip
Vil dgd, Ts — Tg, - + - b c c b c 0 ip —ip

of both input and output currents remain practically constant. For the input currents,
ir, and ip, these values, over a single switching period, are denoted as Iy, and Iy,
respectively. Likewise, output currents over the same interval are represented as
I¢ and Ip. From Table3.7 and Fig.3.8, using (2.30) and (2.31), I, and Iy, can be

expressed as
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Fig. 3.8 Fundamental (I,
Ip,) and switching
frequency (iyq, irp)
components of input
currents (iy, ip)

Ifa = (ICdad/L +13d,3dﬂ) = mlp sin(60° — 951),

Iﬂ, = (chﬁdy + IBdady) = mIp sin 951, (323)

where
Ip = IC Si1’1(60O — 95\/) + IB sin 95\/. (324)

From (3.22), peak-peak magnitude of v,;, 0,7, attains its maximum value when
the area A,, shown shaded in Fig. 3.8, is maximum. A, is evaluated as

A, = {(IC — Iy + In)dod, + (Ig — I, + Iﬂ;)dﬂdu} T;. (3.25)
Also, i, can be expressed as
ifa = Iin cos(w;t — 6). (3.26)
Since I, is in sector IT of input current hexagon, using Fig.3.7b and (3.26),
Os; = wit — 6 — 30°. (3.27)
Using (3.27) to substitute (w;r — 6) in (3.26) results in
ifa = Ly sin(60° — Ogy). (3.28)
Comparing (3.28) with I, described in (3.23) gives
mlp = Iy (3.29)

Subsequently using (3.23) and (3.29), Ap in (3.25) gets modified as
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Ap = I, T, sin(60° — Os1)k (051, Osv) , (3.30)
where, k (65, 05v) = {1 + Bmsin(@sg — 30°) cos(Bsy — 30°)} . 33D

Since 6g;, Osy each varies in the closed interval [0, 60°] and m varies within [0,1], it
is derived that A, reaches its maximum when

O = 28°, Oy = 60° & m = 1. (3.32)

So, ¥, is maximum at an instant when I, is almost at the middle of sector 1T i.e.
when l?fa ~ l?ﬂ,.

The values of g7, 85y and m from (3.32) are substituted in (3.30) and (3.31) to
evaluate the maximum value of A,. Subsequently using this value in (3.22), maximum
v,z is derived as

1 4
O, max X —IinTs. 333
UrL, ma 2Cf ( )
From (2.27), the input current amplitude is
A 3 4
I, = %m 1, cos(p,r)- (3.34)

Hence the maximum possible value of im is («/5 / 2)?0, which on substitution in (3.33)
gives the maximum peak-peak magnitude of the ripple voltage as

A V3.
UrL, max ~3 4_CfIOTs~ (335)

Incorrectly sensing this ripple voltage polarity may lead to an incorrect commutation
sequence as detailed below.

3.1.4.2 Error in Commutation

Figure 3.9 plots the ripple current and v,;, in the neighbourhood of the instant when
U,y reaches 0,7, max- This is when commutation from phase-a to phase-b takes place.
The figure depicts a situation where the capacitor voltages are sampled at a frequency
4f;. Let v, be the ripple component of the sensed voltage, which is subsequently
available as the input signal for sampling. Noise filtering in the voltage transducer
electronics and the anti-aliasing filters, prior to sampling, invariably cause delays in
the sensed signal. The plot of v,s, shown in the figure, is obtained after considering
the most realistic structure of the measurement circuit and filter, viz. first-order,
low-pass.
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Fig. 3.9 g‘r.ror in rpeasuring ¢/ sampling instants
v,z around its maximum . . T \¢
V.':llue Lra = Irp R ’ 3 ﬁ b
Ay
Ié// Io
\

V. T/ ~\\\ ’,,\._\

Ao

commutation starts

The sampling instants before commutation are shown in Fig.3.9. Commutation
starts at the instant indicated and the commutation sequence is based on the signals
sampled just prior to it, i.e. at the instant marked as 7, in the figure. At this instant (1),
the sampled value of v,y is positive while v, is negative. At the instant commutation
starts, v,y reaches its negative maximum value, V,,,. Using (3.35),

V, & —iion. (3.36)
8C;

The 3 Ph waveforms, shown in Fig.3.10, have been used to identify the different
variables, based on their instantaneous phases at the start of commutation. At the
instant when commutation is just about to begin, I, is very close to the middle of
sector II of input current hexagon. Therefore, the intersection of the vertical line
L1 with the three waveforms, indicates the position of ir, ig and i respectively
at the beginning of commutation. At the same instant, the relative position of the
fundamental components of input voltages depends on the IDF. Let, intersection of

the line L2 with the waveforms indicate positions of vy, vg, and vy respectively. So,

Fig. 3.10 Instantaneous
positions of if, i, v, and
vpp at the beginning of
commutation from phase-a
tob
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here the input currents lead the voltages, a situation that can arise in applications
requiring input reactive power control [18, 19].

Reported voltage based commutation (VBC) strategies recommend identification
of the two phases involved in ‘critical” and ‘uncritical’ commutation, on basis of the
input voltage magnitude [16]. From Fig. 3.10, since vy, and vg, have distinctly differ-
ent instantaneous values, commutation between these two phases is to be interpreted
as uncritical. For uncritical commutation, regular 2 or 4 step commutation methods
are suggested [16, 17]. It is shown now that even in the presumable ‘safe’ situation,
there is a strong possibility of wrong sequence selection. This can be avoided if the
filter capacitor is appropriately designed, as explained below.

Instantaneous values of the fundamental components of the input capacitor volt-
ages in phases-a and b, at this instant (along L2), are,

V3 A

Vi Tch
=g =

A

V. (337)

up ~ 0

Since vg, has a fairly high magnitude and a much lower frequency, the delay in sensing
its polarity is much lesser than that of the ripple component. It would therefore be
realistic to assume that its polarity is correctly detected. Also, since the sampled
value of v,y is positive, vy, is also interpreted to be positive. The limit within which
this interpretation remains correct forms one basis for choosing the minimum value
of the filter capacitor.

Using (3.36) and (3.37) gives v, as

3 5 ioTs
v =vg + v = % (ch - M ) (3.38)
f

Therefore, v, becomes negative if

kgt IoTs
V. 3.39
f < 4Cy (3.39)
and this can be avoided when
C>Cc? = LT, LT (3.40)
f = f, min — 4"}Cf 4_‘/Y : N

If this condition (3.40) is violated, the commutation process from phase-a to b,
initiated with an incorrect sequence corresponding to positive polarity of vz, may
lead to commutation failure. Figure 3.11 shows the condition that will arise in this
situation of incorrect commutation sequence. Short circuit current i;. flows over an
interval T, which is the sum of two turn-on and turn-off intervals of the IGBT. Ly,
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Fig. 3.11 Path of short
circuit current

in Fig. 3.11 denotes the stray inductance of the circuit. Let vp be the total forward
voltage drop of all the devices in the short-circuit path comprising 2 IGBTs and 2
diodes. If fD is the maximum current rating of the devices, the criterion to ensure
device safety is obtained as

1 Ty R
oo = 1= [ (-u = )t <. (3.41)
st J O

Ignoring the non-linearity of the device parameters and using (3.38) in (3.41), another
criterion for the lower limit of Cy is obtained as

1 1T,
c® == . (3.42)

/> min 4 IS LstiD
VCf + 1.15¢ vp + T

which is obviously hardware specific. C;’z)min may be used as a preliminary check
before applying the last criterion, which is dependent on the hardware details.

Table 3.8 shows C;?mm and C;?)min, calculated using tabulated device ratings and

represents the minimum value of Cr required for safe commu-

measured Ly. C;z)mm

tation for any operating condition. Hence, C? . mustbe preferred over C® . The

f, min f, min*
final choice of C, miy is chosen as
1 2 3
Cr. min = SUP{C} s Cfonins Cf mind- (3.43)

Table 3.8 Cf, min

Tse Ly Ip Up
1.04 wF 0.97 uF 2 us 260 nH 80 A 10.1V
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Adhering to all described limits, chosen Q and f., the parameters selected for input
filter are provided in Table 3.10.

So far, L; has been neglected in the analysis. Its impact on filter performance is
discussed subsequently.

3.1.5 Effect of Ly

With the source inductance, Ly, considered in the circuit, forward gain of the input
filter becomes

Gru(s) o+ (3.44)
folS) = L C . .
SELL 4 2CH(Ly + L) + 55+ 1
In its denominator polynomial,
LL:Cs L
D(Gp) =5 2L 4@ (L, + L)Cr+s L +1, (3.45)
Rd S— ———’ Rd
P & P
1 3

finding accurate solutions for the roots can be quite complex. Consequently it
becomes very difficult to understand the effects of incorporating L. This task
becomes feasible with a reasonably accurate lower order approximation of D(Gy,).
A second order approximation is considered based on the assumption that P, > P;.
The basis of this assumption is that in all practical installations L; would be in the
order of mH and Ry in tens of Q2s. So P1 ~ P2 x (L;/Ry) is likely to be quite small
compared to P2. This leads to the following approximated expression,

sl%—i—l

Gru(s) ~
(1) G+ )

(3.46)

where

———L——-Q P = (14 m)'s L (3.47)
Wee X s ~ — n) v, n=—. R
< Jut DLG “\V L L

Figure 3.12 shows the gain plot for different values of L,. Input filter parameters are
used from Table 3.10.

So with increasing L, Q increases and w,. falls which leads to increase in the
gain to low order harmonics. However the losses due to the switching ripple compo-
nents in i;;, would decrease since a larger impedance appears across Cy which reduces
the ripple current flowing into the source, v;. Hence a knowledge of L; is necessary
before finalizing on the input filter parameters. With n as defined is (3.47), the nat-
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Fig. 3.12 Magnitude plot of Gy, (s) for Ly of 0.5 and 1 mH

ural frequency of the filter is not significantly affected, i.e. o, ~ o, if n < 0.5, with
minimal impact on filter performance. A high n, however, further complicates the
controller design, apart from deteriorating the harmonic performance as discussed
subsequently.

3.1.6 Design Modifications for a Non-minimum Phase Plant

Recalling the condition of minimum phase plant from (2.106),

3772 cog2
5V cos” g

Py, < m———F— =
|Zso11 Gom) |

P.,. (3.48)

With reference to (3.48),
|Zsol 1 (]wM)| ~ | |Zsol 1 (]w)”oo = | |Zso(ja)) | |oo (349)

Assuming underdamped second-order filter and ideal passive elements

L\
Zo()lw = |Zso(we)l ~ Ry (H_L_}) . (3.50)

So as Ly increases, there is an increasing chance of the plant transforming itself from a
minimum to non-minimum phase system. With non-minimum plant zeros, the closed-
loop system is bound to be unstable as the algebraic gain increases. This places severe
constraints on the close-loop bandwidth and thus certainly makes controller design
extremely difficult since as many as 4 RHZs emerge if (3.48) is violated. In such a
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situation, either the dynamic specifications have to be made less stringent or the input
filter requires redesign. As a way out, choice of a lower R, or higher L; can be opted
for to ensure that (3.48) is satisfied and the plant remains minimum phase till its
declared rated operation. Both of these options degrade steady state performance in
different ways. Increasing L causes greater voltage drop across it, which reduces the
maximum output voltage that can be synthesized. The other option of lowering R,
increases losses. So, for a weak grid, characterized by high L, a trade-off is necessary
between dynamic performance and either filter losses or full-load regulation.

3.2 QOutput Filter

Denoting the natural frequency and quality factor of the output filter shown in
Fig.3.13 as w,, and Q, respectively, the forward gain defined in (2.50) is obtained
as

Veo(s) 1
Von(8)  (5/@e0)? + (5/Qoeo) + 1

Grof (5) = (3.51)

0, can be controlled by using virtual damping element which would be discussed
in a later chapter. Selection of Q, is carried out using the same approach as done
during input filter design. Criteria defined in Spec.1-Spec.4, are directly followed
for selecting f.,, max-fco. min> Co, max and L, max. The most significant harmonic at the
output side is assumed same as that of the input side, since literature on exhaustive
harmonic analysis of the modulation scheme is still unavailable. Hence the A, listed
in Table 3.2, is used here. Using the nominal values in Table 3.1, the range of natural
frequency and maximum limits for the filter elements are listed in Table 3.9.

Recall that the ripple current rating of the input filter capacitor was decided by
the output current. Interestingly, appropriate sizing of the output filter inductor, L,,
permits use of capacitors with lower ripple current rating. This is detailed as follows.

Fig. 3.13 Output filter

output filter
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Table 3.9 Boundary values for parameters of output filter

fm, max fco, min LD. max Co, max Lo, min

2.2 kHz 777 Hz 2 mH 26.5 uF 1.6 mH

3.2.1 Lower Limit of L,

Output admittance, or the reciprocal of the output impedance, is obtained as

.() 1 1 o co
Yools) = 28 _ L rs (©Qo/wca) (3.52)
Von () Ry (s/weo)” + (5/Qoweo) + 1
For Q, greater than 1,
) 1
[ Yoo fows)| & . (3.53)
wsL,

In SVM [25], at any instant, 3 output phases are connected to any two input phases.
Hence, from Fig. 2.1, for output phase A,

2 2
Don = gﬁab = (5) V2(/3V,) = 1.63V,. (3.54)

As in the case of the input filter, assuming the maximum possible amplitude of
the switching ripple component in the output voltage to be equal to that of the
fundamental, the maximum ripple current is easily calculated using (3.53) and (3.54)

as,
1,< ! ( on ) (3.55)
"= «/E a)sLo,min ’ ’

Note that im also demarcates the minimum ripple current rating (f,, rated) Of C,. Since
this value is directly decided by L, min, it allows arbitrary choice of the ripple current
rating of the filter capacitor. Hence,

1.63 Vs, rated

oy r, rated

Spec.6 L, min =

Table 3.9 lists the described limits for the output filter parameters calculated using
the previous considerations.

Table 3.10 lists a specific solution set, which was used for the experimental investi-
gation. Of course, this set completely satisfies all the design rules laid down so far
and the verification could familiarize the reader with the design process.
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Table 3.10 Input and output filter parameters

Input filter Output filter
G Ly Rq C, L,
20 wF 1.26 mH 25Q 20 uF 2 mH

3.3 Selection of Parameter Values

A number of design guidelines have emerged from the last two sections. Solution
sets which ensure compliance with different criteria has been identified for both input
and output filters. These guidelines are summarized here to aid a structured design
process. Pre-requisites for the design are the numerical values of the nominal power,
fundamental frequency of the grid where the MC is to be deployed, switching fre-
quency and percentages of different harmonic in the source voltage. Filter parameters
are then selected by following these steps.

Step 1. Select the quality factor Q (=Q") from the normalized form of the input
filter forward gain. Use the design procedure detailed before to conform to Spec.1
and Spec.2. Select the the optimum value of Q (Q), as discussed in Sect.3.1.3.
This is the finalized value for design.

Step 2. Use the normalized forward gain plot again to decide first the range of
f.. You will need to also use the value of 0W | that was decided in Step 1, along with
the numerical values of Spec.1 and Spec.2. Then choose a value within this range.

Step 3. Then compute the upper limits Lf( )mdx and C(l) . For this you need to
use Spec.3 and Spec.4 respectlvely Use these values along w1th the selected f, and
calculate the corresponding C min and L(l)mm

Step 4. Now you should ﬁnd the ﬁrst allowable set of R;, which has to conform
to Spec.5. Then compute the second set of R; based on Spec.3 and Spec.4, as per the
discussions in Sect. 3.1.3. The intersection of these two sets form the final allowable
range of R;. If they do not intersect, then either one or both of the sets has to be
expanded by relaxing the limits of either Spec.5 or any one out of Spec.3 and Spec.4
till the intersection set ceases to be a nullity. Relaxing Spec.5 entails higher losses. Be
aware that relaxing limits of Spec.3 implies poorer regulation and those of Spec.4
leads to higher reactive loading. You have to choose which limit to relax based
on what the target application demands. For example, if the application requires
operating the MC at a high modulation index then Spec.3 should be kept tight and
any relaxation would seriously hamper performance. Conversely, for operation with
low modulation index, relaxing this limit is preferable over the other two. So, in case
the intersection set is a nullity, this step would requlre several design iterations.

Step 5. Using (3.40), compute the value of C “min to ensure reliable voltage
commutation. If you have reasons to doubt the lmearlty of the voltage sensor, like
offsets, or any other aspect of the voltage measurement circuit, then also compute

C;S)mm. But for this, you will need to have an idea of the parasitic inductance in the
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Table 3.11 Input and output filter parameters

3 Filter Design

Parameter Value Sp. volume (cm3/kW) | Sp. weight (kg/kW)
Cr 20 uF 19.16 0.0316

Ly 1.26 mH 101 0.38

R4 25 Q

C, 20 pF 0.93 0.00125

L, 2 mH 91 0.38

switch layout of the MC. The absolute lower limit for Cy, i.e. Cr, min, is decided
according to (3.43).

Step 6. Select Ly from the interval [L;’l)mm, Lf(.%ax]. Also choose a value for Cy
from the interval [Cy, min, Cr, max], as discussed in Step 5. Also, finalize the value of
R, from the range calculated in Step 4.

Step 7. This is a critical step where the finalized input filter parameters are
substituted in (3.50) and then in (3.48) to detect whether the design choice results in
aminimum phase plant. If it does not, then a preliminary controller design is required
to find out the minimum value of the algebraic gain of the loop transfer function which
satisfies the dynamic response requirements. With this gain, location of the close-
loop poles needs to be determined from a root-locus analysis. No right-half poles
indicate stable operation but make sure all parameter variations are considered. A
safer option is to opt for a minimum phase plant in which case the limits for either
full-load regulation (Spec.3) or filter loss (Spec.5) has to be relaxed. Input filter
parameters have to be redesigned repeating Steps 3—6 and cross-checked in Step 7.
This would complete the input filter design.

Step 8. Select the parameters of the output filter, i.e. compute the values of Q,,
Jeos Co, max and L, ma« following the same steps as those for the input filter.

Step 9. Select L, min S0 as to conform to Spec.6. You have an extra flexibility
in being able to choose the ripple current rating of C, when you apply Spec.6. Then
choose the values of L, and C,. This completes the design process.

For the experimental system, the filter parameters are designed by following the
steps described, with the boundary values listed in Tables 3.2, 3.3, 3.6, 3.8 and 3.9.
Values chosen for the filter parameters in the experimental system are shown in
Table3.11. The specific volume (cm?/ kW) and weight (kg/kW) of the inductors
and capacitors used in experiment have also been listed in Table 3.11. Experimental
results are discussed in the following section.

3.4 Results and Discussion

Experimental validation was carried out on a 6 kVA MC prototype. Switches
used were IGBT based 4-quadrant switch modules from SEMIKRON. The entire
control logic was coded on an FPGA platform configured around the ALTERA
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(a)

(¢) ~ R

f i
| /W i

Fig. 3.14 a Voltage across Ry: 10 V/div, time: 10 ms/div. b vz: 100 V/div, time: 500 ps/div. ¢ vy
20 V/div, time: 100 ws/div

EP1C12Q240CS8 processor. The control code was run with a sampling frequency of
20 kHz. For commutation, v, was measured and subsequently sampled at 40 kHz.

3.4.1 Open Loop Experimental Results

The experimental MC was operated at m = 1 and unity IDF, with fundamental output
current, i, = 8.2 A. Figures3.14, 3.15 and 3.16 shows the experimentally obtained
waveforms. Measured data are listed in Table 3.12.

Figure 3.14a plots the voltage across the damping resistor, R;. From the experi-
mental data, its r.m.s value was calculated which was subsequently used to compute
the power loss, Pg. This experimentally determined value was 2 W, which is much
lower than 1% of the input power. Analysis in Sect. 3.1.3 using fundamental v, and
i, leads to a theoretical value of 2.1 W, which is very close to that experimentally
obtained.

Referring to Sect.3.1.4 and particularly (3.32), unity IDF operation implies that
the maximum of the input capacitor ripple voltage, U, max, iS expected to appear
almost at the ZC of the input line-line voltage v;. Experimental corroboration is
provided in Fig.3.14b, which plots v, over an interval of 5 ms around its ZC. A
zoomed view of the same waveform is presented in Fig.3.14c, for an interval of
1 ms. Note that maximum ripple occurs around the ZC zone, as predicted by the
analysis. Impedance measurement of the input filter capacitors was conducted with
a precision RCL meter and the measured values are listed in Table 3.12, for a 10 kHz
test frequency. Values of Cy from Table 3.12 are used to calculate v,, and v, at the
maximum ripple condition as detailed in Sect.3.1.4 and the theoretically calculated
value of 0,7, max magnitude is found to be 30.8 V. For validation, the switching ripple
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Fig. 3.15 Open loop
experimental results. vs: 100
V/div, ig: 5 A/div, ve,: 100
V/div, i,: 5 A/div. Time: 10
ms/div

Fig. 3.16 Open loop results
with a Ly of ImH. vg: 100
V/div, ig: 5 A/div, ve,: 100
V/div, i,: 5 A/div. Time: 10
ms/div

Table 3.12 Measured values
Input power Cr (phase-a) Cr (phase-b) UrL, max IDF
4.9 kW 17.9 uF 14.5 uF 31V 0.982

component is numerically extracted from the measured capacitor voltage data. This is
done off-line by using a low-pass filtering on the measured data, with the filter corner
less than a decade below the switching frequency, and subsequent subtraction of the
filter output from its input signal. The maximum value of the experimentally obtained
input capacitor ripple voltage is listed in Table 3.12. Again, a very close agreement
is evident between the analytical and experimental observations. Experimental data
also revealed an IDF of 0.982 as listed in Table 3.12.

Table 3.13 lists the harmonic components in phase-a of the supply voltage vy,
which is seen to contain significant low order harmonics. From the harmonics of v,
listed, it is evident that the gain criterion adopted in Sects. 3.1 and 3.2 is effective in
minimal transmission of low order harmonics from v, to v.,. Since iy is a function of
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Table 3.13 Harmonics in one phase of vy, iy and v,

75

Harmonic order vy (%) iy (%) Veo (%)
3rd 1.1 2.65 0.3

5th 2.64 2.16 1

7th 2 4 1

9th 0.54 2 0.6
11th 0.23 0.2 0.2
THD 3.6 5.9 1.67
Table 3.14 Harmonics vy, iy and v, with Ly = 1 mH

Harmonic order vs (%) is (%) Veo (%)
3rd 1.8 32 0.6

Sth 1.9 1 1

7th 1 22 0.9

9th 0.9 2.6 0.6
11th 0.1 0.65 0.15
15th 0.1 1 0.05
17th 0.1 0.9 0.1
THD 3.1 54 1.8

both v and i,, it has a higher harmonic content. Switching ripple in i; was measured
to be slightly less than 1% of the fundamental.

3.4.1.1 Performance with L, Included

To validate the analytical results with source inductance, Ly, a 1 mH inductor was
externally added. Figure 3.16 shows the steady-state waveforms, at the same power
level, as that of the earlier set of experimental results. With this inclusion, using
(3.47), w. reduces from 1 kHz to 746 Hz and Q increases from 3.1 to 7.6. Measured
harmonic content of vy, i and v, are listed in Table 3.14. Owing to the proximity of
input and output corner frequencies (746 and 796 Hz) an increase in harmonic content
of i; close to these frequencies is observed. When this second set of experiments were
performed, THD of v, was slightly better than the previous situation. However due
to proximity of the input and output filter corners, harmonics of i; around the output
corner were observed to have increased which marginally increased the THD of v,,.
The measured value of IDF was found to be 0.984.
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3.5 Concluding Remarks

This chapter provided a comprehensive design approach for the input and output
filters for the MC. Aspects of filter design like attenuation of switching frequency
components, regulation, losses in filter and also MC-specific issue like the damping
resistor for input filter were addressed. A worst case analysis of the associated losses
is provided. The design process referred to real-life numbers derived from an exper-
imental system. Experimental results are presented and discussed which validate the
analytical limits. Thereafter, the condition for the maximum input voltage ripple has
been evaluated. Experimental results demonstrate a very close agreement with the
analysis. Minimum input filter capacitor required for reliable voltage based commu-
tation based on the maximum error in sensing the ripple voltage has been derived.
The effect of the grid inductance has been discussed where it is shown that a com-
promise might become necessary between filter and controller design requirements.
The major differences in output ripple filter design are also presented, the rest being
similar to the input filter design approach has been addressed in summary to avoid
repetition. Experimental waveforms are provided to demonstrate filter performance
with the designed parameters, in accordance with the specifications.



Chapter 4
Controller Design for Regulated Voltage

Supply

Controller design for applications requiring regulated 3 phase sinusoidal voltages
is discussed and relevant experimental results are presented in this chapter. The
controller design is based on the dynamic model described in Chap.2. The model
represented a two input—two output system and thus the controller cannot be designed
by directly applying single variable based design methods. Also, the plant has been
shown to contain zeros which migrate towards the right half plane as the throughput
power increases. In frequency domain based design methods for non-minimum phase
plants it is imperative for internal stability that the right plane zero/pole must not be
cancelled by the controller poles/zeros. Keeping this in mind, the design problem has
been reduced to a single variable control design problem without violating internal
stability.

In the initial sections of this chapter, transformation of the multi variable control
problem into a single input single output (SISO) control problem has been described.
The design and realization of the controller is subsequently discussed. Experimental
results using the lab prototype MC is presented to validate the analysis. The results
include operation beyond the critical power (P, ) region where the non-minimum
phase zeros appear.

4.1 Specifications and Assumptions

Controller design is initiated with appropriate specifications for the close-loop system
dynamics. Typical performance parameters chosen are settling time and phase margin
as shown in Table 4.1. This particular choice of settling time and phase margin ensures
one-cycle response for synchronous applications with 50 Hz systems depicting first
order closed loop characteristic. Also, for the consequent closed-loop bandwidth of
wpw (=200 rad/s), the choice of sampling frequency wy;, (= 20 kHz) minimizes the
phase delay due to discretization (: tan~! [w BW /[ Ws p]) at wpw to anegligible value.
Under similar consideration, since the sensors used in the test set-up have a much
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Table 4.1 Dynamic

. . Settling time Phase margin
specifications

20 ms 90°

higher bandwidth than wpyw, their delays have not been considered in the feedback
path.

In this chapter, the emphasis is to demonstrate stable operation beyond P,,. There-
fore moderate and heavy resistive loads have been considered. Regulation at low
load or high reactive loads would arise during discussion on voltage sag mitigation,
where, the necessary modifications in control would be discussed. Design of voltage
controller is detailed in the following subsections.

4.2 SISO Based Control

The input-output equations for the linearized model, derived in Chap. 2, are

Veols) = [‘70“’(”] — Grot($)G; ! (5)Ga(s) [md(s)] — Ge(s) [’hd(s)} @)

Ucog (5) g (s) Mg (s)

If this problem has to be reduced to a SISO problem, then any coupling factor between
the d-axis and g-axis variables has to be removed first. This decoupling should be
done without any right plane pole-zero cancellation so that the internal stability of
the system is not compromised.

In the the plant represented in (4.1) by the transfer function matrix G.(s), the
only possible source of any non-minimum phase component is in form of the right
half plane zeros (RHZs) of G,4(s). Consequently, removal of coupling components
of G, (s) should not occur at the expense of cancellation of any of its RHZs. Since
the rest of the plant transfer matrix represented by Gyor(s)Gy !(s) contains only
minimum phase poles and zeros, decoupling for this part can be achieved by simply
multiplying with inverse transfer function matrix. The following discussion starts
with decoupling of G,(s) and subsequent reduction to SISO control problem.

It was shown in Chap. 2 that G, (s), derived as

_|av—= MdZsoll(S)Iod _MdZsoll(s)qu
Ga(S) - |: _Mquoll(S)Iod ay — Mquoll(s)qu] ’ (42)

can also be represented in the following form

L [an(s) ann(s)
Gals) = d(s) |:a21(s) 022(5)}’ (4.3)
[ ——
[N(s)]
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where, d(s) is the common denominator polynomial and N(s) is a matrix made up of
polynomials. The poles and zeros of G, (s) are a subset of the roots of the following
equations

d(s) =0 & det(N(s)) =0 = aji(s)axn(s) —apn(s)a(s) =0, 4.4

respectively. A matrix can be thought of as [45]

Nueo (5) = |: an(s) —1112(5)1| 4.5)

—az (s) ani(s)
such that

N($)Ngeep (s) = [d“ (g(s)) ot (ON (S))] = det (N(s))? [ é ﬂ = det (N(s))I.
(4.6)
There are two important things to note here. First, both N(s) and Ny, (s) has zeros
in the same locations. Second, the product of both contains a scalar transfer function
which also has its zeros at the same location as N(s) and Ny, (s). Moreover, this
scalar transfer function is obtained without canceling any zeros of the two matrices.
Therefore this is an useful tool to decouple without violating internal stability.
Denoting the voltage error as €, (s), the feedback control design problem can be
represented as

Mg (s)

Veos) = Ge(s) [’;‘d(”] — Ge(s) Na()Nmp(5) Ho ()8s(s), (4.7

Nie(s) u(s)

where, N, (s)Nmp(s)H,(s) or Ng(s) are the feedforward compensators meant to
decouple the plant G¢(s). u(s) is the output of the controller H,(s). The design task
can be viewed as the following set of tasks in a sequential manner

e deriving decoupling matrix N, (s) for the non-minimum phase part i.e. G,(s),

e deriving decoupling matrix Nyp(s) for the minimum phase part,

e finally, designing the controller H, (s) based on the decoupled scalar plant transfer
function.

Using (4.2) to (4.5), N, (s) can be derived as

ay _Mquall(S)[oq Mdzsoll(s)loq

Nals) = ay? |: My Zso11($)oa  ay — Mdzsoll(s)lod:| ’ “48)

such that

Pi
Ga(s)Na(s) = (1 - —zwn) [(1) ‘1)] — ML, (49

3y2 2 o
3 Vip cos® g
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Using (4.9) in (4.7), the design problem gets modified to
Veo(s) = Mo (9)Gror(s)Gy ' (5)Nmp(s) Hy ()8, (s). (4.10)

It is important to reiterate here that both M, (s) and N !(s) contains the same set of
zeros as G, (s). Moreover, the poles of M, (s) and common denominator of N I(s)
are same as that of Z;,;;(s), all of which lie in left half of s plane. Hence, all the
possible non-minimum phase zeros of the plant are retained in M, (s). Therefore,
internal stability of the system is not violated by this decoupling process.

Since, Gyor(s)Gy (s) represents the minimum phase part of G.(s), these can be
compensated by simply choosing Ny (s) as

Nimp(s) = G1(5)G (). 4.11)

Therefore using (4.10) and (4.11), the output V¢, (s) and the output of controller H, (s)
i.e. u(s) are now related by a reduced order plant with scalar transfer function M, (s)
as

Veo(s) = My (s) Hy(s)ey(s) = My(s)u(s). (4.12)

This simplifies problem to a single variable controller design, where a H,(s) can be
designed using SISO based methods. The process described from (4.9) to (4.12) is
shown in Fig.4.1.

The control equation can now be described as

Veo(s) = Ma(s)Hy(5)&(5) = Ma(5) Hy(s) [Veo () = Veo(s)] . (4.13)
The overall compensator which has to be realized is
Na(5)G1(5)Gp () Hy () = Nig(s) Hy (s). (4.14)

Realization of the compensator and controller design are discussed subsequently.

4.2.1 Ngs(s) and Hy(s)

From (4.14), it is evident that the order of Ng(s) is identical to G.(s). Hence realizing
N (s) would lead to a very high order compensator (10 in the present case study).
This is not necessary, as, in any controller design based on frequency response,
the loop gain is always kept high in the low frequency region and low in the high
frequency region. The dynamic response is dictated by the shape of the loop gain
around wpy. So it is at wzw, where the plant has to be sufficiently well modelled.
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Fig. 4.1 Achieving a reduced order scalar plant M, (s)

Adherence to the filter design rules described in Chap. 3, requires that both input
and output filters should be designed to have their corner frequencies higher than the
7th harmonic frequency. So for the specified wgy of 200 rad/s, this means that the
filter corners are at least a decade higher than wgy . Moreover, inclusion of Z;,;;(s)
in the plant M, (s) means the resonant peak at input filter corner can be restricted
by appropriately designing H,(s). High resistive load consideration implies that
the output filter is reasonably well damped. Under these circumstances, chances
of any unrealized higher frequency component of Ng(s) adversely affecting the
overall dynamics do not exist. Therefore, it is sufficient to realize a low frequency
approximation of Ng(s) up to wpw.

Therefore, denoting the low frequency approximation of Ng(s) as An(s), the
design objective is to ensure

AN(s) =~ Nge(s) upto wpw. 4.15)

As the first iteration, the DC gain matrix Ng(s)|;—q, iS considered to be the low
frequency approximation, An(s). The DC gain of Ng(s) is

~ ! 1 o7/ (@c0 Qo)
N““”"‘“”Z[—wﬁ(wmga I } (10
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Table 4.2 System parameters

Parameters Value
Base frequency 50 Hz
Nominal Supply voltage 240V
Switching frequency 10 kHz
Sampling frequency 20 kHz
Source inductance Ly 3 mH
Input filter inductance Ly 1.26 mH
Input filter capacitance Cy 20 wF
Input filter damping resistor Ry 50
Output filter inductance L, 2 mH
Output filter capacitance C, 20 wF
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Fig. 4.2 Plot (1): Ng(s), Plot (2): AN(s). a, b Diagonal elements. ¢, d Off-diagonal elements

The parameter values listed in Table 4.2 are used for the present analysis. The input fil-
ter parameters do not comply with all the design guidelines provided in Chap. 3. Here
the objective behind selecting parameters of Z;, was to ensure that P.., described
by (2.1006), falls well within the rated power of the experimental prototype MC.
Figure 4.2, shows the frequency response of the elements of Ng(s) and the zero
order approximation An(s). Rpw represents the region around the bandwidth fre-
quency. It is evident, the DC approximations almost overlaps with the corresponding
elements of Ng(s) up to wpw. This is an expected result given the fact that fil-
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ter design guidelines demands an almost unity gain characteristics from both input
and output filters till the fundamental frequency. Hence, upto wpw, which is even
lower than the fundamental frequency, a reasonably close agreement between cor-
responding elements of Ng(s) and An(s) is expected. Therefore, the zero order
approximation An(s) is finalised as the low frequency approximation. For higher
bandwidth requirements, DC approximations may not be sufficient and higher order
approximation would become necessary.

In (4.16), although Q, is aload based parameter, there are methods to control it, as
would be discussed in the next chapter. This makes both w,, and Q, design choices.
Therefore compliance to filter design criteria implies that the condition described as

a)T/ (wcoQo) << 17 (417)

always holds true. Consequently, the diagonal elements of An(s) i.e. 1/ay dominates
its dynamics within wgyy .

4.2.1.1 Effects of Variation in Parameters and Operating Points

Any variation in filter parameters is unlikely to affect decoupling process since the
corner frequencies are much higher than wgy . Recalling the expression of ay from
(2.71),

3
ay = \/;ch COs ¢;, (418)

@; being an input is known and v, r is primarily decided by the source voltage v,. Since
ay is known, the decoupling matrix An(s) can be modified online corresponding to
variations in V, . However, this renders the compensator and thereby the control input
a function of the state v.; and therefore the dynamic model becomes nonlinear. The
alternative route is to use the nominal v, in AN(s). Any variation in ‘A/Cf would lead
to a deviation of Nf_f1 (s) ]5_:0 An(s) from an identity matrix. However, the resulting
matrix would still remain a diagonally dominant matrix. As an example, let there be
a variation in v.s and filter parameters from their nominal and designed values. Let
the modified values of w.,, Q, and ay be denoted as w Q; and a/V respectively.
Consequently, the DC gain of Nf}l (s) is

co’

: 1 _ "0
N oo [y gy "]
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where for any realistic variation in filter parameters the relation

wr/ (w’wQ;) << 1, 4.21)

would still hold true. Thus, (4.20) is effectively modified to

. ay[10
Ni' ()|, _o An(s) ~ o [o 1] (4.22)

Hence, variations in ay essentially introduces an additional DC gain a/V /ay, in the
compensator output. The controller can now be designed so that the settling time
requirements are met under the expected worst case variation in v;.

Figure 4.3 shows the employed control scheme. In this regulator problem, a PI
algorithm has been chosen for the controller H,(s). For the controller design, the
operating point where input power (P;,) is 5 kW has been considered. Plot (@) in
Fig. 4.4 shows the frequency response of the plant and plot (b) indicates the loop
gain M, (s) H,(s). The loop gain has a gain crossover at 200 rad/s. The phase margin
of 90° and roll off rate of —20 dB/decade which spans almost a decade on both sides
of wgw, suggest, a first order response characteristic with a settling time of 20 ms.
Table 4.3 lists the controller and compensator parameters.
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Fig. 4.4 Plant and loop 20
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Table 4.3 Compensator and controller parameters

Parameters Value
H, Kp =0.0056, K; =200
Elements of An(s) 0.0023, 0.0001

4.3 Experimental Results and Discussion

The experimental setup described in Chap. 2 has also been used here. Internal resis-
tances of the filter elements were measured at the input corner frequency. These
values were then used together with filter parameters tabulated in Table 4.2 for recal-
culating | Z,11 (jwa)| in (2.106). So, for unity IDF, P, was evaluated as

A

V2
4 _325kW. (4.23)

3
Pcr == -
21 Zson1 (jom)|

Figure4.5a shows the dynamic response of one of the phases of output voltage v,
following a step reference of 170 V. The nature of the transient response can be
better appreciated from the waveform of the modulation index m, which, therefore
is provided along with v,,. It is observed that m rises from zero and settles exactly
at the specified 20 ms demonstrating a first order response characteristic. Similar
response is observed when the voltage reference is reset to zero, shown in Fig. 4.5b.

These responses validate the analysis where a first order response with 20 ms
response time was predicted. Therefore, this also validates the dynamic model of the
overall system from where the reduced order plant was derived.
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Fig. 4.5 Dynamic response of v.,. a Step reference of 170 V b reference reset to zero. m, scale:
0.2 /div. ve, scale: 100 V/div. Time: 10 ms/div

Fig. 4.6 Response to a step change in load. Output current i, stepped up from 5.3 to 8 A. Source
voltage vy (100 V/div), is (5 A/div), ve, (100 V/div), i, (5 A/div). Time: 20 ms/div



4.3 Experimental Results and Discussion

Table 4.4 Power delivered to load—measured

87

io (A) Pr (kW)
53 2.62
8 3.95

Table 4.5 Significant harmonic components of experimental waveforms

vs (%) is (LP) (%) |is (HP) (%) |io (LP) (%) |i, (HP) (%)
3rd 1.3 3.5 3 2.6 2.25
5th 1.75 15 9.71 5 34
7th 115 12.67 6.7 9.7 6.3
9th 0.55 6 3.63 1.77 1.11
11th 0.55 4.74 24 1 0.6
13th 0.55 371 2.66 0.4 0.2
THD 3 2 13 115 7.6
= =7 BORS/i
ve IR
lS ; ........................
of
vCO Baldt
.......... LP _HP
i, |
AR

Fig. 4.7 Response to the step change in load shown over a larger period of time. vy (100 V/div),
is (5 A/div), ve, (100 V/div), i, (5 A/div). Time: 100 ms/div
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Fig. 4.8 Steady state plots while operating in the H P region. vs (100 V/div), is (5 A/div), ve, (100
V/div), i, (5 A/div). Time: 10 ms/div

A step change in load is then applied which raises the output current, i, from 5.3 to
8 A. This is shown in Fig. 4.6 where it is evident that load addition has no noticeable
effect on the regulated output voltage, v.,. This establishes the disturbance rejection
capability of the controller. The power delivered to load (P ), corresponding to the
two values of i, were measured and are tabulated in Table4.4. The two operating
regions are designated as L P and H P. It should also be noted, that the throughput
power (P;,) in the H P region was higher than the listed P;, given the finite converter
and output filter losses. Therefore, from (4.23) and Table4.4, P;, was well beyond
the critical power P,,, at this region of operation.

Harmonic analysis of MC, being outside the scope of this book chapter, is not
addressed in detail here. However, qualitatively, harmonic components of v, affects
iy in two ways. First, the linear input filter introduces harmonics in i, specifically due
to the capacitance Cy which draws harmonic current. The consequent distortion of
the envelope of v,,, waveform produces low order harmonics in i,,, which are reflected
in the load component (i;,) of i;. Table 4.5 lists the dominant harmonic components
for the two operating regions shown in Fig. 4.6.

It is important to observe that the harmonic distortions in i;, reduces considerably
with the increase in load. Since the capacitive component of i is decided by input
voltage distortions, it remain the same. Therefore, it is concluded that there is no
harmonic amplification in the MC input current (i;,) with increasing throughput
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power. The overall reduction in the harmonic components with greater power transfer
rules out any possibility of instability arising out of these low order harmonics.

Figure4.7 shows the same experimental variables depicted in Fig. 4.6, after the
load step, over a larger interval. It is clearly evident that neither input nor output
variables show any sign of divergence while operating in the H P region i.e. where
the plant is a non-minimum phase one. Figure4.8 shows the waveforms at steady
state along with supply voltage.

4.4 Concluding Remarks

The process of deriving a scalar reduced order plant for controller design has been
detailed. This allows application of single variable based techniques for controller
design. The inclusion of non-minimum phase zeros in the reduced plant also ensures
that internal stability is not violated in the decoupling process. The dynamic response
in the experiments shows a very close agreement with the predicted response charac-
teristic. This conclusively validates the control scheme based on model reduction as
well as the overall dynamic model from where the reduced plant model is obtained.
The converter is made to supply power higher than P,, and is found to display stable
operation.



Chapter 5
Voltage Sag Mitigation

Performance of Matrix converter as a voltage sag compensator for linear loads has
been described in this chapter. In power quality (PQ) parlance, the term voltage
sag is used to designate a dip in the supply voltage magnitude over a small time
duration which can extend over few cycles [48, 49]. The importance attached to the
quality of power has been increasing rapidly from the later half of the last century.
Many reasons have been cited for its increasing significance. With the modernization
of power systems, electrical power delivery evolved into a stage where availability
of power was increasingly being perceived as a facility which all consumers are
entitled to. The last century also witnessed a huge penetration of electronic and power
electronic (PE) equipments into power system. These loads were very sensitive to
voltage variations (for e.g. microprocessors). Many of these like loads were also
responsible for deterioration of PQ. For examples, rectifiers having diode bridge
rectifier in the front end where the input current drawn from the grid has significant
low frequency harmonics. These called for stricter PQ standards which in turn led to
emergence of various techniques for mitigation of PQ problems. These techniques
involved use of PE equipments and soon there was a wide scope of PE in power
system applications.

One of the key PQ issues is voltage sag. Ofcourse a power interruption has much
more severe impact than the transitory voltage sag. However, the overall improvement
in power systems has rendered long term interruptions rare in developed industrial-
ized nations. Voltage sags are a much more frequent phenomenon and overall they
have more damaging economical impact for the industrial customers. Consequently
sag mitigation techniques have high importance at present.

Since the MC has a 3 wire output, it can only be used for compensation of positive
and negative sequence voltages. So a 3-phase 3-wire load has been considered here.
The presented analysis is focused on the distribution end of power system where
most of the loads are inductive in nature. This allows use of the same linearized
model described in Chap. 2. The control approach described in Chap.4 is followed
here with necessary modifications for the present application. The topology, voltage
injection method chosen and controller design are discussed. Finally, experimental
results are presented.

© Springer Nature Singapore Pte Ltd. 2017 91
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5.1 Topology and Voltage Injection Method

Figure 5.1 shows the topology where MC is used as a Dynamic Voltage Restorer
(DVR). Topologically, the structure is very similar to an Unified Power Quality
Controller (UPQC) and Unified Power Flow Controller (UPFC). In both applica-
tions, active power required during series voltage injection is extracted from the
grid through the shunt branch. Traditionally these have been realized using back
to back VSIs coupled by the DC link capacitor. Limited life time and the reduced
power density due to the bulky electrolytic capacitors have inspired use MCs as
UPFCs [40]. The performance objectives of both UPFC and UPQC are defined pri-
marily by regulation of variables in steady state. On the other hand since voltage
sags are themselves a transient phenomenon, the transient performance is the main
concern for a sag mitigating device.

Input side of MC is connected to the point of common coupling (PCC) and the
filtered output voltages (v;,;) are injected through transformers. Figure 5.2 shows
the single line diagram of the system. Here the PCC voltage is denoted as v,, and its
nominal value as v

Figure 5.3 shows the three type of voltage injection strategies recommended in
literature for sag mitigation using VSIs [50]. v, and vy, are the PCC voltages before
and during sag respectively. In the first method, the injected voltage (v;) is in quadra-
ture with i and hence only reactive power is injected into the system by the DVR.
Since active power exchange is not necessary, the energy storage requirement is min-
imum with this scheme. As energy storage is not a concern with MC, this approach

injection transformers
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Fig. 5.1 3-phase MC connected as a DVR
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has not been considered in this work. The other two compensation schemes take into
consideration both active and reactive power exchange. Objective of voltage injection
(v2) in the second method is to maintain both pre-sag magnitude and phase of the load
voltage during sag. This results in minimum disturbance to the load. Realization of
this method needs extraction of the phase information of v, just before the onset of
sag. During sag, the pre-sag phase angle is used for finding the reference command
of the injected voltage. The Phase Lock Loop (PLL) which is synchronized to v,
detects the phase of v, and therefore cannot be used as the reference phase of the
injected voltage v, during this period. Thereafter, if the post-sag phase of v, is found
to be same as the pre-sag value, then only the PLL output can be used. This is an
ideal compensation scheme for some loads which are sensitive to phase jumps in the
applied voltage. However, the hardware realization of the scheme involves storage
of the pre-sag phase information and therefore requires additional computation and
memory resources. In the third method, the injected voltage (v3) is in phase with
Vs To reduce the effect of phase jump, a slow PLL is used, where, at the starting of
sag the load voltage is maintained at v,,. Subsequently as the PLL output synchro-
nizes to vy, the injected voltage gradually comes in phase with v, . Hence the phase
of the load voltage undergoes a smoother transition. This method allows hardware
realization without any additional storage requirement. The restored load voltage
here is
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lor| = [vsgl + |vs]. (5.1

Hence for a specified nominal voltage, the injected voltage magnitude |vs| is lower
than those required for the other two schemes. Since voltage gain available with MC
is lower than VSI, the third method is followed in this work to achieve the maximum
voltage sag compensation capability.

A PLL reported in [51] extracts the phase of the fundamental positive sequence
component in the presence of unbalance or low harmonic distortions. Moreover,
the phase locking time is independent of the magnitude of the utility voltage and
distortions present in it. This has been used here with a settling time of 16 ms.

The injection voltage reference is initially generated as

v =, — vl (5.2)

In the presence of noise, low frequency harmonics and unbalance associated with
any industrial site, it is important to correctly identify an actual voltage sag. Error
in sag detection would lead to undesirable injection of series voltage and therefore
compounding the problem of load voltage sag or swell instead of rectifying it. For
instance, if noise picked up by voltage sensor is falsely interpreted to be a voltage
sag, the subsequent voltage injection may result in an overvoltage at the load end.
So a hysteresis band has been employed in this work and control is activated when

v > 0.120vY], (5.3)

inj
and subsequently deactivated if

v | < 0.02]0)]. (5.4)

inj

The next objective is to synthesize and realize v;,; accurately through MC.

5.2 Plant Model

With predominantly inductive loads in the distribution side, load is modeled as a
current stiff element. This leads to the per-phase system shown in Fig.5.4 where
PCC is denoted by P.

In this application, the converter is expected to be functional for all kind of load.
Hence damping of output filter has to be introduced through the control scheme. This
can be achieved in two ways. One such way is to implement a multi loop control
strategy where control of i, is achieved by an inner (faster) loop and v,, is controlled
by an outer (slower) loop. For regulated voltage supply application in Chap.4, the
given settling time specification for v., of 20 ms translates to a gain crossover of
200 rad/s if the loop gain depicts a first order characteristic. A multi loop control,
like the one shown in Fig. 5.5, means that the phase contribution of the inner closed
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Fig. 5.5 Conventional multiloop control

loop Gj, should be minimum at 200 rad/s. Therefore, the inner loop bandwidth must
be much greater than the outer loop bandwidth. For example, if the inner closed loop
has a first order dynamics then its bandwidth should be atleast an order of magnitude
higher than the outer loop bandwidth. G; will be a function of both input and output
filter parameters. Consequently, the high gain crossover frequency for the inner loop
can now be very close to the corner frequencies of both input and output filters.
Controller design becomes very difficult in this situation. The alternative approach
is to introduce a virtual damping element where damping is introduced in the system
by emulating a resistor through control. This has been followed here.
In Fig.5.4, K, is the virtual resistor realized through control as

|:md:| =HvAN|:U£0d_UCOd:|_ Ii;’ I:Z:Odi|- (55)
my Ucoq — Ucoq Upd log

Since the aim is to damp output filter resonance, this element is realized along
with a first order high pass filter (HPF) as shown in Fig. 5.6. Corner frequency of the
HPF is chosen atleast one decade below close loop bandwidth (wpw) of the system.
Therefore the damping transfer function behaves as a constant gain K, around wgy .
Hence the overall damping transfer function has been modelled by its high frequency
gain K, only.
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Here, the reduced scalar transfer function M, (s) is chosen as

Mo = L 4etGas))

=3, 5.6
a2 C(Grar5)) G0

where the common denominator of Gye(s) is included to decide on the value of
damping component K,. Using (2.70),

I P
—det(Ga(s)) =1 — — Zol1- 5.7
ay ) 3 V2 cos? g; "
From Fig.5.4,
1
Grop(s) = (5.8)

s2L,C, +sC,K, + 1

Hence using (2.83), (2.85) and (5.8),

Ca (Gro(5)) = {LoC, (57 — 02) + 5CoKy + 1} + 02C2 {25L, + K, ). (5.9)

Controller design for the plant M, (s) is described in the next section.

5.3 Control Scheme for DVR

The lowest sag tolerance time for equipments sensitive to voltage dips has been
reported to be close to 20 ms for severe voltage sags for more than 50% of nominal
voltages [52]. For sags of about 30% of nominal voltage, the lowest tolerance time is
about 40 ms. Keeping in mind the tolerance durations, the loop gain of the positive
sequence controller block has been designed to have a gain crossover of 200 rad/s
and a phase margin of 90°. Separate feedback (FB) control blocks are designed for
compensation of positive and negative sequence components.
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5.3.1 FB Controller

The precompensator Nal (s) is obtained as
Ng' () = Ny ' (9)Gr(s) (N (Gyop) ()" (5.10)

The DC gain approximation Ax has been used to realize Nal (s). Denoting the
fundamental and switching frequency as f; and f; respectively, the nominal para-
meters given in Table 5.1 are considered for controller design. K, has been selected
to attain a quality factor (Q,) of 2.3, for the filter parameters given in Table 5.2.
This value of Q,, apart from introducing necessary damping also ensures sufficient
switching ripple attenuation. C, is the effective capacitance value that appears in per
phase modelling.

A PI controller (Hp(s)) has been used for positive sequence components with a
target settling time of 20 ms. Figure 5.7 shows the plant and the loop gain.

The negative sequence components appear as 2nd harmonic components in syn-
chronous dg frame. This is clarified with the following set of 3-phase variables,

Xg = Xy cos(wr —60), Xp = Xy cos(wr + 120° — 0) & X = X cos(wr — 120° — 6).

(5.11)
Using the transfer matrix T defined in (2.32) as
) cos(wrt) cos(wrt — 120°) cos(wrt + 120°)
T = \/j sin(wrt) sin(wrt — 120°) sin(wrt + 120°) |, (5.12)
1/v/2 1/+/2 1/3/2
the variables in (5.11) are converted to
3 3 .

Xy = EX,,, cosQuwr —0) & X, = EXm sin(Qwr — 0). (5.13)

Table 5.1 Nominal parameters

/v Vs s L RL

50 Hz 230V 10 kHz 3 mH 120 2
Table 5.2 Input and output filter parameters

Cy Ly Ry Co L,

15 uF 1.26 mH 25 Q 15 uF 2 mH
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Fig. 5.7 Bode plot of M, (s) 20
and M, (s)Hp(s)
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These 2nd harmonic components can be compensated by redesigning Hp(s)
shown in Fig. 5.7. However this would require a very high gain crossover frequency,
which makes the attenuation of the gain at the filter crossover frequencies difficult.
Without modifying Hp (s), the task of compensating this single frequency component
can be accomplished by using an additional controller of the form [53],

s/wn

. 5.14
R(S/w2)2+(S/QRw2)+1 (5.14)

Hr(s) =K

The idea behind using Hg(s) is to introduce a gain over a narrow frequency band
surrounding its corner frequency. The corner frequency is selected at w,, which is
the 2nd harmonic frequency. Bode plot of Hg(s) is shown in Fig.5.8.

Qr and K are the design parameters in (5.14). Higher Q r increases the resonant
peak and therefore lowers steady state error. However this leads to sharper phase

Fig. 5.8 Bode plot of Hg(s)
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Table 5.3 Parameters of Hg(s)
@ ORr Kr
628 rad/s 27 0.56

Fig. 5.9 Bode plot of M, (s) 40 - .
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transition around w, making the circuit more selective to a particular value of w,. At
the experimental site, f} is found to vary within 1 Hz of its nominal value given
in Table5.1. Hg(s) has been realized corresponding to the nominal value of f,. To
account for the possible variations in frequency, K gz O is selected to ensure a steady
state tracking error in magnitude and phase less than 10% and 45° respectively at 98
and 102 Hz. Figure 5.8 depicts this and the selected values of K and Qg are shown
in Table5.3.

The frequency response of the plant and the loop gain M, (s) Hg(s) is shown in
Fig.5.9. Hp(s) and Hg(s) together results in the FB Controller

H,(s) = Hp(s) + Hg(s), (5.15)

Simulation results with the FB controller is shown in Fig. 5.10. Sag was introduced
in phase-a (plot in red) of the PCC voltages at the instant 75 and was removed at
the instant Tz. Both sag mitigation and subsequent disengagement of the voltage
injection at the time of sag recovery is achieved within the target 20 ms period.
However at the instant of sag recovery, Ty, the PCC voltage of phase-a was at
its positive peak. This PCC voltage together with the injected voltage resulted in
over-voltage at the load side. While trying to perform the experimental tests, an
over-voltage fault at the load occurred whenever sag was removed from the system.
Maintaining uninterrupted operation in this situation demands a very high wgw for
the FB controller. This can be particularly difficult to achieve if throughput power
exceeds P, resulting in the emergence of nonminimum phase zeros. Therefore a
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Fig. 5.10 Simulation result with FB controller. Phase a red, b blue, ¢ black (colour online)

Feed Forward (FF) controller is used along with the FB controller to reduce the
severity of this over-voltage. This is described in the next section.

5.3.2 FF Controller

A FF controller in the form

_ v:od _ v:l’q 5.16
Mg = —x— Mpg=—x (5.16)
vpd vpd

has been used. As evident, the ratio of reference output to nominal PCC voltage
is used to generate the control output of the FF controller. Use of nominal PCC
voltage rules out any chance of instability that might emerge from instantaneous
compensation as reported in the conventional FF control approaches for MC [8].
The FF controller employed here basically works as an open loop compensator.

Figure5.11 shows the overall control scheme. Experimental results are presented
in the following section.
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5.4 Experimental Results and Discussion

Since load is considered to be current stiff in analysis, the analytically developed
model is closest to the experimental model for adominantly inductive load. Moreover,
a stiffer iy, which is the disturbance source to the output filter as shown in Fig. 5.4,
implies lower possibilities of oscillation. So, if satisfactory dynamic performance
is obtained with only resistive load, it guarantees similar, if not better performance
with any other linear load. Hence a 3—wire star connected resistive load has been
considered in this work.

Figure 5.12 shows the single phase diagram of the circuit used to generate saginv,,.
C1 and C2 are two mechanically interlocked, normally open and closed contactors,
respectively. When C1 is energized, a sag is initiated.

Nominal voltage given in Table5.1 was treated as the load voltage reference.
Voltage sag of about 25% was generated for both symmetrical and asymmetrical sag
cases.

Figure5.13 shows the PCC and load voltages for symmetrical sag. The sag is
initiated when phase-a (plot in yellow) of PCC voltage is at its peak as seen in
Fig.5.13a and the load voltages at that instant are shown in Fig. 5.13b where they are
seen to be restored within 10 ms. Removal of sag takes place at the instant when one
of the PCC voltage is approaching its negative peak as observed in Fig.5.13c. This
is a situation, where, the FF controller becomes necessary. The voltage overshoot in
the corresponding phase of v at this instant is measured to be 120 V, as shown in
Fig.5.13d. Instantaneous compensation using the FF controller is difficult to achieve

Fig. 5.12 Sag generation Taas) | v
setup shown for one phase —
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Fig. 5.13 Experimental waveforms for symmetrical voltage sag. Phase a yellow, b green, c purple.
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Table 5.4 Harmonic components during symmetrical sag

3rd, % Sth, % Tth, % Oth, % 11th, % 13th, % THD, %
Vpa 1.28 1.64 1.71 1.23 1.56 1.17 4.6
Via 1.07 1.62 1.37 0.44 0.43 X 3.44
Vpb 0.9 2.51 2.16 0.69 0.65 X 4.66
VLp 0.42 2.02 1.39 0.4 X X 3.43
Vpe 1.19 2.78 2.69 1.14 0.833 0.75 5.28
Ve 0.89 1.7 1.15 0.3 0.4 X 3.7

Table 5.5 Harmonic components before initiating symmetrical sag

3rd, % Sth, % Tth, % Oth, % 11th, % 13th, % THD, %
Vpa 1.2 1.9 1.56 1.07 1.16 0.87 3.8
Vg 1.67 1.04 0.94 0.31 0.83 X 4.05
Vpb 1.04 2.51 2 0.7 0.67 X 4.04
VLb 1.24 1.57 1.67 0.4 X 0.4 3.6
Vpe 0.9 2.44 2.75 1.02 0.58 0.58 4.45
Ve 1.9 1.8 1.62 X 0.7 0.5 43

in presence of the unavoidable delays introduced by measurement as well as digital
control hardware. Still, the over-voltage is mitigated well within 5 ms. A distortion
near the positive peak of another phase of PCC voltage can also be observed in
Fig.5.13c. This is due to the finite interval between opening of C1 and closing of
C2, during which the current stiff primary side of T1 sees the voltage across variac
and resistance across C1 in series. This is however a limitation of the sag generation
circuit and not of the voltage controller. The PCC and load voltages during sag are
shown in an expanded time scale in Fig.5.13e, f respectively.

The experimental data were recorded and the harmonic components of the PCC
and load voltages during sag is provided in Table5.4. The corresponding values
before sag are listed in Table 5.5. Those harmonic components which were found to
be lower than 0.3% are neglected and the corresponding entries have been denoted
as ‘X’. As evident the 3rd harmonic component in the load voltages is more than
their PCC counterparts in normal mode while it is lower during the presence of sag.
However the THD of each of the phase voltages remains very much comparable.
Hence the effect of the converter on the overall system is minimal during normal
operation.

Figure5.14 shows the PCC and load voltages for asymmetrical sag. Sag was
introduced only in phase-a (plot in yellow) of the PCC voltage. The load voltages
are seen to be restored within 10 ms at both the start and end of sag shown in
Fig.5.14b, d. The sag removal took place when one phase of PCC was at its positive
peak as shown in Fig.5.14c. The voltage jump in the corresponding load voltage
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Fig.5.14 Experimental waveforms for asymmetrical voltage sag. Phase a yellow, b green, c purple.
Voltage scale: 200 V/div. Time: 10 ms/div for (a)-(d) and 5 ms/div for (e) and (f) (colour online)

shown in Fig. 5.14d was measured to be 90 V. The PCC and load voltages during sag
are shown in Fig.5.14e, f.

The positive and negative sequence components were extracted from the experi-
mental data using sequence analyzer tool in MATLAB corresponding to the prevalent
fundamental frequency. Peak value of these components are shown in Table5.6. It
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Table 5.6 Positive and negative sequence components in PCC and load voltage before and during

asymmetrical sag

vp+ (V) vp— (V) vr+ (V) vr— (V)

Before sag 325 5 334 10

During sag 300 29 335 15
Table 5.7 Harmonic components during asymmetrical sag

3rd, % | 4rth, % | 5th, % |6th,% |7th,% |9th, % |11th, % |13th, % | THD,
%o
Vpa 1.65 X 1.4 0.4 1.65 1.32 1 0.9 4.26
Vg 3.25 1 0.5 1.14 1.31 X 1 1.22 54
Vpb 1.4 X 23 X 2.13 1 0.66 X 4.3
VLb 1.5 X 1.8 X 2.06 0.5 X 0.5 4.1
Vpe 1.14 X 2.13 0.33 3.31 1 0.76 0.8 5.1
VLe 4.6 X 1.3 0.47 0.5 0.5 0.8 1 6.2
Table 5.8 Harmonic components before initiating asymmetrical sag
3rd, % |5th,% |6th,% |7th,% |9th,% 11th, % |13th, % |THD, %

Vpa 0.8 1.51 0.4 2 1.15 1.34 1 4.11
VLa 1.5 0.76 X 1.6 0.53 0.5 0.5 39
Vpb 0.77 2.26 X 2.1 0.8 0.88 0.33 4.06
VLb 0.74 0.68 X 1.9 0.65 0.3 0.31 4

Vpe 1 2.04 X 2.8 1.4 0.94 0.6 4.8
VLe 0.8 1.1 X 1.74 X 0.47 0.3 4.77

is observed that, during sag, positive sequence component in PCC drops to 92% of
its presag value, while that in load remains almost the same. The negative sequence
during sag increases by almost 500% in PCC and 50% in the load voltage. Steady
state error for negative sequence is restricted to 21% which is greater than the 10%
limit considered in design. It is difficult to analyze the reason behind this discrepancy
since the design was based on a balanced 3-phase system.

The harmonic components of the PCC and load voltages during and before sag are
provided in Tables 5.7 and 5.8 respectively. During the sag period the 3rd harmonic
in load voltage is noticeably high and even harmonics appear in one of the phases.
THD of the load voltages are also higher than the PCC voltage during this period.
During normal operation the harmonic component of load and source voltages are
almost similar.
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5.5 Concluding Remarks

Sag mitigation is demonstrated for both symmetrical and asymmetrical load. The
dynamic response time found to be lower than 10 ms for both type of sags which
is much lower than the reported sag tolerance time of sensitive equipments. During
asymmetrical sag, the harmonic content of the load voltages was found to be higher
than their presag values. The cause behind this could not be traced in this Book and
remains to be investigated in future. However the major concern in voltage sag is
restoration of the load voltage within the power supply hold up times of equipments.
In this regard, the demonstrated performance meets the requirement of a competent
sag mitigating device. It is also observed that the MC has negligible effect on the
load voltage in absence of sag. This is an important requirement as DVRs remain idle
most of the time during which its effect on the overall system should be minimal.



Chapter 6
Conclusion

In this work a design approach has been formulated for 3-phase direct Matrix Con-
verters for selected synchronous applications with linear load. In closure, it is impor-
tant to summarize the conclusions which could be reached in this work and those
aspects which needs future investigations. In view of these, some thoughts on today’s
relevance this work is also presented at the end.

6.1 Conclusions and Contributions

The conclusions and contributions are categorized in the following manner.

Modelling: The presented analysis began with the conventional small signal analy-
sis of the multi variable plant model in synchronous dg domain. Thereafter, every
component part of the plant was investigated and the condition under which it
becomes a nonminimum phase one was clearly defined.

(i) This provides the system designer a direct insight into the interaction between
the physical sub-systems.

(i) The plant obtained from the chosen input-output variables is stable under all
operating conditions as opposed to an unstable one obtained with erst-while
control approaches employing feed forward compensation techniques.

(ii1) Itis clarified, with the example of a generic DC-DC converter having the same
equivalent power stage as Matrix Converter, that the power stage and input filter
are responsible for the nonminimum phase zeros in the linearized model.

Therefore these observations are equally applicable to any other modulation, mod-
elling technique and also to single phase and indirect Matrix Converters which are
derived from the direct 9 switch topology.

Filter design: An extensive filter design approach is presented which in addition to
meeting general requirements of a ripple filter also addresses the design constraints
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imposed by dynamic specifications and commutation requirements. It has been dis-
cussed that for high grid inductance, controller and filter design has to be treated
simultaneously. If the bandwidth requirements are high then a trade off between
dynamic specifications and voltage regulation, losses may become necessary.

Controller design for regulated voltage supply: Reduction of the plant model,
while preserving internal stability, which allows application of single variable based
control technique has been detailed. Experimental results validates the accuracy of
the dynamic model, model order reduction and controller design. Stable operation
is demonstrated in the operating region where nonminimum phase zeros of the plant
appear.

Sag mitigation: Mitigation of symmetrical and asymmetrical voltage sag is
demonstrated. Dynamic response time is lower than power supply hold-up time
for majority of sensitive equipments. Order of the controller is same as that used in
VSIs for compensation of positive and negative sequence components and is easily
realized on digital platform.

6.2 Scope of Future Work

Some observations were made in Chap. 5 regarding the increment of third and also
emergence of even harmonic. It is also not clear about why the negative components
in the load voltage could not be contained within the limits specified by design. These
may be addressed on an individual basis.

Although, asymmetrical sag mitigation has been attempted, the model has been
developed assuming balanced 3-phase system. So the low frequency modelling based
on the transfer function approach detailed in Chap. 2 may be extended to include the
zero sequence components for 4 leg MCs [54].

A complete harmonic analysis of the modulation methods MCs is still not avail-
able. A comparative evaluation of MCs with B2B VSI can be complete only after
such an analysis is available. This work has demonstrated that the desirable dynamic
performance for some selected power system applications can be met with MC. Har-
monic analysis is the necessary next step in order to reach any final conclusion on
the merit of using MC in power system applications, particularly for nonlinear loads.
So this is an area which can be addressed. This would also enable more informed
hardware design, for e.g. selecting the upper limit for low frequency gain of output
filter in Chap. 3.

6.3 Relevance of This Work at Present

This research started almost a decade back and spanned well over half of it. During
this period, there has been a lot of parallel research activities elsewhere and so
the present scenario is of course not exactly the same as before. But a majority
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of those activities still continue to be oriented towards the low power electrical
drives/modulation methods/topologies while a few are trying to experiment with
other domains. It is beyond the scope of this book to provide a detailed overview of
the same.

From the point of industrial interest, the situation is discouraging. Two (FUJI and
YASKAWA Electric) companies among the entire global community were known
to have introduced MC based drives in their product line up about a decade back
i.e. even before this research was initiated. However, the situation has not improved
over these years. From an extensive survey of journals, magazines and white papers
there seems to be a perceived apprehension regarding the reliability and complexity
of MCs in general. A considerable amount of analysis for comparing MCs with other
3-phase AC-AC converters exists from academia. Some of the notable ones among
them are: an exhaustive analysis and comparison of performance for low voltage low
power electrical drives in [21, 55] and a summary of the issues unsolved/partially
solved in [56]. There is no debate on the fact that B2B VSIs are a superior solution in
terms of voltage gain and ease of control. However it has emerged, from these studies,
that MCs have a higher power density, power to mass ratio and better efficiency at
higher switching frequencies. Some have also concluded that MCs are not necessarily
less reliable and the choice of the most reliable converter is application dependent.
However, a similar analysis of MCs is still missing from the industry which are much
better equipped to conduct these investigations at low and medium power levels. This
kind of a participation is necessary from the industry to arrive at some conclusions
regarding the almost negligible penetration of MCs in industry.

This study has been successful in providing an insight into the plant model which
should definitely enable future systems designs with a greater understanding of the
system. Experimental verifications have been carried out in a low voltage, low power
prototype. It would gain relevance once these are put to rigorous tests at higher power
levels. An industrial setup is definitely much better equipped than an academic lab
for this purpose. Today, the knowledge gained from this research together with many
other from academia forms an enormous reservoir of knowledge concerning MCs.
Browsing the recent editions of some reputed journals tells that academic research
on MCs is still very much alive. On the other hand the fact that MCs has not still been
able to find their way to industry after almost 4 decades of research is surprising.
More disconcerting is the fact that the reasons are not clearly known. It is only by
industrial participation this obscureness can be addressed and settled—which is the
need of today.



Appendix A
Derivations Associated with Low Frequency
Dynamic Model

A.1 Expanded form of Gy L(s)

From (2.67), Gi(s) has been used to denote
Gi =L + MZ M Yo (A.])

M can be obtained using (2.35), (2.36), (2.44) and (2.45) as

3
M= £m [cos%

> sin%}[CG Sﬂ:[%‘ﬂ[c@ So ], (A2)

where
Co =cos(gpi +¢.) & Sy =sin(g; + ¢.).

Laplace operator s has been dropped in most of the derivations shown in this
appendix to avoid cluttering. Nomenclature used for the transfer matrix elements of
Gty in (2.55) has also be used for the transfer function matrices Zs,, Ymo and later
for Gy, in this book. Subsequently, using (A.2) in (A.1),

My Zsol1 Zsolz] [Ce]
Gr=1L + Cg S My M, |Y
I 2 |: [ o0 ] |:_Zs012 Zsol1 So [ d q] mo

C
=D+ |:Mq [CoZsor1 — S6Zso12 CoZso12 + So Zsol1 | [Sg} [ Mg My ] Ymo

My Yiol1 YmolZ]
=h+2Z Ma M
2+ Zsol1 Mq} [Ma Mq ] [—Ym,,lz Yimol1

_ [1 + MaZso11 (MaYmot1 — MgYmo12)  MaZso11 (MaYmo12 + Mg Ymot1) ]
qusoll (Mdeull - MquOIZ) 1+ Mquoll (Mdym012 + Mq Ymoll)
(A.3)
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So determinant of Gy is
2 2 3 2
det (GI) =1+ (M d+ M q) Zs()llYmoll =1+ Zm ZsollYmoll- (A4)

Therefore

G = [1+ My Zso11 (MaYmo12 + MgYmo11) —MaZso11 (Ma¥Ymo12 + MgYmor1) ]
I _qusoll (Mdeoll - Mqu()lZ) I+ MgZso11 (Mdeoll - MquOIZ)

1 (A.5)

—F 5, o -
1+Zmzzsoll Yol

A2 Gy(s)

By setting 67i (s) to zero in (2.44) and using (2.45), m can be expressed as

i = [Z;’ } [CoSo] = [Z;’] [cos(oi +¢o) sings + 9], (A6)
Using m from (A.6),
N N m V.
(mVcf - MZSOmTIO) - [m;‘ } [Co So] [VC;J _
* (A.7)
L Jteesa[ o, 2o ][ Jomm [ 2]
B

Using (2.1) and (2.32),

Vera | _ Ji 5 | cos .
[ Vira j| =3 Ver sing, |’ (A.8)
Hence the factor A in (A.7) can be simplified to
A= nq [ cos(ei + ¢c) sin(p; + )]\/3\7 o8 e =\/§‘7 COS @; md
= g S(@i + @c) Sm(@; + @c ) f | sin e ) cf @i g |

(A9)
B in (A.7) simplifies to
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M C - -
B= [Md] [ CoZsor1 — SoZso12 CoZsor2 + So Zson | |:S§i| (Maloq + mglog)
q

= Zson1 [%d} [Iod qu] [Zd} . (A.10)
q q

Using (A.9) and (A.10) in (A.7), mVs — MZ,, 1’1, is evaluated as

N _ Ty \/%‘A/Cf cos@; — MqZso111oa —MyZso1110q my
mVe — MZsom' Iy = e i
~MyZgoti Ioa V3V cosgr — My Zyorilog | L7
— Ga(s) [’"d} . (A.11)
mq
Denoting
ay = ,/EVCf cos ¢;, (A.12)

G,(s) in (A.11) can be expressed as,

(A.13)

G.(s) = |:(1V —MyiZso11104 _MdZso]lqu i| .

_MquollIod ay — Mquollqu

A.3  Composition of Gyof, Gy 1(s), Ga(s)

From (2.53) and (2.54) it is evident that all elements of transfer matrices which
are directly transformed from their per phase scalar counter part have a common
denominator polynomial. Using this knowledge and the same notations of (2.53),
Z,, Ymo and Gy,¢ will be represented here as

1
7o, = [ Zsont Zsol2i| _ b [ Nz Nz12] (A.14)

—Zs012 Zsol1 B; | =Nzi2 Nz
Yiot1 Yomoi2 1 Nyi1 Ny
v = [ Ymon Yuer] _ 1 : A15
e |:_Ym012 Ymoll] By | =Nr12 Nyui ( )
Gt = _Gvofll Guopna | _ 1 _NGVOII Ngvorz . (A.16)
Goor12 Guorit Bsvo Ngvoiz2 Ngvoii

By, By and Bgy o are the common denominators of Zgy, Yime and Gyer respectively
which will be referred to as Cy (Ziso), Cq (Ymo) and Cy (Gyof).

Subsequently, Gy I(s) in (A.5) can be expressed as
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By

M, MN
- EZBZY” (MgNy11 — MgNyi2) 1+ S FL (MgNy1y — MgNy12)
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1

3 2Nz Ny
L+ gm==% 5,

X
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1
By By + 3m2Nz 1 Nyi1
zBy + 3m=Nz11Ny11
(A.17)

Therefore all elements of Gy ' have the common denominator

_ 3
Ci(Gy') = BzBy + ZmzNanyn = BBy (1+ 3m*Zso11 Yion1)
= Ca (Zso) Ca (Ymo) (1 4 3m*Zso11Ymo11) -
(A.18)
Determinant of the numerator matrix of Gy ' can be evaluated as
det(N (Gy'(5))) = BzBy (BzBy + (M?q + M?;) Nz11 Ny11)
= (BzBy)* (1+ 3m>Zso11 Yon1)
= Ca (Zso) Ca (Ymo) Ca (Gy'). (A.19)
From (A.13), G,(s) can be represented as
Ga(s) = ay — MyZson1loa  —MaZso11104
? _MquollIod ay — Mquollqu
_ 1 | Bzav = MaNziiloa  —MiNziiloyg (A20)
- Bz —MyNziiloa  Bzay — MyNzii1loy | ’

Therefore all elements of G, (s) have the common denominator By i.e. Cy (Zs,).
Determinant of the numerator matrix is

det(N (Ga(s))) = Bzav Bzay Nz (Mdlod + Mqloq)
_ _ (Maloa+M,1og)
= Bla} {1 -z () )
= C3 () @} {1 = Mlttilaz Lo (a2l



Appendix B
3 Phase Direct Matrix Converter Prototype

A 6 kVA prototype was built using the following discrete IGBT module with common
emitter configuration.

Manufacturer: SEMIKRON.
Part No.: SK60GM123.
Maximum collector-emitter voltage: 1200 V.

Maximum continuous collector current: 40 A (80°C), 60 A (25°C).

The power stage layout was conceived on a single 6 layer PCB with each layer
dedicated to one of the input or output phase. Six parallel layers of bus bar structure
was laid out to minimize the stray inductance by reducing the current loop area
to the maximum extent. It was designed to withstand 2.5 kV between consecutive
layers and carry 15 A (rms) in each layer. Testing was carried out by applying
1.5 kV (rms) between each layer for one minute. Thereafter 15 A (rms) current was
passed through all layers, with all of them connected in series, for one hour. No
perceptible temperature rise was noticed. The circuit layout for clamp protection
was also realized on the same PCB. This is shown in Fig. B.1. Figure B.2 shows
the overall converter assembly with the IGBT gate driver cards, protection and level
shifting (PSC) card, voltage sensor cards and fault indicator card. The gate drivers
and input filter capacitors are mounted adjacent to the power stage PCB to minimize
wiring inductance. The gate driver, voltage sensor, protection and signal level shifting
circuits discussed in [57-59] has been modified and customized for the present work.
The current sensor described in [60] has been adopted here.
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power stage common heatsink

Fig. B.2 Overall converter assembly with the gate driver, protection and sensor cards



Appendix C
Phase Locked Loop

A PLL reported in [51] has been followed in this work. Its working principle is briefly
described in this Appendix.

A set of 3-phase voltages v*® composed of only fundamental frequency compo-
nent is represented as

[ . cos(wt) . cos(8)
v = v, | =V | cos(wr —120°) | =V | cos(d — 120°) |. (C.1)
Ve cos(wt + 120°) cos(6 + 120°)

If these are transformed to a synchronously rotating dg domain using the transfer

matrix
T — \/? cos(6,) cos(6, — 120°) cos(6, + 120°) (C2)
T=V 3| sin®,) sin(@, — 120°) sin(B,¢ + 120°) |° ’

where 6, is the estimated value of the phase angle 0, the resulting dg variables are

_|va| 5| cos(@, —0) | A cos(, —0)
V= [vq] - \/;V |:sin(Oe oy | T F|sin, -0 | (C3)
Therefore, if the angular frequency w can be correctly estimated, the transformed

voltages are obtained as DC quantities. Moreover, if 0, is accurately estimated then
v, becomes zero. If the estimation error is small, then (C.3) can be modified to

_ Vd | o F 1
V—[Uq]wE[ee_e]. (C4)

6 can now be estimated by using a linear feedback control scheme. Figure C.1 shows
this estimation scheme as reported in [61].
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Fig. C.1 Estimation of 6

Hs) | @ | L G

#

However, this approach cannot produce a fast yet accurate estimation of 6 in
presence of DC offset or negative sequence components or harmonics in v*. The
presence of these components introduces a fundamental frequency component along
with second harmonic and higher frequency components in v,. To avoid 6, from
being affected by the unbalance in voltages or harmonic components, the closed
loop bandwidth has to be low which in turn results in a slow locking time for the
PLL.

To overcome this difficulty, an improved scheme has been proposed in [51] to
extract the positive sequence component in the voltages before employing the basic
estimation scheme depicted by Fig. C.1. Initially, v® is transformed to dg domain
by using a nominal frequency of 50 Hz for the rotating reference frame. Let the
fundamental and harmonic frequency be denoted as f and f;, Hz respectively. Then,
transformation to dg leads to introduction of 50 — f Hz, 50 Hz, 50 + f Hz and
50+ fi» Hz components in vy and v, for the positive, DC offset, negative and harmonic
frequency components respectively. These are then fed into a cascaded chain of filters
as shown in Fig. C.2. Each link in the chain isdedicated to the removal of any one

removes DC offset removes negative sequence

V3 | abe | + o~
— | to X T2 delay—’Q-f—*

dq

,,,,,,,,,,,,

99 dq 3 Low |
basic lead | |
B .
PLL to comp. : pass !
abe | Ailter !

~ removes f,

Fig. C.2 PLL proposed in [51]
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of the frequency component other than 50 — f Hz corresponding to the positive
sequence component. The period corresponding to the nominal frequency of 50 Hz
is denoted by T. If the fundamental frequency differs from the nominal value, then
the filtering process introduces a phase lag in the positive sequence components.
Therefore, a lead compensator is used to correct this lag before transforming the
dg variables back to abc domain which now contain only the positive sequence
components. These voltages are now used for the basic PLL scheme to estimate 6,.
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