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Series Editors’ Foreword

The series Advances in Industrial Control aims to report and encourage
technology transfer in control engineering. The rapid development of control
technology has an impact on all areas of the control discipline. New theory, new
controllers, actuators, sensors, new industrial processes, computer methods, new
applications, new philosophies..., new challenges. Much of this development
work resides in industrial reports, feasibility study papers and the reports of
advanced collaborative projects. The series offers an opportunity for researchers
to present an extended exposition of such new work in all aspects of industrial
control for wider and rapid dissemination.

Over recent years there has been considerable interest in trying to understand
and quantify the potential benefits that nonlinear control could bring to industrial
applications. One obstacle to the widespread use of nonlinear control has been the
issue of finding appropriate nonlinear system models easily. This obstacle is
commonly avoided by finding a linear model of limited validity and then
designing a robust control able to deliver satisfactory system performance for a
wider range of system parameter variations. Finding analytical dynamical
nonlinear models for routine industrial application to allow the straightforward
development of nonlinear control designs has been a little more problematic;
however, there are some industrial areas, such as electrical machines, marine
systems, and chemical processes, where nonlinear system models are more readily
available for use in nonlinear control designs.

In the field of chemical processes, K.M. Hangos, J. Bokor, and G. Szederkényi
exploited nonlinear system models and used nonlinear control techniques in their
textbook Analysis and Control of Nonlinear Process Systems (ISBN 978-1-85233-
600-4, 2004) that was published in our related series: Advanced Textbooks in
Control and Signal Processing. Marine systems is another field where there are
well-known nonlinear models, and researchers K. D. Do and J. Pan have recently
developed a whole series of new nonlinear control algorithms for the different
control tasks demanded of such systems. A comprehensive presentation of their
work can be found in the Advances in Industrial Control monograph Control of
Ships and Underwater Vehicles (ISBN 978-1-84882-729-5, 2009).

ix
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This Advances in Industrial Control monograph by R. Marino, P. Tomei and
G.M. Verrelli is devoted to the control of induction motors from the industrial
field of electrical machines. In the monograph the authors report the systematic
application of nonlinear control techniques to develop a sequence of sophisticated
control algorithms. The key facilitator in this development is the availability of a
set of analytical dynamical state space models for induction motor behavior. The
authors then exploit the structure of these models in a variety of ingenious ways to
develop the increasingly complex nonlinear control algorithms. Despite the
closely argued theoretical presentation in the monograph, the basic outline of the
approach taken should be easily recognizable to any industrial engineer familiar
with the modern control paradigm, namely:

e modelling in this case basic electrical equations leading to nonlinear state
space models (Chapter 1);

e open-loop inverse model-based control (Chapter 1);

e feedback control based on a full state vector, including states that are
unmeasurable (Chapter 2);

e observers to reconstruct unmeasurable states and observers to estimate
uncertain system parameter values (Chapter 3). State observers driven by
measurable outputs will facilitate output feedback designs and parameter
observers will facilitate adaptive control designs;

e general output feedback control designs (Chapter 4); and

e specialized output feedback designs in this case speed sensorless feedback
control (Chapter 5).

The authors use this agenda for induction motor control, carefully absorbing
more and more realistic practical assumptions to develop increasingly general
control algorithms. At each step of the way, useful validating simulation results
are presented. These use the same induction motor parameters so it is possible to
compare results within and indeed across chapters as the various control schemes
evolve. Surprisingly, not too many different analysis tools from Lyapunov and
nonlinear control theory are used in the development and the context and
explanation of those that are used can be found in two useful reference
appendices.

The Advances in Industrial Control monograph series has not seen many
entries that present a wholly nonlinear viewpoint for industrial control system
design so it is a pleasure to welcome this exhaustive volume by R. Marino, P.
Tomei and G.M. Verrelli to the series. The authors have stated that one of their
aims in writing this monograph was to give a unified presentation of these
nonlinear induction motor controls that subsumes and archives the last thirty or
more years of development since the engineers at Siemens (1971) and Toshiba
(1980) first developed the nonlinear control method called the direct field-
oriented control algorithm. Also threaded into the volume is their own significant
research contribution to the field. Clearly, the monograph will be of great interest
to electrical and control engineers working in the electrical machines field.
Academics, postgraduate students and researchers working in the nonlinear
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control paradigm will also find new inspiration from the work of the authors and
much transferable knowledge for tackling nonlinear control problems in other
industrial applications fields.

Industrial Control Centre M.J. Grimble
Glasgow M.A. Johnson
Scotland, UK

2008






Preface

The control of induction motors has attracted much attention from researchers and
engineers since 1971. More than 4,000 journal papers have been published on in-
duction motor control and more than 500 specifically on the adaptive control of
induction motors: it is still a very active research area since more than 300 journal
papers appeared in 2008. The industrial interest in induction motor control is docu-
mented by over 80,000 patents on this subject. The availability of low cost powerful
digital signal processors and significant advances in power electronics motivated
the design of complex induction motor controls. The aim is to achieve the same, or
even superior, performance on speed tracking and power efficiency which are ob-
tained by more sophisticated and expensive, but less reliable, electric motors such
as direct current or permanent magnet ones. Direct current motors are extensively
used in variable speed applications since their flux and torque are independently
controlled by the field and the armature current. However, they have disadvantages
due to the mechanical commutator and the brushes so that they are limited in high-
speed, high-voltage operating conditions. Induction motors are much more difficult
to control but have definite advantages since they have no commutator, no brushes,
no rotor windings in squirrel cage motors, they have a simple rugged structure, can
tolerate heavy overloading, and can produce higher torques with a lower weight,
smaller size, and lower rotating mass than direct current motors.

The design of control algorithms for induction motors is, however, very complex
for many reasons. It is a multivariable control problem since there are two indepen-
dent control inputs and two outputs to be controlled: the primary output is the rotor
speed to achieve the required dynamic performance, while the secondary output is
the rotor flux modulus for power efficiency maximization. It is an intrinsic nonlin-
ear problem since the electromagnetic torque, which controls the rotor speed, is a
nonlinear function of stator currents and rotor fluxes, and the operating conditions
of interest are away from the equilibrium points so that linear approximation tech-
niques do not apply. It involves parameters such as load torque and rotor resistance
which may vary widely during operation; they are critical in the control design and
should be identified online to maximize power efficiency. The control design cannot
rely on state variable feedback since rotor flux measurements are not easily avail-

Xiii
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able. If rotor speed is not measured in order to reduce costs or due to sensor failures
and only stator currents and voltages are available from measurements, the control
problem is called speed-sensorless. In this case the desired reference signals for ro-
tor speed and flux modulus are to be tracked in spite of parameter perturbations,
while both tracking errors are not available for feedback to the controller. The feed-
forward control which solves the tracking problem in open-loop may be explicitly
obtained by computing the induction motor nonlinear inverse dynamics. The stabil-
ity of the resulting open-loop controlled motor is, however, not always guaranteed
since it depends both on the reference trajectories to be tracked and on motor pa-
rameters. Even in stable operating conditions the dynamic responses may be unsat-
isfactory and poorly damped. Hence, feedback from stator currents, and from rotor
speed when available, has the goal of enhancing both stability and robustness with
respect to parameter perturbations; moreover, it should improve transient behaviors
and power efficiency. This book is focused on the nonlinear feedback control de-
sign techniques, including adaptive ones, which are required to achieve high speed
tracking performance along with high power efficiency in induction motor control.
Besides its technological motivations for electric traction and electric drives, the
control of induction motors has an intrinsic interest from the view point of nonlinear
control theory, since it involves clearly modeled nonlinear terms such as electromag-
netic torque and two critical parameters; the appropriate tools belong to the theory
of adaptive output feedback for multi-input, multi-output nonlinear systems. Such
a theory started to be developed in 1992 for special classes of single-input, single-
output nonlinear systems but it does not encompass the induction motor models.
Hence, the control of induction motors constitutes a very interesting case study
which evolved into a benchmark nonlinear control problem. In fact, most of the
fundamental concepts of nonlinear control theory apply in a nontrivial way. Induc-
tion motors are not feedback linearizable by static state feedback but they are feed-
back linearizable by a dynamic state feedback. It is enough to add one integrator to
achieve feedback linearization; this can be done in many different ways even though
they all lead to singularities that make it inadvisable to render the closed-loop linear
in all operating conditions. Induction motors are input—output feedback linearizable
but the input—output feedback linearizing control, which makes the rotor flux angle
unobservable, is singular when the rotor flux is zero and it is not power efficient
at low rotor flux levels. Induction motors are observable from rotor speed and sta-
tor current measurements so that flux observers, including adaptive ones, can be
designed. Observer-based output feedback controls can also be designed using Lya-
punov techniques. The steady-state dynamics of induction motors are very intrigu-
ing: in the case of constant reference signals for rotor speed and rotor flux modulus,
they constitute a limit cycle in the state space where the rotating speed of the flux
vector is equal to the sum of the desired rotor speed and the so-called slip speed,
which depends on the load torque, the rotor resistance, and the flux modulus. In the
more general case of bounded reference signals the steady-state dynamics may be
very complex. They remain bounded but their stability and attractivity are in gen-
eral difficult to study. In many cases the attractivity is not global and the stability
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is not exponential, depending on the reference signals and physical parameters, and
instabilities or poor dynamic responses may arise.

Engineers at Siemens and Toshiba developed ante litteram in 1971 and 1980, re-
spectively, nonlinear feedback control algorithms which are now called direct field-
oriented control and indirect field-oriented control. At that time nonlinear control
theory was just at its beginning: researchers were investigating basic controllabil-
ity (1972) and observability (1977) properties. In fact, the proof that indirect field-
oriented control is globally stable was published in 1996. Using today’s terminology
we can say that direct field-oriented control is an asymptotic state feedback lin-
earizing control which has a singularity when rotor flux is zero, while indirect field-
oriented control is a global dynamic output feedback control which has no singular-
ities and allows the motor to start from any initial condition. Field-oriented controls
were originally conceived for current-fed motors in which the stator currents can
be controlled very rapidly by stator voltages, so that they may be considered con-
trol inputs by neglecting the stator currents dynamics; they were then extended to
general induction motor models. During the 1980s new important tools in nonlinear
state feedback design were developed: feedback linearization and input—output de-
coupling along with their adaptive generalizations. Good theories proved once again
very useful in applications since they led to very innovative control algorithms for
induction motors, with superior performance with respect to field-oriented controls.
An adaptive feedback linearizing control with online identification of load torque
and rotor resistance was developed in 1991. The goals of field-oriented controls
and feedback linearizing controls are indeed very similar: they both use nonlinear
feedback and nonlinear change of coordinates so that the feedback systems have a
simpler structure.

Since both direct field-oriented control and feedback linearizing control make
use of rotor flux signals there was a strong motivation to design rotor flux observers.
At that time nonlinear observer theory was not fully developed. Nevertheless nonlin-
ear observers for induction motors were designed in 1978: they were called bilinear
observers. A complete theory for rotor flux observers, including observers with ar-
bitrary rate of convergence, was successively developed. Adaptive flux observers
were also designed which are adaptive with respect to rotor resistance, since rotor
flux observers were found to be very sensitive with respect to rotor resistance varia-
tions. Identifiability questions naturally arose and were answered using the concepts
of persistency of excitation and nonlinear observability. Since 1991 the problem of
designing a global output feedback tracking control which does not require rotor
flux measurements, is adaptive with respect to load torque and rotor resistance vari-
ations, and has no singularities was posed and finally solved in 1999 following the
indirect field-oriented approach.

More recently, an important line of research was focused on the design of feed-
back control algorithms based on stator current measurements only. The absence of
rotor speed measurements, which improves the reliability of the motor and reduces
its cost, forced the redesign of those control algorithms which make use of rotor
speed measurements in many crucial steps. The question itself of speed and rotor
flux observability from stator current measurements is rather delicate and leads to
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the discovery of operating conditions in which observability fails: of course, the con-
cept of nonlinear observability has to be used since the motor model is nonlinear.
The study of identifiability of rotor resistance and load torque from stator current
measurements leads to the discovery of persistently exciting reference signals for
the flux modulus, which is required to be time-varying. Several speed sensorless
control algorithms were recently developed which show superior performance with
respect to inverse system based controls but are of course inferior to controls which
make use of speed sensors.

At the present stage of research on induction motor control a coherent collection
of estimation and control algorithms is available, including the most recent speed
sensorless controllers. This book collects and discusses, using a unified notation
and a modern nonlinear control terminology, the most important steps and issues
in the design of estimation and control algorithms for induction motors. Many es-
timation and control algorithms are reported: their stability is analyzed and their
performance is illustrated by simulations and experiments on the same induction
motor. An intense and challenging collective research effort (which also involved
at various stages the authors of this book) is carefully documented and analyzed,
with the aim of providing and clarifying the basic intuition and tools required in the
analysis and design of nonlinear adaptive feedback control algorithms. This material
should be of specific interest to engineers who are engaged in the design of control
algorithms for electric motors and, more generally, to a broader audience interested
in nonlinear control design. In fact, induction motor dynamics are surprisingly rich
and their control is challenging even to engineers with a strong nonlinear control
background. The induction motor is an excellent source of projects, examples, and
exercises for courses in nonlinear control design since they can be physically and
experimentally tested. The book can be used for graduate courses on the control of
induction motors and for independent study.

This book is divided into six chapters and two appendices. Since the stability
of controlled induction motors is carefully analyzed throughout the book, the basic
definitions and tools from Lyapunov stability theory are recalled in Appendix A.
Since in many instances the basic concepts and tools from nonlinear control the-
ory (nonlinear change of coordinates, observability, feedback linearization, input—
output decoupling) are used, they are recalled in Appendix B. In Chapter 1, the
modeling issues and the basic assumptions are discussed; moreover the structural
properties of the models such as observability, parameter identifiability, lineariz-
ability, inverse dynamics and steady-state behaviors, including power losses mini-
mization, are analyzed. Chapter 2 is devoted to state feedback control to explore the
performance which can be obtained using full state variables measurements, and
to examine those controllers which could tolerate the replacements of sensors by
asymptotic observers and those which can be made adaptive with respect to uncer-
tain parameters. The estimation of state variables, in particular rotor fluxes and rotor
currents, and the identification of physical parameters such as load torque and resis-
tances are discussed in Chapter 3: adaptive rotor flux observers are also presented.
In Chapter 4 output feedback controls based on rotor speed, stator current, and stator
voltage measurements are presented: some algorithms incorporate flux observers to
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improve performance, while the most complex algorithm is adaptive with respect to
both torque load and rotor resistance. In Chapter 5 speed-sensorless output feedback
controls which are based only on stator current measurements are discussed along
with their adaptive versions. Chapter 6 contains some concluding remarks. All the
control schemes are numerically simulated for the same motor with similar refer-
ences to illustrate their performance, so that they can be compared: advantages and
drawbacks of each scheme are pointed out. Some estimation and control algorithms
are validated by experiments. Experimental tests are also presented which validate
the motor model and the parameters used. The bibliography collects more than 200
journal papers and books on induction motor control from 1971 to 2009; it is, how-
ever, far from being complete and only contains all the material which was actually
used during the preparation of this book. Finally, frequent exchanges of ideas and
fruitful collaborations with Professor Sergei Peresada on induction motor control
are acknowledged with pleasure.

Rome, Riccardo Marino
December 2009 Patrizio Tomei
Cristiano Maria Verrelli
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Chapter 1
Dynamical Models and Structural Properties

Abstract Starting from the three physical stator and rotor windings, several state
space dynamical models for the induction motor are introduced in this chapter. Each
model clarifies specific dynamical properties. Their steady-state operating condi-
tions are determined and analyzed: in particular the steady-state torque—speed char-
acteristic curve is computed when sinusoidal voltages with constant amplitude and
frequency are applied. This curve reveals many important nonlinear features: for
instance, for a given load torque there may be two operating conditions, a stable
one and an unstable one; they become closer and closer as the load torque increases
up to a load torque bifurcation value. More generally, the dynamic inverse system
is explicitly computed: it generates the voltage inputs which are required to track
a desired time-varying rotor speed profile with the desired rotor flux modulus. The
flux modulus parameterizes the control input: it may be chosen to minimize the
power losses or to keep the voltage modulus constant or below a desired level (field
weakening). The corresponding tracking dynamics are also computed: they deter-
mine limit cycles in the state space whose speed depends on the load torque and the
desired rotor speed and flux. The structural properties of the motor from the control
view point are studied: observability from stator currents and rotor speed measure-
ments; observability from stator currents and rotor fluxes; observability from stator
current measurements only; feedback linearizability, i.e. the possibility of trans-
forming the motor model into a linear and controllable system by state feedback
(either static or dynamic), which implies the controllability property; the identifia-
bility, from different set of measurements, of critical parameters such as load torque
and rotor resistance which may vary during operations. The induction motor turns
out to be feedback linearizable by a dynamic state feedback; it is observable for any
voltage input if stator currents and rotor speed are measured but it is not observ-
able if only stator currents are measured and rotor speed and rotor fluxes are kept
constant.



2 1 Dynamical Models and Structural Properties

1.1 Modeling Assumptions

Consider a two-pole, three-phase symmetrical induction machine (see Figure 1.1).
The stator windings are assumed to be identical with resistance Ry and equivalent

/7 Armature stator winding
. . ,~— Rotor winding

VI s> Ve

AC
power
supply

Shaft

\ u Laminated steel
Ay / u
3 \.\_ o rotor
~, m— </ o . .

Ry A Short-circuited

~ - / \
~— 1 rotor bars

Induction motor cross-section Electrical connections

Fig. 1.1 Three-phase induction motor

turns Ny. The rotor windings are also assumed to be identical with resistance R, and
equivalent turns N,. The air gap is assumed to be uniform. Stator and rotor windings
are assumed to be approximated as sinusoidally distributed windings. The angle &
represents the rotor position with respect to the stator. We assume that the induction
machine is operated as a motor, that is the rotor speed

oo 3
T odr

and the load torque 77, have opposite signs. The rotor windings are short circuited
while the stator windings are connected to a balanced three-phase source. When a
balanced three-phase current is flowing in the stator windings an air gap magneto-
motive force rotates about the air gap at a speed determined by the frequency of
the stator currents and the number of poles. If the speed of the rotating magneto-
motive force is different from the rotor speed, balanced three-phase currents will
be induced in the short circuited rotor windings; the names of induction motor or
asynchronous motor are due to this physical principle. The difference between the
speed of the rotating magneto-motive force due to stator currents and the speed
of the rotor determines the frequency of the induced rotor currents. If this speed
difference is zero, that is the rotor rotates at the same speed as the magneto-motive
force, no rotor currents are induced. Let

lPs = [‘Vsla Y2, ‘Vs3}T
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T
Y = (W1, Y2, Wi3)
be the vectors whose components are the stator and rotor flux linkages, respectively,
with 1,2, 3 denoting the three phases. Similarly, let
.. .T
I, = [1s171s27133]
.. .7
I, = [lrlvlr27lr3]
be the vectors whose components are the stator and rotor currents. Then, for an
induction motor with one pole pair, we can write

dZ/tSl + Ryis1 = ug
d:ﬁz +Rsip = ug
dg’f +Ryiz = ug
d:i,trl +Rrir1 =0
d:;,;z +Rrirg =0
d:ff Rz =0 (1.1)

where the stator and rotor fluxes, under the assumption of linear magnetic circuits,
satisfy the linear relation

| L | |
MRl a2
with
lsl + lsm *l‘% *lsjm
ls = *% lsl +lsm _lb%
_ljzl _ISTm lsl + lsm
2

cos(8)  cos(8+3m) cos (6—§7r)
Iy = Ly | cos (6 — %7‘5) cos(8)  cos(8+35m)
cos (84 5m) cos (86 — i) cos(8)

lrl ";lrm _lr% _%
I, = _% brp + Lm _% . (1.3)
*IrTm *erm lrl +lrm

In (1.3) I denotes the leakage inductance of the stator windings, [/, denotes the
magnetizing inductance of the stator windings, /,; denotes the leakage inductance
of the rotor windings, /,,, denotes the magnetizing inductance of the rotor windings,
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and [, denotes the amplitude of the mutual inductance between stator and rotor
windings. Neglecting iron losses we set /; = 0 and /,; = 0 so that (1.3) becomes

ls = lsm
lr = lrm
Denote by
Ls
L

S
2
ly=ZL| -4 1
s 3 ) 71 _l
L—2 =2
) [ cos(6
lsrng cos (6 —
cos (6 +
F o
2 2
=L |-11
371
L—2 —3

—_

D= —

—_—

B0 —

(Sl

—

SIESSTES

—

D= =
|

—_

ST ST

=
—

When the motor is operating in balanced conditions we have the constraints

and, therefore, it is convenient to introduce the new variables

1

1

2

cos (8 +37) cos (& — %n)

m)  cos(8) cos(6+3m)

m) cos(6—3m)  cos()

1

1

5 (1.4)
is1 +igp+isa =0
in +ir2+ir3 =0
ug) +ug +usz =0 (1.5)
i50 2 % % \éi is1 A is]
isa | =4/3] 1 -1 =L lig|=U|in (1.6)
lsh 0 ? —§ is3 is3

in which U is a unitary matrix (U~! = UT and det[U] = 1); similarly we define
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00 irl
L | =U |in
Irg/ i I3
Vs0 Ws1
Ysa | = U Y2
Vsb | Vi3
L) Yr1
Ve | =U | Y2
Yy | Vi3
Uso Us]
U | =U | up 1.7)
Ush | | Us3

where (W1, W) and (i,q,i,,) denote the (d’,¢")-components of the rotor flux and
current vectors in the (d’,q’) reference frame attached to the rotor, rotating at rotor
speed ® = & and identified by the rotor angle & in the fixed (a,b) reference frame
attached to the stator, while (W, W) and (ug,, uyg) denote the (a,b)-components
of the stator flux and the stator voltage vectors in the fixed (a,b) frame.

1.2 State Space Models

Let T, be the electromagnetic torque produced by the motor and J the motor moment
of inertia. Recall that 7} is the load torque while Ry and R, are the stator and rotor
resistances, respectively. Since in balanced operating conditions (1.5) iso =0, i,o =0
and uyy = 0, on the basis of (1.1), (1.6), and (1.7), for an induction motor with one
pole pair we can write (the damping friction torque is usually negligible in induction
motors and it is therefore set equal to zero)

Wia + Rylsq = Usq
Wb + Ryisp = ugp
Vi + Reigr = 0
Wiy + Ryl = 0
=0
Jo=T,—T; (1.8)

gt | | cosd sind | | iy
Iy | | —sind cosé | | inp

Y| | cosd sind | | Wi
Vg | | —sind cosd | | ¥

in which
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with (W4, Wyp) and (iyg, i) denoting the (a,b)-components of the rotor flux and
the rotor current in the fixed (a,b) frame. Since

Vg |  |cosd —sind | | Yz ‘o —sind —cosd | | W
V| | sind cosd Wy cosd —sind | | Yy
R, 0 Ira — OV
AGelln] L] a9
we can write in (a,b) coordinates
Via Ry 0 Isa | Usa
|:lilsb:| +|:0 Rs:| |:isb:| B |:usb:|
l/./m R, 0 ira 0 o Voa | _ 0
MAREA I R R IR R

From (1.2), (1.4), (1.6), and (1.7), the electromagnetic equations are

Ysa Ly OMO Isa Isa
Vb 0L OM| |ig| 2, |in

= . =L]. . 1.11
Yra MOL O lra lra ( )
Yrp 0OMO L, irh irh

The matrix L is positive definite, i.e. the quadratic form associated to L

1
iiTLi (1.12)

is positive for any nonzero value of the current vector i = [isq, isps irqs i,;,}T: (1.12)
represents the magnetic energy. This implies that L,L, > M. Define

=
coXo

Il

0
0
R (1.13)

(=]

<

(=i e i)

0

=

so that, if we eliminate (Ws,, Wsp, Wra, Wp) in (1.10) by using (1.11), we obtain the
first state space model

disq

ddt Isa 0 0 0 0 Isa Usq
Ssb ) 0 0 0 0 i u
a _ Ish | sb sb
b da R, 0 oM 0 oL | |id| |0
dé;b irp -oM 0 —wL, 0 irp 0
do
J—=T,-1; (1.14)
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in which the state variables are (iyq,isp,irq,irp, @) and the electromagnetic torque
T, is still to be determined as a function of the state variables. This choice of state
variables is naturally linked to the energy stored in the motor given by

1 1
E = EiTLi+ 5Jco2 (1.15)

which is the sum of the magnetic energy (1.12) and of the kinetic energy

1
ijz. (1.16)

The expression of 7, can be obtained from the energy balance

dE o .
dr = [lsaalsb] [“saausb}T —Tro— iTRi
.. 0 -—-M|, .
+O[ira,irp) {M 0 ] lisasisp] " + T, . (1.17)

Let Py, P,,, and P, denote the input power, the output power, and the power
losses, respectively; since

dE

E =P _Pout_Plass

= [ism isb} [Msaa usb]T —TLo0— iTRi s (1.18)
comparing (1.17) with (1.18) it follows that

.. 0O -—-M|, . .. -
1, = [lraalrb} |:M 0 :| [lsa;lsb]T :M(lralsbflrblsu) . (1.19)

Note that the electromagnetic torque 7, produced by the motor is a nonlinear func-
tion of the state variables and constitutes the main nonlinear term in the induction
motor model. Since from (1.11)

. M . 1

lyg = 7L7,lsa+ Ew’“

. M . 1

lrp = _Lirle_F EWrb (1.20)

the electromagnetic torque 7, can also be expressed as

M . .
T, = L*(Wralxb - V’rbka) . (1.21)

From (1.14) and (1.19) we obtain the overall state space model in terms of the state
variables (isq, isp,irq, irp, @) and the input variables (i, g, T1.)
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dr isq Usa
dlxh l u
dt sb sb
B| %) 4+ (K+C) |in| =] 0 (1.22)
zg;b irb (;
(0} —
O ® L
with
(L, 0 M 00 R, 0000
0L, OMO OR,0 00
B=|MO0L-00], K=[0O0R-00],
OMOL,0 00 O0R,0
1000O0J 00O0O00O0
[00 0 0 0
00 O 0 0
C=100 0 wL Migy | . (1.23)
00 —wL, 0 —Mig,
| 00 —Migy, Mis, O
Note that the matrix C is skew-symmetric, i.e. C = —CT. If we differentiate with

respect to time the total energy (1.15), which can also be expressed as

we reobtain (1.18)

d£
dr

: i . .
—[ZT, a)]K |:(J):| + gqUsq + Igpugy — OTL
= —Ploss +Pin — Pour

since C = —CT. The model (1.22) is very advantageous to analyze the energy bal-
ance: for this reason the model (1.22) will be referred to as the energy model. In
fact, integrating with respect to time the power balance (1.18), we obtain the total
energy balance from an initial time #( to the time #:

E(t)—E(to) + ti(T)TRi(r)df
_ %i(r)TLi(t) _ %i(to)TLi(to) + %sz (1) — %sz(to) + tot i(0)TRi(t)de
= t[im(r)um(r)+isb(r)usb(r)]dr— tTLw(r)dT.

T T

Eliminating (Wsq, Wb, ira, irp) in (1.10) by using (1.11), namely (recall also (1.20))
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. M . 1
lbra| _ | 7L, 0 lsa I 0 Yra
] =18 Sl 5 2 [ az0
M? . M
Ysa _ Ls_fr 0 |:lsa:| |:L, O:| |:1I/ra:| 1.25
|:l//sb:| l 0 Ls—%z Ish * 0 LM, Vrb (1.25)

we obtain a state space model in terms of the state variables (®, Wyq, Wyp, isq, isp) and
the input variables (uy,,up, 77.)

do _ (Wraisp — Wrpi )—E
a M (Wralsh — Wrblsa 7
d
th"‘ = — 0y — OYp + aMiy,
d
Z;rb = —al//err(DlI/eraMisb
disq - . Usa
&t = —Yisa + p +l3061l/m+ﬁfml/rb
di . U
G = Vet +Bavi— oy, (1.26)

in which the following reparameterization is used:

M
H JL,
_ R
=7
MZ
(-8
L¢Lr
M
= oL,
R,
Y= g—kﬁaM. (1.27)

Note that since o > 0, all the above parameters are greater than zero. From (1.26) it
follows that

digq - R; . Usq Ay,
& - ot B dt
digp R; . Ugsp Ay
= Ny gt gV 1.28
dr c b+ c P dr ( )

The state space model (1.26), which will be referred to as the fixed frame model,
has some advantages from the control view point since it clarifies that the control
inputs (ugq,ugp) directly affect the dynamics of the stator currents (igq,is) Which
can be viewed as intermediate control variables since they control the rotor speed @

and the rotor flux modulus /w2, + ‘I’rzb in the first three equations in (1.26). Note
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that the model (1.26) is highly nonlinear due to the expression of the produced
electromagnetic torque T, = U(W,qisp — Wrpisq) and to the products oy,, and 0y,
appearing in the last four equations in (1.26) which are originated by the rotation of
the rotor at speed ®(t), according to (1.9).

Let us now introduce a time-varying (d,q) frame which rotates at an arbitrary
speed @y(¢) and is identified at each time # by the angle & (¢) so that

dey
— =y 1.29
dr ( )

with & (0) an arbitrary initial condition. Rotor fluxes (W, W), stator currents

Stator voltage vector

Stator current vector

Rotor flux vector

(23

Fig. 1.2 (d,q) reference frame for the rotating frame model

(isa,1sp), and stator voltages (usq, igp) are expressed with respect to the time-varying
rotating (d,q) frame as (see Figure 1.2)

Vg | [ cosey singy | [ W
Yy —singy cos€y | | Yrp
isg| [ cosg singy | [is
isq | | —sing cos& | | isp
Ugg coS€& SIingy | | Usq (1.30)
Ugq —singy cosgy | | ug | ’

If the new state variables (@, Wyq, Wiy, isq, lsq) and input variables (uyq, usq,T7.) are
used, in the new (d,q) rotating coordinates the induction motor model (1.26) be-
comes

dar U (Vralsg — Wrglsd 7
dl//rd

dr =~V + (wO - (1)) WVqJFaMisd
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d .
Z[t"’ = —ayy — () — @) Yy + aMis,
di S "
d;d — —yzsd+a)gzsq+ﬁaw,d+ﬁww,q+?d
dixq . . usq
a = Ve Woisq +Bavy,, — By, + - (1.31)

which generalizes the fixed frame model (1.26) since (1.31) becomes (1.26) in the
special case in which the speed wy of the rotating coordinate frame is zero along
with the initial angle & (0) (i.e. @y = &(0) =0 in (1.31)). The state space model
(1.31) will be referred to as the rotating frame model.

In the third equation in (1.31) @y can be freely chosen to our advantage. If we
set, assuming Y,y # 0,

wy = o+ % (1.32)
Vi
the third equation in (1.31) becomes
dy,
dtrq = QWY (1.33)

which implies, since & > 0, that () tends exponentially to zero for any initial
condition v, (0), i.e.

V(1) = e %y (0) (1.34)

If y,4(0) = O then y,,(z) = 0 for every ¢ > 0. Equations (1.29) and (1.32) give

deg aMi
o T (1.35)
dt Vrd
Substituting (1.32) in (1.31) we obtain
dw . ) 1
; =H (l//rdlsq - qulxd) - 7
dlIlrd aMiSf] .
= -y, oM
dr Vyd + Vid Vg + lsd
dy,
dtrq A
digq . . aMij, Usd
d; = —Yisd + Oigg + Wrdsq +Bay,+ ﬁwll/rq + ?Y
dl . . (XMI id Uy,
o = sy~ Oisa — # +payy —povu+-+.  (136)

The model (1.36) is a special case of the rotating frame model (1.31) in which wy
is chosen according to (1.32). If y,,(0) = 0 and consequently, according to (1.34),
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W,4(t) = 0 for every ¢ > 0, then the (d,q) frame rotates so that the direct axis coin-
cides with the rotor flux vector and & coincides with the angle p between the flux
vector and the g-axis (see Figure 1.3), that is

Yra = Yra COSP

Vb = Ypasinp (1.37)
with
Vea = \/ V2 + V),
p = arctan (l”’b> . (1.38)

In this case, i.e. when y,,,(0) = 0 or equivalently & = p, equations (1.36) become

Stator voltage vector

Stator current vector

Rotor flux vector d

Fig. 1.3 (d,q) reference frame when & = p for the field-oriented model

do . I

_— = rl —_

dr HYrtsq 7
Ay, .

th = —aW, + aMigy

d7p — oq oMig,

dr Vid

diny . . aMi, Usd

= — w oy,

ar Visqg + lsq+ Vid +ﬁ Yrqd + o
di ) . aMig,igq u
7(1;(1 = —yzsq—wlsd—TZ_Berd‘F% (1.39)
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which constitutes a motor state space model with state variables (@, W,q,0,isq,lsq)
and input variables (usq,usq,7r). The model (1.39) will be referred to as field-
oriented model. Several important comments on the field-oriented model (1.39) are
in order:

1. The difference between the rotor flux speed of rotation p and the rotor speed w
aMisg

is equal to T it is usually called slip speed @, and is expressed as follows:
. oMis;  oMT,
=p—0O=—-= 5
Yrd HYy
R M re isb — .m
— RMWial ~ Yivlea) (1.40)
LV(Wra + Wrb)

it is proportional to the electromagnetic torque 7, and inversely proportional to
the the flux modulus squared: the smaller the flux modulus, the larger the flux
speed of rotation p while the larger the electromagnetic torque 7T, the larger the
flux speed of rotation p.

2. No matter how & (0), or equivalently y,,(0), is chosen, (1.39) describes the lim-
iting behavior of (1.36) as ¢ goes to infinity according to (1.34).

3. The field-oriented model (1.39) is an equivalent (except at y,, = Y, = 0) de-
scription of the fixed frame model (1.26) in the new state variables

0=0
Vi = \/ VitV
Yib
p = arctan ( )
Yia
ig = Yralsa t Vrbls _ i5qCOSP +ig,sinp
V2, v,
isg = Vrals — Yrblsa = —iysinp +igcosp (141
Vit W,

and new control input coordinates

Usq + YrpUst .
Uy = M = usacosp +M5‘b s]np

\V Va5

gy = Lrattsb ZWiblhsa __,  sinp +ugpcosp . (1.42)

lI’rza + ll,;?b

4. The field-oriented model (1.39) is the most advantageous from the control view
point since the control inputs (u4,us,) directly affect the currents (igq,isq) dy-
namics only; the stator current vector (iys,is,) can be viewed as an intermediate
control vector in the reduced order model
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do . T
- R —

dr UVWrqlsq 7

dy,g .

¥ = —QYy + aMiy
dt

d aMi

P o T

dr Vrd

which is often called current-fed model. This model clarifies that the direct cur-
rent component iy; (which is sometimes called excitation current) is solely and
directly responsible for the rotor flux modulus y,; dynamics and indirectly re-
sponsible for the electromagnetic torque production through v, itself, while the
quadrature current component iy, is directly responsible for the electromagnetic
torque production and therefore for the rotor speed @ dynamics.

As we shall see in the next section, the field-oriented model (1.39) allows
us to determine immediately the sinusoidal steady-state operating condition
corresponding to a constant speed @* and to a constant flux modulus y* =
\/ Wi+ l//rzb. Given ©*, y*, and Ty, if we set in (1.39) the time derivatives equal
to zero and solve for (i}, i;‘q, 7 u;‘q) the right-hand side in (1.39), we easily
obtain (ij,, iy,) from the first two equations in (1.39) and (uj, ug,) from the
last two equations in (1.39), while the third equation gives the speed of rotation
o + aMig, /w* for the operating condition.

In conclusion, four state space models have been determined for the balanced,
unsaturated induction motor:

1. The energy model

digg .
dr Lsa Usa
dlsb g
dr Lsh Ush
B dé;a +(K+C) li| =] 0
dlr}, irb 0
o (0] —T
a L
with
_Ls 0OMOO R, 0 000
0L OMO OR, 0 00
B=|MO0L-00], K=100R,00],
OMOL,0O 00 O0R-0
_0 00O0UJ 00O0O00O0
[00 0 0 0
00 O 0 0
cC=1(00 O oL, Migy,
00 —wL, 0 —Mi,
_0 0 —Miy Misg, O
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in which (isg, isp, irq» irp, @) are the state variables and (uy,, ugp) are the
control inputs.
2. The fixed frame model

dw . . 1.
? = U (ll/ralsb - Wrblsa) - 7
d .
% = =AY — OYpp + My,
dy, .
Z;b = — 0y + OYra + AMiy,
di . u
d;a = —Yisa+ % +Bav,+ Loy,
di . Ugp
dib = —Yisp + % +Boy, — Loy,

in which (®, Wy, Wyp, isq, isp) are the state variables and (uy,, ug,) are the
control inputs.
3. The rotating frame model

dw . . 1L
5 =Hu (Wrdlsq - qulsd) - 7

dy, |

% = =0+ ((1)0 - a)) Yig + aMigy

d .

% = QY — ((1)0 - (O) Vid + aMlsq
di . . u
dstd = —Yisd T Wplsq +ﬁaWrd +ﬁwll/rq + id
di . . u
d;q = —Yisq — Wolsa +BO“I/rq —Bov.+ %

in which (@, W4, Wry, isq, isq) are the state variables, (ug, uy,) are the
control inputs, and @y is the speed of the rotating coordinate frame.
4. The field-oriented model (W,4; > 0)

dw . Tr.
= = il — —
dr HVYralsq 7
d
Zrd = —0VYy + aMiy
d£ = oMiy,
dt Yra
digg . oMy, Ugg
dSt = —Yisqg + Olgq + Vi +ﬁall/rd+?
dl'sq OMig4isq

. . Usq
= —Yilsqg — Olgqg — _ﬁwll/rd'i‘?

dr Vrd
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in which (@, W4, P, isq, isq) are the state variables, (14, uy,) are the control
inputs and p is the speed of the rotating coordinate frame.

Throughout this book all numerical simulations are performed for a low power in-
duction motor whose parameters are provided by the manufacturer and are given in
Table 1.1. A detailed description of the experimental set-up, including the motor, is
given in Section 1.8 where simulated and experimental data are compared.

Table 1.1 Nominal motor parameters

Motor-load inertia [J = 0.0075 Kgm?
Stator resistance |Ry =5.3Q

Rotor resistance |R, =3.3Q
Stator inductance |L; = 0.365H
Rotor inductance |L, =0.375H
Mutual inductance(M = 0.34H

1.3 Steady-state Operating Conditions with Sinusoidal Voltages

Let us first determine the constant vectors (y*,0), (i, i5,), (454, us5,) Which rotate
at constant speed

3k
aMig,

pr=0"+——=0"+ao (1.43)
when the rotor speed ®* is constant and constitute a steady-state solution for the

field-oriented model (1.39) if p*(0) = p(0), i.e. they satisfy (1.43) and

* ok TL
uy lsg — 7 =0
—ocl//*+ocMijd =0
*2
=0

—yi;*dJra)*iij
aMi*
ity — iy~ T"d Bo'y* + “’=0. (1.44)

Solving for (i}, Yq) the first two equations in (1.44) we obtain
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T;
i, = (1.45)
Juy*

so that the steady-state slip speed is from (1.43)

" oMT;, . R, T

- J‘uw*z - W*Z .

)

Note that the steady-state slip speed ®; depends on y* and on two critical parame-
ters R, and T, only, while the rotation speed of the steady-state operating condition
is ®* + R, T;/y** and depends on the references (@*, y*) and on the parameters
(Ry, Tp.). Substituting (1.45) in the last two equations in (1.44) we obtain (recall that
pt =M and y =% 4 apm)

-

v B oTLo" caMT}

sd = ¥ Juy Puly

* G(Y+a)TL i Kok

Uy = v +6<M+ﬁ o'y, (1.46)

Hence the steady-state, time-varying operating conditions in fixed coordinates for
(1.26) are given by

V| _ [cosp® —sinp*] [y
v, | |sinp* cosp* || O
it,] _ [cosp* —sinp*] [ "’?*
i,| | sinp* cosp* | T
- - - " 2
uy, | | sinp™ cosp™ | 6(}:$2TL+O.(i+ﬁ) w0yt
pr =4 SMIL _ e ReIL e f r
J“W*z W*Z s
* l//rb(o)
p*(0) = arctan< . (1.47)
¥ra(0)

The motor trajectories in the (W4, W, ®) space are reported in Figure 1.4 for
o* = 100rad/s, y* = 1.16 Wb, and Ty = 3Nm. The steady-state solutions (1.47)
are parametrized by the flux modulus y*. In fact, given a desired rotor speed
value @*, a load torque 7}, and a fixed set of motor parameter values, there are in-
finitely many compatible operating conditions (y*,0), [i5,(y™), i5, (y*)], [u;,(¥*),
uy,(y*)] which depend on the rotor flux modulus y* and which rotate at speed
p* = o* + o (y*). Hence the rotor flux modulus y* can be chosen for optimal
steady-state performance and in particular to minimize the steady-state power losses
given by P, = #*TRi* and to keep the voltage vector modulus constant or below a

desired level (field weakening).
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0

-0.35
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Fig. 1.4 Motor trajectories in the (W, W,p, @) state space (&* = 100rad/s, y* = 1.16Wb, T, =

3Nm)

Remarks

1. If T, = 0 then (1.46) and (1.47) become

|

= o*

cosp* —sinp*
sinp* cosp*

I

which are independent of R, while

*
i*

sd:M
o
iy =0.

Ry

Wy ]

o (3 +B) o'y

Hence, in the case of T;, = 0 the steady-state is independent of R,: consequently
R, cannot be determined from steady-state measurements (®*, v, Wi TeayLaps
us,, u3,), since the rotor currents are zero according to (1.24).

2. If rotor speed measurements are not available, the rotor speed ®* and the param-

Ry

eter X =

L
currents (iy,,i%, ), and stator voltages (1},
{uja} B {cosp* —sinp*]
* - : * * R.T,
u, sinp* cosp T
. R, T},
p* — (D* + r

W*Z :

cannot be uniquely determined from rotor fluxes (y;;,, ), stator
uy,) since (1.47) can be rewritten as

Ry 0% GTLP*
uY T Ty
+0(3+B)wp*
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Only the linear combination p* = @* + l;fz R, can be determined from steady-

state measurements (W;;,, Wy, iy, 1y, Usy, Uy, ): hence ®* can be uniquely deter-
mined only when 7; = 0.

1.3.1 Power Loss Minimization

The power which is required at the steady-state
* % ok % ok
Pin = Ugglgg T Ugplyp
to balance a given load torque 77, at a desired speed ®* is given by
* ok * ok * *
Ugqlsq +utgyigy = TLO + Py
and is minimized if P  is minimized. Power losses are expressed as
) )
Pross = Ry (lsa + lsb) +R, (lra + lrb) .

Substituting (i,4,1,5) given in (1.20) we can also write

Ploss = RS (ifa + i?b) +R,

M + ! 2+ M + ! ’
i —vy, — _
Lr sa LrlI/a Lr sb Lr Vb

RM*N 5 oy R
= (Rs+ 2 ) (Rt i0) + 13 (Vra +¥)
2R.M

17 (lsaVha +ispWin) - (1.48)

At steady-state, from (1.47) we compute

2 + D W*Z TL2
lsg Tlsp = M2 ‘12“2111*2
lsa‘/’ra_‘_lsbl/lrb - M ( . )

so that, from (1.48), we obtain the steady-state power losses (recall that Ju = LM,)

R.M%\ L1277
) r°L (1.50)

loss M2 S L% lell*z :

Differentiating with respect to y*? and equating to zero we have

dPlT)ss _ RS (R RrM2> L%TLz —
s

ay? T2\ ) ey
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which gives the value y* at which the minimum for P} __is attained, i.e.

R,M?
= (Lf + ) I
R,

2
vt = </<L3+R£/[ )Tf. (1.51)

Note that the optimal flux modulus is independent of the desired speed (since no
damping is assumed) and depends on four motor parameters (L,,M,R,,R) and on
the load torque 7. It does not depend on L;. Hence, one of the motivations for
online parameter estimation is the minimization of power losses by adjusting the
desired flux modulus on the basis of the estimated parameter values. The most crit-
ical parameters which may vary online are the load torque, since it can abruptly
change, and the rotor resistance, which changes due to rotor heating and cannot be
measured.

or

1.3.2 Field Weakening

If we impose that the voltage vector modulus should not exceed (or should be equal
to) a given desired value V* for any desired speed w*, according to (1.47), from
2
Wt = Ry v oT,0*  caMT}
sa sb M J‘Ll. w* J2‘l12 W*S

O(] CZ)ZL 1 O— g %2
— <V .
+{ Ty +0'< +ﬁ>wyf} (1.52)

or

2
R ol ®0* ocaMT?
W+ uf = [Sw*— L L}

M Juy* _J2u2w*3

2
4 {G(HO‘)TL+G <A1/1+B) a)*y/*} =y (1.53)

Iy

the value of y* can be chosen in terms of @* and 7y. For instance, in the case in
which the load torque 7}, is zero the inequality (1.52) becomes

R - (1 2 2
M—“zlll* +o <M+B> Y <V (1.54)

Solving (1.54) for y*? we obtain
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2 V*Z

o (h+B) 07

v

which reveals that, given a desired value V*, the desired flux must not exceed a
critical value which decreases as the speed reference @* increases: this property is
usually referred to as field weakening. On the other hand, the situation for nonzero
load torque is not much different since, by using the approximation Ly ~ L, ~ M,
inequality (1.52) becomes (recall (1.27))

2
2 2. 42 2
and therefore

*2
%2 Vv
14 < R2 2
u T

from which the field weakening property can still be seen.

1.3.3 Torque-Speed Characteristics

If, in addition to the requirement that the the voltage vector modulus should be equal
to a given desired value V*, the voltage vector is also required to rotate at a constant
speed p*, there is an additional relationship for the triple (@*, y*, T;.) to be satisfied
together with (1.53):

Ry
p* =0+ w*; : (1.55)

On the basis of the two relationships (1.53) and (1.55) we can compute the so-called
torque—speed motor characteristics. Assume that the load torque is nonzero; from
(1.55) we obtain the rotor flux modulus

R, T},
A L T (1.56)
V=V —on

By substituting (1.56) in (1.53) and solving it for 7;, we obtain
Ti(@0*) = VMR, (p* — ") [p*“Lsz + 2RSR,p*2M2 —2p" L 2w
2P LLM? + pP L2 L2 0" 4 p P M 0 — 2p M 0" + RPR?
+p*M* —2RR, p*M* 0* +4p" L L. M*0* — 2p** Ly, 0*>M?

-1
YR 2RL2p 00 + R0 —&—p*szLz} (1.57)
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which is usually called torque—speed motor characteristics and describes, for given
constant V* and p* which are the modulus and the frequency of the sinusoidal volt-
age input, the motor speed constant values corresponding to each admissible value
of 7. By substituting (1.57) into (1.56) we obtain the flux modulus

* * RrTL(a)*)
(@) (p* — %)
while from (1.47) we obtain the stator current modulus
A *2 (D* TZ((D*>
(o) = /i3 (0*) + i (0*) L . (159
(@") o \/ ]2‘u2 v (") (1.59)

The functions (1.57), (1.58), and (1.59) are plotted in Figures 1.5, 1.6, and 1.7,
respectively, for the nominal motor parameters given in Table 1.1. From (1.57) and
Figure 1.5 we can first establish that there is one value for the load torque 7y,
usually called load torque at stall or stalled torque,

Ty = V2M?R.p* | p™L2L? + 2RR,p**M?* — 2p™* L, L, M?
~1
+R2R? 4 p™ M + R2L2p™ + p*°R2L? (1.60)
which is compatible with @* = 0 (motor at stall). Then, by differentiating 77.(®*)

with respect to @* in (1.57) and equating to zero, we can obtain the value @, for ©*
which is usually called pull-out speed

203M* — 4p S LLM? + 2R L2p* +2p" L2 1? —2 (R}‘LER%

P2 L22RERE 4 PHIALRR 4+ oM MARALE + P MARER?

2P 3LMPR? — 2p*2LsL,M2R§R§) : [2 (p*ZLfo

1
M 29 2L L, M +R§L3)} (1.61)

corresponding to the maximum value 77, of T; which is usually called pull-out
torque, or peak torque, and is given by

1
Ty = VM (p*sz—i—Rf) 2 (p*szLEer*zM“ —2p" 2L, L, M?

1
+R§L§) ’ lz <R§‘L§ +20 22 L2R? + p* LI — 2p*° Lo L, M*R?

1
2P M? 4 pMARE + ptMP (p*szJer) 2 (p*szL§+p*2M4
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| -1
. 2 .
2P 2L LM+ RfL%) R+ p*4M4L§> ] . (1.62)

Note that the pull-out torque 77, does not depend on the rotor resistance R, even
though the pull-out speed @, does and increases when L, decreases since LyL, — M 2
is positive in induction motors (the matrix Lin (1.11) being positive definite). Finally
recall that, in the case of zero load torque (unloaded motor), (1.56) does not hold
since it has been obtained from (1.55) under the assumption that 7; # 0. When
T, = 0, from (1.55) we have p* = @* while the rotor flux modulus which is obtained
by solving (1.53) with 77 =0 and p* = ®* is

yo MV
VRS

and does not depend on the rotor resistance R,. Note that the functions 7;.(®*) and
y*(w*) in (1.57) and (1.58) (and therefore I*(®*) in (1.59)) are continuous on
[0,p*] since

*

lim T (0*) =0
lim y* (o) M
im =
o*—p* /R? + p*ZL?
The torque—speed characteristics Ty (®*) obtained in (1.57) and the corresponding
y*(w*) and I*(@*) given in (1.58) and (1.59) are plotted in Figures 1.8-1.16 for

different values of V*, p* and motor parameters: recall that the nominal motor pa-
rameters are reported in Table 1.1.

0 1 1 1 1 1

60, 80 100 120
[rad/s]

Fig. 1.5 Torque-speed characteristics 7. (@*) for V* = 110V, p* = 16.7Hz and nominal motor
parameters given in (1.57)
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()2 1 1 1 1 1
0 60 80 100 120
[rad /3]

Fig. 1.6 Rotor flux modulus y*(w*) for V* =110V, p* = 16.7Hz and nominal motor parameters
given in (1.58)

S
=]
=

40 80 100 120

60
[rad/s]

Fig. 1.7 Stator current modulus I* (®*) for V* = 110V, p* = 16.7Hz and nominal motor parame-
ters given in (1.59)

Hence, given V* and p*, the key features of the torque—speed characteristic curve
are:

1. There is only one Ty, value, i.e. T;, = Tis (load torque at stall), compatible with
0" =0.

2. When T, = Ty, there is only one compatible value @* = @; for ®".

3. There is a unique value ®@* = p* for ®* corresponding to zero load torque, i.e. to
unloaded motors: the maximum speed is attained when the motor is unloaded.
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0 10 20 30 40 50 60
rad/s| '

Fig. 1.8 Torque—speed characteristics 7 (®*) for V* = 50V, p* = 8.35Hz and nominal motor
parameters

30 40 50 60
[rad/s]

Fig. 1.9 Rotor flux modulus y*(@*) for V* =50V, p* = 8.35Hz and nominal motor parameters

9,1

. When typically 77, € (Tgs,T;,) there are two compatible values for ®* and y*

which correspond to two different steady-state operating conditions: as we shall
see, for the specific motor considered in this book, the operating condition corre-
sponding to the smaller ®* is unstable while the operating condition correspond-
ing to the larger ®* is exponentially stable.

. When T}, < Ty, there is only one operating condition.
. If the difference p* — @}, is small, then large variations of 77, in the range [0, 77,

correspond to small variations for the steady-state rotor speed ®* € ((1);, ).

. The comparison of the torque—speed characteristics at nominal rotor resistance

value given in Figure 1.5 with the characteristics given in Figure 1.11 when the
rotor resistance value is twice the nominal value shows that the rotor resistance
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30 40 50 60
[rad/s]

Fig. 1.10 Stator current modulus /*(®*) for V* = 50V, p* = 8.35Hz and nominal motor parame-
ters

[Nm]

0 1 1 1 1 1

60 80 100 120
[rad/s|

Fig. 1.11 Torque-speed characteristics 7z(®*) for V* = 110V, p* = 16.7Hz and R, = 6.6Q
(twice the nominal value)

has a very important effect on the torque—speed characteristics: the peak torque
T;, does not depend on R,, as shown in (1.62), but it corresponds to a much
smaller value for a); as R, increases.

8. The comparison of Figure 1.5 corresponding to L, = 0.375H with Figure 1.14
corresponding to L, = 0.3375H confirms that the load torque increases if L,
decreases, according to (1.62).

Figure 1.6 shows that the rotor flux modulus increases as rotor speed increases: this
also happens when smaller voltages and frequencies are applied as shown in Fig-
ure 1.9 and for parameters which are different from the nominal ones as shown in
Figure 1.12 and in Figure 1.15. On the contrary, Figures 1.7, 1.10, 1.13, and 1.16
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0.5 1 L 1 1 1
60 80 100 120
[rad/s]

Fig. 1.12 Rotor flux modulus y*(w*) for V* =110V, p* = 16.7Hz and R, = 6.6 2

60 80 100 120
[rad/s]

Fig. 1.13 Stator current modulus I* (@*) for V* =110V, p* = 16.7Hz and R, = 6.6 Q

show that the stator current modulus has its maximum at zero speed and then de-
creases as speed increases: this happens for different values of voltage modulus,
voltage frequency, rotor resistance, and rotor inductances. It is apparent that the
operating condition at zero speed is the most critical when sinusoidal inputs are ap-
plied, since it may be unstable and it corresponds to the minimum rotor flux modulus
and to the maximum stator current modulus.

Let us now investigate in detail the stability and the attractivity properties of the
operating conditions determined in (1.47). To this end, consider the rotating frame
model (1.31) with wy = p* = ®* + @] as in (1.43); introduce the error variables

D=w—0"
Vg = Wrd_w*
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0 1 1 1 1 1

0 20 40 60 80 100 120
[rad /3]

Fig. 1.14 Torque-speed characteristics 77, (@*) for V* = 110V, p* = 16.7Hz and L, = 0.3375H

0.4 1 I 1 1 1

0 20 40 80 100 120

60
[rad/s]

Fig. 1.15 Rotor flux modulus y*(@*) for V* =110V, p* = 16.7Hz and L, = 0.3375H

Yrg = Viq

el . ok
Isd = lsd — Lsq
ok

lsq lsg — lsq

with (0%, y*, 77, iﬁq) satisfying (1.44). The error dynamics are given by

do o oy %7 7 Ly
T u [V’rdlsq - lqulsd] TUY i+ 1 [Wrdlsq - ll’rqlsal]
d, o . -
Z/td = =0,y — Oy + O Yrg + 0Misy
Ay

dr = _aliqu'i'(blflrd - w:lprd+ (Dll/* + aM;sq
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]
)
=]

40 60
[rad/s]

Fig. 1.16 Stator current modulus I*(@*) for V* = 110V, p* = 16.7Hz and L, = 0.3375H

disd
dr
d;s ed *7 ~ * o~ Py *

TZq = _’}/lsq_wolsd+ﬁaqu_ﬁw Wrd_ﬁwl//rd_ﬁw w . (1-63)

—std + wgisq + By +ﬁw*‘l~’rq + ﬁd)‘i’rq

The linear approximation about the origin (@, Wy, Wiy, Isa» is) = 0 is given by

% = Wisg Wra — Wiy Wrg + LY g

d;l%rd = — 0V + O] Yy + aMis

djstd = BaVrg + PO Wy — Vig + (0 + 0 )isq

dcl;;q = —BY DB Vg + By — (0 + @) )ig — Visq - (1.64)

Given the nominal motor parameters in Table 1.1, the five eigenvalues of the matrix
in the linear approximation (1.64)

0 uig, —piy; 0 py
0 -0 oM 0
vt o o 0 oM
0 Ba po* -y 04w

—By* —Bo* po —w*-wf -y
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are reported in Tables 1.2 and 1.3, for the operating conditions (@*, Tr.(®*),
y*(0*), I(w*)) (corresponding to sinusoidal voltages of amplitude V* = 110V and
frequency p* = 16.7Hz) which are listed in Tables 1.4 and 1.5.

Table 1.2 Linear approximation (V* = 110V, p* = 16.7Hz): eigenvalues for ®* < o,

* (rad/s) (1172,2) (2,3.14) 3.5
0 —144.0043 £105.8864i |—7.5129+105.1025: | 2.9641
2 —143.9905 + 105.1730i | —7.5434 + 103.8647i | 2.9974
4 —143.9626 £+ 104.4608i | —7.5872+102.6282i (3.02931
6 —143.9206 + 103.7499i | —7.6444 +101.3929i | 3.0596
8 —143.8645 £ 103.0407i |—7.7148 +100.1586i | 3.0881
10 —143.7942 +102.3332; | —7.7983 +£98.9254i | 3.1145
12 —143.7095 £101.6279i | —7.8948 +97.6931i | 3.1384
14 —143.6105+100.9249; | —8.0043 +£96.4617i | 3.1593
16 —143.4971 £100.2245i | —8.12654+95.23107 | 3.1768
18 —143.369 +99.527i —8.2614+£94.001; | 3.1905
20 —143.2263 +98.8326i | —8.4088 +92.7716i | 3.1998
22 —143.0687 £98.1416i | —8.5684 £91.5427i | 3.2039
24 —142.8962 +97.4545i | —8.7401 +£90.3142; | 3.2023
26 —142.7086 +96.7714i | —8.9236+89.086i | 3.194
28 —142.5057+96.0927i | —9.1186+87.858i | 3.1783
30 —142.2873+£95.4189i | —9.3249 +86.63i 3.154
32 —142.0533+94.7503i | —9.542+£85.4019; | 3.1201
34 —141.8034 £94.0873i | —9.7695 +84.1736i | 3.0753
36 —141.5374+93.4305; |—10.0069 £ 82.9448i |3.01825
38 —141.255+92.7801i [—10.2537£81.7154i | 2.9471
40 —140.9561+92.1369i |—10.5093 +80.4851i | 2.8603
42 —140.6402 £91.5014i |—10.7728 £79.2536i | 2.7557
44 —140.3072+£90.8741i |—11.0435+78.0206i | 2.6311
46 —139.9566 £90.2557i |—11.3205+£76.7857i | 2.4838
48 —139.5882+£89.647i |—11.6025+75.5486i | 2.311
50 —139.20154+89.0486i |—11.8884 +74.3088i | 2.1095
52 —138.7962 £ 88.4615i |—12.1767 +73.0656i | 1.8755
54 —138.3719£87.8865i |—12.4657 £71.8186i | 1.6048
56 —137.9281 £ 87.3247i |—12.7534+70.5669i | 1.2927
58 —137.4643 £86.777i |—13.0377 £69.3099i | 0.9338
60 —136.9802 £ 86.2448i | —13.316 £68.0467i | 0.5219
62 —136.475+£85.7292i |[—13.5851+£66.7763i | 0.05

The eigenvalues are also plotted in Figures 1.17-1.20 for different V*, p*, and
motor parameters, as rotor speed goes from zero to its maximum value. According
to the linear approximation Theorem A.7 in Appendix A, we can conclude that the
operating conditions (7.(®"),®") are unstable for ©* € (0, ;) since there is one
positive real eigenvalue, while the steady-state conditions (77.(®*), ®*) are locally
exponentially stable for ®* € (@}, ay] since all eigenvalues have negative real parts.
When T}, = T}, the linear approximation (1.64) has one eigenvalue at zero and two
pairs of complex conjugate eigenvalues with negative real parts: we are in a critical
case in which the linear approximation Theorem A.7 in AppendixA does not apply.
The motor transient behavior, when sinusoidal voltages of modulus V* =110 V and
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Table 1.3 Linear approximation (V* =110V, p* = 16.7Hz): eigenvalues for ®* > o,

w* (rad/s) ()Ll,lz) (13714) 15

64 —135.9485+£85.2317i |—13.8416 £ 65.4978i | -0.49

66 —135.3999 £+ 84.7539i |—14.0814 £64.2102i | -1.1077
68 —134.8287 £ 84.2974i | —14.2996 £ 62.9124i | -1.8136
70 —134.2345 £ 83.8642i |—14.4904 £61.6037i | -2.6206
72 —133.6166 £ 83.4561i |—14.6470 £ 60.2833i | -3.5431
74 —132.9746 £ 83.0755i |—14.7614 £58.9513i | -4.5983
76 —132.3079 £ 82.7247i | —14.8241 £ 57.6083i | -5.8063
78 —131.6162 £ 82.4064i | —14.8237 +56.2564i | -7.1903
80 —130.8992 £ 82.1234; | —14.7474 £54.9001i | -8.777

82 —130.1568 £ 81.8786i | —14.5803 +53.547i |-10.5961
84 —129.3888 £ 81.6752i | —14.3068 £52.2102i |-12.6789
86 —128.5957 £81.5166i |—13.9121 +50.9092i |-15.0546
88 —127.7781 £ 81.4062i | —13.3856 £49.6722i | -17.743
90 —126.9368 £ 81.3475i | —12.7265 +48.5353i |-20.7438
92 —126.0733 £81.3438i | —11.9497 £47.5381i |-24.0244
94 —125.1896 £ 81.3982; | —11.0887 +46.7143i |-27.5135
96 —124.2884 £81.5134i |—10.1916 £46.0816i |-31.1103
98 —123.3729 £ 81.6913i | —9.3096 +45.6357i |-34.7053
100 —122.4472 £ 81.9329; | —8.4867 +45.3542i |-38.2024
102 —121.5160+£82.2379i | —7.7543 £45.2038i |-41.5297
104 —120.5847 £82.6043i | —7.1314 +45.1483i |-44.6381

31

frequency p* = 16.7 Hz are imposed, is shown in Figures 1.21-1.24 for zero and
nonzero applied load torques, respectively.

In conclusion:

1. Given constant references (@*, y*), the steady-state operating conditions

are

[u/fa' _
v |

PO
[lsa _

o5

Lsh |

ae)
*
—
=]
=
|

[cosp* —sinp* ]
sinp* cosp*

cosp* —sinp*
sinp* cosp*

[cosp* —sinp* ]|

2. If y* is chosen as

o
| IS

v
Y
Tayr

ol 0*

O'OtMle

Ryt —
M v Juy* JZ“ZV’*3

inp* & o(y+a)T; 1 *o ok
-Slnp COSp i L "“'V/* L+G(M+ﬁ)w lll
J[,Ll[/*zzw +W=w +(l.)s
0
= arctan(wrb( )> .
Vra(0)
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Table 1.4 T; (@), y* ("), I'(0*) for 0* < w, (V* =110V, p* = 16.7Hz)

@ (rad/s) [T, (Nm) [y* (Wb) | I* (A)
45685 | 03791 |13.3366
4.6137 |0.3847 |13.2758
46594 | 0.3904 [13.2130
47057 | 0.3963 |13.1481
47524 | 0.4023 [13.0811
47995 | 0.4086 |13.0117
12 4.8471 | 04150 [12.9399
14 4.8951 | 04216 |12.8655
16 4.9435 | 0.4284 |12.7886
18 49921 | 0.4355 |12.7088
20 50410 | 0.4427 [12.6260
22 50900 |0.4502 |12.5402
24 51391 | 0.4579 [12.4510
26 5.1883 | 0.4659 [12.3585
28 52373 | 04741 [12.2623
30 52861 | 0.4827 |12.1622
32 53345 | 04915 |12.0581
34 53825 | 0.5006 |11.9497
36 54297 |0.5100 |11.8368
38 54761 |0.5198 |11.7191
40 55213 | 0.5300 [11.5963
42 55652 | 0.5404 |11.4681
44 56074 | 0.5513 [11.3341
46 56475 | 0.5626 |11.1942
48 56853 | 0.5743 [11.0477
50 57202 | 0.5865 [10.8945
52 57518 | 0.5991 |10.7340
54 57795 | 0.6123 [10.5657
56 5.8026 | 0.6259 |10.3892
58 5.8205 | 0.6401 |10.2040
60 5.8322 | 0.6549 [10.0095
62 5.8369 | 0.6703 |9.8051

—
o XAk O

RM?
v =i+ 50)
S

then the power losses at steady-state

R,MZ) L2T}

L;

* RS *2
Hoss = mw + <R3+ MZIV*Z

are minimized.
3. Given V* and ®*, the voltage constraint

D 2
Usg +ug, <V”
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Table 1.5 Ty ("), y* ("), I*(0") for ©* > o} (V* = 110V, p* = 16.7Hz)

" (rad/s) |7, (Nm) [y* (WD) | I* (A)
64 58335 | 0.6863 [9.5903

66 5.8206 | 0.7029 |9.3642
68 5.7971 | 0.7203 |9.1264
70 5.7612 | 0.7383 |8.8760
72 57113 | 0.7572 |8.6125
74 5.6452 | 0.7768 |8.3350
76 5.5608 | 0.7972 |8.0430
78 5.4554 | 0.8184 |7.7358
80 5.3262 | 0.8406 |7.4130
82 5.1699 | 0.8636 |7.0744

84 4.9829 | 0.8875 |6.7201
86 47612 | 09124 |6.3506
88 4.5005 | 0.9381 |5.9674
90 4.1958 | 0.9648 |5.5732
92 3.8420 | 0.9923 |5.1724

94 3.4335 | 1.0207 |4.7726
96 29645 | 1.0498 |4.3856
98 24288 | 1.0797 |4.0299

100 1.8206 | 1.1100 |3.7325
102 1.1342 | 1.1408 |3.5299
104 0.3645 | 1.1717 |3.4633

is satisfied if y* is chosen so that
M Juy* - J2uly3

O-(y"i_a)TL 1 A : *2
N T — < .
+{ T +G<M+B>ww] <V

[Rs . oTL0 caMTgr

4. Given V* and p*, the load torque 77, and the rotor speed @* are related at
steady-state by the motor forque—speed characteristics

Ti(0") = V2MPR,(p* — ) [p*“LfL% + 2RXR,p*2M2 —2p8 2 2"
—2p* L L.M? + p* 2 L2L2 0*% + p P M* 0% — 29 M* 0" + R2R?
+p*M* —2RR, p*M* 0* +4p* L L, M* 0" — 2p**L,L,0*>M?

212 4 272 5% 272 *2p2712
YR 2RI2p* 00" + R[22 4 p RL}
5. Given the nominal motor parameters in Table 1.1, for every @* such that

" > @, with 0, given in (1.61) corresponding to the maximum torque
11, given in (1.62), the operating condition is exponentially stable while
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it is unstable with one positive real eigenvalue for every @* such that 0 <
0" < 0.

100F \‘\... Z
S0 =
-S0F

-100F /‘ - \

_ I 5 ) 1 1 1
-rﬁO -140 -120 -100 -80 -60 -40 -20 0 20

Fig. 1.17 Linear approximation: eigenvalues for V* = 110V, p* = 16.7Hz and nominal motor
parameters
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;
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' {
20+
oF e
20+
~
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H
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5o 140 “120 -100 80 60 40 20 0 20

Fig. 1.18 Linear approximation: eigenvalues for V* =50V, p* = 8.35Hz and nominal motor pa-
rameters
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Fig. 1.19 Linear approximation: eigenvalues for V* =110V, p* = 16.7Hz and R, = 6.6 Q2
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Fig. 1.20 Linear approximation: eigenvalues for V* =110V, p* = 16.7Hz and L, = 0.3375H

1.4 Inverse System and Tracking Dynamics

Consider the induction motor field-oriented model (1.39) expressed in state coordi-
nates (1.41), i.e. in a (d,q) reference whose d-axis coincides with the flux vector
and assume that the motor speed @ coincides, along with its time derivatives, with
the desired rotor speed reference ®* and that the flux modulus y,, coincides, along
with its time derivatives, with the desired reference y*: the goal of this section is to
determine the corresponding voltage control inputs. To this end, we compute the left
inverse system, that is the dynamical system generating, on the basis of the refer-
ence signals (@, y*) and their time derivatives, the control inputs (u,, u;,) which,
applied to the field-oriented model (1.39) with compatible initial conditions, forces
(1) to be equal to ®*(¢) and W,4(¢) to be equal to y*(¢) for all ¢ > 0. In order to
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Fig. 1.21 Transient behavior for zero load torque in the (,J/®) plane

Rotor speed
150 T T T T T

2100 =
=
H
S0H 4
1 1 1 1 1
% ] 2 3 4 5 6
Rotor flux modulus
1.5 T T T T T
= Ir 1
E
0.5 1
0 1 1 1 1 1
0 1 2 3 4 5 6

Fig. 1.22 Transient behavior for zero load torque: rotor speed and rotor flux modulus

compute the inverse system it is useful to compute first the tracking dynamics (see
Appendix B), that is the motor dynamics constrained to the manifold in the state
space which is characterized by

o(t)=0*t), V>0
Vwa(t) = y'(t), Vt=0. (1.65)
According to (1.65), from the first two equations in the field-oriented model (1.39)
it follows that
1L

0" = l“lf*l;q - 7
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Stator currents (a,b)
15 T T T T T

5 ”“\‘ ,
i nm AT .\”M e |rn|~ M r,rﬂ| | \WF m.m e mﬁ[«f \IM‘
<o ||||||"“|*H| ljl,'l N \"lJ‘\ll"H‘l\l\ | “'I”, |‘|‘ .|‘”|| M'u”{"?"l;‘ \I Il ”lll\”‘ I lwlu‘.‘ 'l\ L ‘\"“? W Wl H‘l‘l\ ‘,h'\"ll A H :\l"w"l‘h i ‘||‘|n“‘|‘ h'\ "Il“wl';‘ll‘l‘ w A ; H | i I
' \L ‘\""“uuﬁn\"l"\uMl'w"l”\ ‘f..iww“ll‘wl‘aimw'r AR i'iw"lnJl.w'l"v':fim“v'lui!&‘l"w“l' it
-5p .

J
mfI _

1 2 4 5 6
5
Fig. 1.23 Transient behavior for zero load torque: stator currents (isq, isp)
Applied load torque Rotor speed
6 150
= =100
Z g
2 50
0 .
0 ] 2 3 4 5 6 0 ] 2 3 4 5 6
Rotor flux modulus 2 Stator currents (a,b)
15 0
| [L m l'!!| I um i w uu
05 u i nu um A
% 1 2 4 5 6 2% 1 4 5

g

Fig. 1.24 Transient behavior for nonzero load torque: applied load torque, rotor speed, rotor flux
modulus and stator currents (iyq, isp)

V' = —ay* +aMiy, (1.66)
which constrains the currents (i}, i;,) to be
s _ YW
ha =t oM
i ny T,
— (1.67)
by T Ty

and consequently the rotor flux angle p to satisfy the differential equation
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. . ocMi;‘q
pr =0 +—
aoMm* oMT;
="+ +———=, p(0)=p(0 (1.68)
py? o pJy? ©)=r(0)

*

which is obtained by substituting @*, y*, i;, in the third equation on the field-
oriented model (1.39). Equations (1.67) and (1.68) constitute the first order tracking
dynamics for the field-oriented model (1.39); they can be expressed in the (a,b)
fixed coordinates as

. aMo* aMT, (W(O))
=0 + —, 0) = arctan

P py* - pdy2 p7(0) Vra(0)
iy, | _ |cosp* —sinp* Wﬁ* + ;f'*
i, | | sinp* cosp* “‘i’l;* + J“Tfy .
Vi | _ |cosp™ —sinp™ | | y*
vy | | sinp* cosp* 0

0" = o (1.69)

which constitute the first order tracking dynamics for the fixed frame model (1.26).
Note that in the special cases in which (@*, y*) are constant values both the current
vector (iy,,i;,) and the flux vector (Y, y;;,) are time-varying and rotating at the

same constant speed of rotation

o * aMTL * — ar n wfb(o)
pr=ow —&—ulw*z, p*(0) = arcta (Wra(0)> (1.70)
that is
[if:a(r)} _ [cos<p*<o>+p*r> —sin(p*<o>+p*r>} i
i, (1) sin(p*(0)+p*1) cos(p*(0)+p*1) | | 7ik
v ()] _ [cos(p*(0) +p*1) —sin(p*(0) +p*1) | [ v*
{w:m} - Lm<p*<0>+p*t> cos(p*(0) +p*) } [ 0 } - 47D

Hence, in this special case of constant references (@*, y*) we reobtain the re-
sults in (1.47) of the previous Section 1.3. Equations (1.70) and (1.71) describe
a hypersphere in the state space (®, W4, Wrp, isa> isp). The motor trajectories in
the (Wrq, W, ®) space are reported in Figure 1.25 for o* = 1 rad/s, y*(¢) =
1.16 + 0.2sin(67t7) Wb, and 77, = 0.1Nm. As we shall see, a time-varying refer-
ence is needed for the online estimation of the rotor resistance when the rotor
speed is not measured. Figure 1.26 shows the motor trajectories in the (W4, Wyp,
o) space when y*(¢) = 1.16 + 0.2sin(67t) Wb; *(¢) is the output of the unitary
gain third order linear filter with transfer function F(s) = 1/(1 +s/50) and in-
put signal @ (¢) = 14 [45+ 12sin(2nr)|H (r — 5) with H(t) the unit step function;
Tr = 0.1 Nm. If we substitute (1.65) and (1.67) in the last two equations in the field-
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Fig. 1.25 Motor trajectories in the (Y4, W, ©) space (@0* = lrad/s, y*(t) = 1.16 +
0.2sin(67¢) Wb, T;, = 0.1Nm)
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Fig. 1.26 Motor trajectories in the (Y4, Y, ®) space with time-varying speed reference

oriented model (1.39) and solve for (u,,u;,) we obtain the control inputs which are
compatible with the tracking dynamics; equlvalently, if we set ® = 0*, Y,y = y*,
Yy =0, isqg = i, and iy, = i§q in the last two equations in (1.36) we obtain

dit o aMi?

dstd = a0t by Bay® +

di; " vw | OMIS T, U,

d;" = —Yiy,— zsd—% Boy* + (1.72)

Substituting in (1.72) the currents (i, i;,) given in (1.67) and solving for (u,,u;,)
we obtain
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aM(a’)* T >2

- * *+ *

v uy Juy

:q_G w*_wq*lz_ Lw*z }/a)*+ YTL*+(DW
uy uy Juy uy Juy M

o y* oM [ o* T, * i
+ 2V Bwty+ ( + L)(W+W)

aM v\ uy* o Juy* M oM
o . aMo*  oMT, W,(o))
pr=0+—3+—-723,p 0arctan<
py o pdy? ©) Vra(0)
Uy, | [ cosp™ —sinp™ | |uj, (1.73)
uy, | | sinp® cosp® | |ug, '

which constitute a first order dynamic left inverse system for the induction motor
model (1.26) with ®*, @*, &, y*, ¥*, ¥*, y* as inputs and uj,, u}, as outputs.

In conclusion, the first order feedforward control

uy, | |cosp® —sinp™ | |uy,
uy, | | sinp* cosp* | |ug,
vV Ryt wtet o'

M aM+ oM oM upy* uJy*

aM( o iy )2

T * + *

yr\uy* o Juy

a* @O* W* TL w* ,yw* YTL o* W*
T 52 *2 * + * +

wyt oy Juy? opyr o Juyt o M

+2 ¥ Bty 42 (w +—= )(”’Jr"’ )]

u,, =0

©
<

aM v\ uy*t o Juy* M oM
s " oM o* aMT;, o < l,l/rb(()) )
=0 +—+—0, 0) = arctan (1.74)
P py*? o pyr? p7(0) Vra(0)

is such that, when applied to the induction motor fixed frame model (1.26)
with initial conditions
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Vi (0) = y*(0)sinp*(0)

["S“(gﬂ _ [cosp*m) —sinp*(O)} l ‘”_(T‘f): ﬁ ] |

i sinp*(0) cosp™(0) | | 2T + 7k

Juy*(0)

guarantees that

o) = o*(1)
Va(t) = W (t) cos p* (1)
V(1) = Y (1) sinp™(r)
] [ | )
isp (1) sinp* (1) cosp™(r) | | otk 4 o

1.5 Observability

In this section Definition B.8 presented in Appendix B concerning local observ-
ability for nonlinear systems and the corresponding sufficient conditions given by
Theorem B.11 will be used to investigate the observability properties of the induc-
tion motor. Since rotor flux measurements are not easily available, the first question
to be addressed is the observability of rotor fluxes from stator currents, stator volt-
ages, and rotor speed measurements. Since rotor speed measurements may also not
be available due to sensor failures or on purpose to increase the reliability of the
drive system, the second important question that will be discussed is the observ-
ability of rotor speed. Consider the induction motor fixed frame model (1.26) and
assume that the rotor speed @ is constant so that the model becomes linear:

d Vra r

P —-a —oaM 0 Vig 0 0
dg;‘l’ | o —a 0 oM | |y, N 0 0 Usq
da | | Ba Bo —y O isa 1/o 0 Ug,
dé;h | —Bow Ba 0 —y Ish 0 1/o
N l//ra
iw] [0010] | v
st} ~ 1000 1] iw | (1.75)
isb

It is easy to check (see Problem 1.1) that the system (1.75) is observable for any
constant value of rotor speed, including zero speed, and for any motor parameter
(a, M, B, v, 0): this implies that the rotor fluxes are observable from stator current
measurements at constant rotor speed. If we also pose the problem of rotor speed
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observability from stator current measurements when the rotor speed  is constant,
the fixed frame model (1.26) should be considered

dw
= _0
dr
dy, .
tha = —QYps — OYyp + OMiy,
d
(liltrb = — OV + Oy + CMig,
di . U,
d;a = —Yisa+ f +ﬁa'~//ra+ﬁwl//rh
di, . U
d;b = —Yip+ ?b +ﬁ(XWrb _ﬁwlllra

which can be rewritten as

X = f(x) + 8altsa + 8bUsh

with x = [is, ish, Wras Wyp, ®] T and suitable vector fields f,gq,gp. Define the mea-
sured output functions

hl (isa) = isa
ho(isp) = isp -

Compute the Lie derivatives

Lyhy = —Yisa+ BoYra + OV

Lihy = —Yig+ By, — BOY,

Lihy = —y[~Yisa+ BaWa+ BOV] + Bt [~ AYra — OV + AMig,]
+B@ [~y + OYry + XM i)

Lihy = —y[Yig,+ B — BOYra] — BO [~ 0Wrg — Wiy + M i)
+Ba[—ay,,+ oy, + oMig)| .

Consider the matrix

dh

dhy
d(Lysh1)
d(Lyhs)
d(L}ha)

whose determinant is
7ﬁ3 ((X2 + wz)(faWra — OV + aMi.m) .

Consider also the matrix
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whose determinant is
B3 (02 + 0% (— oWy, + O, + 0Mig,) .
Therefore, in the case of constant rotor speed, if
(— QW — OWy + AMisy)* + (— AW 4+ OYy + aMig)* > 0

then, by Theorem B.11 in Appendix B, the induction motor is locally observable at
any state in which the above inequality holds. In other words, when @ is constant, it
is locally observable provided that the rotor flux vector rotates or its modulus is not
constant.

In the general case in which the rotor speed @ is not constant and is available
from measurements, consider the induction motor fixed frame model (1.26) which
can be rewritten as

X = f(x) + 8altsa + &bUsh

with x = [isq, isp, ©, Wya, Wyp| T being the state variable vector and f, g,, g5 being suit-
able vector fields. Define the measured output functions

hl (isa) = isa
ha(ig) = isp
h(w)=0.

Compute the Lie derivatives

thl = *’yim +ﬁQWra +ﬁwv/rb
Lyhy = —Yig, +Bay,, — Boy,
1

thS = ,L“I/raisb _.L“I/rbisa - 7 .

Since the determinant of the matrix
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is B[a® + ®?] and is always different from zero, it follows from Theorem B.11 in
Appendix B that the induction motor is locally observable at any x € R>. Moreover,
the rotor fluxes (W4, ;) can be uniquely expressed in terms of the inputs (s, ugp),
the outputs (@, isy, isp ), and their time derivatives. In fact, from the last two equations
in the fixed frame model (1.26) we have

ld-m isa sa
o o fvu] _ 5+ o8
-0 Yrb %d&—”’—i—%‘b—“ﬂ

from which it follows that

1 ldisa_i_h_m
[wm} :{a—w} pa T p "o (1.76)
Vin|  alte? o o || g T

In other words, there cannot be two different solutions (Wyq1(¢), W1 (¢)) and
(Wraa(t), Wrp2(t)) giving rise to the same measurements (isz, (), isp(f), @(¢)) when
the same inputs (us,(f), ugp(t)) are applied, so there cannot be any pair of indis-
tinguishable initial states for any admissible control input. The induction motor is
therefore observable from rotor speed and stator current measurements for any volt-
age input (ts, (1), (1)).

The most difficult problem is the observability of the induction motor when the
rotor speed @ is not measured and is not constant. To this end, let us consider the
fixed frame model (1.26) with output functions

i (isa) = isa
hz(isb) = i
h3<'1”ra) = VY
ha(Wip) = Wiy

which can be rewritten as

y1 = hi(x)
y2 = ha(x)
y3 = h3(x)
y4 = ha(x)

with x = [@, Wya, Wb, isa, isp) T and £, g4, g suitable vector fields. Compute the Lie
derivatives

thl = —Yisa + ABYra + BOY,
Lyhy = —Yis + 0B Y — BOV
th3 = —0VYg — OYpp + oMig,
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Lihs = —ay,p, + 0y, + 0Mig,

Lihi = —Y(~Yisa + 0B Yra + BOW)
+Bo(—aYra — @Yy, + Mis,)
+Bo(—ayy, + O+ aMig)

. . T,
+l3 Yrp |:I~L(Wralsb - Wrblsa) - JL:|

Lihy = —y(—Yig,+ 0B Y — BOVra)
—Bo(—ay,, — oy, + aMiy,)
+Bo(—ay,y, + Oy + aMig)

. . T
7ﬁ‘l’ra |:'u(wmle - Wrblm) - JL:| .

In order to explore the observability from (W,,, Wyp, isq, isp) Measurements we con-
sider the matrix

dhy
dhy
dhs

d(Lyh3)
d(Lyha)

Since it has full rank provided that y?2, 4 l//rzb > 0, it follows from Theorem B.11 in
Appendix B that the induction motor is locally observable from stator current and
rotor flux measurements at any state in which w2, + l//rzb > 0.

In order to explore the observability from stator current measurements only we
consider the matrix

dhy

We need to evaluate the rank of the matrix J3 whose elements J3;;, 1 <i<4,1<
Jj <3, are listed in the following:

J311 = B

B2 =hxn=0op

Hiz=—-Spn=B0

B321 = =B

(_Yﬁ - 2ﬁa)ll/rb +2ﬁwVfra + aﬁMisb

J331
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B =—afy— o’ + o’ + Ui
J333 = —Byo—2Bawo 2B Ui

J341 = (VB +2B) Wy +2B 0y, — afMig,
J3420 = Byo+2Baw —2B Ui

T4z = —afy— B+ B0 + BUWraisa -

We can conclude, by virtue of Theorem B.11 in Appendix B, that the induction
motor model (1.26) is locally observable at any state (@, Wyq, Wrp, isq» isp) in Which
rank J3 = 3.

In conclusion:

1. If o(¢) is constant for every ¢ > 0, the induction motor model (1.26) is
locally observable from stator current measurements at any state (@, W4,
Wip, Isqs Lsp) sSuch that

(—QWYrq — OWyp + AMisy)* + (— W + OYpy + aMigp)? > 0,

i.e. when Y2, + 2 > 0.

2. The induction motor model (1.26) is observable from rotor speed and stator
current measurements for any voltage inputs (um, usb).

3. The induction motor model (1.26) is locally observable from rotor flux and
stator current measurements at any state (@, Wg, Wrp, isq» isp) Such that

lIlrza + w;?b > 0.

1.6 Parameter Identifiability

In this section the identifiability properties for the load torque and the rotor resis-
tance will be investigated.

1.6.1 Load Torque Identifiability

Consider the induction motor fixed frame model (1.26) with the additional state
variable T},

do ; . I
E =u (Wmlsb - llfrblsa) 7

J
dy,
dr

— Oy — OVYyp + oMiy,
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d Vb

dr = =0V + Oy + OMig,

di . u

d;a = —Yisa + % +B0“Vra +ﬁwlyrb

di . u

d;b = —Yigp+ ib +ﬁal//rb _ﬁera

7,

— =0 1.77
a (1.77)

which can be rewritten as
= f(Z) + 8altsa + 8bUsh

with z = [ig, isp, @, Wras W, 11T and suitable vector fields f, g,, and g,. Define
the output functions

hy (isa) = isa
hZ(isb) = i
h3(Wra) = Yra
ha(Web) = Yo

hs(w) = o .

Compute the Lie derivatives

Lihy = —Yisa + aBYa+ POy,
Lihy = —Yigy + By — BOYya
Lihs = —a, — 0OYyy + aMig,
Lihy = —ay,p + 0 + aMig,
11

thS = .u(l//raisb - Wrbisa) - 7 .

If the variables (isq, isp, @, Wrq, Wyp) are measured, then from the speed dynamics
in (1.77) we obtain

T, = J.u-(l//raish - lIlrbisa) —Jo.

Hence, 77, can be obtained from the measured signals and their time derivatives and
it is, therefore, identifiable.
If the only variables (i, isp, @) are measured, then consider the matrix
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dh,

dhy 13><3| 0

dhs - Ba Bo 0
d(thl) o * —[5a) ﬁOt 0
d(Lf/’lz) Wisp —Uigg —]/]
d(ths

whose determinant is

B, », -

——(a’+w

S+ o)
which is different from zero for every extended state z: hence, according to Theo-
rem B.11 in Appendix B, the system is locally observable at any extended state from
(i5as isp» @) measurements. Moreover, there cannot be two initial conditions z; and
zp which are indistinguishable from (iy,, iz, ®) measurements since the load torque
T;, and the rotor fluxes (W4, W) can be expressed in terms of the inputs (i, ugp),
the outputs (iy4, isp, ®), and their time derivatives as follows:

TL - J”(Wraisb - Wrbim) —Jo
[Vfra 1 [OC _w} {d:fta'i"yisa_(l)-usa

‘I’rb] T B2t [0 a | [%e i Ly

Hence, the induction motor is observable and identifiable with respect to 7, from
(i5as isp» @) measurements for any voltage inputs (usq, Usp ).

1.6.2 Rotor Resistance Identifiability

Consider the induction motor fixed frame model (1.26) with one additional state
variable o

do _ (Wraish — Wnpisa) — L
a H(Wralsh — Yrplsa 7

d .

% = —QVYrq — OYy + OMiy,

d .

% = —QVYp + O + AMig,

di R . u
dsta = — (c; +ocﬁM> isa +Bav,,+ Boy,,+ %
di R . u
d;b = - <GS +OﬂﬁM> lsb+ﬁalljrb _ﬁwllfra + ﬁb

a=0 (1.78)

which can be rewritten as
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X = f(x) + 8altsa + gpUsh

with x = [isa, isp» @, Wras Wrp, @]7 and suitable vector fields f,gq,g,. Define the
output functions

h (isa) = isq
h2(isb) = i
h3(Wra) = Yra
ha(Web) = Yo
hs(@) = o . (1.79)

Compute the Lie derivatives

Ry .
Lihy = — (G + ocﬁM) isa+ Bay,,+ Loy,

R .
L¢hy = — ((;+OCI3M> ish + Boy,, — Boy,,
th3 = =0y — wll’rb+aMisa
Lehy = —a W, + 0Yq + aMiy,
1

thS = ﬂ(ll/ruisb - Wrbim) - 7 .

If the variables (i, isp> Wra» Wrp, @) are measured then from the flux dynamics in
(1.26) we obtain

a(Misu - Wm) = lI./ra + Oy

a(Mish - lIlrb) = lilrb — Oy .

Hence, o can be obtained from the measured signals and their time derivatives and
is therefore identifiable, provided that for all # > 0

Via(t) isa(t) ]
M. . 1.80
|:llfrb(t):| ?é |:lsb([) ( )
If only the variables (i, isp, @) are measured then consider the matrix
dny
dhy Ly | 0
dhs _ Ba Bo B(Wra—Mis)
d(Lyhy) * [=Bo Ba B(y,—Mig)
d(thz) Wiy —Migq 0
d(Lyshs)

whose determinant is
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“Bz [—M‘O(i?a + i?b) + a)(isallfm + iisrb) - a(‘lfraisb - Wrbimﬂ . (1-81)

If @ = 0 the determinant (1.81) is different from zero provided that the electromag-
netic torque J U (Wyuisp — Wrpisq) is different from zero. If the electromagnetic torque
is equal to zero the determinant (1.81) is different from zero when (1.80) is satisfied.
If (1.81) is satisfied at an extended state (iyq, isp, ®, Yrg, Wrp, @) then, according to
Theorem B.11 in Appendix B, the system is locally observable at such extended
state from (i, iz, ®) Measurements.

If only the variables (is4, isp, Wra» Wyp) are measured then consider the matrix

dhy

which has full rank provided that

W2+ W — M(Yrgisa + Wipigy) # 0. (1.82)
Note that

d(Wrza + Wrzh)

a = _2(1(1”3“ + ll’;?b —MV,qisq _MlVrbisb) . (1.83)

Hence, by virtue of Theorem B.11 in Appendix B the induction motor is locally
observable and locally identifiable with respect to the parameter o at each (isq, isp,
Wya, Wrp, @, A) such that (1.82) holds, i.e. when (1.83) is different from zero.

In conclusion:

1. The load torque 77 is identifiable if the state variables (isq, isp, Wra» Wrp, @)
are measured for any voltage inputs (¢, Usp)-

2. The induction motor is observable and identifiable with respect to 77 from
(isa» ish, @) measurements for any voltage inputs (s, Ugp)-

3. The rotor resistance R, is identifiable if the state variables (isq, isp, Wra> Wrbs
) are measured along any trajectory such that

Vra(1) isa(1) ]
M| . .
|:Wrb(0:| 7& |:lsb(t)
4. The induction motor model (1.26) is locally observable and the rotor resis-

tance is locally identifiable from (isq, isp, ©) measurements at any (isq, isps
Vias Wi, O, R,) such that
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; ; . . R . .
_Mw(l?a + l?b) + w(lmllfra + lsbllfrb) - L_r (Wralsb - Wrblm) 7é 0.
r
5. The induction motor model (1.26) is locally observable and the rotor resis-
tance is locally identifiable from (is4, isp, Wrq» Wyp) Measurements at any
(ism Ish, Wras Vi, O, Rr) such that

Wrza + l//rzb —M(Wraisa + Wrpisp) # 0
i.e. when

d(wga + ng)

dr 70.

1.7 Feedback Linearizability

In this section we explore the controllability properties of the induction motor. Let
us first reconsider the induction motor fixed frame model (1.26) and assume that the
rotor speed @ is constant so that the model becomes (1.75), which is rewritten for
convenience as

d‘c’{—lm [ —a —waM 0 Vg 0 o0
Wo |l | 0 —a 0 aM| |y L0 0 Usq
G | 7| Ba Bo —y O isa 1/oc 0 Usp
dé;h | —Bo Ba 0 —y ish 0 l/o
i Yra
iw] (00107 v
{isb} - _0001] isa |- (1.54)
isb

It is easy to check (see Problem 1.2) that the linear system (1.84) is controllable with
controllability indices (2,2), for any constant value of rotor speed, including zero
speed, and for any motor parameter (@, M, 3, ¥, ©): this implies that we can control
the rotor fluxes from stator voltages when the rotor speed is constant. However, the
main question is whether we can control the rotor speed. To answer this question
positively we shall make use of the concept of feedback linearzation, i.e. the prop-
erty for a nonlinear system to be transformed into a linear controllable system by a
state feedback either static or dynamic. Let us introduce the following notations:

X = [0)7 Yeas Wrbs Isa, isb]T
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I»l(ll/raisb - ll/rbisa) - %

— OV — Oy + oMig,

fx) =] oVu—ay,+aMig,

aﬁ Vg + Berb - yisa

| —BoYa+ af v, — Vi
- | T

g« = |0,0,0, G,O]

- lT
= 10,0,0,0,—| .
8b -77aa6:|

The induction motor fixed frame model (1.26) can be rewritten as
X = f(x) + 8altsa + gpUsh -

Let us compute

[ aM T
adfga = ull:rbv_cvovgao]
- M T
adfgb = _‘uzmvov_a?vov y:|
20M T
[adfga’adfgb:l = |~ o “7070707O:| .

The distribution

span{gq,gp,adsgq,adsgp }

is not involutive since

ladfga,adrgp] ¢ span{ga,&»,adsga,adsgp} .

In fact the vector fields g4, g5,ad g4, adrgp, [ad r8asad fg;,] are linearly independent
for every x € R3. Hence, according to Theorem B.8 in Appendix B, the system
(1.26) is not feedback linearizable, i.e., it cannot be transformed by a nonsingular
state feedback into a linear controllable system in suitable state coordinates with two
inputs. According to Theorem B.9 in Appendix B, the largest feedback linearizable
subsystem has dimension 4. However there are many choices of four state variables
whose dynamics can be made linear by state feedback. The most obvious choice
is to make linear the dynamics of the state variables (W4, Wrq, Wyp, Wp) by state
feedback. Note in fact that the stator currents(isq, isp) can be replaced by y,, = ¥,
and y,;, = P}, as new state variables since

D, = — OV — OV + oaMig,
Dy —OVYp + OYry + aMig,
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and

(pa Yra OYyp
oM + M + oM
ﬂ + Vb _ OYrq
oM M oM

lsa =

isb -

In the new state variables we have

l/./ra = (pa
b, = Yy + 0OV — 0 Migy + AOY,, — 0> Yy — 0Miy,
. . 1L .
—HYraWrplsh + “thlm + WJ — oeMYis, + azﬁMWm
aM
+aMﬁerh+ 7usa
A
= —kg1l Yra — ka2 Py + vy
Vp = Dy
Dy = AP Yy — AOY — A Migy — AOYyy + O Yy + € 0OMiy,
. . 1L .
+tH Vfrzalsb — HYraWrblsa — Yol _ aMyis, + O‘ZBMWrb
aM
—OCMﬁ(l)l[/m + TMsb
= ka1 Wy — k2 @y +
2 2
. u (Wra + th) - H 1L
w=——""" "+ (Yu®p — Y, &,) — — .
oM +aM(V/a > — Wrb u) 7

Hence the fluxes y,, and y,;, can be controlled linearly from the new control in-
puts (v4,Vp) and no singularities are introduced by the linearizing procedure. How-
ever, the speed dynamics remain nonlinear and it is difficult to control the speed @
through the rotor fluxes (W4, ¥;») and their time derivatives (®@,, Py ). If we define
the dynamic extension

duy, Vsa
= — 1.85
dr o ( )

the input u,, becomes an additional state variable so that the extended state vector
is

.. T
= [(D, Yra, Yrbylsa, lsbausa]
while vy, becomes the new control input so that the new control input vector is
T
V= [Vm,l/tsb}

The extended system (1.26) and (1.85) becomes
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i F(2) + 8aVsa + 8lsh (1.86)

with

u(ll/misb - thisa) - %
—O0WYrq — OYyp + oMis,
]?(Z) — OYyg — Yy + oMig,
ABYra + POYs — Visa+ 75
_ﬁ oY+ O‘ﬁ Vip — }/isb
0

r 1 T
ga = 0707070707 G:|

r 1 T
g, = (0,0,0,0,—,0| .
gb I ) ) ) 767 }
Let us compute

1 T
adfga = [070707_627070]

a M !
i a07_a7a07 ! O:| .

adfg_b = |:_ E?

Since g, and g;, are constant linearly independent vector fields, the distribution

span{ga, 8}

is involutive of dimension 2 for every z € R®. Since g., &, ad;g, are constant
linearly independent vector fields and [ad7gp, .| = 0, [ad7gs, &) = 0, [ad7Za
adzg,| = 0, the distribution

span{ga, 8»,ad 724, ad 78 }

is involutive and its dimension is 4 for every z € R. Let us compute

T
25 Hyp oM Y
adfga - | 0_2 ) 62 ,0,—?,0,0

and
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%O“//m + %wl//rb - 2%(XMisa - %’yl//m
M
_%Wmll/rb - (XE(D

Ly2 M2 M
ad2s, — eV A;an
fgb %ﬁ Yra W + o3 (Xﬁ wyz
BRy2 o Mp2
— BVt B+
0
The distribution

span{g_a7gb7adf'ga7adfg_ba ad}g_avad%g_b}

has dimension 6 for every z € R® except singular points. Hence, the extended sys-
tem (1.86) is feedback linearizable according to Theorem B.8 in Appendix B and,
consequently, the system (1.26) is dynamically feedback linearizable.

In conclusion:

1. The induction motor model (1.26) is not linearizable by static state feed-
back.

2. The largest feedback linearizable subsystem by static state feedback of the
induction motor model (1.26) has dimension 4.

3. The induction motor model (1.26) is dynamically feedback linearizable at
nonsingular points.

1.8 Experimental Set-up

The experimental set-up which will be used throughout this book is illustrated in
Figure 1.27. A current controlled direct current (DC) motor provides constant or
time-varying load torque. A 32-bit digital signal processor (DSP) performs data ac-
quisition, implements the control law using an improved Euler integration algorithm
with a sampling time equal to 0.5 ms, and generates reference voltages for the power
inverter with symmetrical pulse width modulation (PWM) and switching frequency
of 15kHz. A personal computer is used to program the DSP, to generate load torque
or speed commands to the DC motor control system, and to display experimental
data. The stator phase currents and voltages are measured by Hall-type sensors and
three-phase isolated voltage sensors, respectively. The motor instantaneous speed is
measured by an optical incremental encoder with 2,000 lines per revolution. The
value of the stator resistance is updated using a temperature sensor mounted on
the motor. All measured electrical signals are filtered by analog second order low-
pass filters with cut off frequency equal to 2.6kHz and converted by two parallel
12 bit analog/digital (A/D) converter channels with 25 ts conversion time. A 0.6-
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Fig. 1.27 Block diagram of the experimental set-up

DC moto]

control
system

PC interface
Pe KT wapoa

converters

Y

T

load
torque
&
speed
commands

kW induction motor (OEMER 7-80/C) has been used whose data, provided by the
manufacturer, are given in Table 1.6. The accuracy of the model and its parame-

Table 1.6 Induction motor data

Rated power

Rated speed

Rated torque

Maximum peak torque
Maximum mechanical speed
Power supply three-phase
Rated current

Excitation current
Angular acceleration
Rotor inertia

Motor-Load inertia
Thermal time constant
Weight

Stator resistance

Rotor resistance

Stator inductance

Rotor inductance

Mutual inductance

600W
1000 r/min
5.8Nm

28 Nm

6000 r/min
120V

4A

2A
17500rad/s?
0.0016 Kgm?
0.0075 Kgm?
30 min

12Kg

53Q

330
0.365H
0.375H
0.34H

ters was first tested. Figure 1.28 compares experimental (dashed line) and simulated
(solid line) static torque—speed motor characteristics: a good matching is exhibited
for small slip speed operating conditions, that is for load torque values smaller than
the load torque at stall 77. The transients corresponding to unloaded motor start up,
when a phase input of 110V/16.7Hz is applied, are given in Figure 1.29: we note
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Speed
120 T

110V /16.7 Hz
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Fig. 1.28 Experimental (dashed line) and computed (solid line) static torque—speed characteristics

that the reference (dashed line) and the real (solid line) voltages are different due to
the presence of high-order harmonics generated by the inverter. The discrepancies
between simulated and experimental results are also due to parameter inaccuracies
and unmodeled effects (such as magnetic saturation and skin effect).
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Fig. 1.29 Experimental (solid line) and simulated (dashed line) unloaded motor start-up
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1.9 Conclusions

In this chapter four different nonlinear state space models for a balanced unsat-
urated induction motor have been derived starting from three short circuited rotor
windings and three stator windings whose inputs are three balanced voltages: the en-
ergy model, the fixed frame model, the rotating frame model, and the field-oriented
model. The energy model, in which the currents are chosen as state variables, clari-
fies the motor power balance. The rotating frame model which is expressed in a ro-
tating frame whose axis coincides with the rotor flux vector is called field-oriented
model: it is very helpful in determining the motor steady-state conditions when the
voltage inputs are sinusoidal and to compute the inverse system which generates the
control inputs required to follow arbitrary reference signals for the rotor speed and
the rotor flux modulus. Even when the reference signals are constant, the steady-
state conditions are limit cycles in the state space whose stability is studied using
linear approximations and the corresponding eigenvalues. When the control inputs
are sinusoidal voltages with constant modulus and frequency, the explicit formula
for the torque—speed characteristic curve is determined which gives the steady-state
rotor speed corresponding to a given load torque. As far as the specific motor con-
sidered in this book is concerned, the eigenvalues of the linear approximation at sev-
eral operating conditions have been numerically determined: when the rotor speed
is smaller than the critical value @, the corresponding operating conditions are
unstable since there is one eigenvalue with positive real part, while they are expo-
nentially stable when the rotor speed is larger than @,. The explicit formula for the
flux modulus which minimizes the power losses at steady-state is given: it depends
on motor parameters and on the load torque. Structural properties such as observ-
ability, identifiability, and feedback linearizability are then studied using tools from
nonlinear control theory. The induction motor is transformable into a linear and con-
trollable system by state feedback if a first order dynamic extension is applied, i.e.
it is dynamically feedback linearizable. Hence, the induction motor possesses good
controllability properties. Rotor fluxes are observable from rotor speed and stator
current measurements for any voltage input while rotor speed and rotor fluxes are
locally observable from stator current measurements only, provided that a certain
condition holds. The load torque is identifiable from rotor speed and stator current
measurements for any voltage input, while the rotor resistance is identifiable even
though the rotor speed is not measured provided that the time derivative of the rotor
flux modulus is different from zero. The experimental set-up which will be used
throughout this book to illustrate the performance of the control algorithms is de-
scribed in Section 1.8. A good match between simulated and experimental data is
obtained for operating conditions with small slip speed, while at higher slip speed
some discrepancies arise due to unmodeled effects and measurement inaccuracies.
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Problems

1.1. Consider the induction motor model (1.26) when the rotor speed @ is constant
so that (1.26) becomes linear in the state variables (W4, Wip, isa> isp). Show that,
for any rotor speed @ and for any motor parameter value, it is observable from the
measurements (isq, isp)-

1.2. Consider the induction motor model (1.26) when the rotor speed @ is constant
so that (1.26) becomes linear in the state variables (W4, Wip, isa> isp). Show that,
for any rotor speed @ and for any motor parameter value, it is controllable from the
inputs (ugq, Ugp) With controllability indices (2,2).

1.3. Assume zero load torque and restrict the family of admissible inputs to the set
of constant inputs (usg, Usp). Show that the two equilibrium points for (1.26) with
the additional state variable o

M Usa M Ush Usa Ush a

) 1
R, ’ R, ’ R; ’ R, ’
Mus, Mug, Usa Ush o
R, " Ry "R,’R,’

((D, Vra, Yrbs Isas Lshs (X) = (07

((D, Yra, Yrb, Isas Lshs OC) = <O>

are indistinguishable from input-output measurements (4, Usp), (O, Wras Yrps isas
ixh)'
1.4. Show that the induction motor is locally observable and locally identifiable

from the outputs (isq,isp, Wra, Yip) With respect to both the load torque 77, and the
parameter ¢ provided that

—OC(I[/,%I + l[/,?b) + aM(lI/misa + lI/rbisb) #0
i.e. when

d (Wrza + Wrzb)

” #0.

Suggestion: consider the model (1.26) with the two additional state variables Ty and
o satisfying T;, = 0 and & = 0, respectively.

1.5. Assume nonzero load torque and restrict the family of admissible inputs to the
set of constant inputs (ug,, uy,) satisfying

22
2 21\2 4TLR
(usa +usb) > J2u20c2;\/12 :

12[JZOC2M2 (M§{,+u2

2
Show that the two equilibrium points for (1.26) (A = TR ) 4)
LI

JuoM
2T, R?

A
(2, +id) + V2

w; =
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I:Wml:| _ oM (04 _wl:| |:usa:|
Vil | Ri(a2+o}) [0 @ | |ug
isa = @
R;
is‘h = M
: R,
and
_ JuaM VA
== 2TLR2 (1 + )*T
el - mra o o)
Wb 062 + a)2 o Ug)
g = @
Ry
isb = @
R;

are indistinguishable from input—output measurements (i, ug,), (isq,is) for every
input satisfying the above inequality.

1.6. Determine constant inputs (ug,, Ug,) and two equilibrium points for the model
(1.26) with the additional state variable 77 which are indistinguishable from input—
output measurements (i, Ugp), (isqs Isp)- Suggestion: see Problem 1.5.

1.7. Assume nonzero load torque and restrict the family of admissible inputs to the
set of inputs uy, and uy, guaranteeing, for suitable initial conditions,

,u'(Wraish - ll/rhisa) = TL
_2a(lVr2a + Wrzh) +2aM('Vraim + Wrbisb) =0.

Show that there exist two state vectors for the model (1.26) with the additional state
variable o which are indistinguishable from input—output measurements (i, Usp),

(Wma Vibs isa» isb)-
1.8. Consider the induction motor model (1.39) and define the dynamic extension

du
4 — Vg -
dr

Show that the extended system is state feedback linearizable and determine the cor-
responding singularities.

1.9. Consider the induction motor model (1.39) and define

aMiZ,
—Bay| +va

rd

Usg = O | —Wigy —
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aMiygiy,

Usg = O Wigq + +ﬁerd +€
rd

dg

—-— =Vg.

d

Show that the extended system is state feedback linearizable and determine the cor-
responding singularities.

1.10. Consider the induction motor model (1.26) and define the dynamic extension

dug, _ vep

dt o

Show that the extended system is state feedback linearizable.






Chapter 2
State Feedback Control

Abstract In this chapter we explore the advantages of feedback control assuming
that all the state variables are measurable. This is not a realistic assumption since the
rotor variables are usually not measured but it allows us to explore fully the poten-
tiality of feedback control. In Section 2.1 we establish that the feedforward control
does not guarantee the asymptotic stability of the desired operating point for every
initial condition and for every parameter value: the load torque in particular is a crit-
ical parameter. Hence, feedback control is needed to achieve the asymptotic stability
of the desired operating condition, for any load torque and for any initial condition.
Six feedback control algorithms are then presented. The most complex is the dy-
namic feedback linearizing control presented in the last Section 2.6, which imposes
an arbitrary linear dynamic behavior to the controlled motor. The input—output feed-
back linearizing control is presented in Section 2.4: it achieves arbitrary and decou-
pled linear dynamics for the two tracking errors of rotor speed and flux modulus; it is
generalized in Section 2.5 by an adaptive input—output feedback linearizing control
which identifies both the load torque and the rotor resistance in realistic operating
conditions. The identification of these two parameters allows computation online of
the optimal value of the rotor flux modulus which minimizes the power losses. All
three feedback linearizing control schemes have excellent performances provided
that the initial errors are sufficiently small: this is a significant limitation which is
removed by the global control with arbitrary rate of convergence presented in Sec-
tion 2.7. It is the evolution of the historically important direct field-oriented control
which is presented in Section 2.2 and its variant, the indirect field-oriented con-
trol, which is discussed in Section 2.3 and can operate from any initial conditions.
The field-oriented controls constitute a modification of the feedforward control dis-
cussed in Section 2.1 and contain the key steps to design the global control with
arbitrary rate of convergence, which can operate from any motor initial conditions.
The indirect field-oriented control is tested by experiments in Section 2.8 and its
robustness with respect to rotor resistance variations is explored.

63
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2.1 Stability Analysis of Feedforward Control

In this section we assume that the left inverse control (1.74) is applied as a feed-
forward control to the induction motor fixed frame model (1.26) and we study the
case in which the initial conditions are not compatible in (1.74). We have seen in
the previous chapter that if the initial conditions of the induction motor and of the
inverse system are compatible and the inverse feedforward control (1.74) is applied,
then the induction motor satisfies the equations

do* _ £ o TL
dy* . "
dr =—-ay ""_aMlsd
0= (@~ )y +aMi,
di§ ok * ok * uj,
T;d = _ylsd+w01sq+ﬁaw +?d
di* u’
(T;q = —Yis, — gz — BO*Y —|—f 2.1)

in which the (d, q) reference rotating frame rotates at speed

de* oMi*
O — ="+ —2 ="+ (2.2)

*

and it is identified by the angle &;(r) = p*(¢) = p(t) in the fixed (a,b) frame. The
crucial question we are going to answer in this section is the following: what hap-

pens when the initial conditions of the inverse control (1.74) are not compatible

and in particular when p*(0) # arctan u";:gg;, which is very likely to happen since

measurements of (W,,, ;) are typically not available? In other words we are go-
ing to explore the stability and the attractivity (see Appendix A) of the steady-state
solution (@*, y*,0,iy,,i;,). Since the rotor flux angle p no longer coincides with
the angle p*, consider the (d,q) frame identified by the angle &;. In the considered
(d,q) frame the induction motor satisfies (1.31) with oy in place of ay. If we now
subtract (2.1) from (1.31) we obtain the tracking error dynamics

d(o— o*)

it (2R A L e B LA (O ¥
Fu [(Wra = W) (isg = 13g) = Vg (s — i5q)]
W2V gy (00" vy
O Yrg + M (isa —iy)
% =~y + (0 —0%) (Yra—¥)

—0f (Yoa = Y*) + (0 — ") y* + aM (isy —i3,)
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d (isa — : . % * (7 i *
% = Y lisa = i50) 0 (isg — i) + Bx (Yoa = ¥7")
+ﬁw*ll’rq +ﬁ (0) - CO*) V/rq

d is —l;k . ok * (. *
M — _y(zsq — lsq) — @ (lsd - lsd) +ﬁaqu

dt
—Bo" (Y —y") = B(0— ") (Yra— V")
-B(o—0")y* (2.3)
where we recall that
.Yy
S = T
p =2 IL 2.4)

M pyr Ty
and ; is defined in (2.2). The origin

(0~ @), (= ¥") Vi (a2, (g )] =0

which corresponds to zero tracking errors, is clearly an equilibrium point for the
tracking error dynamics (2.3): this is the case of compatible initial conditions in
which

0(0) = ©0*(0)
Vra(0) = y7(0)cosp™(0)
Vi(0) = y*(0)sinp™(0)

|:lsa O [cosp —sinp*(O)] %—F%
sinp*(0) cosp*(0) fT(?(;) + W

P (0) =

In order to have a more compact notation, let us rewrite the tracking error dynamics
in terms of the tracking errors

D=0—0"
lTlral = ll’rd_w*
l~qu =V

Isd = lsd — lgq

Il . ok

Isg = lsqg — Lsg
as

do v v o 7 - s
ar = HiggWrg — Higg Vg + UV Lsg + UWrglsg — UWrglsa
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dlprd o ~ * 417 ¥
da =0y + O Yrg — Oy + 0OMigy
d‘i/rq ~ * P o * o~
T - — 0y — O Yrg + Oy + OMigy + Y~ @
disd v 7 ~ * ~ o
a —Yisa + @gisq + BOAVra + PO Py + POy
le ed *7 ~ * o~ ~ o~ * ~
ﬁz_ylsq_wolsd"i'ﬁalyrq_ﬁw Va — POy — By @ . (2.5)

Many questions are naturally posed on the tracking error dynamics (2.5): is the ori-
gin stable, asymptotically stable, exponentially stable, globally asymptotically sta-
ble, globally exponentially stable? How large is the region of attraction of the origin
and what is the influence of critical parameters, such as rotor resistance R, and load
torque 77, on the region of attraction and on the dynamic behavior? These questions
have no simple answers since the system (2.5) is nonlinear and time-varying when
the reference signals (@*, y*) are time-varying. On the other hand, these questions
are extremely important since, for instance, if the origin were globally exponentially
stable with satisfactory transient properties and robustness with respect to parameter
variations then no feedback control would be needed and the feedforward control
(1.74) would achieve the tracking of (*, y*) from any initial condition. To examine
one of those questions, consider the error system dynamics (2.5) and compute the
equilibrium points for (2.5) in the case of constant references (@*, y*) and Ty, # 0.
In order to use a more compact notation and simplify the analysis, define the track-
ing error variables

2d = lsa+ BWra
2 = Isg+ Bl

so that the error system (2.5) in the case of constant references (@*, y*) may be
rewritten in the simpler form

& = Ay — By +C2g + nWrazg — HWrgZa
Vg = =Dy — @y + EWyy + Mz
fiqu = =DV + Oy — EYra + Y @+ aMz,
Zq = Fzg—kzg +kB Wy
2g = —Fzq —kzg + kB (2.6)

in which the following reparameterization is used

T 1
A=— B=uy'(—

Ty pny (MH?),
C=uy*, D=a+aMp,

MT, R
=2 L F=w"+E, k=-".

puJy* c
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By direct computation it is possible to show that there exist constant references
(o*, y*) and T;, # 0, which are within physical bounds such that the tracking error
dynamics (2.6) have an explicitly computable additional equilibrium point besides
the origin whose first component

@, = (BKCF — Bky*uF — 1A — AF?) ' [aﬁzMCkZ — afMBK
—aBMAFk— BCDK* + BKCFE — kK*AE + K*BD + BF2D — AFZE}

is nonzero. Hence, for such references and load torque values, the origin is not a
globally attractive equilibrium point for (2.6) and rotor speed tracking cannot be
achieved for any motor initial condition. Furthermore, consider the linear approxi-
mation about the origin of system (2.5):

% = WSy Wra — it Vg + LY T

dZ/trd = — Wy + O Py + OMigy

dff = V0 — 0 Y — 4y + M,

dci;d = BaYra+BO Wy — Visa + (0" + 0] )iy

dcthq = By @O Y+ Bagiy — (0" +a)ia—Tig. 27

According to the linear approximation Theorem A.7 in Appendix A, if the load
torque satisfies the inequality

(1+MB)*y

T2
L L%

v

then the origin is an unstable equilibrium point for the error system (2.5). Recall that
in the analysis of the torque—speed characteristic curve in Section 1.3 we observed in
Figures 1.5 and 1.6 that unstable operating conditions at low rotor speed correspond
to low rotor flux modulus and high load torques.

In conclusion, there exist constant references (@*, y*) and 7j, # 0 such that
the feedforward control (1.74), specialized to the case of constant rotor speed
and flux modulus references (see Figure 2.1 for current-fed motors),

[u;‘a] _ {cosp* —sinp*] [u;‘d}
* = . * * *
u, sinp* cosp* | | uj,

. [st* Ty ocM( T )21
Ugg = O iy tar—r .
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P fed = isd fsa = isq COSP" —iggsinp” is

L ' | IM

Ty iag igh = isq8iN p° + iy, cOS p” igh

. o [(Ern(0)
14 (ll] arctg (t',.,(”))

Fig. 2.1 Feedforward control for current-fed motors (constant references 0*, y*)
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P =0+ 2.8)

depending on the reference signals (@*, y*), on the initial condition p*(0),
and on the machine parameters M, R, L,, J, R;, Lg, does not guarantee ro-
tor speed tracking for any motor initial condition. Furthermore, the origin of
the error system (2.5), which implies zero tracking error, is unstable if the

%2
inequality |7| > % is satisfied.

Illustrative Simulations

We tested the feedforward control (2.8) by simulations for the three-phase sin-
gle pole pair 0.6-kW induction motor whose parameters have been reported in
Chapter 1. All the motor initial conditions have been set equal to zero except for
W,4(0) = y;(0) = 0.1 Wb. The references for the speed and flux modulus along
with the applied load torque are reported in Figures 2.2-2.4. The rotor flux modulus
reference signal starts from 0.001 Wb at # = Os and grows up to the constant value
1.16 Wb. The speed reference is zero until + = 0.32s and grows up to the constant
value 100rad/s; at t = 1.5s the reference for the flux modulus is reduced to 0.5 Wb.
A 5.8-Nm load torque is applied to the motor and then is reduced to 4.8 Nm. Fig-
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ures 2.3 and 2.4 show the time histories of rotor speed and flux modulus along with
the corresponding tracking errors: the rotor speed and flux modulus are regulated
to their corresponding references as long as the load torque satisfies the inequality

*2
1. < % while rotor speed and rotor flux modulus regulation is not achieved

when the load torque is greater than W*z(iiw In fact, for a load torque 7;, = 4.8 Nm
and a constant rotor flux reference y* = 0.5 Wb, the origin of the error system (2.5)
is unstable while the computed additional equilibrium point for (2.5) is exponen-
tially stable. Finally, the stator currents and voltages profiles, which are within the
physical saturation limits, are reported in Figures 2.5 and 2.6.

Applied load torque

O T T T T T
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% 2 4 [ﬁ 8 10 12

5|

Fig. 2.2 Feedforward control: applied load torque 77,
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Fig. 2.3 Feedforward control: rotor speed @ and its reference @*; rotor speed tracking error
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Fig. 2.4 Feedforward control: rotor flux modulus /2, + w2 and its reference y*; rotor flux
modulus tracking error
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Fig. 2.5 Feedforward control: stator current vector (a,b)-components

A second simulation is performed in order to illustrate, in the particular case in
which the origin of the error system (2.5) is exponentially stable according to the
linear approximation Theorem A.7 in Appendix A, the effect of uncertainties in both
load torque and rotor resistance. All motor initial conditions have been set equal to
zero except for W,,(0) = y,,(0) = 0.1 Wb. A 5.8-Nm load torque is applied to the
motor and is reduced to 0.5Nm as shown in Figure 2.7. The references for the speed
and flux modulus are reported in Figures 2.8 and 2.9. The rotor flux modulus ref-
erence signal starts from 0.001 Wb at r = Os and grows up to the constant value
1.16 Wb. The speed reference is zero until r = 0.32s and grows up to the constant
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Stator voltages (a,b)

200 1 1 1 1 1

Fig. 2.6 Feedforward control: stator voltage vector (a,b)-components

value 100rad/s; at t = 1.55s the reference for the flux modulus is then reduced to
0.5Wb. The value of the rotor resistance used by the feedforward control is 50%
greater than the true value R, = 3.3 Q2 while only a 0.2-Nm load torque is compen-
sated by the controller for ¢ > 15 (see Figure 2.7). Figures 2.8 and 2.9 show the time
histories of rotor speed and flux modulus along with the corresponding tracking
errors: note that steady-state errors appear as expected. Finally, the stator currents
and voltages profiles, which are within the physical saturation limits, are reported in
Figures 2.10 and 2.11.

Applied load torque
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2F o
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8

Fig. 2.7 Feedforward control with parameter uncertainties: applied load torque 77, and compen-
sated load torque
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Fig. 2.8 Feedforward control with parameter uncertainties: rotor speed @ and its reference ®*;
rotor speed tracking error
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Fig. 2.9 Feedforward control with parameter uncertainties: rotor flux modulus |/ y?Z, + th and its
reference y*; rotor flux modulus tracking error

In summary, we have shown that the feedforward control (2.8), which is required
to keep the motor at constant speed @* with a desired constant flux modulus y*,
does not guarantee the regulation to @* for any motor initial condition and may
yield unstable steady-state operating conditions depending on load torque 77, mo-
tor parameters, and desired flux modulus y*, even when exact parameter values are
used in (2.8). On the other hand, if the values of the critical parameters R, and T},
used in (2.8) do not coincide with the corresponding actual values then the simu-
lations show that steady-state tracking errors appear. Feedback is then required to
guarantee asymptotically stable operating conditions for any initial condition and,
at the same time, robustness with respect to uncertainties in critical motor parame-
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Fig. 2.10 Feedforward control with parameter uncertainties: stator current vector (a,b)-
components
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Fig. 2.11 Feedforward control with parameter uncertainties: stator voltage vector (a,b)-
components

ters such as rotor resistance and load torque. This goal will be achieved in the next
sections.

2.2 Direct Field-oriented Control

The purpose of this section is to illustrate the benefits of feedback control. Consider
the reduced third-order model in the (d,q) frame rotating at rotor flux speed of
rotation p and identified by the rotor flux angle p (see (1.39))
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do . T
E = UVYrqlsqg — 7
d
grd = =AY+ aMiy
dp oMig,
- 2.9
dr @t Vrd ol

in which the pair (iyq,is) in (1.41) is viewed as the control input vector, under the
assumption that the actual physical inputs (u,us) in (1.42) can be designed to
track very quickly any desired stator current pair (iyq,isq). The currents (iq,isq),
which are related to the stator currents (isq,is) in the fixed (a,b) frame attached to
the stator by the nonsingular transformation (recall (1.30) with & = p and (1.37),
(1.38))

cosp = —Fra___
\V Vv
Sinp — L
\/ lI/}’Zt/z + lIlrzb
isa| _ |cOsp —sinp | | iy (2.10)
iy, | | sinp cosp isq :

are to be designed to track the desired signals (@*, y*).

The structure of system (2.9) in the rotating frame is very suitable for multivari-
able feedback control design as the field-oriented control strategy shows. The flux
modulus dynamics are linear and can be independently controlled by i,; while, when
the flux modulus y,,; coincides with its reference y*, the rotor speed dynamics

dw - T
— :lJ‘W lsq_i

2.11
dr J ( )

are also linear with respect to iy, and can be independently controlled by i,. Since
the unforced direct flux y,; dynamics

d Vrd

= - 2.12
dr AV ( )

are asymptotically stable ( > 0) when i;; = 0, the control input i;; can be designed
as the following feedforward signal (recall (1.67))

A A
isg = 5 o (2.13)

which, substituted in (2.9), gives (recall that ¥,y = Y,y — ¥*)

d '-Tlrd
dr

= Ay . 2.14)
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On the other hand, from the first equation in (2.9), the speed error dynamics are
(recall that @ = @ — ®*)

d@ . L ..
E = :L“//rdlsq_ 7 -

A
= WYy = Whaisg — O (2.15)

Define the control for iy, as (ke is a positive control parameter)
1 1
g = —— | —kep®+ @+ —= 2.16
Lsq Ly |: o0+ + 7 :| ( )

and substitute it into the first equation in (2.9) or, equivalently, in (2.15) so that

dad . o

? = —kww‘FHVfrdlsq (2.17)
in which {,4(t), according to (2.14), is an exponentially decaying signal for any
W,4(0). According to (2.16), (2.17) may be rewritten as

da Va| o Wa [ . 1L
= — 1 — . 2.1
kw{+w*]w+w*(w+1) (2.18)

On the basis of (2.14) and (2.18), we conclude that @(¢) is bounded in the time
interval [0,2,], with 7, any positive real. On the other hand, according to (2.14), for
any initial condition ¥,,;(0) and any positive real < 1 there exists 7. > 0 such that,
forall t >7,,

Therefore, according to (2.18), @(¢) is an exponentially decaying signal for any
initial condition @(0). Note that in order to avoid the singularities in the controller

at Yy =/ V2, + l//rzh = 0 which appear in (2.10), according to (2.14) y,4(0) must
be greater than zero so that y,4(¢) > 0 for all > 0.

In conclusion: the direct field-oriented control (see Figure 2.12) is defined as

Isq | _ |cOSp —sinp | | isq
iy | | sinp cosp | |iyq
v

o=
A= T aM
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Fig. 2.12 Direct field-oriented control for current-fed motors (constant references @*, y*)

Vra
COSPp = —F———

\/ 1Vrza + lIjrzb
sinp = —92__ (2.19)

\/ 2+l ’

it is a static nonlinear feedback control algorithm which depends on the
measurements of the state variables (®, W4, W;p), on the reference signals
(w*, y*), on the positive control parameter k, on the load torque 7, and on
the machine parameters M,R,,L,,J, since L = ]ﬂr and o0 = IZ—:; it guarantees
that, for any initial condition of the current-fed reduced order motor model
(2.9) such that y,,;(0) > 0, the rotor speed and rotor flux modulus tracking
errors decay exponentially to zero.
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Remarks

1. The name direct field-oriented control is due to the fact that the stator current vec-
tor (isq,isp) TOtates at the same speed p at which the rotor flux vector (W4, Wp)
rotates, i.e. it follows the orientation of the flux vector. The quadrature axis com-
ponent iy, of the stator current vector is responsible, according to (2.16), for the
rotor speed tracking and depends on the load torque 77, while the direct axis
component iy, of the stator current vector is responsible, according to (2.13), for
the tracking of the rotor flux modulus.

2. The direct field-oriented control (2.19) is a static state feedback control which
generates bounded currents (i, i) for every state value (@, W4, p); it is not
well defined at y,; = 0 where (2.9) is no longer an equivalent description of the
fixed frame model (1.26).

3. The measurements of (., ¥,) are required; the critical parameter R,, which
appears in iy; through o0 = R* when the reference y* is not constant, is required
only when the reference l// 'is time- -varying; if y* is constant the direct field-
oriented control does not depend on R,.

4. If the flux modulus and the rotor speed are constant and equal to the desired
values (@*, y*) then the rotor flux rotates at constant speed w = (®* + @), with

Wy = ‘;% *TZL , and the induction motor is driven by the sinusoidal currents obtained

from (2.19):

H _ [cos<p<o>+wr> —sin<p<o>+wr>} i
igh sin(p(0) +wt) cos(p(0)+ wr) T ’

5. The direct field-oriented control (2.19) achieves asymptotic input—output feed-
back linearization: according to (2.14), the closed-loop dynamics for (y,; — w*)
are linear with a time constant equal to &~! = L,R-! depending on the machine
parameters; according to (2.17), once ¥, tends to its reference y*, the closed-
loop dynamics for @ tend to be linear with arbitrary time constant kg'. During
the transient, the nonlinear term J 1L W, 4iy,, Which represents the electromagnetic
torque 7, in the first equation in (2.9), makes the first two equations in (2.9) still
nonlinear and coupled: for this reason the speed transients may be unsatisfactory.

6. The direct field-oriented control (2.19) can be simply modified by replacing Y,y
with its reference y* in the dynamic equation which generates the angle of rota-
tion of the (d, q) reference frame, so that the indirect field-oriented control which
will be discussed in the next section (&(0) is an arbitrary initial condition)

isa| _ | COSE —singy | | isq
iy | | sing cosg isq

dg oMis,
_ = = [E—
dr @ + *
* e
lsg = L + v

M oM
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T
ko (0 — @)+ O+ £ (2.20)

Isg = 7

py*
is obtained. Note that (2.20) is always well defined even at y,; = 0 where (2.19)
is, on the contrary, not well defined. Furthermore, (2.20) does not require the
measurement of rotor fluxes (Y4, ¥;) but only the measurement of @ while &
no longer coincides with the rotor flux angle p.

7. The direct field-oriented control (2.19) can be modified to obtain input—output
feedback linearization (and not only asymptotic input—output feedback lineariza-
tion) by using V4 in place of y* in the iy, espression and by adding a feedback
term in the iy; espression in (2.19) as follows:

isa| _ | cOSPp —sinp | | isq
iy | | sinp cosp Isq

v ky (W)

b am aM
1 LT
fsg = —kp (0 — %) + 0" + =
e .l“//rd[ o o +J]
Yid = Y COSP + Yyp SinP
cosp = ——Fra___
\/ w3a+W;'2h
sinp — —V 2.21)

\ Vit V5 |

substituting (2.21) in (2.9) we have for the rotor speed and flux modulus tracking
errors

- —kw(b

d

el

i (a+ky) Wra (2.22)

which clarifies that the dynamics for the speed and flux modulus tracking er-
rors are decoupled and linear with arbitrary time constants k;,l and ((x + kl,,) -
Note, however, that exact input—output decoupling and linearization have been
achieved by the controller (2.21) at the expense of a singularity at y,; = 0 which,
in contrast to the indirect field-oriented control (2.20), may imply very large cur-
rents (igq,i) When W, is close to zero.

It is instructive to compare the structures of the following four control algorithms:
the feedforward control (1.74), the indirect field-oriented control (2.20), the di-
rect field-oriented control (2.19) and the input—output feedback linearizing control
(2.21). They are listed in terms of increasing complexity. In fact, the feedforward
control (1.74) requires no state variable measurements but precise initialization for
p*(0). The indirect field-oriented control (2.20) requires only rotor speed measure-



2.2 Direct Field-oriented Control 79

ments which are used to introduce the feedback term —kg, (@ — ®*) in the expres-
sion of is; and to replace ®* by ® in the dynamic equation which produces the
rotation angle & and can be arbitrarily initialized: the first action is the classical
feedback proportional to the speed tracking error, while the second action is uncon-
ventional and is aimed to achieve the field orientation without flux measurements,
as we shall see in the next section. Both the direct field-oriented control and the
input—output feedback linearizing control generate the rotation matrix on the basis
of rotor flux measurements (4, ¥,;) without computing the angles p* or & by
integration: they differ since the input—output linearizing control contains an addi-
tional feedback term —ky (W,q — y*)/ (M) in the expression of iy; and makes use
of 4 instead of its reference y* in the expression of ig,.

Hlustrative Simulations

We tested the direct field-oriented control by simulations for the current-fed three-
phase single pole pair 0.6-kW induction motor whose parameters have been re-
ported in Chapter 1: stator currents dynamics have been neglected so that the stator
currents (i, ig) constitute the motor control inputs. The rotor speed initial condi-
tion has been set equal to zero while the rotor fluxes initial conditions have been
set equal to W,,(0) = y;;,(0) = 0.1 Wb. The control algorithm has been tested us-
ing the control parameter (the value is in SI units) k¢, = 12, which directly affects
the speed tracking error dynamics. The references for the speed and flux modu-
lus along with the applied load torque are reported in Figures 2.13-2.15. The rotor
flux modulus reference signal starts from 0.001 Wb at t = Os and grows up to the
constant value 1.16 Wb. The speed reference is zero until # = 0.32s and grows up
to the constant value 100rad/s; at + = 1.5s the speed is required to go up to the
value 200rad/s, while the reference for the flux modulus is reduced to 0.5Wb. A
5.8-Nm load torque is first applied to the motor and then is reduced to 1.8 Nm. Fig-
ures 2.14 and 2.15 show the time histories of rotor speed and flux modulus along
with the corresponding tracking errors: the rotor speed and flux modulus track their
references tightly. As illustrated by Figure 2.16, the motor trajectories in the state
space tend to two attractive limit cycles corresponding to the two constant operat-
ing conditions imposed by the reference signals. Finally, the stator currents profiles,
which are within the physical saturation limits, are reported in Figure 2.17. It is very
interesting to compare Figures 2.2-2.5 which illustrate the feedforward control per-
formance with Figures 2.13-2.17 which illustrate the performance of the feedback
direct field-oriented control for the same parameters and similar reference signals.
The rotor speed tracking errors (see Figures 2.3 and 2.14) are two orders of magni-
tude smaller in the feedback case (maximum error of Srad/s and 0.09rad/s, respec-
tively). Moreover, the feedback control also achieves very precise tracking when the
load torque reduces its value to 1.8 Nm. Similar improvements are obtained in rotor
flux tracking (compare Figures 2.4 and 2.15).
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Fig. 2.13 Direct field-oriented control: applied load torque 77,
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Fig. 2.14 Direct field-oriented control: rotor speed @ and its reference @*; rotor speed tracking
error

So far we have designed the direct field-oriented control (2.19) and its variants (2.20)
and (2.21) on the basis of the reduced order model (2.9) in which the stator current
dynamics have been neglected, which is clearly an approximation. Reconsider now
the full order model (1.39) expressed in the state coordinates (1.41) and in the con-
trol coordinates (uyq,uy,) Which are related to the original control inputs (i, Usp)
by

[um} _ {cosp —sinp} [usd] (223)

Ugp, sinp cosp Usq
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Fig. 2.15 Direct field-oriented control: rotor flux modulus 4/ yZ + u/fh and its reference y*; rotor
flux modulus tracking error
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Fig. 2.16 Direct field-oriented control: (W4, Wy, @)-trajectories

Let us now design (u4,ug,) as state feedback controls so that the desired references
(w*,y*) are asymptotically tracked. From the last two equations in (1.39) define
the state feedback control

. oM,
Usg = O | —Wlsqg — . _ﬁal/lrd“‘vd
Fe
aMigi
sy = O | @ig+ —j" + B+ (2.24)
T

in which (v4,v,) are new control inputs yet to be designed. Note that the state feed-
back control (2.23), (2.24) introduces a singularity at y,; = 0 so that very large input



82 2 State Feedback Control

Stator currents (a,h)
15 T T T T T T T T

5 . “MU H|i ‘, - ‘“ [ T i
I LMt | VAR - |
= ‘*.“. 1 1,1.‘ IIIIilll“.M.\.','.'|'|‘|l|‘|i|‘|‘l'|'|'|1P'mmw““““““u||||||||I'I'|'|'|"'m i|'i|lllilllllllllllllI|||||II'

d WH “"“ A LT

F
b

15l 1 1 1 I 1 I 1 1 I

0.5 1 15 2 2[5] 3 3.5 4 4.5 3
S

Fig. 2.17 Direct field-oriented control: stator current vector (a,b)-components (isq, isp)

voltages are to be expected when the rotor flux modulus is close to zero. Substituting
(2.24) in (1.39) we obtain the closed-loop system

do 11
L
d(;;q = —Yisqg+Vq
%—”’ = — O+ M iy
déstd = —Yisa+va
‘:Tft’ — oq % , (2.25)

In other words, the system (1.26) is transformed into (2.25) by the state space change
of coordinates (1.41) and the state feedback control (2.23), (2.24) provided that
W, # 0, since in Y,y = O the field-oriented model (1.39) is no longer an equivalent
description of the fixed frame model (1.26). The closed-loop system (2.25) has a
much simpler structure than system (1.26): the flux amplitude dynamics are linear

d Yrd

dr = =0,y +aMiy
di .
d‘;" = —Yisa+va (2.26)

and can be independently controlled by v, for instance via a proportional-integral
(PI) controller (k;), and ky; are positive control parameters)
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va(t) = —kap(Wra(t) — W (1)) — kai /O’(l//,d('c) —y*(1))dr. 2.27)

Once the flux amplitude y,, tracks its reference y*, the rotor speed dynamics are
also linear

do o L

a MYy

di ,

e — g vy (228)

and can be independently controlled by v, for instance via two nested loops of PI
controllers (ky, and k,; are positive control parameters)

t
1) = k(L) = T2 0) ~ky [ (T(0) =TS ()de @29)
with (k7 and kr; are positive control parameters)

Te(t) = IJ'Wrd(t)iSq(t)
T2 0) = —krp(@() — 0" () ~kns [ (@(0) - 0" (D)dr. 230)

We can then say that the state feedback control (2.23), (2.24) achieves asymptotic
input—output linearization and decoupling since the first four equations in (2.25)
tend to the linear ones (2.26) and (2.28) as y,; tends to its reference y*; moreover
the outputs @ and ;4 can be independently controlled by the new inputs v, and v,
respectively. Note, however, that during flux transients the nonlinear term J U iy,
which represents the electromagnetic torque 7, in the first equation in (2.25), makes
the first four equations in (2.25) still nonlinear and coupled; consequently, the speed
transients are difficult to evaluate and may result unacceptable when the flux under-
goes a transient to improve efficiency.

2.3 Indirect Field-oriented Control

The indirect field-oriented control (2.20) is a modification of the direct field-oriented
control (2.19) which uses, instead of the rotor flux angle p, an arbitrary rotating
angle & which is generated replacing y,, by its reference y* in the differential
equation defining the & dynamics, i.e.

* s
isa | | cos€ —sing Wﬁ + a"'—M
ish singy cos&y %‘4/* {_kw((ﬂ—w*) L@+ %}
dey oMiy,

_— = =
g~ M=ot
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aM I,
=0+—— |—kp(0— 0" )+ 0"+ 2.31
+ Ly | ko ( )+ o+ ] (2.31)
with arbitrary & (0).
The indirect field-oriented control (2.31) may also be designed directly on the
basis of the first three equations in the rotating frame model (1.31):

do . . I
7dt =U (lllrdlsq - l//rqlxd) - 7
dy, :
Z/td = —O{l’lrd—f—((})o—w) llqu+aMlSd
d .
% = — Yy — (0 — ®) Yyq + AM iy . (2.32)

Let (0*(t),y*(t),0) be the reference signals for ((f), Yy (t), Yry()): (2.32) can
be rewritten as (@ = ® — O, Yrg = Wrg — V", Prg = Wry)

do v ‘r v I
ar = u(lVrdlsq_llfrqlsd)"‘IJII/ lsg— W — v
dN}“ 77 77 * e .
% = *al[/rd+((l)()*(0)llqu*(xlll -y +aMlsd
dvy, oL _ N Mi 5133
o = OV (00— @) Yy — (@0 — @)Y+ aMis, . (2.33)

Our goal is to design a dynamic feedback control

isa| _ | COSE) —singy | | isq
iy | | singy cosgy Isq
€ = ay (2.34)

so that the tracking errors (@, W,4, W4) tend exponentially to zero from any initial
condition. Note that by introducing a dynamic feedback we add an extra degree of
freedom in the design since we can now freely choose in (2.33) three independent
feedback terms (iyq, isq, @) in place of (is4, isg) Which are at our disposal if a static
feedback is designed. We design (isq, isq, @) as feedback terms so that

17

WY = 0" == = —ko(®— 0")
-y -y +aMiy =0
— (o — 0)y* +oMig =0 (2.35)

since, substituting (2.35) in (2.33), we obtain

d&

dr
dVia

dr

*kwd) +u (r/frdisq - ‘T’rqisd)

= 7onl7rd + ((D() - 60) llerq
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dy,,

dr = _alprq - ((1)0_ 0)) lT/rd .

Solving (2.35) for (isq,is, @), we explicitly obtain the feedback terms to be used
in (2.34)

=M T aMm
1 1
. — _k _ * .k i
isq g { w(0— 0" )+ 0"+ J]
oM ) 1;.
— _k _ * * i
Wy w+”w*2{ w(@—0")+ o +J}

which, substituted in (2.34), gives exactly the indirect field-oriented control (2.31)
in (a,b) coordinates.
The advantages of (2.31) with respect to (2.19) are:

1. while (2.19) is not well defined at w2, + ‘I’rzb = 0, the indirect field-oriented con-
trol (2.31) is always well defined since y* (1) > cy >0foralls > 0;

2. the control (2.31) requires only the measurement of rotor speed @ while (2.19)
also requires the measurement of (W4, W) to compute cos p and sinp;

3. the control (2.31) is a dynamic first order output feedback controller for the
current-fed model (2.9) from rotor speed measurements while (2.19) is a static
state feedback controller for the same reduced order model (2.9) from rotor speed
and flux measurements.

We now substitute (2.31) in the first three equations of the fixed frame model (1.26):
to evaluate the closed-loop stability it is more convenient to use directly the rotating
frame model (1.31) in the (d, ¢) reference frame rotating at the speed

dgg
— = 2.36
& o ( )
defined in (2.31). Substituting
A
b=t am
P ko (® a)*)+a')*+ﬁ (2.37)
BTy [T J :

in the first three equations of model (1.31) we obtain for the second equation in
(1.31)

d llerd

dr = -0+ ((D() - (D) 1INqu (2.38)

while for the third equation in (1.31), since

(00— @) y* = aMi, (2.39)
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we have

dy,,
dt

= _O“prq - (wO - CO) Vrd - (2.40)

The first equation in (1.31) can be rewritten as

do . 1 o .
ar = HVY 15q — 7L +.u(Wrdlsq_ l//rqud) (2.41)

so that, substituting (2.37) in (2.41), we obtain

do - o _
a = —kp®+ U (Wrdlsq - qulsd) (2.42)
which along with (2.38) and (2.40), namely
{"’d] - { ¢ (“’0_“’)} [‘:”’d] (2.43)
qu - ((1)0 - (D) —o Yig ’

constitute the closed-loop linear, time-varying tracking dynamics in the (d,q) frame
defined by (2.36). Consider the positive definite function

1 _ 1 )
V=Wt 3y (2.44)

whose time derivative along the trajectories of the closed-loop system (2.43) is
V= —ayy— oy, =-2aV . (2.45)
Since, according to (2.45),
V() = e 2V (0) (2.46)

we can establish that {,,(¢) and ,,(r) exponentially tend to zero for any initial
condition (¥,4(0), ¥,4(0)). In particular, since W,,(r) tends to zero, (&/(t) —p(t))
tends to zero, i.e. the (d,q) frame rotating at speed wy(¢) given by (2.36) will tend
to have its d-axis coincident with the rotating rotor flux vector: field orientation is
asymptotically achieved. According to (2.37), (2.42) may be rewritten as

dd lT/rd ~
= _ _ 14+ 4
dr kw{+w*]w

l1T/rd -k E TS K W*
o (w + J) uqu[M +aM} . 2.47)

According to (2.46) and (2.47), @(¢) is bounded on [0, 7] with 7, any positive real.
On the other hand, according to (2.46), for any initial condition (y4(0), ¥,(0)) and
any positive real 11 < 1 there exists 7, > 0 such that for all ¢ > 7,
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‘ l/~lrd (t)
y(1)

<1-7.

87

Therefore, according to (2.47), @(¢) is an exponentially decaying signal for any
initial condition @(0).

M
LTy,
lsq o
isd ‘ isq J
Tsa = fsd CO8EQ — g Bl £g
tgh = dag SINEQ + dq COS EQ
£
deg MR,y
— o oflrlsg
dt Lo
£o(0) : arbitrary

IM

Fig. 2.18 Indirect field-oriented control for current-fed motors (constant references @*, y*)

as

N A
lsd—M+ aM
g = ——
Y uyr

dr Y ;

lsq

[—kw(a)—w )+ o'+ —

dﬂ —w oMiy,

In conclusion: the indirect field-oriented control (see Figure 2.18) is defined

{.

isa | _ |cos& —singy | | isq
i | s1n£0 cosso j

(2.48)

it is a first order dynamic control algorithm which depends on the measure-
ments of the rotor speed @, on the reference signals (@*, y*), on the arbitrary
initial condition &(0), on the positive control parameter k,, on the load torque
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Tr, and on the machine parameters M,R,,L,,J, since 4 = JMT, and o = f—:; it
guarantees that, for any & (0) and for any initial condition of the current-fed
reduced order motor model (2.32), the rotor speed and flux modulus tracking
errors decay exponentially to zero.

Remarks

1. The name indirect field-oriented control arises from the fact that it is obtained
from the direct field-oriented control by using the angle & in place of the the
rotor flux angle p: the rotor flux angle dynamics

dp _ . aMiy
dt Vrd

with p(0) = arctan (V":"i Eg;) are replaced by

dey C oMiy,

dr v

with arbitrary &(0) in which the reference flux y* simply replaces the unmea-
sured y,,. Note that, even though &) does not coincide with the rotor flux angle
P, [€0(t) — p(¢)] exponentially tends to zero for every initial condition &(0): the
remarkable fact is that field orientation is achieved for any &,(0).

2. Asin direct field-oriented control, according to (2.37), the quadrature axis com-
ponent iy, of the stator current vector is responsible for the rotor speed tracking
and depends on 77, while the direct axis component i, of the stator current vector
is responsible for the tracking of the rotor flux modulus.

3. The critical parameter R, is required to generate the angle & in (2.48), since @ =
R, /L,. This feature makes the indirect field-oriented control more sensitive with
respect to o than the direct field-oriented control, as the experiments reported
in Section 2.8 confirm. As we shall see in Chapter 3, the online identification
of o is related to the estimation of the rotor flux, so that the need for rotor flux
estimation, which is seemingly eliminated by the indirect field-oriented control,
reappears through the critical parameter o, whose identification is very closely
related to the flux estimation.

4. The measurement of ® is always required in (2.48) even when stringent specifi-
cations on speed dynamics are not required so that the gain k¢ in iy, is set equal
to zero. In fact, o is still needed to compute the angle &.

5. As in direct field-oriented control, if the flux modulus and the rotor speed are
constant and equal to the desired values (®*, y*), then the rotor flux rotates at
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constant Speed W= (a)* + a)s)’ with @, = Zgz% , and the induction motor is driven

by the sinusoidal currents obtained from (2.48):

H _ {cos(eomnwr) sin(eo<o>+wr>] i ] .

ish sin(gy(0) +wr) cos(&o(0) 4 wr) T

6. According to (2.47), once W4 tends to its reference y* and y;, tends to zero, the
closed-loop dynamics for @ tend to be linear with arbitrary time constant k.
During the transient, the nonlinear term Ju (W,qisq — Wrgisq), Which represents
the electromagnetic torque 7, in the first equation in (1.31), makes the first two
equations in (1.31) still nonlinear and coupled: for this reason the speed transients
may be unsatisfactory, for instance when the flux modulus is adjusted to improve
power efficiency.

Hlustrative Simulations

We tested the indirect field-oriented control by simulations for the current-fed, three-
phase, single pole pair 0.6-kW induction motor whose parameters have been re-
ported in Chapter 1: stator currents dynamics have been neglected so that the stator
currents (i, ig) constitute the motor control inputs. The rotor speed initial condi-
tion has been set equal to zero while the rotor fluxes initial conditions have been
set equal to W, (0) = y;;,(0) = 0.1 Wb. The control algorithm has been tested with
the control parameter (the value is in SI units) k, = 12, which directly affects the
speed tracking error dynamics, and the initial condition &(0) = 0. The references
for the speed and flux modulus along with the applied load torque are reported in
Figures 2.19-2.21. The rotor flux modulus reference signal starts from 0.001 Wb
at t = 0s and grows up to the constant value 1.16 Wb. The speed reference is zero
until # = 0.32s and grows up to the constant value 100rad/s; at t = 1.5 the speed
is required to go up to the value 200rad/s, while the reference for the flux modu-
lus is reduced to 0.5Wb. A 5.8-Nm load torque is applied to the motor at z = 0.5s
and is reduced to 1.8 Nm at t = 1s. Figures 2.20 and 2.21 show the time histo-
ries of rotor speed and flux modulus along with the corresponding tracking errors:
both the rotor speed and the flux modulus track their references tightly. As illus-
trated by Figure 2.22 the motor trajectories in the state space tend to two attractive
limit cycles corresponding to the two constant operating conditions imposed by the
reference signals. Finally, the stator currents profiles, which are within physical sat-
uration limits, are reported in Figure 2.23. We now compare the performance of the
direct field-oriented control illustrated in Figures 2.13-2.17 with the performance
obtained by the indirect field-oriented control illustrated in Figures 2.19-2.23 for
the same motor, same initial conditions, same motor parameters, same control pa-
rameters (kg, = 12), and same reference signals. While the stator current inputs can
be hardly distinguished (compare Figures 2.17 and 2.23) and the state space trajec-
tories are very similar (compare Figures 2.16 and 2.22), the only difference is in
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the transient behavior of the speed errors (compare Figures 2.14 and 2.20), which
shows a worse speed transient during the time interval [0, 1] s in which the rotor flux
error is different from zero (see Figure 2.21) when the indirect field-oriented control
is used.

Applied load torque
T T T

[]Em]

(=]
T

0.5

2 ] 3 5:5 4 4.5 3
S

Fig. 2.19 Indirect field-oriented control: applied load torque 77

Rotor speed (solid) and its reference (dash)

2 25 3 35 4 4.5

[

Rotor speed tracking error

1 15

2 % 3 35 4 45 5
S

Fig. 2.20 Indirect field-oriented control: rotor speed @ and its reference ®*; rotor speed tracking

€rror

So far we have designed the indirect field-oriented control (2.48) on the basis
of the reduced order model (2.9). If the full order model (1.31), expressed in the
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Rotor flux modulus (solid) and its reference (dash)
1.5 T T T T T T T T T

[Wh]

1 L I 1 1 I
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Rotor flux modulus tracking error
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. < 1 L 1
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Fig. 2.21 Indirect field-oriented control: rotor flux modulus 4/ 2, + Wrz;, and its reference y*;
rotor flux modulus tracking error

100~

“n
=3
¥

-0.5 0

Rotor flux b [Wh]| h Rotor flux a [Wh]

Fig. 2.22 Indirect field-oriented control: (W,q4, Y, @)-trajectories

state and control coordinates (1.30), is considered, then (uq, us,) are to be designed
as state feedback controls so that the reference signals (@*, y*) are asymptotically
tracked. This can actually be achieved by defining the speed of the rotating (d,q)
frame and the reference signals for the stator current vector (d,q) components as

dey oMiy,
_— = =
a () + v
. _ VY
" am
- 1 N w1
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Stator currents (a,h)
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Fig. 2.23 Indirect field-oriented control: stator current vector (a,b)-components (isq, isp)

and the stator voltages (uq, Usq) in the (d,q) frame rotating at speed @y as (k; is a
positive control parameter)

%
Usd = O |:yi:d — Wplsg — Bay.. — Bwl,frq + =2 — ki (isa — iyq) — OM (Wra — Y )]

di
Usg = O |:Yl:q + Wpigg — Ball/rq + ﬁwVfrd + f —k; (isq - qu):| (2.50)

in which, according to (2.49) and the first equation in (1.31), the time derivatives of
iy, and g, are given by

iy, v v
qi M oM ’
d(;;q — MIV* [—kw(a’)—a')*)+(b*]—£iz [—kw(a)—(o*)+(b*+%}
= [—kw {u (Wrdisq — Wrgisa) — % - w] + w]
_ﬁiz [—k@(a)—a) )+ o +7}L] . (2.51)

Exponential rotor speed and flux modulus tracking can be proved for any motor
initial condition (see Problem 2.6). However, as in the current-fed case, the rate of
convergence depends on «, according to (2.46).
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2.4 Input-Output Feedback Linearizing Control

The input—output feedback linearizing control (2.21) for current-fed induction mo-
tors has the structure given in Figure 2.24 (compare with Figures 2.1 and 2.12).
In this section we design an input—output feedback linearizing control both for the
field-oriented model (1.39) and for the fixed frame model (1.26). The direct field-

— gt Loky (e — )
feg = - -

86 T w
w* M R.M @
. LTy, JL bk, (w— w*)
Tsq = T - N
T Mapg Mg
isd isq
i — i . coa i sl tsa
Laa isd COS P — igq 8inp IM
Gsb = Qs SIN P + G55 COS P Tsh
cos p sin p
cosp= —Pra___
et 2 n2 W
Vo T Y
Wrd )

sinp =

02 n2 Wy
Wia Frb

Yrd = Wrg COS P + Py sin p

Fig. 2.24 Input—output feedback linearizing control for current-fed motors (constant references
0", y")

oriented control design which led us to the state feedback control (2.23), (2.24)
can be improved by designing the additional control input v, so that the first two
equations in (2.25) are made linear by state feedback and input—output feedback
linearization and decoupling are achieved: to this end, introduce the rotor angular
acceleration

. T
a= Wiy — (2.52)

in place of i, as a new state variable so that the first two equations in (2.25) become
(recall that 77, is assumed to be constant)

do _
dr
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da  dyy. digg
E—ﬂ dar lsqg + HWrd dr
= —UOVY,gisy + WOAMisqisy — YU Wraisg + U WraVy - (2.53)

Define the additional state feedback term
OMiggisy n |

Voa | MY (239

Vg = Qigg+ Vigg —
in which v; is an additional control input. Substituting (2.54) in (2.53), the closed-
loop system (2.25), (2.54) becomes

dw
dr
da ,
dr 9
dllfrd
dr
di .
d;d = —Yisd +Va
dp oMig,

ar o+ Vi (2.55)

= =AY + aMiy

The first four equations in (2.55) are linear and decoupled since the dynamics of
o and y,, are independent and can be independently controlled by the control in-
puts v; and vy, respectively. If we compare the closed-loop dynamics (2.25) with
(2.55) we note that while rotor speed @ transients in (2.55) are not influenced by
rotor flux y,, transients, this is not so in (2.25). We can then conclude that the state
feedback control (2.23), (2.24), and (2.54) improves the direct field-oriented control
since it achieves input—output feedback linearization and decoupling as shown by
the closed-loop dynamics (2.55). To design v, in (2.26), introduce the time deriva-
tive of W,y

Vyd = — O + AMisq

so that (2.26) is transformed into

dll/rd
a v
dv
Tl:d = —a(aMiy — O“Vrd) + aM(_YiA'd +va) -
Define
ay, .
Va = Yisa — L+ tigg ) (2.56)

so that we can write
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w _,
dr
da_,
dr 1

Ay
dtr = Vvd

ded
% =

In order to track the desired references @w* and y* for m and y,,, the input signals
(v, vy) are designed as

Vit) = ~kyp (Vra(6) = W(0)) = kya (vya(0) = ¥ () + (1)
V(1) = ~kap (0(1) = @ (1) — koa (alt) = 0" (D) + @° (1) (257)

where ky, kyd, kop and kyg are positive constant design parameters to be deter-
mined in order to make the decoupled, linear, time-invariant, second order systems

(O=0—-0% Vy=Yy—y")

e . d&

a2 = —kwpw*kwdy
dzli/rd - dlilrd

ar — ¥y

exponentially stable and to shape their dynamics.
Note that the same result can be achieved directly in fixed (a,b) coordinates
without introducing any rotating frame at all. It is enough to perform the following

state space change of coordinates z = @(®, Wy, Wyp, isq, isp) With z=[z1,...,z5] and
21 =0
. . 1y,
=a=U (Wmlsb - Wrblm) - 7
3=Vt ¥
d(y2 + v3 . .
24 = W =20 (W,?a + ‘I/gb) + 2Odu(l//ralsa + ll/rhlsh)
75 = p = arctan <%b> . (2.58)
ra

According to the Inverse Function Theorem B.1 in Appendix B, for any point p =
(@, Yra, Wrb,isas isp) satisfying w2, + y2 # 0 there exists an open neighborhood U
of p such that @(p) = (z1(p),...,za(p)) : U — @(U) is a diffeomorphism, that is
a bijection with @(-) and ¢~'(-) smooth maps. In the new z-coordinates, system
(1.26) becomes
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. 22
21 I—i
@ 24
3| = G
Z‘ o+ aM(V’rzaisb _;Vrbisa)
(Wra + Wrb)
00
10 MY HWYrq
U,
+ 8 <1) 2aMyn, 208y | | s (2.59)
o (o2
00

in which the nonlinear terms

L@, Yra, Vit isarisp) = —1BO (Wi + W35) — 1 (X +Y) (Wraisp — Wrpisa)
— O (Wraisa + Wipisp)

(@, Wras Yrbs isas ish) = (4052 + 2a2ﬁM) ('Vrza + Wr2h> +20M O (Wraish — Wipisa)
— (60°M +20YM) (Wyaisa + Wipisy) + 207 M (i3, + i3

appear and the decoupling matrix

MY KV
D(Wra; W) = 2(xM61,/m Zaﬁqub
o o
whose determinant is
2uaM
det [D] (Wra, Vi) = — o2 (Wrza + II/,?;,)

is nonsingular provided that (‘I’rza + l//rzb) # 0: hence, Theorem B.10 in Appendix B
applies with control characteristic indices p; = 2, p» = 2. As a matter of fact, The-
orem B.10 applies directly to the induction motor fixed frame model (1.26) with
outputs ® and W2, + l[/rzh and decoupling indices p; = 2, p, = 2. The input—output
state feedback linearizing control is

|:1/lm:| = D(Wm’ Wrb)71 l: (2.60)

*I—i + Va :|
Ush

—I;+vp

which substituted in (2.59) gives
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. 22
21 v,
& 24
3| = v
24 o+ aM(lVraisb - Wrbisa)
5
L (Wi?ll + lIlrzb)
[ 2 ] 2
Va v,
24
= N = 4 . (2.61)
b v
oM (ZZ'F%) . +Rr (Jzo+11)
_Z1 + 7"“3 ] z

The last equation in (2.61) represents the dynamics which have been made unob-
servable from the outputs @ and (W2, + ylrz,,) by the state feedback control (2.60).
The same interpretation can be given to the last equation in (2.55).

Remarks

1. The closed-loop system (2.61) is input—output decoupled and linear: the input—
output map consists of a pair of second order linear time-invariant systems. This
allows for an independent tracking of the outputs so that transient responses can
be decoupled: this is an improvement with respect to both the direct and the indi-
rect field-oriented controls. Note however that the exact input—output decoupling
and linearization have been achieved by the controller (2.60) at the expense of
a singularity at (w2, + l//,zb) = 0 introduced by the inversion of the decoupling
matrix

O [ 2eMys pve
D(Wma‘l’rb) = [det[D](WrmlI/rb)] _za%wm _@
(o2 (o2
2‘LL(XM -1 22Myyy  _ BWYra
= |2 (wfawfh)} [_205\4% g, | @62
(o2 (o2

in (2.60) which, in contrast to the indirect field-oriented control, may imply very
large voltages (i, ug,) When (W2, + ‘l’rzb) is close to zero. Recall that the direct
field-oriented control also cannot operate when the rotor flux modulus is zero.
Note that (2.62) can be rewritten as

O
— 0
D( ),1 | —sinp cosp JTRVAV RSV
Yra, Yrb - cosp sinp 0 o

20M, Wrga+wr2b
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with sinp = ¥, /1/ W2+ y2 and cosp = W,/ /W2, + y2,. The rotation matrix
has been reobtained without introducing any rotating frame from the beginning.

2. Measurements of the state variables are required both by the control (2.60) and
by the direct field-oriented control.

3. While the indirect field-oriented control is a first order output feedback (from w)
dynamic control, the control (2.60) is a static state feedback control law.

4. Since it has been previously shown that the induction motor model (1.26) is not
feedback linearizable and that the largest feedback linearizable subsystem has
dimension 4, the control (2.60) provides the largest linearizable subsystem in the
closed-loop.

We now design the input signals v, and v in (2.60) in order to track the desired
references @* and y*2 for the rotor speed z; = @ and z3 = (Y2, + l//f,,). Similarly to
the design of v/, and vf], we choose

Va

Vb

_ka)p (Zl ) kawd (Zl w*) + &

. . T ok ok
—kop (0— ) kewd <IJ (Wralsh — Wrplsa) — 7L - > +

= —kyp (23 = ¥"?) —kya (23 =29 Y") + 297 42y

—kyp [(wm +v5) — v
[

—2a (Wm + l/’rb) +20M (Wralsa + Wipisy) — 29" W*]

~kya

where kep, koa, Kyp, kya are constant design parameters to be determined in order to
make the decoupled, linear, time-invariant, second order systems (¥ = l//,za + l//rzb —

W*Z)

e N do
a2 = *kcopw_kwdg
>y dw
a7 = —ku,p'If kya—— & (2.63)

exponentially stable and to shape their dynamics.

In conclusion: the input—output feedback linearizing control is defined as

Usa _
Ush

I'i_

2 M 1 2Odulljrb _:ul//ra r

ua o c 1+Va

[ (V’ra+'l/rb) _ZaMllfm A |:—B+Vb:|
(o) (o)

~1Bo (Wi + i) — 1 (0 +¥) (Wralsh — Wrbisa)

—Uo (llfraisa + lI/rbisb)
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I = (402 +20°BM) (W2 + W3,) +20M0 (Wraisy — Yrpisa)

= (6(XZM+ 2(X']/M) (Wmisa ain Wrbisb) =F 2052M2 (l?a + l?b)

o . , T, . s
Va = _ka)p (60— () )_ka)d (,u (Wralsb_ V’rblsa) - 7L -0 ) + o

v = —kyp [(Wra+ ¥i3) — v

—kya [—20 (W2, + W) +20M (Waisa + Wipisy) — 297 "]
292 297 (2.64)

it is a static nonlinear feedback control algorithm which depends on the mea-
surements of the state variables (@, Wra, Wb, isa, isp), On the reference signals
(o*, y*), on the positive control parameters kop> kod> kyp, kya, on the load

)

torque 77, and on the machine parameters M,R,,L,,J,R;, L, since | = 7
-

2
o= f—:, o=1L; ( l],VILr) B = % + BoM; it guarantees that,
for suitable motor initial conditions such that w2, (1) + l/lrzb(t) > cy > 0 for
all > 0, the rotor speed and flux modulus tracking errors have decoupled
dynamics and decay exponentially to zero according to (2.63).

Hlustrative Simulations

We tested the input—output feedback linearizing control by simulations for the three-
phase single pole pair 0.6-kW induction motor whose parameters have been re-
ported in Chapter 1. All the motor initial conditions have been set equal to zero
except for y,,(0) = y,5(0) = 0.1 Wb. The control algorithm has been tested with
the control parameters (all the values are in SI units) ke, = 8100, kyg = 180,
kyp = 8100, ky = 180; real coincident eigenvalues are assigned to the matrices as-
sociated with the decoupled, linear time-invariant second order systems (2.63). The
references for the speed and flux modulus along with the applied load torque are
reported in Figures 2.25-2.27. The rotor flux modulus reference signal starts from
0.001 Wb att = 0s and grows up to the constant value 1.16 Wb. The speed reference
is zero until = 0.32s and grows up to the constant value 100rad/s; at t = 1.5 the
speed is required to go up to the value 200rad/s, while the reference for the flux
modulus is reduced to 0.5 Wb. A 5.8-Nm load torque is applied to the motor and is
reduced to 1.8 Nm. Figures 2.26 and 2.27 show the time histories of rotor speed and
flux modulus along with the corresponding tracking errors: the rotor speed and flux
modulus track tightly their references. Note that there is no coupling between rotor
speed tracking and rotor flux modulus tracking at # = 0.5s and t = 1s when rotor
speed is perturbed by the uncompensated load torque time derivative. Finally, the
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stator current and voltages profiles, which are within the physical saturation limits,
are reported in Figures 2.28 and 2.29.

Applied load torque
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Fig. 2.25 Input—output feedback linearizing control: applied load torque 77,

Rotor speed (solid) and its reference (dash)
300 T T T T T T T

I 1 I 1 1 I
0 0.5 1 1.5 2 23 3 3.5 4 4.5 5

Rotor speed tracking error

e

1
0 0.5 1 1.5 2 2‘[5] 3 35 4 4.5 5
5

Fig. 2.26 Input—output feedback linearizing control: rotor speed @ and its reference ®*; rotor
speed tracking error
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Rotor flux modulus (solid) and its reference (dash)
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Fig. 2.27 Input-output feedback linearizing control: rotor flux modulus 4/ w2, + wfh and its refer-
ence y*; rotor flux modulus tracking error
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Fig. 2.28 Input-output feedback linearizing control: stator current vector (a,b)-components

(ism isb)

2.5 Adaptive Input—Output Feedback Linearizing Control

So far we have designed the state feedback control algorithms by assuming the
knowledge of the rotor resistance R, and of the load torque 7;. While the load
torque depends on applications, the rotor resistance may vary up to 100% during
operations due to rotor heating: thus they constitute typically uncertain parameters.
Experiments reported in Section 2.8 will show how critical the rotor resistance pa-
rameter is for the control design. In this section we shall estimate its value online
along with the load torque.



Stator voltages (a,b)

"""'“’““"|u)\\\l\m»mumnummrrymN
hl T

0 0.5 1 1.5 2 2[5] 3 35 4 4.5 5
5

300, T T T

200~

| \ \
ol |||| i |‘||‘|| ‘h |‘\ 1 "|
ol \

B

” ‘ ‘h | \
ol

Y “ i

=
=)
T

Fig. 2.29 Input-output feedback linearizing control: stator voltage vector (a,b)-components
(usa,usb)

Reconsider the state feedback input—output linearizing control (2.23), (2.24),
(2.54) and (2.56); note that (usg,us,) defined in (2.24) are linear with respect to
the unknown parameter o = R,L,’l. Hence, the controller (2.23), (2.24), (2.54) and
(2.56) constitutes a good starting point to design an adaptation with respect to o. To
this end, let us denote by ¢ the estimate of the parameter o and by

a=a—0«

the corresponding estimation error. Recalling (2.24), define (uq,uy,) as

R, . aMi,
Usg = O | —lsg — Wigg — — OB Yy + aMBisg +vy
9 Vrd
R, OMig,i N .
Uy = O glsq—l-a)lsd-i-ﬂﬂ-ﬁml]/m'—f—aMﬁlsq-l-vq (2.65)
rd

in which (v4,v,) are additional control inputs to be designed. Substituting (2.65) in
(1.39) we obtain

dw

_t = /-“//rdisq - 7L

digy Miggigq

dt ( l’/rd + ﬁlﬂ] +Vq
d

di M2
(liid :< Sq+ﬁ‘/’rd Mﬁlsd>a+vd

Y
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d7p — o4 oMiy,

= . 2.66
dr Vyd ( )

Let us denote by 7} the estimate of the load torque 7}, and by
TL.=T.-T,

the corresponding estimation error. Since the load torque appears additively in the
rotor speed dynamics given by the first equation in (1.31), we design the load torque
estimate 77 as the output of a linear time-invariant one-dimensional system

& = —AE+ Mgy + A0 —vr
=& Ao (2.67)

in which the term vy is yet to be defined. The above choice is justified by the fact
that, according to (2.67), T satisfies

7;\1L = _A'J“Wrdisq“"ATL“l‘&
= ATL—A(é —A,J(D) —Vr

= AT —Tp) —vr (2.68)
and therefore
TL = —ATL +vr (2.69)

which will be useful in the overall stability analysis. Introduce two new state vari-
ables: the estimated rotor angular acceleration

1

Q= UWhaisg— (2.70)

and the estimated time derivative of the rotor flux direct component y,;
Vya = —QYy + OMisy . (2.71)

In new state coordinates (@, d, Wy, Vyd> p), (2.66) are rewritten as (recall (2.53))

dw I
a0
i—f = U(—QVy + OMigq)isg — LOMisqisq + L Wravg — LOW,a B Mis,
e
dz/trd = Vya + (Misg — yyq) 0
dbya

= &(Misd - lI/rd) — (AX((XMl'sd — (Xl,/rd)

dt
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+aM

lﬁigq . ~
+ By —MBigyy | 0 +vy
Yyd

d 7 T;
dr Hyr J'L“I/rd
Define

OMisgis, vy

vy = Qligy —
! M lVrd J.L“I/rd
1
+ —kep(0—0F) —kpg(d— ") + dF
o o (0= 0) kg (a0 + ]
avy .. 1 P
Vg = — Z + i+ 5 —0(Misg — W)

~kyp(Wra — W) = kya(Pya — ") + P

which substituted in (2.72) give

o 7

d J

dﬁ * ~ -k Fa K Y | )‘

e —kop(0— 0%) —kpa(d— &)+ & —Ha(l'f‘ﬁM)‘Vrdlsq_j
d . . ~

th’d = Vya + (Misg — yq) 0
dv d * 5 ir* it

d‘: = —kyp(Vra — V") —kya(Vya —Y*) + ¥

E o am*i,
+0 | —0M(1+BM)isq+ a(1+BM)y,y + v
rd

7 1
d—p a)+aM( az +L2) .
dr Hyy vy

(2.72)

(2.73)

T

(2.74)

Let Py and Py be the positive definite solutions of the Lyapunov matrix equations

(see Theorem A.6 in Appendix A)

[Okw,,]])wpw{ 0 1 }:_12

1 —kga —kop —koa

O—kl,,p] { 0 1 }
Py+P =—h

[11% VY ke —kya

in which I is the 2 x 2 identity matrix. Define the tracking errors

*

D=0w—0

(2.75)

(2.76)
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i=ad—o"

lT/rd = Yrd — ‘I/*

ﬁwd = ﬁwd - V’*

and introduce the error vectors

w1 = [667&]T
w2 = [Wra, Py
Consider the Lyapunov function
T T o, O
V = w| Powi +wy Pywy + 17 + — 2.77)

(04

in which A is a positive control parameter. The time derivative of function V along
the trajectories of the closed-loop system (2.74) is

. o 1 A"
V = —||W1||2 — ||W2H2 *Z}LTE—FTL <2vT +2W¥Pw [J’J] )

+a<27t;16c+2w?Pw 0, (1 4+ MB ) Wiaisg]"

T . . ) am?2, ]’
+2w, Py Misy — Wq,—(1+MB)aMisy + (1 +MB) oy, + v .

rd

(2.78)
If we design the yet undefined term vy and the estimation law for & as
A"
T
= — P —_— ——
vr Wil |: J’ J:|

S

= )LO( (WFIFP(D [07 7(1 +IVIﬁ).ullfrall.sq]T

+w§P1,,

. o . am*i,
Misg — Wra, —(1+MB)0Misq + (1 +MB) 0y, + i

then from (2.78) we obtain
V = —|wi]]* = |jwal* —24T7 . (2.79)
Since the previous equation implies that for all # > 0

V() <V(0)
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then we can restrict the initial conditions for the tracking and the estimation errors
such that V(0) is sufficiently small to guarantee y,,(¢) > c¢; >0 and &(¢) > ¢ >0
for all 7 > 0. On the other hand, from (2.77) and (2.79) we can establish that wy (¢),
wa(t), Tp(t), and @&(t) are bounded functions on [0,0) and therefore, according to
(2.70) and (2.71), uWyy(t)isg(t) and (Mig(t) — Wrqa(t)) are bounded functions on
[0,00). Since () is a bounded function on [0,0), it follows that i (f) and iz (7)
are bounded functions on [0, o). Therefore @(t), V4 (t), T1(t), and a(t) are bounded
functions on [0,00) so that @(t), Wy(t), and T;(t) are uniformly continuous func-
tions on [0, ). Since for any 7 > 0

/Ot(cbz(r) + 2, (1)+a*(t) +2AT2(1))dT < V(0) = V(t) <V(0) (2.80)

which implies

t

lim [ [@%(7)+ W2 (1) +a*(t) + 24T (1)]dt < V(0) (2.81)

t— Jo

by applying Barbalat’s Lemma A.2 in Appendix A, we have

(2.82)

Hence, asymptotic rotor speed and flux modulus tracking of the reference signals
®* and y* is achieved along with estimation of the unknown load torque.

On the other hand, since d(z) is a bounded function on [0,), d(t) is a uniformly
continuous function on [0, o) so that, by Barbalat’s Lemma A.2,

}Lr?oé(t) =0.
Since from (2.74) we have
i = —kop® — kpad — 0(1+ BM) (aur 7}) - % I
= —kop® —kpqd — (1 + M) (d— TJL> - %TL—&(I +BM) (w+TJL) ,

according to (2.82) we can finally establish that

f—o0

lim Km*(t) + ?) &(I)] =0 (2.83)
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which implies that & (#) asymptotically converges to zero provided that @*(¢) 4+ 1. /J
is different from zero for all # > 0. A stronger result is obtained since, if there exist
two positive reals 7}, and ¢, such that

t+T, T 2
/ P [(@*(r)—k ;) ] dt>¢,, V120, (2.84)
t

then exponential convergence to zero of the rotor speed and rotor flux modulus
tracking errors is guaranteed, for sufficiently small initial conditions, along with
exponential estimation of both the uncertain parameters o and 7.

In conclusion: the adaptive input—output feedback linearizing control is de-
fined as

Usg | | cosp —sinp | | ug
ugp | | sinp cosp | | ugy
R aMiz, o
Usqg = O *Sisd - wisq - M (XB Yid + aMBlsd +va
o Yrd

e

My = O [If;"sﬁ Disa + %Zld + BOV + AMBiyy +v,
Vg = — &zﬂz + Bty + & —&(Misg — W)

—kyp(Wra = ¥7) = kya(Vya — ") + 9
Ea aﬂf;: = e

+m;,rd [—kop(® — ©F) — koa(d— @) + @]

Vida = Wra COSP + Wy Sin p
isa| [ cosp sinp ] [isw
isg | | —sinp cosp | |ig

[0 —kep 0 1
2= —kwd]”“’”“’[—kwp —kwd]

[0 — 0 1
2= L1 _kwd] Prtty [_kw _kwd]
- = —AE +7LJuy/,disq—|—)Lsz—vT

’szg—)&Ja)
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1 A"
T

— P,|l=.=
VT—W1 w|:],]:|

S
|

= Af(x <WP1FP(0 [Oa _(1 +Mﬁ).uy/rdisq]T + WEPV/ |:Misd — VY,

&MZZ'Z T
—(14+MB)a&Migg+ (1 +MB) oy, + v S‘f} ); (2.85)
rd

it is a second order dynamic nonlinear feedback control algorithm which de-

pends on the measurements of the state variables (®, Wyq, Wb, isa,isp), ON the

reference signals (@*, y*), on the positive control parameters keop, kwd, Kyp,
M

kyg, A, Ay, and on the machine parameters M,L,,J,Ry, L, since y =

R, M?
a=—,0=1Lg ,B= ; it guarantees that, for any initial con-
}"

JL,

Ly  LiLr
dition such that y,;(#) > ¢; > 0 and oc( ) > ¢ > 0 forall 7 > 0, the rotor speed
and flux modulus tracking errors tend asymptotically to zero; moreover, the
rotor speed and flux modulus tracking errors along with the rotor resistance
and load torque estimation errors decay exponentially to zero provided that
there exist two positive reals 7, and ¢, such that the persistency of excitation
condition (2.84) is satisfied.

Remarks

1. Note that even for constant speed and zero load torque, that is when the rotor
resistance estimate is not guaranteed to converge to the true value, both the rotor
speed and the rotor flux modulus tracking errors asymptotically converge to zero.

2. When both the critical parameters T}, and ¢ are known, so that we can set T, = 7j.
and & = «a, the controller (2.85) reduces to the input—output feedback linearizing
controller designed in the first part of Section 2.4.

3. When the critical parameter ¢ is known, so that we can set & = a., the controller
(2.85) guarantees exponential rotor speed and flux modulus tracking along with
exponential load torque estimation.

4. The resulting controller (2.85) shows singularities at ¥,; = 0 and & = 0 which
can imply very large voltages when y,; and & are close to zero.
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Hlustrative Simulations

We tested the adaptive input—output feedback linearizing control by simulations for
the three-phase single pole pair 0.6-kW induction motor whose parameters have
been reported in Chapter 1. All the motor initial conditions have been set equal to
zero except for W,,(0) = y,,(0) = 0.1 Wb. The control algorithm has been tested
with the control parameters (all the values are in SI units): k¢, = 8100, kyg = 180,
kyp = 8100, kyy = 180. Real coincident eigenvalues are assigned to the matrices
associated with the decoupled, linear, time-invariant, second order systems describ-
ing the dynamics of the rotor speed and tracking errors when the estimates of the
unknown parameters are equal to the corresponding true parameter values. Those
values are the same as those used for the nonadaptive version of the previous sec-
tion. The parameters A and Ay, which are the adaptation gains for the estimates
of the load torque 7}, and of the parameter a, have been set equal to A = 120 and

o = 0.09. The initial condition 77.(0) has been set equal to zero while the initial
condition for the estimate of o has been set equal to &(0) = 13.2s~! which is 50%
greater than the true parameter value o = 8.8 s~!. The references for the speed and
flux modulus along with the applied load torque are reported in Figures 2.30-2.32.
The rotor flux modulus reference signal starts from 0.001 Wb at = Os and grows
up to the constant value 1.16 Wb. The speed reference is zero until + = 0.32s and
grows up to the constant value 100rad/s; att = 1.5s the speed is required to go up to
the value 200rad/s, while the reference for the flux modulus is reduced to 0.5 Wb. A
5.8-Nm load torque is applied to the motor and is reduced to 1.8 Nm. Figures 2.30
and 2.31 show the time histories of rotor speed and flux modulus along with the cor-
responding tracking errors: the rotor speed tracks its reference tightly even though
load torque sharply changes since, according to Figure 2.32, the load torque estimate
quickly recovers the applied unknown load torque. The rotor flux modulus tracks its
reference: there is, however, a coupling with rotor speed tracking at t = 0.5s and
t = 1s when the rotor speed tracking error is perturbed by the unknown load torque.
Also the estimate of ¢ quickly converges, according to Figure 2.33, to the true value
(unknown to the controller). Stator currents and voltages are within the saturation
limits, as illustrated by Figures 2.34 and 2.35.

2.6 Dynamic Feedback Linearizing Control

The key idea of field-oriented control is to use the direct current component iy, to
control the flux modulus y,; and the quadrature current component iy, to control
the speed @ in (1.39): there is no concern on controlling the dynamics of the re-
maining state variable in (2.9). However, while the dynamics of y,, are linear and
the dynamics of @ tend to be linear if y,,; tends to be constant, the dynamics of p in
(2.9) remain nonlinear in terms of the states (@, y,4) and of the control input iy, in
(2.9). Similarly, the input—output feedback linearizing control (2.23), (2.24), (2.54),
(2.56) aims at controlling linearly and independently w and y,; while leaving the
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Fig. 2.30 Adaptive input—output feedback linearizing control: rotor speed @ and its reference ®*;
rotor speed tracking error

Rotor flux modulus (solid) and its reference (dash)
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Fig. 2.31 Adaptive input-output feedback linearizing control: rotor flux modulus 4/ y2, + l[/rzh and
its reference y*; rotor flux modulus tracking error

dynamics of p nonlinearly dependent on the state variables (@, Y,y,isq) in (2.55).
For this reason the state feedback control (2.23), (2.24), (2.54), (2.56) linearizes
the input-output behavior from (v4,v}) to (®, y,) but fails to make the controlled
system dynamics (2.55) linear since the dynamics of p remain nonlinear.

On the other hand, if the goal of the control is to make the system, in suitable
state coordinates, linear by state feedback, then it is convenient to consider the four
equations in (1.39)

do

. I
E = .u“lllrdlsq - 7
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Applied load torque (dash) and its estimate (solid)
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Fig. 2.32 Adaptive input—output feedback linearizing control: applied load torque 77, and its esti-
mate Ty

Parameter o (dash) and its estimate (solid)
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Fig. 2.33 Adaptive input—output feedback linearizing control: parameter & and its estimate &

digy _ . . OMiggisq Usq
o = Vs~ Ol Vi By, + -
dp _ ot aMis,
dt Vrd
d
L — i+ aMiy (2.86)

in which ug, and i, are viewed as the control inputs.
Consider the state space change of coordinates from (@, isy, P, Wya) to (@, @, p,
p), which is nonsingular provided that y,; # 0 and iy, # 0 since from
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Stator currents (a,b)
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Fig. 2.34 Adaptive input-output feedback linearizing control: stator current vector (a,b)-
components (iyq, is)
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Fig. 2.35 Adaptive input-output feedback linearizing control: stator voltage vector (a,b)-
components (Ugq, Ugp)

b= aMiy,  aM (d)+TL>
Vea MV J

we can solve for y,, obtaining (if igy # 0)

(2.87)

while
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= <w+7}) = (w+]}> S . (2.88)

ixq
1Y paM

In new coordinates (@, ®, p,P) the dynamics become

o — (Y + @) Waisy — LB OV
{ N } = . T aM(a—7)iy
p WWaisg— =+ ————% _aMBo
J Yy
ny,
Zd ~ L0V .
+ aM  20°M%i, aMo [ ijj]
oY llfrzd Vrd

— (Y4 &) Yraisg — LB OV,

A . U
= o T oM(o—7)i +D, .“”} . (2.89
.u‘I/rdlsq_*L‘Fw_aMﬁw ¢ {lsd ( )
J Yy
Since
2uo’M?i
det[Dy] = _cHoTM g

OVYrg

provided that y,4 # 0 and is; # 0, the signals u,, and isy can be uniquely expressed
in terms of (@, ®,®,p,p,p) from (2.87), (2.88) and (2.89) as

u (D’".u(')/"‘ a)wrdisq+“ﬁw‘”;f2d
[ Sq} (2.90)

Sl = pt T oaM(a—7)i
Lsd d p_“Wrdlsq""*L_M'i_aMﬁw
J Vra

with 4 and i, given by (2.87) and (2.88). Hence, if a new input vy, is defined as

duy, Vsg
= 2.91
dr o ( )

so that the variable uy, becomes an additional state, (1.39) together with (2.91) be-
come

dw . 11,

E = HVWralsq — 7

disq . . oMigy isq Usq
1 = v —® —— 7 _ fBw 1
dr Yisq Lsd Vi ﬁ Vrd + pe
dug, _ Vsg

dr o

di — o+ oMigg,

dt Yra
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d Yrd

e — WY,y + aMigy
diyy . . oMig, Ugg

= ~Yigg+® +Bay,y+—
o Yisad + Wigg + v Bay,, p

in which (@, isg, ttsq, P, Wra,isa) are the state variables and (vsq,usq) are the control
input variables. From (2.87), (2.88), and (2.90) it follows that (@, @, ®,p,p,p) de-
fined in (2.86) and (2.89) constitute an equivalent set of state variables if y,; # 0
and iz, # 0 since (@,isy,Usq,P, Yrd,isa) can be uniquely expressed in terms of
(w,0,0,p,p,p). Hence, differentiating (2.89) with respect to time we can express

the dynamics (2.92) in new coordinates (@, ®,®,p,p,p) as follows
O _[Po] Da [v“"’}
p Dp O | Usd

Do = —W(Y+ Q)[Atisg + D2 W] — UB[A3 W7y + 20,4 A
+.LLA1usq
(o2

with

— HA | ©isg — HOYrgAy — WA Y,gisq
M(a—y)d  aM(a—7)igA
Vrd Vi
aMAjug,  aMAziy N aM®Aiy  20°M?Asigy
oy, Vid Vi Vi
402 M?iggigyA 20°M?%iy, oMo
+ éqsd1_< 2Aq+ >A4
L Y Vrd

. o
Dy = UAigg+ UWg A +

and

A = -0y +aMig

. . aMisdisq Usg

Ay = —Yigy — Wigg — ——1 _ By, + -2
2 Visq Lsd Vi ﬁ Yyd + pon
. 1L

A3 = ‘ulIIrdlsq - 7

S oMig
Ay = —Yisd + Wiy + . +BaWrd .

Fe

By defining the state feedback control law

Usd

the closed-loop linear dynamics are obtained

— OtMﬁA3

| =Dy —kp1(p—p*) —kp2(p—p*) —kp3(Pp —P*) + P
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dao . de d’®

@ = Re1® ke —Kes gy

d3p . dp d?p

F = —kplp —kpza —kp3¥ (293)

with @ = @ — w*, p = p — p*, p* defined in (1.70) and kg1, kw2, kw3, kp1, kp2, kp3
positive control parameters such that all the roots of the polynomials

have negative real parts.

In conclusion: the dynamic feedback linearizing control is defined as

[usa | [cosp —sinp | [ugy
lugp | | sinp cosp Ugq
duy, _ Vs
dt (o]
] = oyt [~Ta~kanlt—0)kas(b ) —fonl0—0) &
[ Hsd ] | —Dp—kp1(p—p*) —kp2(p —Pp*) —kp3(p—P*)+ P
b= o+ oMig,
Yrd

., aMT, (Vfrb(O))
=0 +—s7, 0) = arctan

P wiy2 P © Vra(0)

Vg = YraCOSP + Wy sin p

isg| | cosp sinp lea

igg| | —sinp cosp | | ig

Py = — (Y + &) [Arisg + A2 Y] — UBA Y + 200y, Al]
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. 17
Az = UWralsg — =

J
oMz
. . lsq
Ay = —Yigg + Wigg + y +Bav,; (2.94)

it is a third order dynamic nonlinear feedback control algorithm which de-
pends on the measurements of the state variables (@, W,q, Wyp, isq,isp), ON
the reference signals (@*, y*), on the positive control parameters kg1, kg2,
kw3, kp1, kp2, kp3, on the load torque 77, and on the machine parameters

. M R, M? M
M,R,,L,,J,R,Lg, since U = 7L o= T o=L,(1-— L B = —
T T A r

R
y = — 4 BoM; it guarantees that, for suitable initial and operating condi-

tions such that y,,(f) > ¢; > 0 and iy () > ¢ > 0 for all # > 0, the rotor
speed and flux angle tracking errors have decoupled dynamics and decay ex-
ponentially to zero according to (2.93), with ¢ and ¢, depending on the initial
tracking errors.

IHlustrative Simulations

We tested the dynamic feedback linearizing control by simulations for the three-
phase single pole pair 0.6-kW induction motor whose parameters have been re-
ported in Chapter 1. All the motor initial conditions have been set equal to zero ex-
cept for ¥,4(0) = ¥, (0) = 0.1 Wb. The motor is driven by the feedforward control
until # = 0.7 s in order to avoid the singularities appearing in the dynamic feedback
linearizing control; at t = 0.7 s the dynamic feedback linearizing control is applied.
The control parameters used in the simulation are (all the values are in SI units):
kot = 108, kyp =3 x 10%, ko3 =3 x 102, kp1 = 108, kpp = 3 x 10%, kp3 = 3 x 10%
real coincident eigenvalues are assigned to the matrices associated to the decou-
pled, linear time-invariant third order systems (2.93). The controller initial condition
has been set equal to u,(0) = 171.46922'V in order to avoid discontinuities at the
switching time ¢ = 0.7s. The references for the speed and flux modulus along with
the applied load torque are reported in Figures 2.36-2.38. The rotor flux modulus
reference signal starts from 0.001 Wb at r = Os and grows up to the constant value
1.16 Whb. The speed reference is zero until t+ = 0.32s and grows up to the constant
value 100rad/s. A 5.8-Nm load torque is applied to the motor and is reduced to
4.8 Nm. Figures 2.37 and 2.38 show the time histories of the rotor speed and rotor
flux modulus along with the corresponding tracking errors: the rotor speed and rotor
flux modulus track their references. Note that at = 1.5 the speed and flux modu-
lus tracking errors are perturbed by the uncompensated load torque time derivatives.
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Finally, the stator current and voltages profiles, which are within the physical satu-

ration limits, are reported in Figures 2.39 and 2.40.

Applied load torque
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Z3r 1
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8

Fig. 2.36 Dynamic feedback linearizing control: applied load torque 77,
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Fig. 2.37 Dynamic feedback linearizing control: rotor speed @ and its reference @*; rotor speed

tracking error
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Fig. 2.38 Dynamic feedback linearizing control: rotor flux modulus 4/ yZ, + Wrzb and its reference
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Fig. 2.39 Dynamic feedback linearizing control: stator current vector (a,b)-components (isq, i)

2.7 Global Control with Arbitrary Rate of Convergence

The goal of this section is to improve the indirect field-oriented control presented
in Section 2.3, which has the advantage of allowing for any motor initial condition
but has the drawback of not guaranteeing exponential tracking of reference signals
(w*(r), y*(¢)) with arbitrary rate of convergence. On the other hand, we have seen
in Section 2.4 that it is possible to design a state feedback control which achieves
exponential tracking with arbitrary rate from sufficiently small initial errors. We
would like to bridge the gap between these two control schemes. To this end, we re-
consider the control algorithm (2.48) and modify the reference for the stator current
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Fig. 2.40 Dynamic feedback linearizing control: stator voltage vector (a,b)-components (s, Usp)

vector d-component and the speed of the rotating (d,q) frame as follows:

" w* (VAN

lsd = aM = oM
aMzsq Mg

=0+ —2 , (2.95)
Y Y

i.e. by adding two feedback terms 1, and 1), which will be designed in the following.
The reference for the stator current vector g-component remains the same as in
(2.48), i.e.

1 T
= —kp(@— ")+ 0"+ = . 2.96
Introduce the tracking errors
D=0—-0"
lT/rd =V — II/*
qu - qu

lsd = lsd lsd
lsq = lSq lsq

for the rotor speed, rotor flux vector (d,q)-components and stator current vector
(d,q)-components, respectively. The dynamics for @, {4, and ,, are given by

(b = —kco(b +.u(filrdisq - lprqisd) +,uw*;sq

Vg = — g+ (0 — ©) ¥y + aMigg + 1y
Wy = — 00y — (00— ©) Wy + 1) - (2.97)
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In order to design the additional undetermined terms 74 and 1), in (2.95), we intro-
duce the positive control parameter A and consider the Lyapunov function

1
W= (A0 + ¥+ W) (2.98)
whose time derivative along the trajectories of (2.97) is

W= 71]{60@2 + l“(‘prdisq - II~/rqisd)d) +l,ull/*7sqd’
— (W + W2,) + OM i g + T Wyg + 1M Vg - (2.99)

Since is; = iy + i}, we define the additive feedback terms in (2.95) as

Na = —ky(Yra — Y*) — Ai, @
Ng = —ky Wiy + Aigy® (2.100)

in which ky is a positive control parameter and (Y4, Y,,) are the measured rotor
flux vector components in the (d,q) frame which is identified by the rotating angle
€, whose dynamics are

dey (XMI'Sq ku/‘l/rq _ }L‘uisdd)

with arbitrary initial condition & (0). Recall that
Y| | cos€ sing | | Y
Yy —singy cos€ | | Yy
isg| | cos€& sing | |ig
isg| | —sing cosg& | |ig |
By substituting (2.100) in (2.99) we obtain

W = —Ako® — (0t +ky) (Ui + W) + A Wyalsg® + AMigq Wy . (2.101)

Note that the feedback terms depending on the arbitrary control parameter ky, intro-
duced in (2.100) are beneficial since ky, is added to the given motor parameter @ in
(2.101). The influence of the last two terms in (2.101) will then be compensated by
a suitable choice of the stator voltages (u,uy,). To this end, let us compute

diz,
- -, 2.102
o L (2.102)

in which the term I, depending on known signals is

1 N . " /a8 R ) A
I, *[a,co oW iy + O] *2[ wa)+J—|—w]
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kolsg - kolsg -
- ‘;’,,j" w,d+‘;l’,—jdqu. (2.103)

Similarly, let us compute

sk
diy,

=T 2.104
i d ( )

in which the term I'; depending on known signals is

Vo MY, AL | Atkeiy | ky g

M oM aM aM aM aM
kvj .
oM [_O“I/rd + (CO() - w)‘l/rq + O‘Mlsd}
. )L.uzli/rdisqiﬁq + lﬂzlfquisdiﬁq
oM aM ’

1}:

(2.105)

On the basis of (2.102) and (2.104) the dynamics for the stator currents tracking
errors i,y and fsq can be computed as follows

di, . . u
dstd = —Yisq + Woisqg + apy,+ ﬁerq + %d —1I;
dZ\'q . . Usq
dr = _'}/lsq_wolsd"‘aﬁqu_Berd"f'? -I;. (2.106)

Design the control inputs (uyq, itsq) as

Usg = O [’yl:d - a)Oisq - (Xﬁ Vrd — Berq +1;— kist + Vd]
Usq = O [Yl:q + 0pisg — (Xﬁ Vg +ﬁwll/rd +1—;] - kiisq +Vq] (2.107)

where v, and v, are yet to be designed and ; is a positive control parameter, so that
(2.106) becomes

di, .

(;;d = —(Y+ki)isa+va

di .

% = (A k)ing vy - (2.108)

In order to choose the undefined terms v4 and v,, consider the Lyapunov function
for the overall tracking error dynamics

1
1% =W+5(7§d+7§q) (2.109)

whose time derivative along the trajectories of the closed-loop system (2.97),
(2.106) and (2.107) satisfies

V= _kad)z - (a+klﬂ) (rlf;?d + qffq) +2’“Wrdiqu)+ aM{st?rd
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—(Y k) (B2 +12) + Valsa + vglsg - (2.110)
If we design the yet undefined terms vy and v, as

va = —aM Yy
Vg = — AU ® @2.111)

then from (2.110) we obtain

V < —dko® — (o +ky) (Wi + W) — (Y + k) (B +15,)

<
< —2min{ke, & +ky, 7+ &}V . (2.112)

P Loy (Vra = 0*)  Nigg (w — w*)
- sd M R.M TR,

. LTy, JLik,(w—w*)
Ysa = e T T At
M) My

Ty

isd isq

lsa

isa = fsd COSEQ — isq SINEQ IM

ish = s SINEQ + 159 COSEQ ish

Urd deo . MRyisy  kytrg  AMiga(w —w")
dt L P J L+ w

£0(0) : arbitrary

Yrd = Yrq COSEQ + Yrpsinegp

Urq = —tra singg + Yy cosgg

Fig. 2.41 Global control with arbitrary rate of convergence for current-fed motors (constant refer-
ences @*, y*)

In conclusion, the first order nonlinear state feedback global control with
arbitrary rate of convergence (see Figure 2.41)
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Usqg = O [Yi:d - woisq - Otﬁ Vrd — ﬁwl//rq +1—£1 - ki(isd - i;d) + Vd]

Usqg = O [Yi:q + isa — AP Yrg + BOYa + I —kilisg — i:q) +Vq]

vg = —aM(Yu—y7)

Vg = —Auy(0— o) (2.113)

with Iy and I;; given in (2.105) and (2.103) and

Usq | | cos& —sing | | Usq
ug | | singy cosé& Usq

A A
b = Tam tam
” 1 " I
lsq: W |:—kw((})—(0 )—I—(D +J:|

Na = —ky(Yra — ") — Apig, (0 — ©)
Ng = —ky Wy + Alligg(0 — ©7)

isg | | cosg& sing | |ig
isq | | —sing cos& | | ig

{V’ra’] _ [ cos € sinso] |:Wra:| (2.114)
Yrg — S €y Cos & Vb

with (kg,ky,k;) arbitrary positive design parameters, is such that (0 — ®*),
(Wrd — W"), Wi, (isa — i3y), (isg — iy,) tend exponentially to zero from any
initial condition with arbitrary rate of convergence min{kg, &t + ky, Y +k;}.

As we shall see, in Chapter 4 a global adaptive version of the controller (2.114)
will be presented which does not rely on rotor flux measurements and is adaptive
with respect to both critical parameters 77 and «: no arbitrary exponential rate of
convergence will, however, be obtained when the parameters 7 and o are uncertain.

Hlustrative Simulations

We tested the global control with arbitrary rate of convergence by simulations for
the three-phase single pole pair 0.6-kW induction motor whose parameters have
been reported in Chapter 1. All the motor and controller initial conditions have been
set to zero except for ¥,,(0) = ¥,,(0) = 0.1Wb. The control parameters are (all
values are in SI units) A = 0.005, k, = 450, k; = 800, ky = 12. The references
for the speed and flux modulus along with the applied load torque are reported in
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Figures 2.42-2.44. The rotor flux modulus reference signal starts from 0.01 Wb at
t = 0s and grows up to the constant value 1.16 Wb. The speed reference is zero
until # = 0.32s and grows up to the constant value 100rad/s; at t = 1.5 the speed
is required to go up to the value 200rad/s, while the reference for the flux modulus
is reduced to 0.5Wb. A 5.8-Nm load torque is applied to the motor and is reduced
to 1.8 Nm. Figures 2.43 and 2.44 show the time histories of the rotor speed and the
flux modulus along with the corresponding tracking errors: the rotor speed and the
flux modulus track their references tightly. Finally, the stator current and voltages
profiles (which are within physical saturation limits) are reported in Figures 2.45
and 2.46.

Applied load torque
T T T

[Nm]
+
L

(=]
T
1

0 0.5 1 1.5 2 5 3 5:5 4 4.5 3
5

Fig. 2.42 Global control with arbitrary rate of convergence: applied load torque 71,

2.8 Experimental Results

Two experiments have been performed in order to test how critical the parameter
is in practice. The indirect field-oriented control (2.49) has been tested with uy,; and
Usq in (2.50) simplified by PI controls on the current errors igy — i}, and iz — i;*q and
Ty replaced by its estimate (2.115) (see Problem 2.5), in which in place of the true
value of @ a constant estimate & has been used. The reference signals for speed and
rotor flux modulus in the experiments are reported in Figure 2.47: the flux modulus
is first required to reach its desired value of 1.16 Wb before 0.5s when the rotor
speed is then required to reach its desired value of 100rad/s. After start-up, a con-
stant load torque of 5.8 Nm is applied. In the first experiment & underestimates the
correct value of &, i.e. & /ot = 0.7, while in the second one « is overestimated, i.e.
0/ = 1.5. The following control parameters and initial conditions have been used:
ke = 300, kr = 187, TL(O) =0, &(0) = 0. The gains kp and k; of the PI controllers
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Fig. 2.43 Global control with arbitrary rate of convergence: rotor speed @ and its reference ©*;
rotor speed tracking error
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Fig. 2.44 Global control with arbitrary rate of convergence: rotor flux modulus /w2, + l//fh and
its reference y*; rotor flux modulus tracking error

for the voltages (usq,usq) are chosen so that a unit step reference is tracked with
a settling time of about 2.5ms. The flux is estimated by the open-loop rotor flux
observer (3.8) which will be given in Section 3.1.1 (converging outside the mag-
netic saturation region), which makes use of the true value of ¢. The performance
achieved by the controller in the two cases are reported in Figures 2.48 and 2.49:
while the speed error is still satisfactory, the flux modulus is above the reference
rated value when & /o = 0.7 and below when &/a = 1.5 and, therefore, the power
efficiency degrades. In both cases higher i, currents (when compared with the corre-
sponding i, obtained in simulations) are required to produce the rated torque: this is
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Fig. 2.45 Global control with arbitrary rate of convergence: stator current vector (a,b)-
components (iyq, is)
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Fig. 2.46 Global control with arbitrary rate of convergence: stator voltage vector (a,b)-
components (Ugq, Ugp)

due to the magnetic saturation when ¢& /o = 0.7 and to the low flux modulus when
o/o=1.5.

2.9 Conclusions

In this chapter the potentiality of feedback control for induction motors has been
fully explored under the assumption that all the state variables are available for
feedback. The motivation for introducing feedback actions in the controller comes
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from the analysis in Section 2.1 of the motor driven by the feedforward control
which, when the initial conditions are compatible and the parameters values are ex-
act, forces the motor to follow the desired rotor speed and flux modulus reference
signals as shown in Chapter 1. In Section 2.1 the existence of constant rotor speed
and flux modulus references and nonzero load torque is shown such that the origin of
the error system is not globally attractive. In fact, an additional nonzero equilibrium
point exists so that rotor speed tracking is not achieved for any motor initial condi-
tion. Moreover, the stability of the origin of the error system critically depends on
the load torque which turns an asymptotically stable operating condition into an un-
stable one by crossing a critical value. Hence, the main goal of the feedback control
is to make the desired operating condition attractive for any motor initial condition,
for any value of the load torque, and robust with respect to motor parameter vari-
ations. The simplest way to achieve this goal is to modify the feedforward control
by including a feedback action from the rotor speed as in the indirect field-oriented
control presented in Section 2.3. This control is a modification of the original, his-
torically important, direct field-oriented control, which requires rotor flux measure-
ments and has a distinctive drawback: a singularity when the rotor flux modulus is
zero requires the motor to start from nonzero rotor flux modulus initial conditions,
in order to achieve exponential tracking of rotor speed reference signals for any load
torque. If one is willing to accept singularities in the control law and to rely on rotor
flux measurements with the aim of improving the closed-loop motor performance,
then the input—output feedback linearizing control presented in Section 2.4 achieves
an independent exponential tracking of rotor speed and flux modulus reference sig-
nals. For instance, the rotor flux modulus reference can be independently adjusted
to minimize the power losses, as discussed in Chapter 1, without affecting the speed
tracking: this feature is very appealing in electric traction applications. This control
strategy can be rendered adaptive with respect to uncertainties in the load torque and
rotor resistance by the adaptive input—output feedback linearizing control which is
presented in Section 2.5. This control involves estimates of both parameters: assum-
ing that either the load torque is different from zero or the rotor speed is not constant,
the convergence of the rotor resistance estimator is achieved while the load torque
estimator is always convergent to the true value. The online estimation of critical
parameters constitutes a strong motivation for the use of feedback control and leads
to an improved efficiency. In Section 2.6 it is shown that a dynamic third order state
feedback control, the dynamic feedback linearizing control, can render the closed-
loop motor linear so that the rotor speed and rotor flux angle can independently track
their desired reference signals. However the control shows singularities when either
the rotor flux modulus is zero or the stator current vector quadrature component is
zero and it works only when the initial tracking errors are sufficiently small. Finally,
in Section 2.7 the indirect field-oriented control introduced in Section 2.4 is gen-
eralized to obtain a global control that has several important features: it works for
any motor initial condition and for any load torque; it achieves exponential tracking
of desired reference signals (*(¢), y*(r)) with arbitrary rate of convergence; it is
linear with respect to the rotor fluxes, the load torque, and the rotor resistance, so
that, as we shall see in Chapter 4, rotor flux observers and uncertain parameter es-
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timators can be incorporated. An indirect field-oriented control, which is the only
implementable since it does not require flux measurements, has been experimen-
tally tested in Section 2.8 to evaluate how critical the exact knowledge of the rotor
resistance is. It turns out that an uncertain rotor resistance causes errors in the flux
regulation so that power efficiency degrades. Many control algorithms presented in
this chapter require flux measurements and exact parameter values. It will be dis-
cussed in Chapter 3 how to design rotor flux observers, adaptive observers, and
parameter estimators for load torque and rotor resistance. The global control with
arbitrary rate of convergence presented in Section 2.7 will be the starting point in
Chapter 4 to design control algorithms which achieve rotor speed and flux modulus
tracking for any initial condition, without the need of rotor flux measurements and
of load torque and rotor resistance exact values.

Problems

2.1. Given any positive constant rotor speed and flux modulus reference values
(w*, y*), show that, in the case of zero load torque, exponential rotor speed and
flux modulus tracking are guaranteed for any motor initial condition by the feedfor-
ward control (2.8). Suggestion: use the positive definite function V =y (& — *)* +
Yo (Wra — )2+ 0W2 + 1 (isa — itg)* + 3 (isg — i3,)* with Yt = 1,M = 3B and 11,
Y2, V3 positive reals.

2.2. Show that the constant rotor flux modulus reference minimizing the power
losses given by (1.51) in Chapter 1 makes the origin of the error system exponen-
tially stable.

2.3. Show that exponential rotor speed and flux modulus tracking along with expo-
nential load torque estimation can be achieved for current-fed motors by both the
direct and the indirect field-oriented controls (2.19) and (2.48) with the load torque
estimate (k7 is a positive control parameter)

A

Tu() = T.(0) —kr /Ot(a)(r) — 0" (7))dr 2.115)

in place of Ty. Suggestion: follow the analysis performed for the nonadaptive case.

2.4. Design a modified version of the indirect field-oriented control (2.48) for
current-fed motors which guarantees, for any motor initial condition using rotor
speed measurements only, exponential rotor speed and flux modulus tracking with
a rate of decay which depends on . Suggestion: use the positive definite function
V=A0—0)+(Wug—v)*+ l,l/,zq with A a positive real.

2.5. Consider the indirect field-oriented control algorithm (2.48) with 7; given in
Problem 2.3 in place of T,
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{zw] _ [cos&‘o —smeo] {zsd]
iy, singy cos & Igg

. Yy
" am
1 1
= —— | —kp (0 — O+ O + —
'sa uw*{ d ) +J}
aMi
éoza)o:a)—&-ilsq

II/*
130) = 10)~kr [ [o(e) - 0" (D)dz

and the PI control inputs
t
usa(t) = —kplisa(t) — i, ()] = kit /O lisa(T) — 5, (7)]d7

usp(t) = —kplig(t) —ig,(t)] — ki /0~z lisp(T) —ig(7)]dT

to drive the stator current tracking errors (is, — iy,) and (ig — if,) quickly to zero.
Simulate the closed-loop performance and compare with the experimental results
given in Section 2.8.

2.6. Show that exponential rotor speed and flux modulus tracking is guaranteed for
any initial condition of the full order model by the indirect field-oriented control
(2.49)—(2.51). Suggestion: follow the analysis performed for the third-order model.

2.7. Design a modified version of the indirect field-oriented control (2.49)—(2.51)
which is global (i.e. it works for any motor initial condition) and adaptive with
respect to the critical parameters 77 (load torque) and R, (rotor resistance). Sugges-
tion: use the positive definite function V=1 (© — ©*)* + 12 (Wra — ¥*)* + V5, +
(isd — l':,‘d)z + (isq — l';kq)2 +%(TL— TL)2 + }/4(06 — (36)2 with 1, Y, 13, and Y4 positive
reals.

2.8. Design a modified version of the input—output feedback linearizing control
(2.85) which is adaptive with respect to the load torque 77 and both rotor and stator
resistances R, Ry. Suggestion: follow, in the control design, steps similar to those
presented in Section 2.5.

2.9. By following the ideas presented in Section 2.6, design a dynamic feedback
2

linearizing control by choosing (lllrd, o— W) in place of (w,p).

2.10. Analyze the closed-loop behavior of the full order motor model (1.39) con-

trolled by the algorithm (2.24), (2.27), (2.29), and (2.30) when ®* and y* are con-

stant while 77 and «a are constant uncertain parameters. What happens if the feed-

back terms —aMiZ, /W,y and M isgisa /Wyq are dropped in (2.24)?
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2.11. Rewrite the input—output feedback linearizing control (2.64) as
Usq | | cosp —sinp | | vy
ug |~ | sinp cosp Vsq

with cos p = Wya/\/ W2, + W2, sinp = W/ 1/ W2, + W2 and compare (vyy, vsq) With
(s, tsg) in (2.24), (2.54), (2.56), and (2.57).

2.12. Show that if the condition (2.84) holds, then the control (2.85) guarantees for
suitable initial conditions exponential convergence to zero of the rotor speed and the
rotor flux modulus tracking errors and of the estimation errors as well. Suggestion:
use the Persistency of Excitation Lemma A.3 in Appendix A.

2.13. Design an adaptive version of the global control with arbitrary rate of con-
vergence (2.113) when the load torque 77 is unknown: replace 77 with its estimate
Ty and then design an adaptation law for 77, using the function [recall (2.98) and
(2.109)]

1 .
Vi =V 4+ ——(T - Tp)?
T +2/1T(L L)

with A7 a positive real design parameter. Compare the resulting controller with that
obtained by setting & = o in (2.85).

2.14. Simulate the adaptive control

Usq | | cosp —sinp | | ugy
ug | | sinp cosp Ugq

" oaMig,

Ugg = O |Vigg— | O+ Vo
.

oaMig,

) isq - O‘ﬁ Vrd +Fd - kiisd - aMlI/rd:|

Usg = O |:'}/lfq+ ((D+ > i5d+Berd +1—1}ki2vq”d)ll7rd:|

>k irk k"‘r
oYW kW

ST oM T TaM

A

1 .1 .
ijq = (kwa)+JL+a)')

UV
’fL = é - Ao
& = —AE+ MU Yisy + AT —vr
_ (kp+A); @
e JUYra lsq"" J
S
L= VoV (Cay+ aMiy - )

M aM aM

A

1 . 11, ) VT ..
I, = “k AN I S
i [ © (W’dl“’ J w) 7 HD}

<
\
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A

1 ) o .
(—kww+JL+w ) (—oy,y + aMiy)

Ly
Vrd = YraCOSP + Yy Sin p
isg| _ | cosp sinp | |ig
isg| | —sinp cosp | |ig
by choosing the control parameters (k;, ky, ko, A); compare the results with those

obtained by (2.85) with & = o and ke, = 8,100, kg = 180, ky,, = 8,100, kyg =
180, A = 120.

2.15. Consider the current-fed model (2.32) in an arbitrary rotating frame and the
dynamic feedback control (2.34): design (isq, isq, @) assuming that (@, Y,q, Wiq)
are measured so that the closed-loop system (2.32), (2.34) becomes linear and de-
coupled (kg, kg, and k, are positive reals)

lthlrd = *kdll?rd
lT/rq = _kqlprq

provided that i, (1) + w3, (t) > ¢ > 0 forall # > 0.

2.16. Design an adaptive version of the global control with arbitrary rate of conver-
gence (2.113) which is adaptive with respect to all model parameters and guarantees
the asymptotic tracking of both rotor speed and flux modulus references from any
motor initial conditions. Suggestion: reparameterize and use projection algorithms.

2.17. Consider the indirect field-oriented control (2.49) and replace the parameter &
by a constant estimate ¢&. Compute the error dynamics and their equilibrium points
in terms of the estimation error & = a — & and evaluate their stability.



Chapter 3
Flux Observers and Parameter Estimation

Abstract Under the assumption that the rotor speed, the stator currents, and the sta-
tor voltages are available from measurements, this chapter is devoted to the design
of rotor flux (or rotor current) asymptotic observers and their adaptive versions when
the rotor resistance is uncertain. Load torque estimators are also designed which can
be used in conjunction with the flux observers. The estimation algorithms which are
presented and analyzed in this chapter are intended to complement the control al-
gorithms which were obtained in Chapter 2 under the assumption that the rotor
fluxes are available for feedback and that the load torque and the rotor/stator resis-
tances are known. The rotor fluxes have been shown to be observable in Chapter 1
so that global rotor flux observers with arbitrary exponential rate of convergence
are designed in this chapter. Adaptive observers show that the rotor resistance can
be estimated online along with rotor fluxes, provided that persistency of excitation
conditions are satisfied.

3.1 Nonadaptive Observers

In this section we show how different observers can be designed assuming that the
rotor speed @ and the stator currents iy, and iy, are available from measurements and
that the motor parameters are known exactly. First a rotor flux observer is designed,
then a rotor current observer is analyzed, and, finally, a rotor flux observer with
arbitrary rate of convergence is discussed.

3.1.1 Open-loop Rotor Flux Observer

Recall that it was established in Section 1.5 that the rotor fluxes (W4, ¥,;) are ob-
servable from the output measurements (@, iy,iy) since, according to (1.76), the
rotor fluxes can be uniquely expressed in terms of rotor speed, stator currents and

133
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their time derivatives, and stator voltage inputs. Consider the rotor flux dynamic
equations in (1.26):

d .

% = — QWY — OY,y, + aMis,

dy, .

% = — WYy + OV + aMiy, . (3.1)

Note that if is, = iy = O then the rotor fluxes decay exponentially to zero since the
function

1
V=3 (Wi +vib)

has time derivative along the trajectories of (3.1)
Y 2 2\ _
V=-a (Wm + lIlrb) =—2av
which implies, integrating with respect to time on the time interval [0,7],
V(t) = V(0)e 2

We take advantage of this property in the design of the following open-loop rotor
flux observer

du
% = =Py — OPp, + aMiy,
dy . N .

thrb = -0+ OYrs+ aMiy, (3.2)

which is a copy of the rotor flux dynamic equations (3.1) in which the flux esti-
mate replaces the true flux. Note that (3.2) requires the measurements of (®, i, i)
and the knowledge of the motor parameters @ = R, /L, and M. Defining the flux
estimation errors as

lpm = Yrqg — l/,\/m
Vo = Wrp — lilrb (3.3)

the resulting estimation error dynamics are given by

dv _ _
z/t’“ = — 0 — O
dy, _ _
thb = —0Yrp + OYrq - (3-4)

Now, we can repeat for (3.4) the analysis developed for (3.1) with iy, = iy =0 and
consider the Lyapunov function
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V=3 (W V) (3.5)
whose time derivative along the trajectories of (3.4) is given by
V=—a(W,+v;) =-2aV; (3.6)
integrating with respect to time on the time interval [0,7], we obtain
V(t) = V(0)e 2™ (3.7)

which implies that the norm of the rotor flux error vector W, (t) = [W4(t), W (¢)]T
decays exponentially with rate of convergence «, for any initial estimation er-
ror V(0) = 3(¥2,(0) + % (0)). Note that the exponential rate of convergence is
o = R,/L,: hence, the rotor flux observer (3.2) does not have an arbitrary rate of
convergence, since it depends on the motor parameters R, and L,.

In conclusion: the open-loop rotor flux observer

I.AVra = _O“IA/ra - wlAlfrb + aMi,,
W,y = =W, + 0P, + aMig, (3.8)

guarantees that for any initial condition ({,(0), {;5(0)) the estimation errors
Wra(t) = Wra(t) — U (2) and Wi (2) = Wi (¢) — Wi (¢) converge exponentially
to zero with rate of convergence & = R,/L,; it requires the measurements of
(1), isq(t), and isp(¢) and depends on the motor parameters R,, L,, and M.

IHlustrative Simulations

We tested the open-loop rotor flux observer (3.8) by simulations for the three-phase
single pole pair 0.6-kW induction motor whose parameters have been reported in
Chapter 1. The motor (with initial conditions ,,(0) = y,,(0) = 0.1 Wb) is con-
trolled by the input—output feedback linearizing control (with control parameters,
rotor speed and flux modulus references, and applied load torque as reported in Sec-
tion 2.4). The observer initial conditions are set to zero, i.e. ¥,4(0) = ¥,,(0) = 0.
The rotor flux vector (a,b) components along with the corresponding estimation
errors are reported in Figures 3.1 and 3.2: they show that exponentially converg-
ing estimation is achieved. The influence of the rotor resistance uncertainty, when
the rotor resistance value used by the observer is 50% greater than the motor rotor
resistance value, is illustrated by Figures 3.3 and 3.4 which show that steady-state
estimation errors appear.
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Rotor flux a (dash) and its estimate (solid)
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Fig. 3.1 Open-loop rotor flux observer: rotor flux y,, and its estimate; rotor flux y,, estimation
error

Rotor flux b (dash) and its estimate (solid)
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Fig. 3.2 Open-loop rotor flux observer: rotor flux y,, and its estimate; rotor flux v, estimation
error

3.1.2 Open-loop Rotor Current Observer

Since the rotor fluxes are assumed to be related to the rotor and stator currents
through the linear equations

Via = Misq + Lyirg

Yo = Mig,+ Leiyp (3.9)

an estimate of the rotor fluxes can be obtained from the measurements of the sta-
tor currents and a rotor current observer. From (1.14), we obtain the rotor current
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Rotor flux a (dash) and its estimate (solid)
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Fig. 3.3 Open-loop rotor flux observer in the case of rotor resistance uncertainty: rotor flux y,,
and its estimate; rotor flux y,, estimation error

Rotor flux b (dash) and its estimate (solid)
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Fig. 3.4 Open-loop rotor flux observer in the case of rotor resistance uncertainty: rotor flux v,
and its estimate; rotor flux y,;, estimation error

dynamics:

M\ di . MR, . .M
(Lr - Ls) d;a = —Ryiyg + Tsslsa — 0Ly, — OMig, + fsusa

M2\ di,, . MR; . . . M
(L, - Lv) d; = —Ryip+ TrSle + @Li, + OMig, + L—Susb . (3.10)

Note that if uy, = ug = 0 and i5, = iy = 0 then the rotor currents i,,(¢) and i, (¢)
decay exponentially to zero since the function
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1 M? )
V = E <Lrlls> (lm+lrb)
has time derivative

2R, L,

. 0 0
V= =R, iy +ip) = CLL—M?

14

which implies, integrating with respect to time on [0, 7],

__2RLg

V() =V(0)e Lism

Assuming that the stator voltages are also available from measurements, we can
design the reduced order rotor current observer

M? dirq ;| MR, ; .M
L,— fs dr = —Ryiyq + Tsls‘a — OLyiy, — OMig + Lisusa

M2 d;b S MR . 2 . M
(Lr_LS) d; :_errh+Tsslsb'i‘erlra"'lesa‘FLisush (3.11)

whose error dynamics are given by

M?\ diy, . -
Lr - = *erm - erlrb

Ly ) dt
M2\ di, . x
(Lr B Ls) dtb = —Riiyp+ 0OLiyg (3.12)

in which 7, = i,y — iyq and i, = i, — 1,5, denote the rotor current estimation errors.
Consider the quadratic positive definite function

1 M?
Ve (L) G a13
s

whose time derivative along the trajectories (3.12) is

. 2R.L
_ I AN rks )
V = —R, (lm-l-lrb) = _mv ; (3.14)
integrating with respect to time on [0, ], we obtain
_ _2RrLg t
V(1) =V(0)e L2 (3.15)

which implies that the norm of the rotor current error vector i,(t) = [i,4(t), i,5(¢)]"

decays exponentially with rate of convergence o /[1 —M?/(L,Ly)], which is greater
than « since L,L; > M?. Therefore, by using the rotor current observer (3.11) along
with the relations
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l,\Vra = Miy, +Lr§ra
li/rb = Miy +Lr§rb (3.16)

converging estimates of the rotor fluxes which are faster than those obtained by (3.2)
can be recovered. On the other hand, if we compare the two reduced order flux ob-
servers (3.11), (3.16) and (3.2), we note that the knowledge of the additional signals
(tq,usp) and of the additional parameters (Ry, Ly) is required in (3.11), (3.16).

3.1.3 Rotor Flux Observer with Arbitrary Rate of Convergence

The rotor flux observers presented in the previous sections have a fixed rate of con-
vergence which is related to the motor parameters. We show in this section how a
rotor flux observer with arbitrary rate of convergence can be designed. This prop-
erty is of crucial importance since in Chapter 2 state feedback controls with arbitrary
tracking convergence rate are designed, assuming that rotor fluxes are available: if
these signals are replaced by estimates given by a flux observer, it is clear that the
property of arbitrary tracking convergence can be retained at least locally only if the
observer estimation errors decay to zero with arbitrary rate. We begin our design by
introducing two terms, w, and wy, in the observer equations (3.2),

l;I\/ra = _O“flm - wlf’rb + oaMis, —wy
Wy = — 0 + O + AMig, — wp (3.17)

whose choice is postponed. The estimation error dynamics are given by

‘i’m = —0Wra — O +Wq
Wy = — QW+ OV + Wy - (3.18)

At this point, we note that if we could choose

dw,
o=

dlT/rb
=kp—— 3.19
wp = kp & (3.19)
the estimation error dynamics would become

P S R
Wra - l—kﬁ me l—kB l/lrh
. (04 ()
V. = — 7 Wy - 3.20
ll/rb 1*k[3Wh+lfk[3wm ( )

The time derivative of the Lyapunov function (3.5), in the light of (3.20), is given
by
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. a 5 o 2a
_ -2 21
V=113 (Wra+ W) 5" (3:21)

whose time integration leads to

V(t) = V(0)e" gt (3.22)

which implies the exponential convergence to zero of the norm of the rotor flux error
with rate of convergence /(1 —kf3). By choosing k such that 1 — kf3 is positive the
smaller 1 — kf3 is, the larger the rate of convergence results. Now, let us reconsider
the choice of w, and wj, by noting that the expressions in (3.19) are not available
from measurements and cannot be directly used in the observer equations (3.17).
Nevertheless, using

d 1 Ry . di
B = gt e
dlI/rb 1 R; . digp
= —Ugp— —lgp— —— 2
ﬁ dr O_usb p Lsh dr (3.23)
from (3.17) and (3.19), we obtain
dy N N . 1 R . di dy
:;/tm = =Wy — Oy + aMis, — k (Gum - gslsa - Tf -B c‘;/tra>
d, . N . 1 Ry . di dy,
:;;b = =0y + 0P + OMig, —k (Gusb - gslsb - d;b -B :jI;b)
(3.24)
from which
d - : . . KR\ . k
& [(1 *kﬁ)l/’ra *klm} = —0Yr, — OYp + (O‘M+ Gs> lsa — E”sa
d . . . N kR; \ . k
ar [(1 7kB)lVrb 7klsb} = —0VYp + OYrq + <(XM+ p > Igp — gusb .
(3.25)
From (3.25), by introducing the variables
Zla = (1 7kﬁ)f\l/m *kim
zp = (1 =kB) W, —kig (3.26)
we have
. o 0] (oM kR ok .
a — T a —— — T 34 | la
: 1k 1k o 1-kB)™
[0

—mkisb - Eum
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.« n @ n ocM—s—@— ok
S W N e o 1-kB)"
() .
+mklm - E”sh
N i k.
Ypqg = l—kﬁza 1—kﬁlm
1 k

N = ] . ‘2
1z likﬁzb‘i‘likﬁlsb (3.27)

The observer (3.27) only depends on the measured signals ®, isq, isp, Usq and ug:
its estimation error dynamics are given by (3.20) and have an arbitrary exponential
rate of convergence. The initial conditions ({,,(0), ¥,,(0)) are freely chosen and
the initial conditions of (z4,z;) are computed as

2a(0) = (1 = kB) Wra(0) — kisa(0)
2(0) = (1 —kB) Wy (0) — ki (0) . (3.28)
Note that by increasing the convergence rate of (3.27), i.e. by making 1 — kf3 close to
zero, the sensitivity of the observer to stator currents and rotor speed measurement
errors is also increased, since ®, iz, and iy, are divided by 1 —kf in (3.27).
The rotor flux observer (3.27) can also be directly obtained by restricting the flux
estimates (4, W,p) to be of the form
Vg = Cigq + éa
Wy = cig+&p (3.29)
in which the arbitrary constant ¢ and the signals (£,, &) are to be designed in or-

der to obtain exponential convergence to zero with arbitrary rate for the estimation
errors Wy, = Wy — cigg — &, and Wy, = W,y — cigp, — &p. To this end, let us compute

Vg = =0 — O+ M i
. u 2
—C (_'ylsa + % +ﬁ0“//m + BwV’rb> - éa
lT/rb = =0, + OYr + AMig,
. u 2
—c (1w + 2L +Bayi, —Boyr) =& (3:30)
If we design

b= —a(1+B)Pra— (1 +cB) Wy + (M + Y — =ty
&

—a(1+cB) W+ @1+ cB)Wpa + (M +cP)igy — %ub (3.31)

the equations (3.30) become
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li/m = —Ot(l +Cﬁ)l~[/m - (1 +Cﬁ)wlprb
U, =—o(1+cB) s+ (1+cB)ov, . (3.32)

The time derivative of the positive definite function (3.5), along the trajectories of
(3.32), is given by

V= —a(l+cB) (Vr+ W) = —2a(1+cp)V
Integrating with respect to time on [0,7], we obtain
V(I) _ V(O)e—Z(X(1+cﬁ)t

so that we can conclude that the flux estimates (¥, ;) converge to zero exponen-
tially with arbitrary rate of convergence a(1 + cf3), since ¢ can be freely chosen.
The observer (3.29), (3.31) coincides with (3.27) by setting

1

71—/{[3&1
1
éb = l_kBZb

éa:

Note also that if we set

c=M
ga = erra
éb = Lyl

in (3.29) and (3.31), we reobtain the observer (3.11) and (3.16).

In conclusion: the rofor flux observer with arbitrary rate of convergence

bo = — (1 +cB)Ea— (1 +cB)& + [(aM +-e7) — ac(l +-ch)ia
—oc(1+cB)ip——usa,  Ea(0) = Pra(0) —cisa(0)
& = —a(l+cB)& +o(l+cB)&+[(aM +cy) — ac(l+cB)lin
(

+wc(1+c/3)im—§usb, £,(0) = P (0) — cigs (0)

1,I\/ra = Cigg+ ‘ga
Uy = cig+&p (3.33)

guarantees that, for any initial condition ({;,(0), ¥ (0)), the estimation er-
rors Wy, = Wrq — Wyq and Wy, = W,y — Wy, are such that
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|:Il~/m t :| |:1I/ra O :|
l/~Irb t l//rb 0
i.e. they converge to zero exponentially with arbitrary rate of convergence
o(1+4cp), since c is an arbitrary positive real.

—a(l+cB)t

Illustrative Simulations

We tested the rotor flux observer with arbitrary rate of convergence (3.33) by
simulations for the three-phase single pole pair 0.6-kW induction motor whose
parameters have been reported in Chapter 1. The motor (with initial conditions
V,4(0) = w,,(0) = 0.1 WD) is controlled by the input—output feedback linearizing
control (with control parameters, rotor speed and flux modulus references, and ap-
plied load torque as reported in Section 2.4). The design parameter c is set equal to
0.3 (the value is in ST units) while the observer initial conditions are set to zero. The
rotor flux vector (a,b) components along with the corresponding estimation errors
are reported in Figures 3.5 and 3.6: exponential estimation is achieved with a rate
of convergence which is greater than that obtained by the open-loop rotor flux ob-
server (recall Figures 3.1 and 3.2). The influence of rotor resistance uncertainty is
illustrated by Figures 3.7 and 3.8, when the rotor resistance value used by the ob-
server is 50% greater than the motor rotor resistance value: steady-state estimation
errors appear, which are however smaller than those obtained by the open-loop rotor
flux observer (compare with Figures 3.3 and 3.4).

Rotor flux a (dash) and its estimate (solid)
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Fig. 3.5 Rotor flux observer with arbitrary rate of convergence: rotor flux y,, and its estimate;
rotor flux y,, estimation error
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Rotor flux b (dash) and its estimate (solid)
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Fig. 3.6 Rotor flux observer with arbitrary rate of convergence: rotor flux y,; and its estimate;

rotor flux y,;, estimation error
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Fig. 3.7 Rotor flux observer with arbitrary rate of convergence in the case of rotor resistance
uncertainty: rotor flux y,, and its estimate; rotor flux y;, estimation error

3.2 Adaptive Flux Observer with Rotor Resistance Estimator

In this section we show how an adaptive rotor flux observer with rotor resistance
estimator can be designed on the basis of the measurements of the stator currents
isq and iy, the rotor speed w, and the stator voltages uy, and ug,. Recall that, as
established in Chapter 1, in some operating conditions the rotor resistance cannot
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Fig. 3.8 Rotor flux observer with arbitrary rate of convergence in the case of rotor resistance

uncertainty: rotor flux y,;, and its estimate; rotor flux y,, estimation error

be identified by stator currents and rotor speed measurements. In order to design the

rotor flux observer and rotor resistance estimator, we introduce the variables

Zqa = Isat ﬁ Yia
2 = b+ P

so that the motor electromagnetic equations in (1.26) become

. Ry 1
Zag = ——lsa+ —Usq
(e} ()
. R; .
= ——lsp T —Ugp
(0 (0
di R . . . 1
dia = _;Slsa_a(l +ﬁM)lsa_wlsb+aza+w2b+gusa
digp Ry . . . 1
d; = _gslsb—a(l+ﬁM)lsb+(015a+aZb_wZa+Eusb .

(3.34)

(3.35)

The advantage of using (z,,z5) variables is that their dynamics depend neither on
the unmeasured rotor fluxes nor on the uncertain rotor resistance. Now, we begin to
design the adaptive observer by defining the dynamics for the estimates of the stator

currents
dgsa R, . A . 2 PN R 1 . 2
d = ——lsa— 06(1 +ﬁM)lsa — Wiy + ATy + OZp + —Ugq + ki (lsa - lsa)
t (o) (o2
di\b R ~ N . ~ A A A 1 . 2
dsl = _gs sb — Ol(l +ﬁM)lsb + Wiy + 0Ty — 02, + Eusb +k (lsb - lsb)

(3.36)
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where k; is a positive real, & denotes the estimate of the unknown parameter
o = R,/Ly, (fla,Tlp) and (24,%p) denote two different estimates of the unmeasured
variables (z4,25). Defining the observation and estimation errors as o = fsa — Lsas
Ish = lisb — Isbs Za = Za — 2a» 2> = 2 — Zb» Tla = Za — Aa» Ty = 25 — Ap» O = 04 — @,
from (3.35) and (3.36) we obtain

di, R . . . A .
sa _ _ (c; +k1> Isq — 0(1 4+ BM)isqa — Wigp + OFjy + Oy + 0Zp

dr
di, R s . . . L -
d;b = — ((; +k1> Igh — (X(l —|—BM)lsb+(l)lsg+aTIb+(XT]b —Z,

A RS . 1 A

Zag = ——lsat —Usa—Za

(0} (0

X Rs . + l A

b poe sb pos sb — b

2 R; . 1 2

Na = _Elsa+gusa_na

N R; . 1 5

nb = _ESle+Equ_nb . (337)

Recalling the definition of (z,4,zp) in (3.34), the rotor flux estimates can be obtained
as

~

N ..
Yiqg = E(Za _lsa)
. I, -
Wy = E(Zb_lsb) (3.38)
which imply
_ | R
ra = 3 \Za — lsa
7 [3( )
_ | R
Y = E(Zb —Igp) - (3.39)

In order to choose the dynamics of the estimates (2,,2,) and the estimation law for
the estimate &, we consider the positive definite function

1
a? (3.40)

. . 1, a ~
V=g @t ) + 5 Gt 3) + 5 (M + ) + 5

2ky

in which k», k3 and g are positive reals. The time derivative of the function V along
the trajectories of the error system is given by

: R\ » o\ 7 <o .
V=- (kl + G) (¥a+2§b)+lsaa[na_ (1+BM)is]

+0”73aﬁa + ;Sawzb + aszﬁb - lst(UZa + ;sb&mb - (1 + ﬁM)isb]
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1,..; ~ & a~' 2
+—(ZaZa +2p2p) + 7 (MaM o+ 1) +

1._.
-0 . (3.41)
ky k3 4
Choose
A RS . 1 el
20 = ——lsq+ —lUsg — ko 0ig
(o) (o)
A R, . 1 ¥
= ——igp+ —ugp + kWi
(o) (o)
5 R; . + 1 kT
= ——iy+—u I
na o sa o sa 3lsa
A S . + 1 +k T
=——igp+—u i
My o sb o sb 3lsb

& = —6 = Proj <g{[<1 B Yisa— faliea (1 BM)isy — )i}, a)
(3.42)

where Proj(&, &) is the smooth projection algorithm given by (A.25) in Appendix A
and defined in our case by

Proj(§,&) = ¢ , if p(&) <
Proj(&,8&) =&, if p(&) >0and £ >0
Proj(&,6) = [1 — p(&)]& , otherwise

2
in which p(&) = T 52 with ¢, = R,y /L, the minimum (known) value of @ and

6 > 0 such that ¢, — 6 > 0. The initial condition & in (3.42) is chosen so that
0 > oy, The properties of the operator Proj(&, &) imply that, substituting (3.42) in
(3.41), we have the inequality

. Ry
V<—Gﬁ )@ﬁ&y (3.43)

From (3.40) and (3.43) it follows that is,, i, Z4, Zp, fla» Tb» and & are bounded; since
(©, Wrar Wb, Isq» Isp) are assumed to be bounded from the stator current observation

error dynamlcs in (3.37) it follows that 7y, and i zsb are also bounded and, therefore,
isq and Iy, are uniformly continuous. Since

- [V =vo)-vi) 2 (kl T If,) [ B+ B oes

it follows that

1mﬁaﬂ+@@mwg<h+§>wm

[—00 0

so that Barbalat’s Lemma A.2 in Appendix A applies and we can conclude that
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lim (1) + (1)) = 0
which implies asymptotic convergence to zero of the stator current estimation errors
isa(t) and i, (¢). System (3.37), (3.42) may be written in the form

x(t) = A(t)x(t) + B(t)z(¢)
2(t) = D(t)x(r) (3.44)

with x = [Zxavgsb]T’ = [Z(,hzba ﬁaa ﬁb7 &]Ts

[t o)

A= | ~ (ki +5)

B 0 w(XOﬁa—(l+ﬁM)isa

B= [—(D 00« f]b—(l-i-ﬁM)isb} (3'45)

and D a suitable matrix. According to the Persistency of Excitation Lemma A.3 in
Appendix A, if o, isz, isp, Wra, Wb, Usq, and ug, are bounded and there exist two
positive reals 7', kr such that the persistency of excitation condition

(+T
BY(7)B(t)dt > krl, V>0 (3.46)
t
is satisfied, then the errors iy, (), i (t), Za (), Zp(t), Ta(t), T (¢), and &(¢) exponen-
tially converge to zero from any motor initial condition: the rotor flux estimation er-
rors (3.39) exponentially converge to zero while the rotor resistance estimate L, 0(t)
in (3.42) exponentially converges to its true value.
A different, less restrictive, persistency of excitation condition can be obtained
in the case of constant rotor speed, including zero speed. In this case it is useful to
introduce the new variables

Pa = aﬁa + a)Zb
Py = afy — 07, (3.47)

so that (3.37), (3.42) become

di, R, - . ) .
oo _ _ <+k1) Foa — O+ &l — (1 BM)isa] + o
t (o}

di, R - - o ) _
d;b = ((; +k1> isp + Olyg + @[fp — (14 BM)ig) + P

Do = —(Otk3 +k2(1)2)17m
ﬁb = —(ak3 +k2(x)2)17sb

Proj <g{[(l + BM)isy — Nalisa + [(1 4+ BM)ig — fp)isy 65> .
(3.48)

Qv
Il
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By considering the positive definite function

1

V=—
2

2 i I SR 2 S
(72 + 15 )+ g0 2kt e (Pa+p3) (3.49)

we obtain along the trajectories of the error system
. Ry
V< - (kl += ) (2, +1%) . (3.50)

System (3.48) may be written in the compact form

x(t) = A(t)x(t) + B(t)z(t)
2(t) = D(t)x(¢) (3.51)

with x = [fm,ah]T’ = [ﬁaaﬁha a]T,
N e (T B )
A= ( 1T
[ ® —(k1+'§‘)}

5= | 10f,—(14+BM)iy
2= o1 B (332

and D a suitable matrix. According to the Persistency of Excitation Lemma A.3 in

Appendix A, if o, isg, isps Wigs Wrps Usq, and ug, are bounded and there exist two
positive reals T, kr such that the persistency of excitation condition

/ BY(7)B(t)dt > krl, Yr>0 (3.53)

is satisfied, then the errors iy (t), iy (¢), pa(t), Pp(t), and @&(t) tend exponentially to
zero from any initial condition. On the other hand, from (3.47), we have

+
(&+a)(zp—fp) — ©(za —24) = P (3.54)

from which

which implies that

isa+ﬁllfm _ o o - &ﬁa+w2b _ a o ! —66( ﬁa)+p~a
ish + B a afp— oz, | a —a )
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Since we have established that 5,(¢), pp(t), and @ (¢) are exponentially decaying sig-
nals in (3.55), in the case of constant rotor speed we replace the rotor flux estimates
defined in (3.38) by

. . N 1 ran
Yra 1 i, 1 { (04 (1)] [O‘na + (1)21,:|
L =—=|. —= N N - 3.56
|:th] [3 [lsb]+ﬁ -0« ATy — W ( )
so that from (3.55) and (3.56) we have
_ N -1 ~ .
Vra 1] o a(zana)+ﬁu]
14 = — N ~ N S 3.57
|:Wrb:| B [—(D 0‘} [—a(zb—nb)JFPb (3:57)

Therefore, the estimation errors W,,(¢) and W, (¢) exponentially converge to zero
from any motor initial condition.

Remarks

1. Note that from (3.54) and (3.57) we obtain

[w] 1 { & wr Pﬁﬁwfb]

V| B0k afy — 0% |
Hence, if (74, fp, Za» Zp) converge exponentially to zero, (W, W) also con-
verge exponentially to zero: in this case (3.56) provides converging flux estimates
which may replace (3.38) when the persistency of excitation condition (3.46) is
satisfied.

2. Note that when the rotor speed and the rotor flux modulus are constant and the
load torque is zero, so that y,, = Miy, and y,;, = Miy,, the persistency of excita-
tion condition (3.53) cannot be satisfied: recall that in those operating conditions
the rotor resistance cannot be identified by stator currents and rotor speed mea-
surements since in that case the motor equations

dw
dr
Ay,
dr
d Yrp
dr
dig,
dr
dig,
dr

=0

= -0y

= OV

= — Wiy,
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do not depend on the rotor resistance R,. However, the rotor fluxes can be asymp-
totically estimated even though the rotor resistance estimate does not converge
to its true value.

In conclusion: the adaptive flux observer with rotor resistance estimator

di Ry. = Oyt G+ 05+ s — i
dsa = ——lsa— Q1+ BM)isy — @i, + Ol + ©Z + —ttsq + k1 (isa — Isa)
t o o
di,\ R R . . » A ~ 1 o ~
d;b — —Eslsb — (14 BM)ig + 0ig, + 0Ny — 02, + E“sh‘”‘l(lsb —isp)
dz, R; . 1 . 8
df;l = *Eslsa+ Eusakaw(leile)
dz Ry, 1 L
ditb = _Eslsb“!‘gush +k2w(lsll_lm)
df) Ry, 1 e
% = _Eslsa “F Eusa+k3(lm _l5‘1>
dn, R, . 1 . >
diwz = —Eslsb+ gusb +k3(lsb_l5‘b)
dé . a3
5 = ~Proi (8{[(1 + BM)isa — ) (iva — Fsa)
+[(1+ﬁM)lsbﬁb](lsb;sb)}7&>
A 1 . 1 A > en 2
CR NI
Wi Blin] pl-oa =

guarantees that all the estimation variables (is,(¢), 15 (1), 24(), 25 (), Aa(t),
fp(¢), &(¢)) are bounded for all # > 0 and that

lim{isg (1) — fua(t)] = O

lim [ig(t) — s (t)] = 0

t—o0

for any initial condition, provided that (@(¢), Wy (t), Wrp(t), isa(), isp()) are
bounded on [0, «); moreover, the estimation errors

Isa = Isa— isa
;sb = igp— isb
lT/ra = Ya— lI,\lm
l‘prb =Y — lilrb

a=o0—0
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converge exponentially to zero for any motor initial condition, provided that
(1), isq(t), isp(t), Wra(t), Wrp(2), usa(t), and ug(2) are bounded on [0,c0) and
there exist two positive reals 7 and k7 such that
14T
BY(7)B(t)dt > krl, V>0 (3.59)

t
with

B(t) = 0 wa0f,—(1+BM)iy,
T | —® 0 0 ofp—(14+BM)ig

If (3.59) is not satisfied but the rotor speed is constant then the estimation
errors

Isqa = Isa — ;sa
;sb = igp— isb
IT/ra = Yra — ll,\fra
lI~/rb =V — l/\Ilrb

a=a—0«

converge exponentially to zero for any motor initial condition, provided that
(1), isq(2), isp(2)s Wra(t), Wip(t), ttsa(t), and ug,(2) are bounded on [0,0) and
there exist two positive reals 7 and k7 such that

t+T
BY(t)B(t)dt > krl, Vt>0 (3.60)

t
with

B— 107y — (14 BM)is,
- 01 Ay —(1+BM)ig,

The adaptive observer (3.58) relies on: (1) the measurements of the stator
currents (isq, i), the stator voltages (i, us,) and the rotor speed o; (2) the
positive design parameters kp, kp, k3 and g.

IHllustrative Simulations

We tested the adaptive rotor flux observer with rotor resistance estimator (3.58)
by simulations for the three-phase single pole pair 0.6-kW induction motor whose
parameters have been reported in Chapter 1. The motor (with initial conditions
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Wrq(0) = y,,(0) = 0.1 WD) is controlled by the input—output feedback linearizing
control (with control parameters, rotor speed and flux modulus references, and ap-
plied load torque as reported in Section 2.4). The design parameters are chosen
as (all values are in SI units): k; = 120, k» = 3, k3 = 270, g = 450. All observer
initial conditions are set to zero except for &(0) = 13.2s~!, which is 50% greater
than the corresponding value & = 8.8s~! in the motor model. The rotor flux vector
(a,b) components along with the corresponding estimation errors are reported in
Figures 3.9 and 3.10, while the estimate of the critical parameter ¢ is reported in
Figure 3.11: under persistency of excitation condition, exponentially converging es-
timates of both the rotor fluxes and the parameter o are achieved. Note that the flux
estimation errors ({,,, W,;) converge to zero only when the rotor resistance error &
converges to zero.

Rotor flux a (dash) and its estimate (solid)
2 T T T T T

[Wh

1 1 1 1 1
) 0.5 1 1.5 2 2.5 3

Rotor flux a estimation error
0.15 . i : i ;

005 1 I I 1 1
U'U“O 0.5 L ]ﬁ 2 2.5 3
8

Fig. 3.9 Adaptive rotor flux observer with rotor resistance estimator: rotor flux y,, and its estimate;
rotor flux y,, estimation error

The rotor flux observer designed in this section can be made adaptive with respect
to both rotor and stator resistances so that an adaptive rotor flux observer with rotor
and stator resistance estimators is achieved. Consider the model (1.26) along with
the variables

. R,
Za = lsa +Bllfra + ééa

. R
p = lsb+ﬁl/frb+gx§b

éa - isa
& = ig (3.61)

so that we have for the motor electromagnetic equations
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Rotor flux b (dash) and its estimate (solid)
2 T T T T T

1 L L I L
20 0.5 1 1:5 2 2.5 3

Rotor flux b estimation error
0.15 T T T T T

008 1 1 1 1 1
n'”'ﬂ 0.5 1 K 2 25 3
3

Fig. 3.10 Adaptive rotor flux observer with rotor resistance estimator: rotor flux y,, and its esti-
mate; rotor flux y,,, estimation error

Parameter o (dash) and its estimate (solid)
14 T T T T T

0 0.5 1 ’ 2 2.5 3
S

Fig. 3.11 Adaptive rotor flux observer with rotor resistance estimator: parameter ¢ and its estimate

dz, 1

a2y,

d o

dzp 1

= 2y,

a o

di Ry . . .

dsta = —gslm —a(l+BM)iy, — wig+ az, + ®zp

R, R 1

*aéga - wé&b + gusa

dig,

R; . . .
dr _;Slsb_a(l+ﬁM)lsb+wlsa+aZb_wza
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R
—a 5+ —éa —um (3.62)

Note that even though the new variables z, and z; are not available from measure-
ments, their time derivatives do not depend on the unmeasured rotor fluxes and on
the uncertain rotor and stator resistances. Now, we design the dynamics of the esti-
mates of the stator currents

di, R ) ) I
Y= i, — a1+ BM)ig, — 0ig + &R, + 02
dt o
6, R 1 A
7E§a - g‘wéb + g”sa +ki (lsa - lsa)
di, R, . .
d;b - —;“isb — (1 + BM)ig, + Wis, + 0y — 02,

6 R 1 R
_Eéb + gswéa + Eusb +k1 (lsb - lsb)

(3.63)

in which: k; is a positive design parameter; &, Iés, and 6 denote the estimates of
the unknown parameters & = R,/L,, R, and Ry, respectively; (4, f)p) and (2,,25)
denote two pairs of different estimates of the unmeasured variables (za ,2p)- Defining
the observation and estimation errors as iy = isy — Lsg i = igp — lgb, za =Za— Za,
Zp =12 — 2 Tla = 2a — Aas Tip =2 — Ap, & = 04— &, Ry =Ry — Ry, 6 = atR; — 8,
from (3.62) and (3.63) we have

diu R i+ o + &0
= T {1+ BM g — 0Fy + 0+ 8,
.0 Ry »
+(DZb*g§a*g‘wéb7kllm
di; Ry, . H i, + G
a1+ BM)iy + 0+ i+
6. R .
02— &+ 0k —kiy. 569

The rotor flux estimates are obtained as

N

N _&5
Wra—ﬁ Na — lsa pp
. 1 /(. . R

Wy = B (nh — lgp — Géh) (3.65)

which, recalling (3.61), imply

A )
Yig = B (na Lsa poe éa)

—
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1 - Ry
Uy = B <ﬁb — g — Gfb) . (3.66)

In order to choose the dynamics of the estimates (2,,25), (T, fl»), and of the param-
eters estimates (&, Ry, 0), we consider the positive definite function (kz, k3, g1, g2,
g3 are positive design parameters)

L » I o 2 T YY) Lo, s 15
V== _— — —a“+—R:+—0
2 (lsa+lsb) + 2k2 (Za+zb) + 2k3 (na +nb) + 2g1 + 282 s + 283
(3.67)
whose time derivative is given by
. 0wy s x 1. - . 1.
V= —ki (i, +iyp) + 2 | —0ip+ —Za | +2 | 0+ —2
ko ko
- (= 1. . (= 1.
FONg ( lsa+ =N, | TONp | Isp+ 7T
k3 k3
~ v A . icd A . 1 A
{1 M)+ [ 1+ B0 + -}
~ |~ I ()] ~ I w 1 =
+R, {im (—” - §b> +iyp (—S” - é“) - RS]
o o (o (o 82
L& . 1=
+6 <im6 — isbé + 6> (3.68)
9 o &3
so that, by choosing
D B
g = Gusa 2Wigp
S .
i = G”sb 2 Wi
A 1 -
Nag = Eu5a+k31sa
A 1 -
Ny = gush+k3lsb
& = —4&1 {[(1 +ﬁM)isa - ﬁa] ;sa+ [(1 +BM)isb - ﬁb] va}
Iés = _% [(isa+ a)gb);sa + (isb - w‘ﬁa)isb]
é = _%(éazsa +§b§sb) 5 (3-69)

we obtain

V=—k(,+17) (3.70)
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which implies the boundedness of Tsas Lss Zas Zbs Ta» Tps O, R, and 6. Denoting by
x = [isa, i) T and z = [Z4, Zp, Tl T, &, Rs, O] T, the error dynamics may be written in
the form

2(t) = D(t)x(t) (3.71)
with
o -—kl —0

A= L o —k

B— [ 0 wmax 0 ﬁa—(1+ﬁM)isa _é(lsa'i'wéh)
|~ 0 0 afy—(1+BM)iy, — iy — 0&,) ‘%

pT — [0 —kro —k3 0 gl[(1+ﬁM)lsa ] (lm 6051;) %é“:|
ko 0 0 —k gl[(1+[3M)zsb—nb] Slin—08&) G& |

(3.72)

According to the Persistency of Excitation Lemma A.3 in Appendix A, if o, iy, ig,
Vras Wby Eay Ep, Usa, and ug, are bounded and there exist two positive reals T, kr
such that the persistency of excitation condition

t+T
BY(t)B(t)dt > ksl , Yt>0 (3.73)
t
is satisfied, then x(¢) and z(¢) exponentially converge to zero from any initial condi-
tion, i.e. the rotor flux estimation errors ,, () and ¥, (¢), the rotor resistance and
stator resistance estimation errors @&(¢) and R(¢) exponentially converge to zero
from any initial condition.
When the rotor speed is constant, a less restrictive persistency of excitation con-
dition can be obtained on the basis of the variables

ﬁa = aﬁa + (DZ},
P = af)y — 0Z, (3.74)

which lead to a modification of (3.65) similar to that obtained in (3.56).

3.3 Two Load Torque Estimators

In this section we design two different load torque identifiers which can be used
along with any rotor flux observer to provide an online estimation of the load torque:
the first one is of second order and also provides an estimate of the rotor speed while
the second one is of reduced (first) order and does not rely on a rotor speed estimate.
We begin to show how a second order load torque estimator can be designed on the
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basis of the motor mechanical equation

. . . T
o= .u(lllralsb - Wrblsa) —— (3.75)

J
assuming that: (1) the load torque 7 is constant; (2) the parameters (1 and J are
known; (3) the rotor speed @ and the stator currents (ig,ig) are available from
measurements; (4) exponentially converging rotor flux estimates are provided by
suitable observers. We design the following dynamics for a load torque estimator
and rotor speed observer

A

&) = H(IAI/raisb - li/rbisa) - 7L +k(w - (1))
[p = —A(o—®) (3.76)

in which k and A are positive reals. Defining the estimation errors

OD=0—0
TL:TLf'fL

llNlra = Yrg — lI,\/ra
lI?rb = VY — l,\I’rb

we obtain for the estimation error dynamics

A

T,

< o o 1) -
& = P (Wraisp — Prpisa) = 5 —kad. (3.77)
Consider the positive definite quadratic function (0 < € < 1/vAJ)

1 1
V=_—T7 a) e®dT; 3.78
527 L + -0 +edT; . (3.78)

Its time derivative along the trajectories of (3.77) is given by
€ - ~
—(k—el)@* — jTLz — ekTy @
+.u(b(ll~/misb - lI~/rbisa) + 8.LLTL(V~/misb - 1I?rbisol) . (3.79)

By virtue of the inequality

ab < —+ (3.80)

we can write

2 ‘i5a|+|isb‘
1+ |isa| + |ish|

IA

u (0] ( li’m isb - lT/rb im )
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U

5 (1 lisal + isw) (isal + [iso ) (5 + 953)

) eT?  isal + lisp|
EUTL(Wraish — Wrplsa) < S5 ———0—
UTL(Wraish — Wrpisa) < 2J 1+ |isal + ligs|

eu?J
5 il i) (1 lisal + i) (52 + 95) (3.81)

so that from (3.79), we have

(k el — %)w—ﬂTL—skTLw

1 . . . ) _ _
+g (8+qu> (lisal H+1iss ) (1 + lial + Vi D (02, + 02) . (3.82)

By choosing € such that

which implies

(3.83)

and assuming that iz, (¢) and ig(7) are bounded on [0,0), system (3.77) satisfies
assumption (i) in Lemma A.1 in Appendix A, viewing (3.77) as the xj-subsystem
and the observation error dynamics as the x;-subsystem. Therefore, any globally
exponentially convergent rotor flux observer allows us to apply Lemma A.1, proving
that the load torque estimation error 77,(¢) converges exponentially to zero from any
initial condition.

In conclusion: the second order load torque estimator

A

Ty .
Zaklo—
7 +k(w—d)

T, =-A0—®), (3.84)

(i) - lvl(ll,\/raisb - l,\Ilrbisa) -

with k and A positive design parameters, guarantees that the estimation errors
O=0—-0
TL =1 — ’fL

converge exponentially to zero for any initial condition, provided that:

1. The stator currents igz,(¢) and iz (¢) are bounded on [0,0).
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2. U, and Yy, are such that the corresponding estimation errors [Wy, () —
Ura(t)] and [y, (1) — W, ()], respectively, exponentially converge to zero
for any initial condition.

IHlustrative Simulations

We tested the load torque estimator (3.84) by simulations for the three-phase single
pole pair 0.6-kW induction motor whose parameters have been reported in Chap-
ter 1. The motor (with initial conditions ¥,,(0) = y,;,(0) = 0.1 Wb) is controlled by
the input—output feedback linearizing control (with control parameters, rotor speed
and flux modulus references, and applied load torque as reported in Section 2.4).
The design parameters are chosen as (all values are in SI units) k = 200, 2 = 1002/,
All initial conditions for the load torque estimator are set to zero while the rotor flux
estimates are generated by the adaptive rotor flux observer (3.58) with (all values
are in SI units) k; = 120, k, = 3, k3 = 270, g = 450. All initial conditions for the
adaptive rotor flux observer are set to zero except for &(0) = 13.2s~!, which is 50%
greater than the true value ot = 8.8s~!. The estimate of the load torque 7}, is reported
in Figure 3.12: exponentially converging load torque estimation is achieved.

Load torque (dash) and its estimate (solid)
O T T T 5

[Nm]

R 1 I I I 1
0 0.5 1 -3 25
g

Fig. 3.12 Load torque estimator: load torque 77, and its estimate

=]
w

We now design a reduced first order load torque estimator by avoiding the use of
an estimate for the measured variable @. Consider the motor mechanical equations

13,

0 = ,u(llfmisb - lI’rbisa) - 7
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;=0 (3.89)

and make the change of variable (1 > 0)
=T+ Ao (3.86)

so that from (3.85) and (3.86), we have

. . . . A A7
2= A0 =AU (Wralgp — Wrplsa) — 7z+ 7(0 . (3.87)
Let 77 be an estimate of 7;, generated by
s A, A S
= _7Z+ 7w+lu(‘lfmlsb - l//rblsa)
T =2—-Aw, 2(0)=7.(0)+Aw(0) (3.88)

and suitable rotor flux estimates. Defining Z =z — 2, Ty, = Tp. — 11, Wra = Wya — Wras
and W, = Yy, — ¥, we have for the estimation error dynamics

. A _. o
4 _72"‘}\'”(1//)‘(1151) - lI/rblsa)

Z. (3.89)

Tp
Consider the Lyapunov function

1
V=7

5 (3.90)

whose time derivative along the solutions of (3.89) is such that

) A
V= 7722 +A'.u(ll~/misb - ‘T/rbisa)z

Ao, AuJ
<t
< 2Jz + >

(lisa| + ‘isb|)(1 + |im‘ + |isb|)(lpr2a + lprzb) 391

so that, if ig(¢) and ig(¢) are bounded on [0,00), system (3.89) satisfies the con-
ditions of the x;-subsystem in Lemma A.l in Appendix A. Hence, any globally
exponentially convergent rotor flux observer guarantees that Lemma A.1 applies,
demonstrating that ¥,,(t), ¥, (t), and Ty (¢) exponentially converge to zero for any
inititial condition.
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3.4 Experimental Results

The experimental dynamic behavior of the adaptive rotor flux observer (3.98) given
in Problem 3.5 (whose parameters are set equal to k = 200, 1 = 0.3, » = 1,
¥ = 1000, and whose initial conditions except & are set equal to zero) is illustrated
in Figure 3.13 in the case of &(0) = 0.5R, /L, (which corresponds to an initial error
of —50%) and in Figures 3.14 and 3.15 in the case of &(0) = 2R,y /L, (which cor-
responds to 100% initial error). In both cases the experiments are carried out during
the motor start-up with a constant load torque (equal to 66% of the rated value): this
corresponds to the most critical situation from the modeling view point. The effects
of the high-order harmonics introduced by the inverter on the adaptive observer are
illustrated in Figures 3.14 and 3.15: Figure 3.14 corresponds to measured voltage
(output of the inverter) while Figure 3.15 refers to the reference voltage (input to the
inverter). No significant effects on resistance and flux estimation are noticed. From
Figures 3.13-3.15 we also note that the convergence of the rotor resistance and flux
estimates is exponential. The results reported in Figure 3.16 are obtained when the
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Fig. 3.13 Rotor resistance estimation with measured voltages (—50% initial error)

motor is controlled by an indirect field-oriented control algorithm with a reference
speed of 1rad/s and when the rated load torque is applied at t = 1.25s: the param-
eters of the estimation algorithm reported in Problem 3.5 are set equal to k = 60,
7 = 0.006, » = 0.1, and 73 = 200. Note that a slower convergence is obtained
when this new set of parameters is used. The experiment reported in Figures 3.17
and 3.18 illustrates the influence of the stator resistance variations on the estimation
algorithm when the same set of parameters as in Figure 3.16 are used. A stator resis-
tance variation causes the appearance of additional terms in the estimation algorithm
which may be viewed as external periodic disturbances at power supply frequency.
The error due to the stator resistance variations becomes greater as the ratio Ry/R,
increases. Note that R, /R, reduces when the temperature increases. When the stator
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resistance in the algorithm is 1 € smaller than the true value, a rotor resistance error
of about 0.3 Q2 is noticed both at 1rad/s (Figure 3.17) and at 100rad/s (Figure 3.18).

3.5 Conclusions

Since in Chapter 2 high-performance feedback controls were obtained under the un-
realistic assumption that the rotor flux measurements were available, in this chapter
the design of online rotor flux estimators has been fully addressed. Experimental re-
sults in Chapter 2 clearly indicate that the rotor resistance is a very critical parameter



164

2 Speed
1F M]Mw.uw.wM.w.mww.ww«\'l.lw-
z |
ET
1 ! 4
0 2 4 6
Time (s)
10, Current a
L “r‘_‘.!"“l'ﬁr‘rr_
s
- LU
<Dr/||\'|\|\l\l‘||'
N - SR AR IR aTa Al
AL
S P
10!
ml] 2 4 6
Time (s)

(A)

(Ohm)

3 Flux Observers and Parameter Estimation

Current a error

4
2 ]
o JHH A A
0 "-W"|\ [H A mrmess
IR
2 | - |
g i
0 2 4 6
Time (s)
0 Resistance est. error
. e
2t
Sk
o 2 P
Time (s)

Fig. 3.16 Rotor resistance estimation at low speed (® = 1rad/s)

Current a error

Resistance est. error

4
2 R R o I 2r .
L fAAANAR < AN
z ol Ml‘ll II‘\II\‘II“'"\II‘\II\I“IH E 0 VN .
1 =) — NN ™ Py
z ,\..”"l‘\f'\-"‘l"l‘m‘,‘hll‘,""\w ] S
2t \ AR A
o
; | L |
40 2 4 6 0 2 4 6
Time (s) Time (s)
Fig. 3.17 Effect of stator resistance variation at low speed (@ = 1rad/s)
Current a error Resistance est. error
M I
0 <5 S 2
|
= || E ~
Z ok ! N S I
ot .‘ § 0
|
-20 2
0 2 4 6 0 2 1 6
Time (s) Time (s)
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in the control of induction motors: hence, in this chapter its online estimation has
been studied which is linked to rotor flux estimation. In Section 3.1 it is shown how
to design globally exponentially converging rotor flux observers: observers with ar-
bitrary exponential rate of convergence can also be obtained. Those observers are
very sensitive with respect to rotor resistance, which may indeed vary more than
100% during operations. To overcome this difficult problem adaptive rotor flux ob-
servers are designed in Section 3.2 which provide globally converging estimates
both of the rotor fluxes and of the rotor resistance during typical operating condi-
tions, that is when the electromagnetic torque is different from zero. The estimation
errors cannot converge to zero when the load torque is zero and both the rotor speed
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and the rotor flux modulus are constant. In Section 3.2 rotor flux observers which
are adaptive with respect to both rotor and stator resistances are also presented. In
Section 3.3 exponentially convergent load torque estimators are given which are to
be used in conjunction with globally exponentially convergent rotor flux estimates.
Finally, in Section 3.4 some experimental results are reported for the adaptive rotor
flux observer illustrated in Section 3.2 (see also Problem 3.5): the rotor resistance is
correctly estimated online both at high speed and at low speed with an initial error
of 100%; some sensitivity with respect to stator resistance uncertainty is noted at
low speed.

Problems

3.1. Consider the model (1.26) and make the change of variables

Zq = g+ ﬁ Yra
isp + B Y (3.92)

<b
so that we have the motor electromagnetic equations in the new variables:

R 1

g = _Jisa + —Usq
o o
. Rs . 1
b = _glsb + Eusb
dig, . . 1
dr = 7('}/4» (X)l‘m — Olgp + 0Zq + OZp + Eum
dixb . . 1
3 = (r@ip + Qi+ 0z, — 02+ Zugp - (3.93)
Consider the full order rotor flux observer
R Ry, 1 Ry .. &
g = _;Slsa + Eusa - ?;w(lsb - lsb)
. Ry» 1 R, . .
iph = _gslsb + Eusb + ?;w(lsa - lsa)
disq 2 A . . 1 . N
5= —(7+ )iz — Oig, + 02, + 02 + <t +k(igg — lsa)
digp 2 A X . 1 . N
a —(Y+ &)igp + Oisg + AZp — 02, + p +k(isp — ip)

~

N 1,
ra = 7 \Za — lsa

v, B< )
N I, -

Yy = E(Zb — i) . (3.94)

Using the positive definite function
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2

V= (l?a + lsb) +

laoc
S

3R (Z+7) (3.95)

N =

show that the estimation errors are bounded. Assuming that ®(z) and @(¢) are
bounded on [0,e0), establish that the estimation errors tend exponentially to zero
for every initial condition using the Persistency of Excitation Lemma A.3 in Ap-
pendix A.

3.2. Using the notations

L, OMO 1000
oL oM ~lo100
L=1mor ol B=]0000
| 0MO L 0000
(0000 0000
0000 00 0O
E=10010l" = ]00 01
10001 00-10
[0 000
0000
Es=19 100
[ —1000
-lsa Usq i:sa
. isb _ | Usb c_ isb
i= i | u=|y1 i= lira (3.96)
Lrb 0 Irb
show that the rotor current observer
di . .
Ld—; L RE i+ REri+ L wEsi + MOEji+kEi(i—) =u (397

in which k; is a positive design parameter, is such that the current estimation error
i(t) = i(t) — i(t) converges exponentially to zero for any initial condition 7(0). Ana-
lyze the influence of the uncertainties on the rotor and stator resistances R, and Rj.
Suggestion: use the positive definite function V = %ZTLZ

3.3. Show that the observer (3.97) can be made adaptive with respect to R, by re-
placing Ry with R, in (3.97), with the adaptation dynamics (k is a positive design
parameter)

IQS = —kiTElf.
Analyze the influence of the uncertainties on the rotor resistance R,. Suggestion:

use the positive definite function V = %fTLf + ﬁ(RS —Ry)? and the Persistency of
Excitation Lemma A.3 in Appendix A to show the convergence, provided that i(t),
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di(r)/dt, and w(t) are bounded on [0,0) and two positive reals T and kr exist such
that, for any t >0, [T (1)i(t)dT > krl.

3.4. Show that the third order stator resistance estimator (k is a positive design pa-
rameter)

Wy = =00 — O, + M i,
Wy, = — 0+ 0P + oM i
& = Kt )~ KM, + ) + KB (Wi — Wrai)
—&-g(umim + uspisp) + OB (Yraisa + Yrpisy)
Ro= &S+

is such that for any initial condition ({,,(0), ¥5(0),£(0)) the estimation error
[Rs — R,(t)] exponentially converges to zero for any ¢ > 0, provided that: i2,(¢) +
i2,(t) > ¢ > 0 for any 1 > 0; 0(t), isa(t) and ig,(t) are bounded on [0,c). Sugges-
tion: compute the dynamics of the estimation error Ry — Ry and use Lemma A.1 in
Appendix A.

3.5. Consider the fixed frame model (1.26) with

Ry
Y= ;"i'ﬁ(RrN‘Fe)M

RrN +6
L,

in which R, is the nominal value for the rotor resistance and 0 is the rotor resistance
uncertainty (i.e. R, = R,y + 6). Consider the adaptive observer

dll/\/m RrN+ é N N A M .
- 0 — OV + (Roy + 6) 2
dr L Yra Vip + ( N+ )Lr Lsa

dy Rn+0 X A M
Yo _ —= Urp + OWrq + (RrN+9)*lsb

L b

Tt Bt DB &

d(l;b _ —%isb + éuxb — BV, —&

ddif = —kisa — RNL+ 26~ T) - 08~ C - 0B
T %6 inrai-D
9 i (L B Bl
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+igp (Zu?,b ﬁMisbJrM)]

L, L,
dA .
a = — Wiy
dB .
E = Y Wiy
d¢ .
E = V3lsa
dD .
Bl (3.98)

in which Zs, = isy — Isas lsp = ish — Lsp» (Wra, W) are estimates of the rotor fluxes
(Wras W), (isa, 1sp) are estimates of the stator currents (isy, igp ), and 6 is the estimate
of rotor resistance uncertainty 6. Choose the positive design parameters (k, 1, 7,
713), simulate the adaptive observer (3.98), and compare with the experiments given
in Section 3.4.

3.6. Consider the load torque estimator (3.84) and assume that the rotor fluxes (Y,
V,p) are available from measurements: modify the estimator (3.84) so that global
exponential convergence to zero with arbitrary rate of convergence of the estimation
errors @ and 7, is obtained.

3.7. Consider the load torque estimator (3.84): if the rotor flux estimation errors
and {,;, converge exponentially to zero with arbitrary rate of convergence, can we
also conclude that the estimation errors @ and 7; converge exponentially to zero
with arbitrary rate of convergence? Suggestion: use Lemma A.4 in Appendix A.

3.8. Assume that the rotor speed and the rotor flux modulus are constant and that
the load torque is zero, so that y,, = Miy, and y,;, = Miy; show that the stator
resistance estimator

A

. kRy . . ) k . .
é = - G‘ (l%a + l?b) + g(“sulm + ”sblsb)

k 2 2
R, = é - E(lsa + lsb)
guarantees that the stator resistance estimation error [Ry — R,(t)] converges expo-
nentially to zero, provided that i2,(¢) +i2,(t) > ¢ > 0 for any ¢ > 0.

3.9. Assume that the rotor speed and the rotor flux modulus are constant and the
load torque is zero so that

Yyg = Mi,
Vip = Mig, .

Show that asymptotic flux estimation is guaranteed by the adaptive observer (3.58)
even when the rotor resistance R, is not correctly estimated. Suggestion: by using



Problems 169

Barbalat’s Lemma A.2 in Appendix A show that

. dig(1)

1 =0
tgg dr

tim 32 _ ¢
t—eo  dt

3.10. Find a reparameterization (6;, 65, 63, 64, 05, 8) for the motor electrical pa-
rameters, a matrix A(-) and a vector B such that the induction motor dynamics admits
the affine representation

X = A(”sa,“sbalsaalsba CO)X +B |:MSZ:|
s

isa A
Y= |ip | 2CX
0]

with X = [isa, ishs Ysas Wsbs 05 Wsas 05 Wsp, 04 Wyas 01 Wiyp, @, 01, 62, 65, 64, 05, 66, Ty ).
Consider the observer for stator fluxes, load torque, and induction motor electrical
parameters via stator currents, stator voltages, and rotor speed measurements (the
rotor inertia is assumed to be known)

X = Alusg, ttgp, isa,isp, ®)X + B {’;] —s7IcT(cX -v)
sb

S = *AS*AT(MM; Ugh, Lsas Lsh, w)Sf SA(Msa; Ugh, Lsas Lsh, (D) +CTC (3.99)

with §(0) > 0. Choose the design parameter A and simulate the observer (3.99) for
sufficiently exciting input and output signals.

3.11. Consider the fixed frame model (1.26) and assume that the rotor speed is con-
stant so that @ = 0 replaces the first equation in (1.26). Design an observer for rotor
flux and rotor speed from stator current and voltage measurements. Analyze the
persistency of excitation conditions and compare with the results in Section 1.5.

3.12. Consider the fixed frame model (1.26) with constant rotor speed and unknown
rotor resistance R,. Design an adaptive observer which estimates the rotor speed and
flux and identifies the rotor resistance from stator current and voltage measurements.
Analyze the persistency of excitation conditions and compare with the results in
Section 1.6.






Chapter 4
Output Feedback Control

Abstract In this chapter the state feedback controls presented in Chapter 2 and,
in particular, the control given in Section 2.7 are combined with the rotor flux ob-
servers presented in Chapter 3: the goal is to obtain global output feedback controls
which do not require flux measurements and guarantee rotor speed tracking for any
initial condition of the motor. In Section 4.1 the global control with arbitrary rate of
convergence which was presented in Section 2.7 is modified to eliminate the need of
rotor flux measurements, at the expense of the property of arbitrary exponential rate
of convergence. In order to recover this important property, in Section 4.2 the global
state feedback control with arbitrary rate of convergence, discussed in Section 2.7,
is modified so that the rotor fluxes can be replaced by the estimates provided by
the rotor flux observer with arbitrary rate of convergence given in Section 3.1: the
resulting observer-based global controller guarantees exponential convergence with
arbitrary rate of both the tracking and the estimation errors. In Section 4.3 the con-
trol algorithm presented in Section 4.2 is made adaptive with respect to an uncertain
load torque by incorporating the load torque estimator presented in Section 3.3. Fi-
nally, in Section 4.4 a global output feedback control algorithm is presented which is
adaptive with respect to both the unknown load torque and the uncertain rotor resis-
tance and achieves asymptotic rotor speed tracking. Under persistency of excitation
conditions, exponentially converging estimates of the unmeasured rotor fluxes and
of the uncertain parameters are obtained, while exponential tracking of rotor speed
and flux modulus is achieved from any motor initial condition.

4.1 Generalized Indirect Field-oriented Control

In this section we redesign the global state feedback control with arbitrary rate of
convergence presented in Section 2.7 without using the rotor flux measurements
(Wra, Wyp ), which are typically not available from measurements. We shall obtain a
generalization of the indirect field-oriented control presented in Section 2.3 whose
rate of convergence, however, cannot be larger than o = R, /L,.

171
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Reconsider the control algorithm (2.48) and modify the reference for the stator
current vector d-component and the speed of the rotating (d,q) frame as

VLV

ba = tam T am
oMi

w =0+ o (@.1)
vy

i.e. by adding the terms 1); and 1), which will be suitably designed in the following.
The reference for the stator current vector g-component is the same as in (2.48), i.e.

1 1

= — | —kp(0—0")+ 0"+ = . 4.2
lsq Ly a)( )"‘ + 7 4.2)
Introduce the tracking errors
O=0—-0"
li/rd = Y — W*
Vrg = Vg

s . %
Isd = lsd — Lsq
Isg = lsq — Iy,

for the rotor speed, rotor flux vector (d,q)-components and stator current vector

(d,q)-components, respectively. The dynamics for the tracking errors @, W4 and
W, are given by

o= —ko® +.u(ll~/rdisq - lT/rqisd) —|—,u1[1*75q

Vg = — g+ (0 — ©) Wy + Migg + My
'iqu _alpﬂ] - ((DO - (l)) l/?rd + T?q . (43)

In order to design the additional terms 1), and 1), introduce the positive control
parameter A and consider the positive definite quadratic function

1, . _ _
W= 5 (A0 + 9y + 07 4.4)
whose time derivative along the trajectories of the closed-loop system is
W= —lkw(b2 + lnu(l/?m’isq - lINI}'qim’)d) + AH‘I/*qu(D

— (W + W2,) + M g + M Wyg + 1M Vg - (4.5)

*

§q» We define

Since isy = fsq +1i

Na = _)Lnuisq(b
Ny = Aisa® (4.6)
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so that (4.5) becomes

W= _Akw(bz - a(lp;?d + "T/}?q) +A‘.ull~/rd;sq(b+/l.uw*;sqd)
+aMfsd1/7,d . 4.7

Since the rotor fluxes are not available, the feedback terms —ky (y,y — y*) and
—ky W4 which were present in (2.48) disappear. As a consequence, we are losing
the property of arbitrary rate of convergence. The influence of the last three terms
in (4.7) will be compensated by a suitable choice of the stator voltages (usq, ttsq). To
this end, let us compute

di;,

T? = I Wy +Tp W+ I (4.8)

in which the known functions

= 2
W
i
P
v
1 ~ 7 Lo l//* ~ TL s
I = K@ —kouy - —k ~ 4+ o 49
p #w*[ww oW iy + 6] NW*Z[ a,a)+J+a)} (4.9)

appear. Similarly, let us compute

di* 5 _
of = LW+ LoV + 1 (4.10)
in which the known functions
Al oo
Iy = T oM [ulsqlsq_‘_wl—éd
Ao,
I = oM [.Ulsdlsq - quz]
o v N A N Atk @i, B APy, Aule @10
d — .
M oM oM oM oM

appear. According to (4.8) and (4.10) the dynamics for the stator current tracking
errors iyy and iy, are

di; . . 1 ’

dstd = —Yiga+ Oisg+ AP Yy + BOY,, + Slsd — Lin Wra
_E!ZVNIV(] _1—5‘1

disg . . 1 y

ar = _Ylsq_wOlsd+aﬁlqu_ﬁerd+guSl]—EIlW”d

T T, . (4.12)
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Design the control inputs (1, sq) as

Usq = OYisy — Oisy — CUPY" + 61— Okilsa + Ovy
OYis,+ O Wisa + POV + 6L, — Okilyy+ OV, (4.13)

Usq

in which the additional terms v, and v, are yet to be designed and k; is a positive
control parameter, so that (4.12) become

di, . _ _ _ _

did = —(}’+ ki)lsd +aB .y +ﬁwl/’rq — Iy Wy — LWy + vy

di, . _ _ _ _

dstq = _(}/+ki)lsq + (Xﬁ Vg _Bw‘Vrd _EJIII/rd _1_;12qu +vq. (4.14)

In order to design the yet undefined terms v, and v, in (4.13), consider the positive
definite function

1
V:W+5(7§d+iﬁq) (4.15)

whose time derivative along the trajectories of the closed-loop system, according to
(4.7), satisfies
V = —Ako® + AU Wyaisg® + Ay Ty ® — o(F + W2,) + aMisq Wi
—(y+ki) (2 + ffq) + B Wraisa + BOWrgisa — Lot Wraisa — Lap Wrglsa
+le7sd +ap lprqisq - ﬁwlprdisq - E]l llﬂ‘/rd;sq —4q2 l~quisq + tisq

é 7/1/((0(1)2 +luw*;sq(b - a(ll?;?d + IINI;?q) - (')/‘i’kz)(;?d + ;?q) + Vdfs'd
+Vq§sq + Alisd lT’ral + A2 isd l/7rq + A3 lqu lNI‘/rd + A4isq ll~/rq (4- 16)

in which the known functions

A = (XM-FOCﬁ—I?]l

A =Bo—Ip
Az = Aud—Bo—TIg
Ay =B —Tp (4.17)

appear. Since
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the following inequalities hold:

2
o A4 v
<\/>qu - lsq) >0
2 va
¥ oo @ _,  Al,
AtiggPrg < 7 rd+Elsd
v o,  Ajo
Aigq Wy < 7 gt Elsd
2
7 o _,  Ajy
A3lsqlllrd < Z rdJr?l‘yq
Loy A7
A4lsqll/rq < Z r2q+ ii?q

and therefore from (4.16) we have
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(4.18)

(4.19)

. ~ *7 o~ a, ~ Y g s s
V < = Ako® + Ay Ty ® = = (Wi + Wrg) = (v ki) (85 +854) + Vala + vglig
AZ A A2 A
+< +2)m+<3+4)w
o o o o

If we design the yet undefined terms v, and v, as

from (4.20) we obtain

. o a _ o s
V < —Ake®* — E(Wrzd + 'l/rzq) — (y+k) (& +Z§q) .

Therefore we have

V < —min{2ke, a,2(y+k)}V =

2 2
Vg = — A7]+A s
o o

A2 A2
Vg = — < +>zvq/l/.u// [0)

By integrating (4.23), we have

V() < e V(0).

(4.20)

421

(4.22)

(4.23)

(4.24)

Thus the origin of the closed-loop error system is exponentially stable with rate of

decay

¢ = min{2kg, o, 2(y+k;)}

(4.25)

which, however, cannot be made larger than « and it is, therefore, not arbitrary.
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In conclusion, the generalized indirect field-oriented control

Usq | | cos& —sing | | Usq

ug | | singy cosg Ugq
Usg = OYisy — OWyisq — CAPY" + 0Ty — Oki(isa —iyy) + Ovg
Usg = OVYigy +OWyisg +OPOY" + 0l — oki(isy —i5,) + OV

o _ YW Ma
sd = 3 Yo T am
1 o
a uw*{ o(®@ =07+ +J]
aMi,
& =Wy = 0+ W*MI_%

Na = _)“:ul:q(w_w*)
Ng = Aisg(® — @)

A2 A2\,
Vg = — (Ocl + O?) (isa — I5g)

A2 A2 . ok * *
== (S48 ly-iz) -ty (@- @)

o
isg| | cosg sing | | i
isg | — | —sing cosg | | ig
A .
Iy = —a—f/[ [,uzxqzqur(a)—w*)I},l]

AR g !
1—;12 = aiM I:.L”Sdlsq_ ((D—(D )1;2]

vyt . Atk (@ — 0*)i%, B AP (i — i3, )ity

=+
4= T om aM aM
Auly (o — o)
aM
kel
Iy =— w*q
-
I_£12: wlid
1
171 = e I:ki)(w_w )_kwl“l/ (lsq_lsq)+w ]
ny
ll'/*

.
——— | —kp(0—0)+ =+ 0"
T o )+J+
Ay = aM+af —TI

A =Bo—Ip
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A3 = Ap(0— o)~ o — I,
A4 = Otﬁ —qu (426)

is a first order dynamic control algorithm which depends on the measurements
of the rotor speed @ and stator currents (isq,ig), on the reference signals
(w*, y*), on the positive control parameters kg, A, k;, on the load torque 7,
and on the machine parameters M,R,,L,,J, Ry, L;: it guarantees that for any

motor initial condition the tracking errors (@ — @*) and (\/ y2, + y2 — y*)
tend exponentially to zero with a rate of convergence no larger than .

Hlustrative Simulations

We tested the generalized indirect field-oriented control by simulations for the three-
phase single pole pair 0.6-kW induction motor whose parameters have been re-
ported in Chapter 1. All the motor initial conditions have been set to zero except for
W,4(0) = w,,(0) = 0.1 Wb. A simplified version of the controller (in which the ro-
bustifying terms have been set to zero, i.e. vy = 0, vy = —Apy* (0 — ®*)) has been
simulated with zero controller initial conditions and control parameters (all the val-
ues are in ST units) A = 0.005, k, = 450, k; = 800. The references for the rotor speed
and flux modulus along with the applied load torque are reported in Figures 4.1-4.3.
The rotor flux modulus reference signal starts from 0.01 Wb at t = Os and grows up
to the constant value 1.16 Wb. The speed reference is zero until = 0.32s and grows
up to the constant value 100rad/s; at = 1.55s the speed is required to go up to the
value 200rad/s, while the reference for the flux modulus is reduced to 0.5Wb. A
5.8-Nm load torque is applied to the motor and is reduced to 1.8 Nm. Figures 4.2
and 4.3 show the time histories of rotor speed and flux modulus along with the corre-
sponding tracking errors: the rotor speed and the flux modulus track their references
tightly. Finally, the stator current and voltage profiles (which are within physical
saturation limits) are reported in Figures 4.4 and 4.5.

4.2 Observer-based Control

We have shown in Section 3.1 that exponential estimation of rotor fluxes can be
achieved by the rotor flux observer (3.33), for any flux initial condition and with
an arbitrarily large rate of convergence, provided that the rotor speed and the stator
current measurements are available for feedback and the parameters of the elec-
tromagnetic subsystem (in particular the rotor resistance) are known. On the other
hand, the indirect field-oriented control (2.48) was modified in Section 2.7 in order
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Fig. 4.1 Generalized indirect field-oriented control: applied load torque 77,

Rotor speed (solid) and its reference (dash)

300, T T T T T T T T
o 200F
b
e IUUJ—/ k!
A,
0 4
1 1 1 L 1 L 1 1 L
IOG{J 0.5 1 1.5 2 25 3 3.5 4 4.5 5
Rotor speed tracking error
0. T T T T T T T
ln .
ey
Z 0
0.1 R
0. 1 | I_ 1 | 1 | 1 1

i

Fig. 4.2 Generalized indirect field-oriented control: rotor speed w and its reference @*; rotor speed
tracking error

to guarantee, for any initial condition of the motor (1.26) and with an arbitrarily
large rate of convergence, exponential rotor speed and flux modulus tracking pro-
vided that the measurements of all the state variables are available for feedback and
the model parameters (in particular, the rotor resistance and the load torque) are
known. The question which then naturally arises and will be addressed in this sec-
tion is the following: how to design an output feedback control from rotor speed
and stator current measurements only (i.e. without feeding back the rotor flux mea-
surements), which is able to guarantee exponential rotor speed and flux modulus
tracking for any motor initial condition and with an arbitrarily large rate of con-
vergence? We provide in this section an affirmative answer to the above question
by reconsidering the global rotor flux observer (3.33) and the global state feedback
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Rotor flux modulus (solid) and its reference (dash)
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Fig. 4.3 Generalized indirect field-oriented control: rotor flux modulus 4/ w2 + W2 and its refer-
ence y*; rotor flux modulus tracking error
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Fig. 4.4 Generalized indirect field-oriented control: stator current vector (a,b)-components

(ism isb)

control with arbitrary rate of convergence (2.113): the two algorithms are modified
and integrated so that an overall stability analysis can be performed. First we recall

the observer (3.33), namely

l,\I/ra = kisa + ga
W = kig, +&p (4.27)

in which k is a positive control parameter and &, &, satisfy the differential equations

éa = —Ot(l +kﬁ)(kim+6a> - 60(1 +kﬁ)(kisb+‘§b)
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Fig. 4.5 Generalized indirect field-oriented control: stator voltage vector (a,b)-components
(usaausb)

Usa

+(aM +ky)isa —
& = —a(1+kB) (kig, + &) + (1 +kPB) (kisa + &)

k
(oM k)i — =

(4.28)

with initial conditions

éa(o) = l/A’ra (0) — kisq (0)
&(0) = W5(0) — kisp(0) .

We have shown in Section 3.1 that the rotor flux observer (4.27) and (4.28) guar-
antees exponential rotor flux estimation for any initial condition (y,,(0), ¥,,(0))
and with rate of convergence o/(1+ kf3), which can be made arbitrarily large by in-
creasing the control parameter k. Now reconsider the control algorithm (2.113) and,
in particular, the references for the stator current vector (d,q)-components and the
speed of the rotating (d,q) frame in (2.113):

gV ¥V
@M T aM T aM

-k 1 * .k TL
= g —ko(0— @)+ +
onzsq Mg
w=0+— . 4.29)
Y Y

Introduce the tracking errors
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~ *
Vd = Yra — Y
VNqu = Vg

lsd = lgq — i:d

T «
Isq = lS(]_lsq

for the rotor speed, rotor flux vector (d,q)-components and stator current vector
(d,q)-components, respectively. The dynamics for @, ¥, and {,, are given by

o = —kw(b +,u(ll~/rdisq - lprqisd) +,u«lll*;&q
Vg = — QW+ (00 — )Py + OMigg + 1y
l;qu _O“T/rq - (0’0 - w) lT/rd + Ng - (4'30)

In order to design the undetermined terms )4 and 1), introduce the positive control
parameter A and consider the Lyapunov function

1, . _ _
W= (A6 + 5y + V) 4.31)
whose time derivative along the trajectories of the closed-loop system is

W= 71]‘606)2 +A“(lprdisq - liquisd)(b‘i'l.uw*aqd)
— (W + W2,) + Mg + T Wyg + Mg Vg - (4.32)

*

s> We define

Since isy = fsq +1i

Na = —ky(Pra — ¥) — Apig, &

Ng = —kyWrg + Alisq® (4.33)
in which ky, is a positive control parameter and ({4, ;) are the estimates of the ro-
tor flux vector (d,g)-components (W4, ¥,,) computed on the basis of (4.27), namely

Urg = Wrqcos & + Py, sin &

liqu = _lAI/m singy + lilrb cos g - (4.34)
If we compare (4.33) with (2.100) designed in Section 2.7, we note that the rotor
fluxes are now replaced by their estimates (., ;5 ). By substituting (4.33) in (4.32)
and noting that

ll,\/rd - ll/* = lT/rd —C€yd
Urg = Wrg — eyy
with the rotor flux estimation errors denoted by
eyd = Yra — W
eyq = Yrg— Vg (4.35)
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we obtain
W == _A'kw(bz - (a +k‘I/)(l’7r2d + l/?rzq) +klllil7rd€wd +klllliquel[/q
+A“V7rd2qu)+luw*2vq@+ aMlTsdlifrd . (4-36)
By adding and subtracting %"’ li/rzd and %"’ li/,zq and completing the squares, from (4.36)
we have
W= —dkg@® — (a+ v (§2 + ~2)+k—"’ eytel
= [0} D) Yrd lI/rq 2 yd 727}
+A.ull~/rd;sq(b+l.u w*;sq(b‘F aMisdlprd . (4.37)

The influence of the last three terms in (4.37) will then be compensated by a suitable
choice of the stator voltages (uq, sq). To this purpose, let us compute
dig,

< = LW+ LWy + I, (4.38)

in which the known terms

i
I = ——2
14
17/
1 ~ el .. ‘I/* ~ TL .
I, = Ko —k *7 ] — —k 4o 439
q Ly [ 0® ol igg+ @ ] ,ltl//*2 |: o®+ 7 +o :| ( )

appear. Similarly, let us compute

kyk
i =1}1lﬁrd+1}2$rq+r—aLM[Alcosso-i-Azsinso] (4.40)

in which the unavailable terms are collected in (recall that the rotor fluxes are not
available)

A1 = Ba [P cos & — Wy sing)] + B@[P,q sin & + Py, cos &)
Ay = Ba [Py sin€y + Py, cos &) — B[P cos & — Py, sin &) (4.41)

while the known terms are collected in

AR o
Iy = _W [“’lmlsq—’—wl—ﬂ‘ll]

A o
1_212 = ﬁ I:ulsdlsq - wl—;}Z}
. .. 2. %7 - ~ g . x
e A . v AUy isgiy, B Aul; e N A pke Oig, N ky
M aM aM oM aM aM
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k
—ﬁ [0 Wy, cOS €9 — 9 g Sin €y + I cOs €y + I}, sin &) (4.42)

with
I, = kBay*cosey+kBoy*singy — a(l+kB) .,
—o(1+kB) Y, + aMis,
I, = kBay*singy —kBoy*cosgy — a1 +kB) W,y
—i—(D(] +kﬁ)‘i’ra+aMisb .

According to (4.38) and (4.40) the dynamics for the stator current tracking errors iy,
and iy, are

d(;;d = —Yigg+ wOisq + aﬁ‘l’rd +ﬁwl//rq + % — Iz iprd
T Wy —Ii+ kyk [A1 cos & + Ag sin &)
oM
dzsq . . Usq _
o = Visa— Oolsat apy,,— oy, + 5 LW

—1q2 lI~/rq - E] . (443)
Design the control inputs (uyq, itsq) as

Ugg = O [Yitg — Oisg — APY* + I3 — kilgg +v4]
Usg = O [Yis, + Ooisq + BOY" + I — kilyg + vy (4.44)

where v, and v, are yet to be defined and k; is a positive control parameter, so that
(4.43) become

di; - _ _ _ _
df = —(Y+ki)isa+ By + BV, — L Pra — Lo Wy +va
LRk [A; cos & + Ay sin &
aM 1COS & 2 S1N &y
di; . _ _ . _
dtq = *(7+ki)lﬂ) + Otﬁ Vg — Bwll/rd - E]l Yrd _DZqu +vg . (4.45)

In order to choose the yet undefined terms v4 and v, consider the positive definite
function

1
V=W+s &+, (4.46)

whose time derivative along the trajectories of the closed-loop system, according to
(4.37) and (4.41), satisfies

. N k . ~ k
V= tho0 - (at ) W)+ (Gt )
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+lﬂfl‘frd{sq(b + A’“V’*qu(b + aMstrVrd
_(}/+ ki)(l?d + i?q) + Otﬁ llerai{sd + ﬁwrlfrqisd —In lNl‘frdisd - FdZV?quSd

¥ kll/k . s
+Vgisg + P [A] cos gy + Apsin ) isy
—I—Otﬁ lINIrqisq - Bwlprdisq —1gqg1 l/Nlrdisq —1q2 lT/rqisq + tisq

i AP ok
Rk - <a+ 2‘”) (s ) = (r k) Foy + )+ = (b + €y

+Apy”* Z‘sqd) =+ Vdfs'd + tisq +4 7sd g + AZ;sd lI~/rq + 43 qu W + A47sq lINqu
2y kP

o (@10 (Wl + 9 ]) isa (4.47)

Il

in which the known terms

Al =oM+aff —Ij

A =Bo—1Ipn
A3 =Apd—Bo—1I;
Ay =aB—T, (4.48)

appear. By noting that (ot +|®|)? < 22 4+ 2®?, by adding and subtracting the terms
%li/fd, %q?rzq, and by completing the squares, from (4.47) we obtain

. N o k _ _ I
V< —hko® - (4 + 2‘”) (W + W) — (14 k) 2y +B) + = (a+)

2
. . . A2 A2 A2 A2
FARY 5y @ + Vaisg + vglsg + <al+(;) 2+ < 3 +;) P2

8k2 kZﬁZ
W (a® +w?)P, . (4.49)
If we choose the undefined terms v, and v, as

AF A7 BRKBT o o)
v = (fﬁmw@‘ %) Jha
A? A7 - s
_ A T 4.50
Vq ( p + o Lsq uy ( )

then from (4.49) we obtain

. _ a k 5 _ - :
Vs koot~ (§45) B R - (B E 2y
ky (5 | 5
+ (ey,d—l—ewq) . (4.51)

From (4.34) and the definition of (eyq, eyy) in (4.35), we have
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2 2 _ 2 2
Cyd Teyq = eyt ey = 2Vy

so that (4.51) can be rewritten as
. - a k _ _ . -
Vs koo~ (545 ) (B U - (k) Bt By) gy @45

and therefore, according to (4.31) and (4.46), we have

V(t) < —min {2kw, % +k1,,,2(]/+ki)}V(t) +kyVy
Vy(r) = e 2¢0HBy, (0) . (4.53)

According to Lemma A.4 in Appendix A, (4.46) and (4.53) guarantee exponential
rotor speed and flux modulus tracking for any motor initial condition and with a rate
of convergence which can be made arbitrarily large by suitably choosing the control
parameters (kg,ky, ki, k).

In conclusion, the third order output feedback observer-based control

Usq | | cos& —singy | | ugq
ug |~ | singy cos& Usq
aMisyg Mg
y* y*
Usg = O h/i;ﬁd — (I.)Qisq — Otﬁ l[/* +1Iy— ki(isd — i:d) -I—vd]
isg| | cosg& sing | | i
isg | | —sing cosg | | ig
Usg = O [Yis, + @oisa + BOW" + 5 —kilisy —i3,) +vq]
5 |4 I v n MNa

) = oM T aM
Iy = ﬁ [—kw(w— o)+ o" + 7}}
Na = —ky(Wra — ") — Apig, (0 — )
Ng = —ky Wy + Alisg (0 — ©7)
Urg = Wrq COS € + Wy sin &
lA//rq = — Py Sin & + Yyp, €OS €
li/ra - kisa + ga
WUy = ki, +&p

éa = —06(1 +kﬁ)(kisa+§a) - (1)(1 +kﬁ)(kisb+éb) + (aM+kY)isa -

&=0p=0+

kugg
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, Kug
éb = _O‘<1 +kﬁ)(kisb+5b) +CO(1 +kﬁ)(kim+éa)+ (O‘M‘Fk')’)isb_ =
éa(o) = Ara(o)*kisa(o)
5[,(0) = V,\/rb(o) _kivb(o)
A} A3 BB L\
Vg = — Eﬁ-gﬁ‘w(a + o ) (lsd_lsd)
A7 A2
_ _ (=3 “4 o — * _z’ * ok
== (Z+2) i) - Ay (@- @)
vy AP (i — )i, A (0 — o)
L=t -
M o oM aM
Apke(© — @%)is,  kyyr
+ oM + aM
k
—a—;’(/l[wolf/rbcosso—a)glﬁrasineo%—l}cosso—kl"bsineo]
1 2 * * [ o s
17] = [.Ll[/* [kw(w_w )—kle‘I’ (lsq_lsq)+w }
7# — k(0 — @ )+7L+a)
I, = kBacos(g)y* +kBosin(g)y* — o (1+kB) Py
_w(1+kﬁ)Wrb+aMisa
I = kBatsin(g0)y* — kBocos(eo) " — au(1+kB) s
+w(1+kﬁ)ll,\/ra+(XMisb
Al = aM + a[i—Fd]
A =Bo—1Ipn
A’ PREY *
I = _aijl;; [“lSqlsq+(w_ © )I?ﬂ]
2’ .k *
1—1‘12 = ﬁ [#lsdlsq_ ((D_w )1—;]2]
A3 = (o - ")~ Bo— I,
Ay =aBf—Ip
keols
Iy =~ (:;,*q
kolsd
I, = ‘;’/ (4.54)

which depends on the measurements of the rotor speed @ and stator cur-
rents (isq,isp), On the reference signals (@*, y*), on the positive control pa-
rameters (kg,A.k;,k), on the load torque 77, and on the machine parame-
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ters M,R,,L,,J,Ry, Ly, since L = JL , 0= R’ ,0 =1L ( LLr), B = cL,

Y= % + B oM, guarantees exponential rotor speed and flux modulus tracking
for any motor initial condition (®(0), W4 (0),¥;5(0),is4(0),is5(0)), and with a
rate of convergence which can be made arbitrarily large by suitably choosing
the control parameters (kq,ky, ki, k).

Hlustrative Simulations

We tested the observer-based control by simulations for the three-phase single pole
pair 0.6 -kW induction motor whose parameters have been reported in Chapter 1. All
motor initial conditions have been set to zero except for ¥,,(0) = y,;,(0) = 0.1 Wh.
A simplified version of the control algorithm, in which the robustifying term v, has
been set to zero and v, = —Apy*®, has been tested with zero initial conditions
and control parameters (all values are in SI units) A = 0.005, k, = 450, k; = 800,
ky =12, k = 0.3. The references for the rotor speed and flux modulus along with
the applied load torque are reported in Figures 4.6—4.8. The rotor flux modulus
reference signal starts from 0.001 Wb at = Os and grows up to the constant value
1.16 Wb. The speed reference is zero until = 0.32s and grows up to the constant
value 100rad/s; atr = 1.5s the speed is required to go up to the value 200rad/s, while
the reference for the flux modulus is reduced to 0.5Wb. A 5.8-Nm load torque is
applied to the motor and is reduced to 1.8 Nm. Figures 4.7 and 4.8 show the time
histories of rotor speed and flux modulus along with the corresponding tracking
errors: the rotor speed and flux modulus track their references tightly. Finally, the
stator current and voltage profiles (which are within physical saturation limits) are
reported in Figures 4.9 and 4.10.

4.3 Adaptive Observer-based Control with Uncertain Load
Torque

We have shown in the previous section that exponential rotor speed and flux modulus
tracking can be achieved, for any motor initial condition and with an arbitrarily large
rate of convergence, by the output feedback control (4.54) which feeds back only the
rotor speed and stator current measurements. However, it requires the knowledge
of the load torque, which is typically uncertain. On the other hand, we designed
in Section 3.3 the load torque identifier (3.76) which can be used in conjunction
with the rotor flux observer (4.27) and (4.28). The aim of this section is to provide
an adaptive version of the controller (4.54) which, by incorporating the load torque
identifier (3.76), allows for uncertainties on the load torque 77, within known bounds
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Fig. 4.7 Observer-based control: rotor speed ® and its reference @*; rotor speed tracking error

Trm and Ty . Reconsider the control algorithm (4.54) and replace the load torque 77,
in (4.54) by its saturated estimate sat(7}), i.e.

. 1 . sat(Tp)
= —— | —kp(0— ")+ 0"+ —=2
isg g ol )+ o+ 7

(4.55)
where sat(n) is the saturation function, i.e. a class C' odd function on R which is
linear in the closed set [Tz, Try] and admits a finite limit as |77] goes to infinity,
while 77 is the load torque estimate provided by the load torque estimator (3.76),
namely (g and k, are positive control parameters)

A

fL = —g(o—-0)
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Rotor flux modulus (solid) and its reference (dash)
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Fig. 4.8 Observer-based control: rotor flux modulus /2, + w2 and its reference y*; rotor flux
modulus tracking error
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Fig. 4.9 Observer-based control: stator current vector (a,b)-components (isq, isp)

~

A L L 1; N
& = P (Wi~ Vipisa) = 5 +ko (@ — 0) (4.56)
in conjunction with the rotor flux observer (4.27) and (4.28), namely (k is a positive

control parameter)

I,\I/ra = kigq + ga
Wy = kig+ &
& = —a(1+kB) (Kisa + &) — (1 +kB) (kisy +&p)

Usa

+(oM 4+ ky)isa —
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Fig. 4.10 Observer-based control: stator voltage vector (a,b)-components (i, Ugp)

& = —a(1+kB) (kig, + &) + O(1+kP) (kisa + &)
+(oM +ky)igp — kb::” . (4.57)

The reference for the stator current vector d-component and the speed of the rotating
(d,q) frame (A, ky, are positive control parameters)

Yooy 1 " . * *
lSd:_+(xM+OC_M[ kw(‘lfrd_‘l’)_)“”lsq(w_w)]

aMlsq N . *
W =0+—" v v [_kuf‘/’rq"‘l“lsd(w_w )] (4.58)

remain unchanged with respect to (4.29) and (4.33), with ({4, V) being the esti-
mates of the rotor flux vector (d,q)-components (Y4, Y,,) computed on the basis
of (4.57) as

Urg = Wy cos & + Prp, sin g

I,\Iqu = _‘i/ra singy + IAllrb cos g . (4.59)

Introduce the tracking and the estimation errors

O=0—0"
‘T/rd = lI/rd_w*
Vrg = Vg

s . o
Usd = lsd — lgq
Il . ok
Isq = Isq — Iy

eyd = Yra — W
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eyq = Yrg— Uy
er =11, — sat(f“L) .

The dynamics for @, {4 and ¥, are given by
2 ~ o ~ . %7 er
W = _kww+”(Wrdlsq - lI/rqlsd) +Uay iy — N

Vg = —(0+ky) Wra + (@) — ©) Prg -+ aMisq — A, @+ kyeya
U,y = —(Q+ky) Wrg — (00 — ©) Prg + Aisa @ + kyey, - (4.60)

Let us compute

R

in which the known terms

kel
Ip =~ wl:q
W
i
1—;]2: wljd
v
k
L= 52
Juy
1 - - . dsat(fL) fL
I = k2 —k * ; * s 4L
1= 0O — koY i+ 0" + a7
i t(7;
A [—kw(b+ sat(ls) +w*} (4.62)
py J

appear. Let us compute

di¥,
dr

kyk .
=TI Vg + 1Py +1Iper +15— ﬁ [Ajcosey+ Apsingy]  (4.63)
in which the unavailable terms are

A1 = Ba|Wcos & — Wy sin&)] + B[4 sin & + Py, cos &)
Ay = Ba [P singy + Py, cos &) — B[P, cos & — Py, sin &) (4.64)

while the known terms are

Moo
I —an[“l‘vql‘cq+le]
Al oo
I = oM [l»llsdlsq - (Drzﬂ]
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oM | J

LoV MV, AL | Ake®il | kY
d M  aM aM aM aM aM

k N .
—a—;"l/l [@0 ., cOs €9 — o Wy, sin &y + I, cos & + I, sin &)] (4.65)

Au [i
I =28 [“’—qu]

with

I, = kBay cosgy +kPoy*singy — o (1 +kB) Py
—0(1+kB) P + aMisq

I, = kBay*singy —kBoy*cosgy — a(l+kB) P,
+o(1+kB)Pra + aMig, . (4.66)

According to (4.61) and (4.63) the dynamics for the stator currents tracking errors
iy and fsq are

di, . : Usd 7
dstd = —Yiga + Ooisg + APV + POV, + ; —Ia1Vra
_ kyk .
~Ln Wy —Lper — I+ Py [A] cos gy + Ay sin &)
diy, i . Usg _
o = —VYisq — Woisa + AP Yrg — POY,a + o —I W

I Wy —Igzer —1; . (4.67)
Design the control inputs (i, itsq) as

Usg = O [Yi:d - w()isq - aﬁ‘lf* +I;— kiisd + Vd]
Ugg = G [yi;fq + isg + BOY* + T, — kifyy + vq] (4.68)

where v, and v, are yet to be designed and ; is a positive control parameter, so that
(4.67) become

di, - . _ _ _
dstd = —(Y+ki)isa+ aBWa+BoOW, —Iq1Wa—LinWy —Lzer +vq
+M [A cos & + Az sin &)
oM
di, - . . _ _
dStq = _('}/+ ki)lsq + OCB Vg — ﬁwl//rd _I_(}l Yid — E]le/rq - 1—(‘]367’ +Vq .

(4.69)

In order to choose the undefined terms v; and vy, consider the positive definite
function
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1

@) @.70)

1 - 5 N
=5 (A + 05+ ) +

whose time derivative along the trajectories of the closed-loop system, according to
(4.60) and (4.69), satisfies

: Ak a k s k
v -eat (SR ) - ) Bt )+ (Gt )

2
A2 A2 TH A2 A2 T3
+Auy* lsqa)—‘rvdl‘d—l-vqlsq—l—( + O? —|—§3> ?d—&- i-l—ﬁ—!—? l?q
le"kzﬁz 471
a) .
+ Ve (@* + 0%, + 2ka2 4.71)
in which the known terms

Al =oM+aff —I;

Ay =Bo—1Ipn

A3 =AUd—Po—

A4 = (Xﬁ —1—,‘]2 (472)

appear. If we choose the yet undefined terms v4 and v, as in the previous sections

A2 A2 TE: 8k2k*B? .
vd=—<‘+2+d3+"’(a2+w2) foa

a a 2 a3 M?
A2 A2 TG
vy = — <O§’+ +;3> J— ALY D 4.73)

then from (4.71) we obtain
V < —miny ke E ok 2(y+k;) V(t)+k—"’(e2 +é2.)
Iy D) 78] 2 yd 77]

)“ 2
(1 + 3 Jz) 4.74)

According to the analysis performed in Section 3.1, the rotor flux observer (3.33)
guarantees exponential rotor flux estimation for any initial condition (y,,(0),y;4(0))
and with an arbitrarily large rate of convergence. Thus inequality (4.74) along with
(4.70) imply that (iz(r),is(t)) and therefore (i (t),is(¢)) are bounded functions
on [0,0). On the other hand, according to the analysis performed in Section 3.3, the
load torque estimator (4.56) guarantees exponential load torque estimation for any
initial condition (@(0),y¥4(0),¥;5(0)), provided that the stator currents is,(z) and
isp(t) are bounded time functions on [0, ). Therefore, according to (4.70), (4.74),
and Lemma A.4 in Appendix A, exponential rotor speed and flux modulus tracking
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are guaranteed for any motor initial condition and for any uncertain load torque 77,
within known bounds (T, Try)-

In conclusion, the fifth order adaptive observer-based control with uncertain
load torque

[um} B [cosso — sinso} [usd]
Ugpy singy cos& | | ug
aMzsq Mg
Y Y
Uy = O [’}/i;ﬁd — Woisg — oafyt+I;— k,‘(l.sd = i:d) +Vd]
Usq = O [yi;kq+a)()isd+ﬁw‘lf*+1—;1_ki(isq_i:q)+V4]
{isd} N { cosg sing } [im]
isq —singy cos&y | | igp
Y Y

A = 0 Tom T aM

1 1
S [—kw(a)—w*)+d)*+sat( L)]

& =w=0+

o pyr J
Na = —ky(Wra — ") — Apig (0 — o)
—ky Wy + Apisg (@0 — @)
Wra = Wra COS € + Wy, Sin &
g = — Wy Sin €y + iy, cOS &
llAfra = kim I éa
l/Afrb = kisb + éb
&a = —a(1+kB) (kisa + &) — (1 +kB) (kigy + &)

=
<
|

+(aM +ky)igq — Kitsq
& = —at(1+kB) (kigy + &) + ©(1 +kB) (kisa + Ea)
+(oM +ky)ig — kqu
€4(0) = Wra(0) — kisa (0)
&p(0) = W,(0) — kigp,(0)

~-
~
I

—g(0— o)
W = .uv(li/raixb - li/rbisa) - 7L +ko(w_ (b)

A? At A3 . I7  8kyk*p?
o o 2 a’M?

(az + w2)> (isd - ijd)
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A2 A2 I3
Vg = — <;+4—|—2> (isg — is,) —Apy* (0 — 0*)
ke
F =
q3 J“‘I/*
1 . .. - s dsat(TL) T
Fq = wy k%o((i)—(x) )—kw[ll[/ (lsq—lsq)—f'a) +dTLJ‘|
v o sat(f)
Ap oo R
I = _W [#lsqlsq+(w_w )1—(}1]
Ap *
I = oM [Wisaiy, — (0 — @*)[p]
_ 7[’“ lsq *
I;3 = aM [11—;13((9(” )
o . Doy 9 &1 N\
I;= K_’_ v _)"u 14 (lsq_lsq)lsq
M  aM oM
_lul?](a)—a) ) | Ako(0 —o )sq+kvll7*
oM oM aM
k
a;‘ll/l[ @ Wy Sin & + @y Wy, cos & + I, cos & + I, sin &)

I, = kBay*cose +kPoy*singy — o (1+kB) Py
_w(l_‘_kﬁ)ﬁ/rb"f'aMisa
I, = kBay*singy —kBoy*cosegy — a(l+kB) Py

+w(1+kB)IAI/ra+(XMle
A = OCM—i—OCﬁ —In
A =Bo—1Ip
Ay =Au(o—-o0")-Bo—I;
Ay =af —Ip
"
Iy =— wlfq
v
k
I = “”jd (4.75)
v

which depends on the measurements of the rotor speed @ and stator currents
(isa,ish ), on the reference signals (@*, y*), on the positive control parameters
ke, A, k,, k, g, ko, and on the machine parameters M,R,,L,,J, R, L;, since

U= JLr (X*R’ o =1L (1 LLr),ﬁ* oL Y*RT—FﬁaM guarantees
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exponential rotor speed and flux modulus tracking, for any motor initial con-
dition (@(0), ¥4 (0),¥5(0),i54(0),i55(0)) and for any uncertain load torque 77,
within known bounds T, Tra;.

Remarks

1. The controller (4.75) relies on an observer for the unmeasured rotor fluxes and
on an identifier for the uncertain load torque while, as in (2.48), singularities are
avoided.

2. In the case of known load torque, by setting T, = Ty, the controller (4.75) reduces
to the nonadaptive controller (4.54).

3. The knowledge of the critical parameter R, is required.

Hlustrative Simulations

We tested the adaptive observer-based control by simulations for the three-phase
single pole pair 0.6-kW induction motor whose parameters have been reported in
Chapter 1. All motor initial conditions have been set to zero except for y,,(0) =
¥,5(0) = 0.1Wb. A simplified version of the control algorithm, in which the ro-
bustifying term v, has been set to zero and v, = —Auy* @, has been tested with
zero initial conditions and control parameters (all values are in ST units) A = 0.005,
ke = 450, k; = 800, ky =12, k=03, g = 100%J, k, = 200. The references for
the rotor speed and flux modulus along with the applied load torque are reported
in Figures 4.11-4.13. The rotor flux modulus reference signal starts from 0.001 Wb
at t = 0s and grows up to the constant value 1.16 Wb. The speed reference is zero
until # = 0.32s and grows up to the constant value 100rad/s; at = 1.5 the speed is
required to go up to the value 200rad/s, while the reference for the flux modulus is
reduced to 0.5Wb. A 5.8-Nm load torque is applied to the motor and is reduced to
1.8 Nm. Figures 4.11 and 4.12 show the time histories of rotor speed and flux mod-
ulus along with the corresponding tracking errors: the rotor speed and flux modulus
track their references tightly. Finally, the stator current and voltage profiles (which
are within physical saturation limits) are reported in Figures 4.14 and 4.15.
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Rotor speed (solid) and its reference (dash)
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Fig. 4.11 Adaptive observer-based control: rotor speed w and its reference *; rotor speed track-
ing error

Rotor flux modulus (solid) and its reference (dash)
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Fig. 4.12 Adaptive observer-based control: rotor flux modulus 4/ W2, + l//fh and its reference y*;
rotor flux modulus tracking error

4.4 Adaptive Control with Uncertain Load Torque and Rotor
Resistance

The aim of this section is to generalize the output feedback control presented in the
previous section to the case in which, in addition to load torque, the rotor resistance
R, is also an uncertain parameter. This is not an easy task since the parameter R,
affects both the estimation of the rotor fluxes and directly the control signals. We
first reconsider the generalized indirect field-oriented control (4.26) and we show
that it is sufficient to replace the true values of « and 77 by the estimates provided
by the adaptive observer (3.58) and by the load torque estimator (3.84), in order to
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Applied load torque (dash) and its estimate (solid)
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Fig. 4.13 Adaptive observer-based control: applied load torque 7}, and its estimate T

Stator currents (a,b)
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Fig. 4.14 Adaptive observer-based control: stator current vector (@, b)-components (isq, isp)

achieve exponential rotor speed and flux modulus tracking, despite load torque and
rotor resistance uncertainties, provided that the initial estimation and tracking errors
are sufficiently small. Then we show that global results, which hold for any initial
tracking and estimation errors, can be obtained if a dynamic output feedback control
is entirely redesigned by incorporating in the algorithm the rotor flux observer and
the estimators of both the rotor resistance and the load torque.
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Stator voltages (a,b)
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Fig. 4.15 Adaptive observer-based control: stator voltage vector (a,b)-components (isq, Ugp)

4.4.1 Observer-based Control

199

Consider the generalized indirect field-oriented control (4.26) and set ky, =0, vy =0

and v, = —Apuy*@. Moreover, replace 7; and o by the corresponding estimates

T; and @& provided by (along with their time derivatives 7, and &) the adaptive
observer (3.58) and by the load torque identifier (3.84) so that the following adaptive
observer-based control algorithm (kg, A and k; are positive control parameters) is

obtained:
A M T aM oM
1 T
= —kpy @+ @F + =
AT [ o0TeT J]
W = 0+ &M:'sq _ Z,,uzsj(b
v v

Ugg = C KR —|—aﬁM>

R
Uy = G KE + a;m) is, +

a)Olsq_aﬁlV +Fd_klsd:|

with ® = 0 — ©*, 7sd =g — i:d’ isq = lsg — I;Fq and
I—L‘i = — —|— = — N - A
M oM am aM
Ako®iy,  yré | Api, 00
am oM oM

Woisg + POy + I — kil — l,uy/*cb} (4.76)
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A

1 2 wr o T
g = ‘ulll* kw(l)fkw‘uy/ l‘yq+w +7
li/* ~ TL .k
——— | —kp®+ —+ @ .
ny? { 0Ot }

On the basis of the Lyapunov function ({,g = Wy — ¥*, Ury = Wry)

_ 1!

1%
2

(A* +y + ‘l7r2q +3,+ ;?q)

and its time derivative along the trajectories of the closed-loop system, we can es-
tablish (see Problem 4.11) that for sufficiently small initial tracking errors (@(0) —
@*(0)), (Wra(0) = y*(0)), Wrg (0), (isa(0) —i54(0)), (isq(0) — 5, (0)) and sufficiently
small (T, — T;.(¢)) and (o — &(¢)) (implied by sufficiently small initial estimation
errors for the adaptive observer and the load torque identifier), the tracking er-
rors (0(1) — (1)), (Yra(t) = Y (0)). Wig(0). (isalr) — 750 ()). (isg0) — iy (1)) are
bounded on [0, ), provided that the control parameter k; is sufficiently large. Hence,
if persistency of excitation conditions are satisfied for the adaptive observer (3.58),
then exponential rotor speed and flux modulus tracking are achieved with a rate of
convergence which cannot be made arbitrarily large by a suitable choice of the con-
trol parameters (as in the generalized indirect field-oriented control). Note that the
result holds under persistency of excitation and for sufficiently small initial tracking
and estimation errors.

Hlustrative Simulations

We tested the control (4.76), (3.58), (3.84) by simulations for the three-phase single
pole pair 0.6-kW induction motor whose parameters have been reported in Chap-
ter 1. All the motor initial conditions have been set to zero except for y,,(0) =
¥,5(0) = 0.1 Wb. The initial conditions are set to zero except for &(0) = 13.2s7!
while the control parameters are (all the values are in ST units): A = 0.005, kg, = 450,
k; = 800, k; = 120, ky = 3, k3 = 270, go = 450, k = 0.3, g = 100%J, k, = 200. The
references for the rotor speed and flux modulus along with the applied load torque
are reported in Figures 4.16—4.18. The rotor flux modulus reference signal starts
from 0.001 Wb at + = Os and grows up to the constant value 1.16 Wb. The rotor
speed reference is zero until ¢+ = 0.32s and grows up to the constant value 100rad/s;
att = 1.5s the speed is required to go up to the value 200rad/s, while the reference
for the flux modulus is reduced to 0.5Wb. A 5.8-Nm load torque is applied to the
motor and is reduced to 1.8 Nm. Figures 4.16 and 4.17 show the time histories of
the rotor speed and the flux modulus along with the corresponding tracking errors:
the rotor speed and the flux modulus track their references tightly. The load torque
and parameter o estimates provided by the load torque identifier (3.84) and by the
adaptive observer (3.58), respectively, are reported in Figures 4.18 and 4.19. Finally,
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the stator current and voltage profiles (which are within physical saturation limits)
are reported in Figures 4.20 and 4.21.

Rotor speed (solid) and its reference (dash)
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Fig. 4.16 Control (4.76), (3.84), (3.58): rotor speed @ and its reference w*; rotor speed tracking
error

Rotor flux modulus (solid) and its reference (dash)
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Fig. 4.17 Control (4.76), (3.84), (3.58): rotor flux modulus 4/ W2, + !//)?b and its reference y*; rotor
flux modulus tracking error
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Applied load torque (dash) and its estimate (solid)
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Fig. 4.18 Control (4.76), (3.84), (3.58): applied load torque 77, and its estimate i3
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Fig. 4.19 Control (4.76), (3.84), (3.58): parameter ¢ and its estimate &

4.4.2 Global Control

The aim of this section is to design a dynamic output feedback compensator on the
basis of the measured outputs (®, i, igp)

& = o
Usa | _ | COSE — singy | | ugg 4.77)
Ugp singy cos &y Usq .

by choosing (@, usq, Usq) so that, for any unknown 77 and uncertain & and for any
initial condition (@(0), ¥,4(0), ¥,5(0),i54(0),i5(0), €(0)) we have
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Stator currents (a,h)
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Fig. 4.20 Control (4.76), (3.84), (3.58): stator current vector (a,b)-components (isq,is)
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Fig. 4.21 Control (4.76), (3.84), (3.58): stator voltage vector (a,b)-components (i, Ugp)

fim[o(r) 0" (1] = 0
and
Jim{yr (1) — ()] = 0
Jim iy (1) = 0
which imply that

i [\/VA0)+ w30 - v (0] =o0.

t—o0

203

(4.78)

(4.79)

(4.80)
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Note that (4.79) implies that the flux vector (W,,, ¥,,) asymptotically rotates at
speed @, i.e. field orientation is achieved: in other words, the (d,q) frame rotat-
ing at speed @y tends to have the d-axis coincident with the rotating flux vector as ¢
goes to infinity.

As an intermediate step in the design of the adaptive control, we define refer-
ence signals for the currents (isd,im): since Ty, and o are unknown constants, we
introduce the estimates 7; and &. Define the reference current signals

“a = Tam T pam
" 1 - T

for izq and iy, and the speed of the rotating (d,q) frame

aMis, My
vt By

& =w=0+ (4.82)

in which kg, is a positive design parameter and (74,1,) are additional terms yet
to be designed. As we shall see, the adaptation for &(r) will be designed using a
projection algorithm guaranteeing &(7) > ¢y > 0 for all 7 > 0 so that (4.81) is well
defined. Introducing the current tracking errors

lTSd = igg — lfd
lsg = lisg— Iy (4.83)
from (1.31), (4.81), (4.82), and (4.83) we obtain
) o _ _. T
0= Uy iy +.u'(l/lrdlsq - qulsd) -7
~ ok . ~ . TL *7
= —ko®+ 0 J’_“(Wrdlsq - qulsd) -7 + UV iy
. A * P d
Vyd = _aWrd+((1)0— w)qu"‘O“I/ + v +%
+aMigy + aMiy
q

Vg = — Wy — (@) — @) Vg — GM iy + % + oM iy, . (4.84)

The speed and flux tracking errors dynamics are

. - o I 1; e
W= _kww"’.u(Wrdlsq - ll/rqlsd) - 7L + UYL
V= =0+ (wU - w)‘prq + % + a(Misd - W*) + &Mzrd
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where & = @ — & and T; = T — T} denote the parameter estimation errors. It will
be the goal of the adaptation law for the parameter estimates (7, &) to drive 7; and
& to zero while the objective of the control inputs uy; and uy, will be to drive isy and
7sq to zero along with @, W4, and ;. As in the adaptive observer presented in Sec-
tion 3.2, we introduce the stator current estimates (f sds fsq) which will be auxiliary
signals for the estimation of the rotor fluxes and of the rotor resistance: the stator
current observer is designed as

dig Ry, o N

d; = _Eslsd"i_wolsq"’—aﬁw*_aMﬁlsd""Eusd
+kieqg +wai +wan

di, R . , s L L

d;q = _Eslsq — Wplyg — [3601!/* - aMB’sq"‘ Eusq

hieg +wa +wg (4.86)

in which k; is a positive design parameter and (wg1,wa2,wq1,Wq2) are additional
terms yet to be chosen. We denote by
eq = Isg — lsd
g = isq—lsq
the current estimation errors. The stator current estimation error dynamics may be
written as
eq = —kieq+ aBYq+ POV, — BO(Misqg— W) —wai —wan
_kiel] + (Xﬁ rlqu - ﬁwrllrd - ﬁ&Misq —Wgl —Wg2 (4.87)

€q

and used in the design of the adaptive law for &. We replace the unknown variables
(Wra, Wry) by the new error variables

2d = eq+ B
g = €q +[3l/7rq (4.88)

so that the error equations (4.85) and (4.87) are expressed in new coordinates as

. . . . . 1; -
O = —ky®d+ E(zdzxq — qusd) + %(—edlsq +eqlsd) — 7L + “W*lw

B
Zd = —kied-‘r(l)()(Zq—eq)-f—nd—Wdl —Wdz-‘rﬁ&Mfsd
Zg = —kieg — 0(za —ea) + Mg —wg1 —Wg2
éqg = —(ki+a)es — ey + 0zg + 04 —Ba(Migy— ") —wy1 —wan
¢q = —(ki+a)e,+ weq+ azy — 0z — BOAMisy —wg1 — Wy
. aMi
o= =0+ e Tl (4.89)

v Byt



206 4 Output Feedback Control

The advantage of using the unknown variables (z4,z,) instead of ({4, W) relies
on the fact that their dynamics no longer depend on o (compare (4.89) with (4.85)).
We now define some of the yet undetermined terms in (4.81), (4.82), (4.86) as (wg
and w, in (4.86) are still to be chosen)

Ng = (ki —k)eq —2n %

Ny = (ki —k)ey +2Y1%

Wda1 = _’yl%d)isq + (& _k)zd - ((00 + w)eq

Digg+ (0 —k)Zg

@iy + (0 — k)fq

— %d)ixd (& k)2 + (@0 + @)y (4.90)

with k, ¥ positive design parameters and (2, Z,) estimates of the unknown error
variables (z4, z4) defined by (4.88). Note that the dynamics of (Z4,2,) are yet to be
defined. If (24,24) converge to (z4,24), they allow us to recover the rotor flux vector
(Wrd, Wrg) since (isq, is,) are known variables and 8 is a known parameter. Hence,
the new variables (Z4,Z,) may be viewed as rotor flux estimates. Substituting (4.90)
in (4.89), we obtain

S

= —ky@+ %(zdisq — Zgisa) + %(—edisq +egiad) = +RY T

Zqa = —keq+ @ozg — Disg+ ey —war + BAMiyy

71 B
2y = —key— (Dozd—i-% 8

éq = —(ki+ot)eq — wey + 0zg + Wzg — BO(Misg — ™)

Wiy — ey — Wq2

+?’1%

= —(k- +a)e, + weq + 0zy — 0zg — BaMiy,

Bigg— (00— k)2q+ (0 + @)eg —war

-ns 5 (msd —(0—k)zZg— (0 + )eg —wyo . (4.91)

We compute from (1.31), (4.81), (4.89), and (4.90) the dynamics of the stator current
tracking errors (iyq, Isq):

diiy 1 2nudd
o - ol + musq + a0 + 2aPa1 + 2¢Pa2
+ 024043 + 0ZgPas + Tr.Ous + Que + ﬁ an e
di, 1 ) .
E = E“sq + ¢q0 + 24 ‘qu + Zq¢q2 + QZy ¢q3 + azq¢q4

+T1.045 + 0 Pg6 (4.92)
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with
Zi=24—24
Zq = Zq - Zq
and
R; . . A A N
da0 = g bsd T @isg + aBy* + 0zg — Geg — wey

NP A A a Na
“OPMia = = st am <"' B >

|:— (ki+&)eq — Wey+ az;+m E(Z)isq

B

iy g .

+223’12lé;& {_kwaH- 5 (—eqisq+ eqisa) + LY zsq]
@[ Ry A

+2 glzng [(;isq — Wyigqg + A2y — Qeg + ey

B3amM  Bram

b = 27’1“ lsqlsd+w( ki_k>

2:2
far =2 (mﬂ TIPS w)

Biam pom
$a3 = 1— Ig(;ﬁ/];
Gas = 2[;’1226;[
bus = _21255;1
Ga6 = BY" +24—eq— BMigg+ % _k ];(;A/];fd
e i =y + 25 R (e — ey~ M)
00 = f%iw — Wyisg + 02y — Oeg — Poy™ — afMiy,

” f 1 [T, ..
—k L _ L
+,L“If*2( o0+ 7 +(D) [.Ll[/*|:./ + o
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kol

+k2 @ — T(—edisq +egisa) — kol Wiy | + 0ey
‘qu = -0+ lI,Twl-),isq
ke
‘P 2= T isd
! VB
¢q3 =0
¢q4 =1
kg
Ops = ——
Cpyy

¢q6 = fq—eq—ﬁMisq .

(4.93)

In order to determine (wq2,w2), the dynamics of the estimation variables 24, Z,, &,

and Ty and of the feedback control inputs (Usq,usq), we consider the function

1 N N " ~ ~
Vo = 5[7’1w2+e§,+e3,+n(z§+z§) + BT +me +25+ 2]

(4.94)

in which y;, 2 < i < 4, are positive parameters. We define » = (a —k)y with 1 >0
and, to guarantee that 9» > 0, k is chosen so that 0 < k < ¢, with ¢, the minimum
value of a (assumed to be known). Alternatively, we may choose ) < 0 and k > oy
with oy, the maximum value of ¢ (assumed to be known). From (4.91) and (4.94),

the time derivative of (4.94) results:

Vo = —Yiko @ — (ki+ a) (e +€5) = zawar — 2w
—eqWa2 — egWqn + (a— k)ZdO/OEd +eq)
+(a—k)Zy (W, +eq) + 0|—PBes(Misg — )
—BegMisy +eqZq+eiy+ 7]

. o 2 . 7 N +
+T1r (-7/1 7 + 7’3TL> +NUY Digy + 0BMzgisy -

We now consider the function

l o s
V= V0+§(;?d+;%q)

1, . 2 - ~

- 5[71002 tegter+nE+a)+ il +na’
‘Gt i+,

From (4.95), (4.91), and (4.92), its time derivative is

V = —Yke®* — (ki + a)(efi + eé) —eqWar — egWq2
+2a[—waz + Isa(@a1 + OBM) +isqOq1 + k(isa Qa3 + Isg9q3)]
+2g[—Wa2 + LsaPar + IsqPq2 + k(saPas + isqPga)]

(4.95)

(4.96)
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(00— k)Za(Wia + ea + lsaPasz + I5q9q3)
+((X k)Z (’yozq+eq+lsd¢d4+lsq¢q4)

- (1 2viu@d . ki—k
+isa ( Usd + glzu Usq + Qa0 — kZa Qa3 — kZgPas + B MWd2>

+isq (;qu + 00 FVIUY D — kZqPy3 — k2q¢q4)
& (ﬁed(Misd — ") = BegMisy +eqZq + e42q
+Ya00+ Tya Qa6 + 7sq¢q6>
+T1 ( Nyt Tr+iadas + lsq¢q5) (4.97)

TheAterms (Wa2,wq2), the feedback contyols (#5q,Usq), and the dynamics of (24, Z;,
¢, 1) are now chosen in order to force V to be negative semidefinite. Choosing the
yet undetermined terms in (4.86) as

Wa2 = [st(q)dl + &ﬁM) + isq(qu + k(;sd¢d3 + lqu‘PqS)]
Wa2 = [lsa®a2 + isqPq2 + k(isaQas + IsgPgs)] (4.98)

we obtain

V = —1iko® — (ki+ 0)(e] +e2)
+(00— k)24 (Wia + eq + sa9az + isgPg3)
—‘r(Ol - k) ~11(7/0211 +eq+ st¢d4 + qu¢q4)

il

< (1
*’sd(o“fﬁﬁzom

Usg + Pa0 — kZa Qa3 — kZqPas
ki—k
_ed((i)dl + aﬁM+k¢d3) — eq(¢d2 +k¢d4) Ba de2>
¥ 1 * N N
+tisq (G”sq + 0q0 FNNUY" D — kZg0y3 — kZyPya
—ea(Pg1 +kg3) — eq(P2 +k¢q4))
+o <36d(Misd — V) = BegMiyg+eata+eqly

Hisa 96 + isqPq6 + 1 5‘)

+TL( N + lsaQas + Loq g5 + }’%TL) . (4.99)

We finally design the control inputs and the adaptation dynamics as
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g = —keg+mpZy —n Ed)isq + we,

B
—[lsaPar + Lsq g1 + k(isa a3 + isq9y3)]

1 7 ¥
Jr% (eq +isaPa3 +1is9043)

A u. .
Zq = —keg— Zg + N 5 Olsg — Wey

B
—[lsa9a2 + Tsq g2 + k(T @aa + isqPqa)]
1 v el
+—(eq +isaPas + i5gPg4)
Y
Usqg = G[_¢q0 - 7’1I~1W*(b + k2d¢q3 + k2q¢q4
+ed(¢ql + k¢q3) + eq(¢q2 +k¢q4) - kequ]
2nud . .
[— opran "™~ 0a0 + kZa9a3 + kZg9as
+eq(Par + OBM +kg3) + ey (daz + kdas)

. ki—k
—kelgg — BaM Wa2

Ugg = 0O

A 1 y] ~ 4 e
fo= o [T ot Tugus +Tutys] (4.100)

and
a = %[fﬁed(Misd — ") — BegMisy +eqZy
teq42q + LsaPa6 + LsqPq6] (4.101)
so that (4.99) becomes
V = —Yiko® — (ki+a)(eh+e2) k(P +12,) - (4.102)

Equations (4.100), (4.101), (4.93), (4.86), (4.90), (4.98), (4.81), (4.82) and (4.77)
define a seventh order dynamic feedback compensator, whose state variables are
(€014, fq,fd,fq, T;, &), which generates the control signals (uy,, ) on the basis of
the measurements (@, is,, isp ), the reference signals (@*, y*), and their time deriva-
tives (@*, @*, ¥*, ¥*). In order to guarantee that &(¢) > ¢ > 0 for every t > 0 we
modify the dynamics (4.101) according to

X 1 . " . .
& = Proj <y4[—ﬁed(MlSd — ") — BegMig, +eqiq
+eq2q+7sd¢d6+iyq¢q6],&) , 6(0) = &y (4.103)

where Proj(&, &) is the smooth projection algorithm given by (A.25) in Appendix A
and defined in our case by
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Proj(§,&) = &, if p(&) <

(o
Proj(&,6&) =&, if p(&) >0and & >0

Proj(&,6) = [1 — p(&)]€ , otherwise
2 a2
in which p(&) = 2?,; a32 with 0, = R,;,/L, the minimum (known) value of o

and 0 > 0 such that oy, — 6 > 0. The initial condition & in (4.103) is chosen so
that & > a,. The properties of the operator Proj(&, &) imply that, by substituting
(4.103) instead of (4.101) in (4.99), we obtain instead of (4.102) the inequality

V < —nko® — (ki+ @) (ej+e;) —ke(img+12,) - (4.104)

From (4.96) and (4.104), it follows that (@,e4,€q,2d,2q 24,2 Isds Isqs O, T1) are
bounded: their bounds depend on the initial errors. Therefore, accordmg to (4.100),
(Ugq,sq) and, consequently, (@, ég, €qs Zd» Zg» 2d> Zg» Lsds Isgs é, TL) are bounded.
Hence, (,é4,8,is4, ’sq) are bounded and therefore (@, é,, é,, isd, I54) are uniformly
continuous. On the other hand, integrating (4.104) on the time interval [0, 7] we have

[ ko®?(2) + (ki + ) (€(5) + 2(0) + ke (B(1)+ (0] e
< /Ot V(1) dT < V(0)
which implies by Barbalat’s Lemma A.2 in Appendix A that
lim [|[@(1), eq(t), eq(t),isa(t), i5q (1)]] = 0.

f—oc0
This shows that asymptotic speed tracking is achieved from any initial condition
provided that &y > a, — 0 in (4.103). Moreover, the current estimation errors
(eq(t),e4(t)) and the current tracking errors (iy(t),is,(t)) asymptotically tend to
Zero.

We now analyze under which conditions Z,(t), Z,(¢), T.(t), @(t), z4(t), and z,(¢)
also tend asymptotically to zero. The error equations are

do ~ . . . .
a = —ko®+ %(Zdlsq - qusd) + %(_edlsq + eqlsd)
7~-‘L %7
-7 THY 1y
ded ~ s . *
W = 7(ki+a)€d — w€q+qu+a[Zd *ﬁ(Mlsd — ll/ )]
+(a—k)Zg +kzd+7/1%(bisq+ (o +o)e,
*((Pdl + &ﬁM+k¢d3)7sd - ((qu +k¢q3)Zs‘q
de,

n —(ki+ a)eq+ weg — 0z + 02, — PMiy]
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(00— k)2 +kzg — 1 5 Bigg — (00 + 0) eg

B
— (a2 +k@aa)isa — (9q2 +kPga)isq

di, . _
dstd = —kelsq +2aPa1 + 24902 + (00 — k) 91324
(0 = k) OaaZy +kPa3za + kdaazy
+(a1 + OBM +kda3)eq
(a2 +kas)eq + ¢asTr + das 0
di, . .
T;(] = _kelsq +Zd¢q1 +Zq¢q2 + (OC - k)¢q3zd
Jr(a - k)¢q4zq +k¢q3zd + k¢q4zq
MUY D+ (g1 +kPg3)eq
+(¢q2 + k¢q4)€q + ¢q5TL + ¢q656
dZ .~ T
ditd = —key+ wpzy — %lsqw +weg — (Qa1 +kyg3)is
(941 +k¢q3)isq
dz . x
(th = —ke, — Wozg + %lsdw —weg — (Qa2 + ks )isa
*(¢q2 +k¢q4)z\‘q
dZd - l el s
? = g — %(ed + ¢d3lsd + ¢q3lsq)
dz | . .
ditq = — W4 — % (eq + Paaisq + ¢q4lsq>
da 1 " . . ~ .
i —Proj % [(BY" — BMisg +Za)ea + (24 — BMisy)e,
+a6lsd + Pg6lsg)s &>
dT‘L 1 N . v 7
o=y (O dusha—9usia) (4.105)

The equations (4.105) may be rewritten as

x(r) = A(t)x(r) + B(t)z(¢)
2(t) = D(t)x(t) (4.106)

with x = [@, e4,€q,15d,1sq) s 2 = [2as 25y Zas 20, @, T1) T, A(2), B(t), D(t) suitable ma-

trices and
Zq| _ |cos& —sing | | zg
2 singy cos &y g
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Za| _ | cosg& —sing | | Zg
%, |~ | singy cosg ]
The radially unbounded function (4.96) may be written as
1 p T4 -1
V= 3 (x'Px+z7 A" ')

with
1 1 1 1

(a—kn (a—kn' u' rn
P = diag[y;, 1,1,1,1] .

A =diag [1,1,

Its time derivative (4.104) satisfies
V< —xTQx
with
0 = diag[yike, ki + o, ki + o, ke, ke ]

By virtue of Lemma A.3 in Appendix A, we can establish that if persistency of
excitation conditions are satisfied, i.e. there exist two positive constants 7" and k7
such that

t+T
/ BY(t)B(t)dt > krI >0, Vt>0, (4.107)
t

then the state vectors x(z) and z(¢) of system (4.106) exponentially converge to
zero for any initial condition. In summary, if (4.107) is satisfied then, in addition
to asymptotic speed tracking:

1. since both (z4(1),z4()) and (e4(t),e,4(¢)) exponentially tend to zero, from (4.88)
it follows that exponential rotor flux tracking is achieved and, in addition, the
rotor flux vector is exponentially oriented with respect to the (d,g) frame so that

Him (1) — ()] = 0
lim V(1) =0

2. since (@(t),T.(t)) exponentially tend to zero, both the rotor resistance R, and the
load torque 77, are exponentially estimated so that

lim[a — &(t)] = 0

—o0

lim (7}, — T.(t)] =0;



214 4 Output Feedback Control

3. since (Z4(r),Z,(¢)) exponentially tend to zero, the rotor flux vector is exponen-
tially estimated: defining, according to (4.88),

. R
Va = V' + 2 (2a—ea)
B
N L,
lI/rq = E(Zq—eq) (4108)

we have

f—o0

1im [y, (1) — Wiy (1)] =

—o0

lim [y (1) = Yra(1)] = 0
0

In conclusion, the seventh order dynamic adaptive output feedback control

Usq | | COSE —singy | | Usq
ug | | singy cosg Ugq
Usqg = G[_¢q0 - Yl.lﬂlf*d) + k2d¢q3 + k2q¢q4
+ed(¢q1 +k¢q3) +€q(¢q2 +k¢q4) *kequ}
e — o |- 2npd y
sd oB2aM
+eq(Pa1 + OPM +kda3) + eq(a + kdas)

q— 940 + kZa®a3 + kZgQas

. ki—k
—kelgg — mwdz
dey aMis; My
- =0 x *
dt v By
di. R; . L o 1
bt Rt g + 6B — M Bl + L
+kieq +wa1 +waz
di, Ry . . P |
d7;q = _gslsq — Wolsqg — wa - aMﬁlsq + Eusq
+kieg+wqg1 +wg2
dzy . uo.
s —keg + o2y — N B(msq + ey
—[Tsa9a1 +isq0q1 + k(TsaPa3 + isg9q3)]
1 7 et
+%(€d + 150 0a3 +159043)
dz . .
ditq = —ke; — Zs+ N %a)lsd — ey
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—[Tsa9a2 + Tsq g2 + k(TsaQaa + isqPga)]

1 = =
+% (eq + Iq Qa4 + lsq¢q4)

de 1 N . & 7
e % [*7w+1sd¢d5+1sq¢q5}
dé

(1 . * . R
— = Proj (%[—ﬁed(Mlsd — ") — BeMisy +eqZq
+€q2(] = 7sd¢d6 F isq¢q6] 5 &>

[isd} _ { COs & sineo} [im] 4.109)

isq —singy cos&y | | igp

with Ngs Wd1,> Wql> Waz, W2 given in (4.90), (4.98), and ¢4, ¢qi» 0<i<6,
given in (4.93), has the following properties provided that &(0) > o4, — 8:

1. The rotor speed tracking error [@(¢) — @*(¢)] tends to zero, along with the
stator current estimation errors (e,4(t),e,4(¢)) and the stator current tracking
errors (Iy4,1s4), for any motor initial condition.

2. If the persistency of excitation condition (4.107) is satisfied, then the pa-
rameter estimation errors, the flux tracking errors and the flux estimation
errors exponentially tend to zero:

lim 7, — T.(t)] =0
lim|[yq(1) -y~ (1)] = 0
Tim iy (1) = 0

}Lr?o{w*(t) + %[fd(t) —isa(t) +isa (1)) — llfrd(f)} =0
tim { 5 a0 =140+ 0] - () | =0

Remarks

1. The dynamic compensator (4.109) contains eight control parameters (ky, ki, ke, k,
Y, Y1, V3, ¥4) whose role may be evaluated by examining both the closed-loop er-
ror equations (4.105) and the corresponding function (4.96) with time derivative
(4.104). The parameters (kg,k;, k.) determine the rate of decay of V in (4.104)
and directly affect (see (4.105)) the dynamics of speed tracking error @, current
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estimation errors (ey,e,), and current tracking errors (iyg, Is4), respectively. The
parameter y; determines the influence of speed tracking errors on the other errors
and is typically chosen much smaller than one. The parameters k4, and y; may be
separately tuned using the equations obtained from (4.85) and the first two equa-
tions in (4.90) in ideal conditions, i.e. by setting ey = ¢, =0, @ =0, g = qu =0,
and Z; = zg = Z4 = z4 = 0, so that @ has the desired transients. The parameters
1/7 and 1/y, are the adaptation gains for 7y and &, respectively: the smaller
they are chosen, the slower the adaptations for 7; and @& result. The parameter
1> = (. — k) > 0 is a weighting factor in the function (4.96): the choice of k de-
pends on the interval of variation of the uncertain parameter &. The parameter k,
should be the last parameter to be tuned and should be chosen sufficiently large
so that the current error dynamics are much faster than speed error dynamics
while voltages are within saturation limits. Of course, different tuning strategies
should be followed depending on sensor noise features, discretization strategies
and other implementation issues.

2. For induction motors which allow for high gain current loops, the control may be
greatly simplified as follows

with

sq

degy
dr
dz,
dr
dz,
dr
diy
dr

(1) = ~kplia(t) ~ 5]~ [ (ia(F) ~ ()0t
(1) = —kelt) ~ (0] ~ ki [ (i)~ 5(7))de

BEEESlE

iy, sing cosé&p Igq

N . fL o N
26—k = —k
ﬁle( ww+J+a)>+(a )zd]
1 T
- (—kwd)+L+a)*>
uy
aMi* 1 NU o }
oy =0+ *"1— *{k,-ke +2—0i_;+ (& —k)Z
v 5‘/’ ( )q ﬁ sd ( )q
1
—keg+ o2y — MCT)I'S,I +we, + —ey
B Y

. 1
—key — wpZq + Mwlm —Wey+ —ey
B bl

Ry . ) o e Ao 1
_gslsd'f'w()lsq"i_aﬁw _aMBlsd"_gusd"_kied

—Md)iqur(&fk)ﬁdf (0 +w)ey

B
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di Ry, _ |
f = —gylsq—wolsd—ﬁw‘l/ _aMﬁlsq+E”Sq+kieq
+%”a>isd+(a—k)zq+(wo+w)ed
da (1 . . . . A1 A
- Proj %[—ﬁed(Mzsd— V) — BegMisy + eqZa +eq2q), &
T,
i ng @.111)
dr 7J

obtained by setting iy = iy, = 0 in (4.81), (4.82), (4.86), (4.90), (4.98), (4.100),
(4.103).

3. If rotor flux measurements are available, a simplified version of the adaptive
algorithm (4.109) may be designed since Z; and Z, are not needed. A global state
feedback adaptive algorithm is obtained which constitutes an adaptive version of
the algorithm (2.113).

Hlustrative Simulations

We tested the adaptive output feedback control by simulations for the three-phase
single pole pair 0.6-kW induction motor whose parameters have been reported
in Chapter 1. All the motor initial conditions have been set to zero except for
V4(0) = y,5(0) = 0.1WD. The control algorithm has been tested with control
parameters (all values are in SI units) k, = 800, k; = 50.1, k = 20.4, kg, = 450,
Y% = —0.00105, 71 = 0.005, 3 = 5.2, 74 = 2.5. All controller initial conditions have
been set to zero except for the initial condition for the o-estimate which has been set
to &(0) = 13.2s~! which is 50% greater than the true parameter value o = 8.8s~!.
The references for the rotor speed and flux modulus along with the applied load
torque are reported in Figures 4.22-4.24. The rotor flux modulus reference signal
starts from 0.05Wb at r = Os and grows up to the constant value 1.16 Wb. The
speed reference is zero until # = 0.32s and grows up to the constant value 100rad/s;
at t = 1.5s the speed is required to go up to the value 200rad/s, while the refer-
ence for the flux modulus is reduced to 0.5Wb. A 5.8-Nm load torque is applied
to the motor and is reduced to 0.5 Nm. Figures 4.22 and 4.23 show the time histo-
ries of rotor speed and flux modulus along with the corresponding tracking errors.
The rotor speed tracks its reference tightly even though load torque sharply changes
since the load torque estimate quickly recovers the applied unknown load torque
(see Figure 4.24). Also the a-estimate, according to Figure 4.25, converges to the
true value. The rotor flux modulus tracks its reference: there is a coupling with rotor
speed tracking att = 0.5s and at# = 1 s when the rotor speed is perturbed by the un-
known load torque. Finally, the stator current and voltage profiles (which are within
the physical saturation limits) are reported in Figures 4.26 and 4.27.
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Rotor speed (solid) and its reference (dash)
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Fig. 4.22 Adaptive output feedback control: rotor speed @ and its reference @*; rotor speed track-
ing error

Rotor flux modulus (solid) and its reference (dash)
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Fig. 4.23 Adaptive output feedback control: rotor flux modulus 4/ w2, + l//rzb and its reference y*;
rotor flux modulus tracking error

4.5 Experimental Results

The simplified control algorithm (4.110)-(4.111) was tested experimentally with the
control parameters values k; = 80, k =40, y1 = 0.2, B/va = 1.7, y1/(3J) = 187,
Yo = —0.2, kg = 300; the gains of the PI controllers (4.110) are chosen so that a unit
step reference is tracked with a settling time of about 2.5 ms; all initial conditions
of the controller are set to zero except &(0). The following typical operating condi-
tions were experimentally tested: the unloaded motor is required to reach the rated
speed 100rad/s with acceleration 1000rad/s> in 140ms starting from 0.5s; during
the initial time interval [0,0.31] s, the motor flux modulus is driven from the initial
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Applied load torque (dash) and its estimate (solid)
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Fig. 4.24 Adaptive output feedback control: applied load torque 7; and its estimate T},

Parameter o (dash) and its estimate (solid)
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Fig. 4.25 Adaptive output feedback control: uncertain parameter o and its estimate &

value 10~* Wb to its rated value 1.16 Wb, with flux speed 3.87 Wb/s; both speed and
flux reference signals (given in Figure 4.28) are twice differentiable with bounded
second order derivatives (the bounds are 2- 10° rad/s® and 38.7 Wb/s2, respectively);
after start-up a constant load torque, equal to the rated value (5.8 Nm), is applied.
We performed two experiments: in the first one (which is illustrated by Figures 4.29
and 4.30) &(0) underestimates the correct value ¢, i.e. &(0)/c = 0.7, while in the
second one (which is reported in Figures 4.31 and 4.32) o is overestimated, i.e.
&(0)/a = 1.5. The closed-loop performance is documented in Figures 4.29-4.32,
in which the speed error @(t), the current estimation errors ey(1), e4(t), the esti-

mated flux modulus /¥ (£) + Y2, (t) with (¥q(r), ¥ry(2)) given by (4.108), the
stator currents (ig(¢),is(7)), the stator voltage uy, (), and the normalized estimate
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Stator currents (a,b)
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Fig. 4.26 Adaptive output feedback control: stator current vector (a,b)-components (isq, i)

Stator voltages (a,b)
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Fig. 4.27 Adaptive output feedback control: stator voltage vector (a,b)-components (s, Usp)

6(t)/a are given. In both cases: the speed errors are compatible with a high per-
formance drive; the estimated flux modulus converges to the reference value and
&(t)/ o converges to 1; the estimates of the flux modulus and of a depend on the
torque level, which may be evaluated from iy, (r).

4.6 Conclusions

In this chapter we have finalized the developments in Chapter 2, in which state
feedback controls have been designed to obtain good performance from any ini-
tial condition, and the developments in Chapter 3, in which rotor flux observers
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Fig. 4.28 Reference signals in the experiments
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Fig. 4.29 Experimental @, 4/ lf/rzd + lfl,zq, isq, and igq with initial underestimated rotor resistance
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Fig. 4.30 Experimental u,, a/a, ey, and e, with initial underestimated rotor resistance

Flux reference

1.5

(Wb)

0.5} - -

0.5 1
time (s)

Flux estimated

time (s)

MNormalized alpha estim.

o N
Q 0.5 1 1.5 2
time (s)
Current d estim. error
10 1
= :
focmto it
i SUCURONA I
Q 0.5 1 1.5 2
time (s)



222 4 Output Feedback Control
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Fig. 4.31 Experimental @, / ti/fd + li/,zq, isq» and igzq with initial overestimated rotor resistance
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Fig. 4.32 Experimental u, 0 /a, ey, and e, with initial overestimated rotor resistance

and parameter estimators have been designed. The algorithms given in Chapters 2
and 3 have been integrated and modified to generate output feedback control al-
gorithms of increasing generality. In Section 4.1 a global output feedback control
which is not based on rotor flux observers has been designed: its performance is,
however, limited by the motor parameters and it is very sensitive to rotor resistance
variations, as the experiments with the indirect field-oriented control in Section 2.8
show. To remove the first drawback, a global control which is based on the rotor
flux observers presented in Chapter 3 has been designed in Section 4.2; its adap-
tive version when the load torque is uncertain has been given in Section 4.3 on the
basis of the load torque estimator obtained in Section 3.3. The second drawback is
eliminated by incorporating the load torque and the rotor resistance estimators de-
veloped in Chapter 3 into the generalized indirect field-oriented control designed in
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Section 4.1. The most general and most complex output feedback control, which is
adaptive with respect to both unknown load torque and uncertain rotor resistance
and allows for any motor initial condition, is presented in Section 4.4. Some ex-
perimental results obtained when the simplified algorithm (4.110), (4.111) given in
Section 4.4 is implemented are finally reported in Section 4.5. While input—output
linearization and decoupling were obtained in Chapter 2, no such result has been
obtained in this chapter. Moreover, when both load torque and rotor resistance are
uncertain, rotor flux modulus tracking is achieved in this chapter under persistency
of excitation, while no persistency of excitation condition is required in Chapter 2
to achieve rotor flux modulus tracking. Hence, the lack of rotor flux measurements
leads to a reduced closed-loop performance.

Problems

4.1. Consider the current-fed model

) : . T
o = “(Wmlsb - Wrblsa) - 7
Vg = —O0Wrg — Oy, + Mg,

Ii/rb = =0V + OYrg + AMig, ;

show that the output feedback observer-based control (ky, A, and k4, are positive
reals while ®* and y* are the reference signals)

) gl i
Ish ‘ilrza +ll7r2b Vb Yra 52

N R, . . R:M . .

Vo = ——Wa— O+ —— s + Aip®
L, L,

N R}’ N A RrM . . ~

V==Y +OWrg+ ——1Isp— Apisa®
L, L,

1 * % sk o 7/ *
&1 = 2041\/1[2051// P2y — ey (W 0 — v

—2A (0 — ©%) <TJL + 0" — k(0 — (D*)ﬂ

guarantees that (@ — ©*), (Y2, + 92 — v*2), (Wa — Wra), and (W — ) tend
exponentially to zero, provided that the initial conditions of the observer are such
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that ¥2,(0) + §2,(0) > y*2(0). Suggestion: use the function V = 3 [(w — ")’ +
(li/rza + li\lrzb - ‘I/*z)z + %(Wm - lilm)z + %(Wrb - li’rh)2:| .

4.2. Consider the adaptive version of the control algorithm given in Problem 4.1 ob-

tained by replacing 7y by its estimate 7;, with adaptation dynamics (A7 is a positive
design parameter)

show that the rotor speed tracking error (@ — @*) converges asymptotically to zero

by using the function Vr = % {((D — ")+ (P2, + 92 — v+ %(wm — W)+
T (W — W)+ %(TL - TL)Z] and Barbalat’s Lemma A.2 in Appendix A.

4.3. Consider the current-fed model in (d, q) arbitrarily rotating coordinates

) . . T
W = ﬂ(llfrdlsq - lI/rqlsd) - 7L

Via = — 0V + () — ©) Yy + Mg
Vg = — QW — (00 — ©) Yrg + AMiyy ;

show that the output feedback observer-based control (ky and k, are positive reals)

Vg = =0+ aMisq
. oaMiy
& =wp=0+—

Yy

R R S I

lsd*MlI/ OCMII/ am ™V Ya—VY
1 [T

—L+(b*fkw(a)fa)*)

iy = ——
* WV | J

guarantees that (@ — ©*), (g — y*), and (y,4 — ¥,4) tend exponentially to zero,
provided that {,4(0) > y*(0), while (g — p) tends to zero, with

Vb (t)
Vra(t)

Show that when ,;(0) = y,;(0) and &(0) = p(0), then P4 (¢) = Y4 (¢) and &y (1) =
p(t) for every t > 0, so that the control coincides with the input—output feedback
linearizing control (2.21).

p(t) = arctan

4.4. Consider the induction motor rotating frame model and the output feedback,
observer-based control (ky, ke, ki and k;, are positive reals)
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Vi = _O“A/’rd + oMisy

. oMig,
& =W =0+
l//rd
. 1 1
lyg = *‘If +7llf ky (Wrg — W)
1 T
o= + 0" —ky(wo—w
i uWrd|: co( ):|
. aMi, B+ Ly
=0 — Wiy, — — — fBa —
Usd Yisa lsq Vha Wrq + M v

| . .
_WW — kia(isa — lsd)]

oaMi sqlsd

Usg = O [Ylm + Wi+ + ﬁw'j’rd

lI/rd
1

H2y

1 N )3
—k dlsg + ko — .
“Wrd( w’ul,,dl‘qdl» wJ>:|

Compute the closed-loop error dynamics usmg the error variables a) =w- co
eyd = Yrd — Vrd» Wrd =Y — VY, eyqg = Vrgs lsd = lgg — ld7 and lsq = lgg — sq’
and investigate the asymptotic stability of the origin. Compare this control with the
control given in Section 4.2.

. T X . 3
+ W, <JL+w*kw((D(D*)> — kig(isq — i5,)

4.5. Consider the input-output feedback linearizing control (2.64) with (W4, W,p)
replaced by (4, W) given by the reduced order rotor flux observer (3.8). Com-
pute the closed-loop error dynamics using the error variables ® — ©*, @ — ®@* with
a = U(Wralsp — Wrpisa) — %’ (W + 05— W), =209, + 9) + 20M (Wraisa +
Uipisp) — 29", (Wrg — Ura), and (W — Uy ), and investigate the asymptotic sta-
bility of the origin. Compare this control with the control given in Section 4.2. Show
that if the rotor flux observer is initialized at the true flux value then the control co-
incides with (2.64).

4.6. Specialize the global control algorithm given in Section 4.4 to the case in which
& = o and compare with the algorithm given in Section 4.3.

4.7. Specialize the global control algorithm given in Section 4.4 to the case in which
T; = Ty and & = «, and compare with the algorithm given in Section 4.2.

4.8. Design an adaptive version of the generalized indirect field-oriented control
given in Section 4.1 when the load torque 77 is an unknown parameter replacing 7,

by its estimate 7;, by using the function V7 = £ {(a) @)+ (P2, + 92—y )2 +

%(Wm — W)+ %(Vfrb — )+ i (T, — f“L)z} to design the adaptation law for 7j.
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4.9. Consider the adaptive input—output feedback linearizing control (2.85) with
(Wras Wyp) replaced by the estimates (4, ¥, ) given by the adaptive observer (3.58).
Compare the closed-loop performance of the resulting adaptive observer-based con-
trol with those obtained using the global adaptive output feedback control given in
Section 4.4.

4.10. Consider the simplified version (4.110), (4.111) of the adaptive output feed-
back control (4.109). Simulate this algorithm with the control parameter values,
the initial conditions, the reference signals, and the load torque considered in Sec-
tion 4.5 and compare the results with those reported in Figures 4.29—4.32.

4.11. Consider the adaptive output feedback control (4.76) with 7, and & provided
by the adaptive observer (3.58) (along with their time derivatives 71 and &) and by
the load torque identifier (3.84). Show that, for sufficiently small initial errors and
sufficiently large k;, exponential rotor speed and flux modulus tracking is guaranteed
in closed-loop provided that persistency of excitation conditions are satisfied for the
adaptive observer (3.58).

4.12. Consider the adaptive output feedback control (4.109): assuming that the rotor
fluxes (W4, Wyp) are measured and that the parameters (7, ) are known, modify
the control algorithm (4.109) in order to obtain the rotor flux tracking even when
the condition (4.107) fails and compare it with the global control (2.114).

4.13. Consider the adaptive control
Usq | | cOs& —singy | | Ugq
ug |~ | singy cosg Ugq
5 o . X 1 Cw s
Usg = O | —kialsa + Yisg — Woisg — APY* + a—M(cxv/ + )

Usg = O |:_kiquq + '}/ltq + woigg +B(Dl]/*

1 ~ %7 A, Lok i ok 1 . %7
JrW(k%ow_kw.uw g+ T+ O )— %lsq_ W(w lsq+€):|
b — oy — 0+ aMiy, N Bwiy

‘ll/*

III*
v
sd = 3 T om
1 o
it = (—ko®+T;+ ")

sq 'uw*
T = —kepi®
C = kni ‘I’*;sq

L
isg| | cos& sing | |ig
isq —singy cos&y | | iy |
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Choose the control parameters (kiq, kig, ke, kwi, kn,-) to evaluate the performance
of the controller and compare it with the adaptive observer-based control (4.75)
(compare also with Problem 4.8).

4.14. Consider the dynamic control algorithm
Usq | | cOs€& —singy | | ugg
ug |~ | singy cosg Ugq
= N | . . - ¥
Usg = G{—kﬂsd — fla — kiixq + an {llf + oyt — %Hlsq(—kww-FH‘I/ Isq)

ot )}
——umw — Vi, +7
73# (nq Visg T~

Usg = O |:_ﬁq - kifsq - kiixq - %#W*d)
1 2 o ~ *7 v
+W(TL+(}) +ki)a)—kwulll lsq) _[I/*lsq:|

fa = —Yigy + Woisg +aBy*
flg = —Yisy — Woisa — BOY"
Xg =l
Xg = fsq

e 1 * -*_ﬂ ~ -
lgg = aM (O“I/ Ty %M(Dlsq>

1 .
i = (—kp®+ 1T+ ®")

o pyr

& aMisq N .u'isd(b Y4 ¥ ¥
& =wy=0+ - = Valsg + Vgl

II/* 1 II/* }/Sll/*( dlsd q q)

S N . nys . o= Yako =
Ty =——0— lgglsg — —— I

TR et M T iy

Vd :ﬁw_ N (“isdisq_aﬁd))

aMys

k
Vg = (Xﬁ - ?a;isd

{isd] _ { COS &) sinso] {im} . 4.112)

isg —singy cos&y | | igp

Choose the control parameters (kg, ki, ki, Y1, V2, 13, Y1), simulate (4.112), and com-
pare the results with those obtained with the adaptive observer-based control (4.75)
(see also Problem 4.13).

4.15. Consider the adaptive observer-based control (4.75); can we conclude using
Lemma A.4 in Appendix A that the exponential rate of convergence can be made
arbitrarily large by a proper choice of the control parameters?






Chapter 5
Speed-sensorless Feedback Control

Abstract In this chapter we address the design of feedback control algorithms for
speed-sensorless induction motors, i.e. motors in which the measurement of rotor
speed is not available due to sensor failures or on purpose to reduce costs and com-
plexity. In Section 5.1 the reference signals for stator currents are used together with
stator current measurements, which are the only measured variables, to generate a
feedback control algorithm which is a generalization of the feedforward control and
includes a PI feedback based on stator current tracking errors: it turns out that the
desired steady-state operating condition may be unstable, depending on the load
torque value and on the desired reference flux modulus. In Section 5.2 we address
the control problem by assuming that rotor flux measurements are available and that
all parameters are known: the aim is to explore at least the possibility of estimating
the rotor speed from any motor initial condition within a closed-loop control algo-
rithm and then to obtain a global control for any load torque and reference signals.
The design is made adaptive in Section 5.3 in which we explore the design of adap-
tation with respect to load torque and rotor resistance under the assumption that flux
measurements are available: it turns out that the reference flux signal must be time-
varying in order to satisfy the persistency of excitation condition which implies that
the rotor resistance estimate converges to the true value. On the basis of the results
obtained in Sections 5.2 and 5.3, in Section 5.4 the realistic situation in which rotor
flux measurements are not available is considered and an adaptive speed-sensorless
control algorithm is designed when the load torque is uncertain: it relies on rotor
speed and flux closed-loop estimators. This control design is then extended in Sec-
tion 5.5 to the case in which the rotor resistance is also uncertain: a speed-sensorless
control algorithm which is adaptive with respect to both load torque and rotor resis-
tance is finally obtained.

229



230 5 Speed-sensorless Feedback Control

5.1 PI Control from Stator Current Errors

In this section we explore the behavior of the simplest feedback control which can be
conceived under the assumption that only the stator currents are available for feed-
back. The starting point is the inverse system (1.74) developed in Chapter 1 which
can be used as a feedforward control in the absence of state variables measurements.
Recall that in Chapter 2 certain steady-state conditions have been shown to be un-
stable depending on the load torque values when only the feedforward control is
used. This drawback has been removed by using feedback controls in Chapters 2
and 4 in which the measurement of rotor speed plays a crucial role. The question
addressed in this preliminary section is this: what can be done if only stator currents
are measured and observers for rotor speed and rotor flux are not used?
On the basis of the steady-state stator currents

v
S = 0 T
[ oM
=9 5.1)

oyt gt

depending on the reference signals (@*, y*), and of the measured stator currents

isg | | cosg& singy | |ig

iyg| | —sing cosg | | igp

d oMo*  aMT,

0 _ o 229 L 2L (5.2)
dr py=s o Juy
the starting point of this section is to consider the simple PI feedback terms

t

va(t) = —kp(isa(t) = isa (1)) = ki /0 (i5a(7) = i54(7))d7
vo(t) = —kpisg(t) — i3, (1)) — ks /0 (isg() ir,(1))dt; (5.3)

they are added to the left inverse feedforward control (1.74), so that the following
feedback control, which is based only on the stator current measurements (isg, isp),
is obtained:

Usqg | | cos&y —singy | | ug
ug | | singy cosg Ugq

M oM M aM  uy* uJy*

. 2
aM [ oF T
- ( + = ) —Bay*+vy

Usqg = O

v \uyr o Juyr
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Usg = O K *27.] *2 *+J *+ M
wys uy? Juy? opyr Juy

o'yt oM [ &F 11 vy -
oMy (uw*+1uw)( +aM)+ﬁww i

balt) =~k lisa(1) = 4 (0) o [ (a()~ ()7
vlt) = ~Hpliclt) = 0~ /0 (7)1 (2

isg| | cosg sing
isq | fsmso CoS &) zsb

i = £
sd M aM
» 0y T
= +
O py Juy
Ma MT,
A e ke (5.4)

Since the purpose of the additive feedback term (5.3) is to use sufficiently high gains
(kp, k1) to drive the stator current tracking errors (isq — i5,) and (isq — iy,) quickly to
zero, we analyze the motor behavior when this aim is achieved, i.e. when the stator
current tracking errors (i —i%,) and (is, —i%,) are kept equal to zero so that the
tracking error dynamics (2.3) are given by

d(o— o *) ¥ N
% = 1 [(Wra = W) i3y — Wrgiya]
d d — * " * *
Y (g =)~ (0~ ) i + 0]
dy, : +
% =~y +(0— ") (Yo — )
—o5 (Y —¥') + (0 —0") y~ 63
in which
o = oaMis,
s Ilj*

The reduced order tracking error dynamics (5.5), in the case of constant references
(o*, y*) and Ty, # 0, have an additional equilibrium point besides the origin

[(@— "), (Yra— W), Yrg] =0

which is given by
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2
o
(0—0%) = fEers*
S
_ Ry T2
Liy*T,

* 2 *
ay (_%;—i_ws)

o} {7205 + w%(—(‘f,—; + w;)}
v v
TP +y
V(% + )
[—2oc+ (& +w;‘)}
LT (-t +TELY)
oy (TPLE 4y

(5.6)

w4
when TL £ ¥ 33 and which collapses into the origin when 7> = "’ . Consequently,
when

W*4

T2
L7é L%

the origin is not a globally attractive equilibrium point for the error system (5.5)
since an additional equilibrium point (5.6) exists. Furthermore, according to the
linear approximation Theorem A.7 in Appendix A:

1 if T} < L2 ,
equilibrlum point for the error system (5.5) (with a region of attraction and a
local transient behavior depending on motor parameters) while the additional
equilibrium point (5.6) is unstable;

2. if T2 >

then the origin is a locally (but not globally) exponentially stable

then the origin is an unstable equilibrium point for the error system

L2 ’
5.5 while the additional equilibrium point (5.6) is locally exponentially stable;
3 if T = L2 , then we are in the critical case in which a saddle-node bifurcation

occurs and the linear approximation Theorem A.7 does not apply, since the linear
approximation has one eigenvalue with zero real part.



5.1 PI Control from Stator Current Errors 233

Hlustrative Simulations

First Simulation

We tested the feedforward control (5.1), (5.2) by simulations for the three-phase
single pole pair 0.6-kW induction motor whose parameters have been reported
in Chapter 1: stator currents dynamics have been neglected so that the stator cur-
rents (iyq,is) constitute the motor control inputs. The rotor speed initial condi-
tion has been set to zero while the rotor fluxes initial conditions have been set to
W4(0) = y,(0) = 0.1 Wb. The references for the speed and flux modulus along
with the applied load torque are reported in Figures 5.1-5.3. The rotor flux modulus
reference signal starts from 0.001 Wb at # = Os and grows up to the constant value
1.16 Wb. The speed reference is zero until # = 0.32s and grows up to the constant
value 100rad/s; atr = 1.5s the speed is required to go up to the value 200rad/s, while
the reference for the flux modulus is reduced to 0.5Wb. A 5.8-Nm load torque is
applied to the motor and is reduced to 1.8 Nm. Figures 5.2 and 5.3 show the time
histories of rotor speed and flux modulus along with the corresponding tracking
errors: the rotor speed and flux modulus track their references as long as the load
torque satisfies the inequality

*2

v

1. <
LS

while rotor speed and flux modulus tracking cannot be guaranteed when the load

torque is greater than the critical value ¥—. In fact, for a load torque 7; = 1.8Nm
and a constant rotor flux reference 1// = 0.5Whb, the origin of the error system
(5.5) turns out to be unstable while the computed additional equilibrium point for
(5.5) becomes exponentially stable: as illustrated by Figure 5.4, both the equilibrium
points for (5.5) (the origin and the additional one) correspond to limit cycles in the
state space, attractive or repulsive depending on the equilibrium nature. Finally, the
stator currents profiles (which are within physical saturation limits) are reported in
Figure 5.5.

Second Simulation

We tested the feedback control (5.4) by simulations for the three-phase single pole
pair 0.6-kW induction motor whose parameters have been reported in Chapter 1. All
the motor and controller initial conditions have been set to zero except for y,,(0) =
V:,(0) = 0.1 Wb. High gain integral-proportional actions with k, = 1200 and k; =
900 (in SI units) have been used. The references for the speed and flux modulus
along with the applied load torque are reported in Figures 5.6-5.8. The rotor flux
modulus reference signal starts from 0.001 Wb at 7 = 0s and grows up to the constant
value 1.16 Wb. The speed reference is zero until + = 0.32s and grows up to the
constant value 100rad/s; at + = 1.5s the speed is required to go up to the value
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Applied load torque
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Fig. 5.1 Feedforward control for current-fed motors: applied load torque 77,

Rotor speed (solid) and its reference (dash)
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Rotor speed tracking error
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[=]

Fig. 5.2 Feedforward control for current-fed motors: rotor speed @ and its reference w*; rotor
speed tracking error

200rad/s, while the reference for the flux modulus is reduced to 0.5Wb. A 5.8-Nm
load torque is applied to the motor, is reduced to 0.5 Nm and then is increased to
2Nm. Figures 5.7 and 5.8 show the time histories of rotor speed and flux modulus
along with the corresponding tracking errors: the rotor speed and flux modulus track
their references when a 0.5 -Nm load torque satisfying the inequality
*2
T < %
is applied, while rotor speed and flux modulus tracking are not guaranteed when a
2Nm load torque (greater than the value y*? /L,) is applied. Finally, the stator cur-
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Rotor flux modulus (solid) and its reference (dash)
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Fig. 5.3 Feedforward control for current-fed motors: rotor flux modulus 4/ y2, + th and its refer-
ence y*; rotor flux modulus tracking error
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Fig. 5.4 Feedforward control for current-fed motors: (Wyq, W, @®)-trajectories
rent and voltages profiles (which are within physical saturation limits) are reported
in Figures 5.9 and 5.10.

In the next sections we shall explore the possibility of improving the control al-
gorithm analyzed in this section by using closed-loop rotor speed and flux observers.
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Stator currents (a,h)
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Fig. 5.5 Feedforward control for current-fed motors: stator current vector (a,b)-components
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Fig. 5.6 Feedback control (5.4): applied load torque 77

5.2 Global Control with Flux Measurements

The analysis carried out in Section 5.1 shows that the reference stator currents (5.1)
do not guarantee the asymptotic stability of the steady-state solutions for any refer-
ence signal (0*, y*) and any load torque value since the inequality

4

ll/*

T2 > —
L L%

leads to instability. Hence, in this section we explore the possibility of adding feed-

back terms in the definition of the reference stator currents, on the basis of a closed-

loop rotor speed observer. We then make the unrealistic assumptions that rotor flux
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Fig. 5.7 Feedback control (5.4): rotor speed @ and its reference ®*; rotor speed tracking error
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Fig. 5.8 Feedback control (5.4): rotor flux modulus 4/ W2, + Wrzb and its reference y*; rotor flux
modulus tracking error

measurements are available and that all parameters are exactly known, to determine
whether asymptotic rotor speed and flux modulus tracking of arbitrary reference sig-
nals can be obtained from any motor initial condition in the most favorable situation
since, as we have seen, this property was not achieved by the control in the previous
section. Those unrealistic assumptions (measured fluxes and known motor parame-
ters) will then be relaxed in Sections 5.4 and 5.5 by using rotor flux observers and
parameter estimators.

We define the reference signals for iy; and iy, as (kg is a positive control param-
eter)
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Stator currents (a,b)
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Fig. 5.9 Feedback control (5.4): stator current vector (a,b)-components (iyq, isp)
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by inserting the feedback saturating term —kgsat(® — ®*) in (5.4) which depends on
the speed estimate @, whose dynamics are to be designed: the saturation function
sat(g) is a continuously differentiable odd function which is linear in a neighbor-
hood of the origin ¢ = 0 and has a finite limit as |g| goes to infinity. The speed of
the rotating (d, ¢) frame is defined from (5.4) by replacing @* by its estimate & and
i, by the current measurement i, as follows:
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dey . OMig,

— -0 5.8
o =0t (5.8)
The speed estimate @ is provided by the rotor speed observer
A . . TL
w = u(‘l’rdlsq_ qulsd)_ — +w (5.9

J

which is based on the measurements of (W4, Wiy), (isq,is4) and depends on the addi-
tional signal w which will be designed on the basis of the tracking errors. Note that
the availability of rotor fluxes (W4, Yy,) is crucial in the design of the rotor speed
observer (5.9). Introducing the tracking and estimation errors

D=0—0"
lprd: Wrdfw*
Vg = Vg
ew:d)_w

T . %
Isd = lsd —lgq
i.s‘q = isq - qu (510)

from (1.31), (5.7), (5.8), (5.9), and (5.10), we obtain the tracking and estimation
error dynamics

do - o o £
E = _kwsat(w+ew)+#(ll/rdlsq_ l//rqlsd)"'.urw Lsq
dy _ _ -
% = =g+ (00 — 0) Py + aMigy
dNr ~ ~ *
Z;q = *aqu*(a)Ofw)Wrdfeww
deo _
a "
d;sd U
T o + a0+ da1€0
di, u
5 = o Y0t daco (5.11)

in which the known terms

Ba0 = —Yisa + Oisg + AP Yy + POV, — y-x
(Pdl = 7ﬁ qu
B0 = —Yisq — Doisa + AP Yrg — POV
+ v 5 | —kpsat(® — ") + L + o
py* J
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1 dsat(®@ —@*) . . .,
~ v —ke 160" (O— ")+ &

01 = BWra (5.12)

appear. In order to design the yet undetermined signal w in (5.9) and the feedback
control inputs (u4, usq), consider the function (4 is a positive control parameter)

1, _ 1 I, y
Vo = E(Wrzd‘F‘Ifrzq)‘f'ileﬁ)‘Fi(;de‘FZ%q) (5.13)

whose time derivative along the trajectories of the closed-loop system (5.11) is
VO = _a(lprzd + rll}?q) + ()’W - W*lprq + ¢d117sd + ¢q1175q)ea)
U o\ - u -
+(§d+¢d0+aMWrd) Lyq + (%‘H])qo) Lsq - (5.14)

If we define the feedback term w and the feedback control inputs (usq, usq) as (k; is
a positive control parameter)

ll’* lI~/rq _ ‘PdllTxd _ ¢q1l7sq

w =

A A A
Usg = 6(—Pa0 — AMY,y — kiisq)
Usqg = O-(*¢q0 *kiisq) (5.15)
then (5.14) becomes
Vo = —0(Pry + W) — kil +72,) - (5.16)

From (5.9), (5.12), and (5.15) the complete rotor speed observer becomes

A . . 1) Y rqls vl
0= “(Wrdlsq_ l//rqlsd) - 7L + II/}LIVq + 511//{1 2 _ ﬁllfld 1. (5.17)

From (5.13) and (5.16), it follows that W4 (¢), Wy (1), €w (t), I5a (). Is4(t) are bounded
time functions on [0,%0). Since y*(t), i},(t), i5,(¢) are bounded time functions
on [0,00), Wq(r), Wig(t), isa(t), isq(t) are bounded time functions on [0,e°). Since
w(t) —o(t) =eq(t)+ aﬁlﬁ“(qrgt) is a bounded time function on [0,00), Y (1), Yry(1)
are bounded time functions on [0, ). From (5.11) and (5.15), the closed-loop sys-
tem is

dd - o L e
T —kosat(® +eo) + U (Praisg — Wrgisa) + LY isq
dy, _ _ .
clllltd = — Wy + (0 — @) Prg + aMisy
dy,,

dr = _O“prq - (CUO - w)lprd —ew‘I’*
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di, . .
dstd = —kijlgg — CMYyq — Bl//rqea)
di .
Tiq = _kilsq + Bl/’rdew
deo W'y  PByy lsd BV isq
e — ) .1
& 7 + 2 1 (5.18)
The last five equations in (5.18) may be rewritten as
i(r) = A(n)x(t) + I (1)y(r)
1
5(t) = = L)) (5.19)

[ —a ao(t) — o(t)) aM 0
—(an (1) — o(1)) -~ 0 0
Alr) = —oM 0 k0
I 0 0 0 —k
0
_ | v @)
0= gy,
L ﬁll,rd(t)

By virtue of the Persistency of Excitation Lemma A.3 in Appendix A, we can es-
tablish that, since persistency of excitation conditions are satisfied (y*(¢) > cy >0
for all 1 > 0), i.e. there exist two positive constants T, and c,, such that, for all > 0,

1y T [Ty 2.2 2.2
[ r@rTmae = [ [y + By + B0 dr =,

the components of vectors x and y exponentially decay to zero for any initial condi-
tion x(0) and y(0). Recalling the first equation in (5.18), since iy (1), isq(t), Wy*(¢) are
bounded time functions on [0,0) and §,4(¢), Wiy (1), 0 (t),is(t) tend, due to persis-
tency of excitation, exponentially to zero, @(¢) tends exponentially to zero from any
initial condition @(0) according to Lemma A.1 in Appendix A.

In conclusion, the global speed-sensorless control

Usq | | cos& —singy | | Ugq

ug, |~ | sing cosg Usq
tsg = 0 (—Pa0 — MWy — kilsq)
Usqg = G(_¢q0 - kifsq)



242 5 Speed-sensorless Feedback Control

P vy
A= M " oM
1 11
o Lk A
isg 0 { wsat(® — o™) + — ¥ +a ]
deg . aMiy
ar T Or %
A . 2 lIf qu ﬁqulTsd _ Bllfrdisq
O = U(V’rdlsq qulSd) J + l + A l
Vg | _ | cos& Sing | | Wi
Vg | | —sing cose | | Wi

| IS

U _ | cos& SIngy | | isq
isq —siné& cos&y | | igp
. i
lsd = lsd — lgq

. .
Isq = lIsq — Igg

qlrd: Wrd_w*

Vg = Wiy

Ga0 = —Yisqa + Wpisg + ABYg + LAY, v ¥
> a4 " T M aM

(PqO - —Yisq - w()isd + Otﬁ qu - Bd)Wrd

T [—kwsat((b — o)+ b, w}
wy J

A *

L {— g Dl )(ds—a)*)w)*] (5.20)
ny d(d — 0*)

is a second order dynamic control algorithm which is based on a closed-

loop rotor speed observer and on the measurements of the state variables

(Wra, Wrb, isa, ish ), on the reference signals (@*, y*), on the positive control

parameters kg, A, k;, on the load torque T, and on the machine parame-

ters M, Ry, Ly, J, Ry, Ls since p = JL ) = Rr » 0 =Ls ( LLV)’ B = cTr

Y= % + afM; the origin (@, Yra, Wrg, isa, isgs ew) = 0 of the closed-loop sys-
tem (5.18) is globally uniformly asymptotically stable and locally exponen-
tially stable: in particular, for every motor initial condition (@(0), y,(0),
¥,5(0), i54(0),i5(0)) and any controller initial condition (®(0),&p(0)), ex-
ponential rotor speed and flux modulus tracking is achieved along with expo-
nential rotor speed estimation

lim [0(t) — ©*(#)] = 0

—o0
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lim [@(r) — ()] = 0.

t—o0

fim, [\/ AGESZAGES"S (t)} =0

Remarks

1. Note that the controller contains a globally convergent closed-loop rotor speed
estimator since, in closed-loop,

tlim [O()—w()] =0.
Hence (5.17) is a rotor speed observer when it operates along with the controller
in the closed-loop system.

2. The steady-state operating condition of the controller coincides with the inverse
control (1.74).

IHlustrative Simulations

We tested the global speed-sensorless controller (5.20) by simulations for the three-
phase single pole pair 0.6-kW induction motor whose parameters have been re-
ported in Chapter 1. All initial conditions of the motor are set to zero. The simu-
lation test involves the following operating sequences: for 0 <¢ < 0.36s the motor
is driven by the inverse control (1.74) (&;(0) = 0), while for > 0.36s the motor is
controlled by the proposed algorithm (& (0.36) = &;(0.36)) with control parameters
(the values are in SI units) k, = 20,4 = 0.001, k; = 2000. At = 1.4s, a smooth in-
crease up to 10% in both rotor and stator resistances is simulated in the motor equa-
tions, while the controller maintains the nominal values. The references for rotor
speed and flux modulus and the applied load torque are reported in Figure 5.11. The
flux reference starts from 0.001 Wb at ¢t = 0 and grows up to the rated constant value
1.16 Wb. The speed reference is zero until + = 0.32s and grows up to the constant
value 100rad/s. The closed-loop control is inserted at t = 0.36 s and not at t = 0.32s,
so that there is an initial speed estimation error e, (0.36) = —2.426rad/s. A constant
load torque (5.8 Nm, the rated value) is applied at = 0.9s. Figures 5.12-5.14 show
the rotor speed, the rotor flux modulus, and the rotor speed estimate along with the
corresponding tracking and estimation errors, while Figures 5.15 and 5.16 show the
stator current and the stator voltage vectors (a,b)-components. Figures 5.12-5.14
show a fast speed estimation and a good tracking performance in nominal condi-
tions while steady-state tracking and estimation errors appear when both the stator
and the rotor resistances, for ¢t > 1.4s, are different from their nominal values.
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Fig. 5.11 Global speed-sensorless control (5.20): rotor speed and flux modulus reference signals
and applied load torque
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Fig. 5.12 Global speed-sensorless control (5.20): rotor speed and rotor speed tracking error

5.3 Adaptive Control with Flux Measurements

In this section we design an adaptive version of the global control presented in the
previous section. While in the previous section all motor parameters were supposed
to be known, in this section we shall assume that both the critical parameters load
torque 77, and rotor resistance R, (which affects the parameter & = R, /L,) are uncer-
tain. We still maintain the assumption that the rotor fluxes are available for feedback:
this unrealistic assumption will be removed in the following sections by introducing
rotor flux observers. Note that the control algorithm designed in the previous section
depends on the parameters 77, and o in particular the speed of the rotating (d,q)
frame depends on ¢ and the rotor speed estimation dynamics depends on 77. We
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Fig. 5.13 Global speed-sensorless control (5.20): rotor flux modulus and rotor flux modulus track-

ing error
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Fig. 5.14 Global speed-sensorless control (5.20): rotor speed estimate and rotor speed estimation

€rror

introduce, as in (5.7), a saturation function sat(g), a continuously differentiable odd
function which is linear in a neighborhood of the origin ¢ = 0 and has a finite limit
as |¢| goes to infinity. We modify the reference current signals for is; and i, in (5.7)

as (kg is a positive control parameter)

.Yy
o=t am

ok

A

M pyr

1
i, = —— | —kgsat(® — o) +

~+a

(5.21)
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Stator current a
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Fig. 5.15 Global speed-sensorless control (5.20): stator current vector (a,b)-components
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Fig. 5.16 Global speed-sensorless control (5.20): stator voltage vector (a,b)-components

and the speed of the rotating (d, ¢) frame in (5.8) as

) . aMig,
&=0=0+—— (5.22)
where & and T}, are the estimates of the uncertain parameters o and 7}, respectively,
and @ is the speed estimate provided by the rotor speed observer [a modification of

(5.9

A

A . . 1
0= ”(Wrdlsq - ll/rqlsd) - 7L +n (5.23)
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in which the additional term 1 will be determined later on the basis of the tracking
errors. If we compare (5.7), (5.8), (5.9) with (5.21), (5.22), (5.23) we note that they
are the same with 7 and o replaced by their estimates 7; and & and with Iy In
(5.22) replacing isq in (5.8). As we shall see, the adaptation for & will be designed
using a projection algorithm guaranteeing that &(¢) > cq > 0 for all # > 0 so that
it;, which is divided by &, is well defined. Our goal is to design the feedback term
7 in (5.23), the feedback control inputs (uq, sq), and the adaptation laws for the
estimates T and &, so that the tracking and the estimation errors asymptotically
tend to zero. To this end, we introduce the tracking and the estimation errors

D=0—-0"
Vg = Wrdfw*
l/Nqu:ll’rq
ew:(i)—w

T . %
Isd = lsd —lgq
-k

ZW = isq “lyg
a=o—0x
T, =T —T; (5.24)

from (1.31), (5.21), (5.22), (5.23), (5.24), we can write the tracking and the estima-
tion error dynamics as

dw ~ . . T 1;
o 7ka,sat(a)+€w) +“(Wrdlxq - qulsd) + I"“V*lsq - 7L
dy _ _ o 5\~ ¥
% = =W+ (0 — ©) Py + (Migy — y*) 0+ 0Misy
dliqu_ia~ 7( ,w)~ _ Mt &+ oM,
dr Vg — (@ Ya — oY +Mig, 0+ lsq
dea) TL
dr nt J
d; u - - ok K\ ~ v
dstd = %d+¢d0+ﬁall/rd_B(a)o_w)qu_ﬁ(Mlsd_l” )0 — BaMiy
le u - - % O 7
% = %+¢q0+ﬁalyrq+ﬁ(w0_w>Wrd+Beww —ﬁMlqut—ﬁOtMlsq
(5.25)
in which

Ry . Ak AN
Pa0 = _gslsd‘i’wolsq'i‘ﬁaw +ﬁw0'~//rq_ﬁaMlsd

M oM &M

R; . . s N _
(PqO = _gblsq_wolsd_ﬁww _BaMlsq_ﬁwOWrd
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. 7
+ Y kpsat(é— 0%) + L+ 0"
ny* J
1 dsat(®@— )], . .. To .
— — O— ")+ — + o 5.26
We introduce the new error variables
2d = Isa +BVra
2g = lgq+ By (5.27)

so that the error equations (5.25), expressed in the new coordinates, become

O = —kesat(®+ew) + U (Fraisy — Wrgisa) + LY 24

cpe 1L
—HY By~
lT/rd = _(a+aMﬁ)lT,r¢!+(w0_w)q7rq
+(Mi, —y*)a+aMz,
V,, = —(a+oMB) G, — (00 — ©) Py — eo "
+Mig, 0+ aMz,
1
. _ U
4= + a0
Us
=" 0 (5.28)

T o

Consider the positive definite function (41, A,, A3 are positive control parameters)

| 2 2 Ao, 122 =2
VZE(Wrd—'_qu—’_Zd +Zq)+7€w+m L
A . A3
—ealL+ a? (5.29)

whose time derivative along the trajectories of the closed-loop system (5.28) is

V = —(a+aMB) (W + 02, ) + oM (2 + 24,

Ugq Usq
+ %+¢d0 24+ ?+¢q0 Zq
Mo A . A s
+7€wTL - ﬁTLZ + [1177 -y ‘I’rq} €o — 7€wTL

+ —Mzzf kg
7LlJ2L JTI L
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+ {(Mi;*d ) W+ M, g+ s a} a. (5.30)
We design the adaptation law for & as

5 1 » - s = 1 A N N
= EW sd — T sqrrq | ) - .
& = Proj,, (/13 [(Mzd V) g + Mi wq] a) a(0)=6o (5.31)

where Proj,(&,&) is the smooth projection algorithm given by (A.25) in Ap-
pendix A and defined in our case by

if o, <a&<oy
if @& <oy, and £ >0
if @>o0y and £<0

[1—%} if & <oy and E<0

é{l—%} if & >0y and £€>0

Ue e e
—
lanr}

Proj, (€, &) = (5.32)

e

with ¢, = Ry /L, and oy = Ry /L, the (known) lower and upper bounds of «,
respectively, and € an arbitrary positive constant such that o, — & > 0. The initial
condition &y in (5.31) is chosen so that o, < &y < oy. Property (iii) of the projec-
tion algorithm (see Appendix A) implies that substituting (5.31) in (5.30) we obtain
the inequality

V< —((X—l—(XMﬁ)(l,Terd—l— V~/r2q) +aM(ZdV7rd +qul~’rq)
4

Zq+ Zq

Usd
— +
pe a0

Ugg
4
c 940

M. s -
+7l€a)TL— TgTLz“r [;Lln -V lI/rq]ea)

A - 2% . A 5
—72ewTL+ <M32TL— ;n> T . (5.33)

We define the additive feedback term 7] in (5.23) and the adaptation dynamics for
Ty as

%q,,q if pp(T1) <0
n=1< 2, if py (1) >0 and 22400 g, <0
W"’;(M Uy otherwise.
_%qu if pn(T1) <0
P, = _%g,,q if pp(71) >0 and —’”’g—g”“rqSO
— %’m W,y otherwise
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11.(0) = Tro (5.34)
. p2_p 2 .
where py (11) = ZZTL% and |Tyo| < Tpa, with Ty a known upper bound on |7y |

and & > 0. Since

sen(Yi,) = sen() (5.35)
from (5.34) we can write
2 . ML . N
T, = PI‘O_]T <—2112T], TL> s TL(O) =T (536)

where Proj;(@,7;) is the smooth projection algorithm given by (A.25) in Ap-
pendix A and defined in our case by

P if py(f1) <0
Proj; @, 7] = { ¢ if py (11) >0 and d””(m(p <0

[1—pn(TL)]e otherwise.

Denoting by
% = (o abB) (W + W ) + oM (2aWha+ 2y )

u A . A
a+ [f + ¢qo] 2+ el — 22

* J J2

17

Usd
=
. da0

by virtue of Property (iii) of the projection algorithm (see Appendix A), from (5.33),
(5.34), (5.35), and (5.36), we can write

. B A oa
V<x+ [Mn - w*qu}ew+7zewh

Py I R T SR B 5
+<—WPTOJT [_%n’TL Wl
. A s
<+ [ =y Wiy feat TealL =1 (5.37)

and, completing the squares, we finally obtain

V< —a(Wit¥)+ g (zd+zq)

Mooa
+ M-i—%o 2+ +¢q0 g+ JlewTL 2 =L (5.38)

We define the control inputs as (k, is a positive control parameter)
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Ugg = O [‘Pdo - (kz+ OZMﬁM>Zd]

ooy M
I/lsq =0 [(Pq() — (kz —+ 4ﬁ>2q‘| (539)
so that (5.38) becomes
; ) (—a)M |y N\ A & As
V< —a(w,d + l[/rq) — k. + BT — (zd —i—zq) + 7€wTL 7 7
A A~
< —min{ ke f (W + W+ 25 +75) + reoli— 317 (5.40)
The closed-loop system is
O = —kesat(® +eq) + U (Praisg — Wrgisa) + LY 24
g 1L
—HY By — —
Vg = —(0+ aMB) Py + (00 — ©) g + (Mis, — ¥*) G+ aMzg
lj/rq = 7(a+ aMﬁ)liqu - ((D() - w)‘f’rd 76(1)”/* +leqa+ aMZq
oM
2 k,
2d ( +—a 4B )
oyM
= (k + ‘[*WB )
. alllp,q if pn(TL) <0
. - 1]
ew:7L+ zlq/,q if pn(7) >0 and %qugo
2
MTWnTL]%q otherwise
- . 1 . o s = ] oA
@ = —PI’O]a (2{3 [(Ml;kd -V )Wrd +Mlsqqu] 3 (X)
Ly if pn (1) <0 A
=4 o, if py(f1) >0 and —28 g, <0 (541)
Jy*[l—py ()] -

otherwise.
Tl epa (1) P

The last seven equations in (5.41) may be rewritten as

(1) = [A() +S(1,9)]x(e) + B(t)y(t)

y(t) = D(1)x(t) +Ewl(r)
Ww(t) = F(0)x(t) (5.42)



252 5 Speed-sensorless Feedback Control

with x = ({4, Wrg,24,24] 7> Y = [€w, @] T, w= Ty, and

—(atamp) D aM 0
Ll —(a+aMpB) 0 oM
A= ayM
0 0 (k + B ) 0
0 0 0 —(kz+%)
0 ex00
o |0 000
=l o 000
0 000
[0 M,y
_ 71’”* Ml;kq
B=19 0
0 0
- -
p_| O @ 00
oty & ;‘1 00
. 1/1
F= OT";g3OO] (5.43)

with g;(¢), i = 1,2,3, being suitable time functions such that 0 < g;(z) < 1 for all
t > 0. Consider the positive definite function

1
U=3 (zﬁ + v+ vffq) (5.44)
whose time derivative is
oM
U= (k +— 4B >(z§+z§)—a(wfd+wfq)
+OoMigg g + OMisg Wy . (5.45)
Substituting in (5.45) the expressions of (isy, isq) Obtained from (5.27), we have
U= <k 4+ = 413 >(z§+z§)—(a+aMﬁ)(wfd+wfq)
-‘rOtM |:l;kd +Zd + ﬁlll*:| ll’rd + aM |:l:q +Zq:| llfrq

< —min{ke, o} (42 + v+ vd)
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raM [i;;, +B w*} Yoa + Ml Y (5.46)

Since iy, (#) and ij, () in (5.21) are bounded time functions on [0, o) [recall that the

adaptation for & and T} has been designed using a projection algorithm], from (5.44)
and (5.46) it follows that z4(), z4(t), Wa(t), and W, (7) are bounded time functions

on [0,0) and, consequently, 1(¢), &(t), and T (¢) are bounded time functions on
[0,00). From (5.21), since &(t) is a bounded time function on [0, ), dlﬁ’t(t) is a
bounded time function on [0, ). Since Y,,(¢) and () are bounded time functions

on [0,0) and since, from (5.27)

Isd = i:d+zd_ﬁll/rd+ﬁw*
Isq = i:q +Zq_ﬁllfrq

isq(t) and iz (t) are bounded time functions on [0,0), it follows from (5.23) that

a(t) is a bounded time function on [0, o). Since f‘L(t) and ®(¢) are bounded time

functions on [0, ), it follows that dis"ft) is a bounded time function on [0, ). There-
fore we can establish that ||A(2)|| < Au, ||B(t)|| < Bu, ||D(¢)|| < Du, [|B(1)|| < Bu

for all t > 0, with Ay, By, Dy, By known positive reals. If we define y*(7) and the
positive reals Ty, kg in order to satisfy

t+To, * 2
/ {d":”(f)} AT > ke >0, V>0 (5.47)
t

so that persistency of excitation condition holds, i.e. a positive real k exists such that
14T
/ BT (0)B(1)dT > kI, Vi >0
Jt

and if we choose the positive control parameter A; in order to satisfy the inequalities
2 4T

Ay >
2 ka

+8pB}, (5.48)

min{(xm,kz}
16(BY,D3, + By,A3, + B3, +BY) + By,

p< (5.49)

then system (5.42) complies with the hypotheses of the Persistency of Excitation
Lemma A.3 in Appendix A: the equilibrium point (W,q, Wry,24,2g: €0, 0, I1) =0
is locally exponentially stable. Recalling the first equation in (5.41), since iz (?)
and iy (r) are bounded time functions on [0,e0) and W4, Wy, Z4, €w, and 71, tend
exponentially to zero as 7 goes to infinity, @ tends exponentially to zero for any
sufficiently small initial conditions. In summary, if A, is chosen so that (5.48) and
(5.49) are satisfied then, for any sufficiently small initial condition:

1. since @(¢) tends exponentially to zero, exponential rotor speed tracking is
achieved;
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2. since J,4(t) and ,,(r) tend exponentially to zero, exponential rotor flux tracking
is achieved and the rotor flux vector is exponentially oriented as the d-axis of the
(d,q) frame;

3. since Wyy(r), Wry(t), z4(t) and z4(¢) tend exponentially to zero, from (5.27) it
follows that iy,(¢) and iy,(r) tend exponentially to zero, i.e. the stator currents
tend exponentially to the corresponding reference signals;

4. since eg(t) tends exponentially to zero, the rotor speed is exponentially esti-
mated;

5. since @(t) and Ty (¢) tend exponentially to zero, the rotor resistance R, and the
load torque 77, are exponentially estimated.

In conclusion, the adaptive speed-sensorless control
Usq | | cos& —sing | | usq
ug | | singy cosg Wi

Uy = O l—%o = (kz+ (%‘/I)Zd]

VY
“a = 0 T am
M ! kgpsat(® — o) + L +o*
o= _ _ L
Ty | 0 J
oM
f=my=0+—"1
v

X 1 » . w1 A
a = Proj, )T3 [(Mlsd Y)W +Mlsqllfrq}aa

g if a, <o <oy

13 if @<ay and £>0

I3 if @>o0y and £<0

1—

Proj, (&, &) = :
10j o (€, &) 5{ %] if @<a, and E<O
m- —\Um—¢€]

A2 2 . N
gp_@ﬁﬁgaﬁ if &>o0p and E>0

N

A . . 1;
o = .u(lllrdlsq - llqulsd) - 7L +n

%W’q if pp(T,) <0
2y : 5 dpn (T1) -
i = Tyzllfrq if py(7y) >0 and —%L”qugo

2y ~ q
—t otherwise.
A [14pn (T1)] Vg
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_%qu if Pn (TL) <0
A Ju* ~ 0 S dpn (1) -~
T, = _TV;qu lfpn(TL) >0 and _%I‘L)qu <0
Iy l—py(Ty)] :
PTET AR otherwise
o TZ — TLM2
py(Ty) = s —
2eTim+ &
lTfmf = Y — W*
Vrg = Vg

Isd = Isd — i:d
lsq = isq - i;q
id = zs*d + ﬁ lT/rd
g = lqu +B 'I’rq

Via | _ | cos& sin & {17
7% —sing cos€ | | Yy
isg| | cos& sing | | isa
isg| | —sing cosg | | ig

R; . . A s P
Ga0 = _;Slsd'i‘w(ﬂsq"i'ﬁaw +ﬁwOqu_ﬁaMlsd
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M aM &M
R; . . " U .
Oq0 = _;Slsq_wolsd_ﬁww —ﬁ(XMlsq—B(UOWrd
+ W*2 [kwsat((f) ")+ 7L + o
ny
1 dsat(® —o*)] , . .. T o
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is a fourth order dynamic control algorithm which depends on the mea-
surements of the state variables (W4, Wyp,isqa,isp), On the reference sig-
nals (@*,y*), on the positive control parameters kg, k;, A1, A2, A3, Oy,

oy, Try, and on the machine parameters M,L,,J,Ry,L; since p = 4=,
.

o =L, (1= ), B = 2L the origin (@,%4,%, fua-Tig» €0, &.71) = 0 of
the closed-loop system (5.41) is globally uniformly asymptotically stable
and locally exponentially stable: in particular for every motor initial condi-
tion (@(0), W4 (0), Wp(0), i54(0),i5(0)) and any controller initial condition
(®(0),&0(0)), exponential rotor speed and flux modulus tracking is achieved
along with exponential estimation of rotor speed, load torque and parameter
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a, provided that the reference signal y* is chosen so that the persistency of
excitation (5.47) is satisfied and that the control parameter A, is chosen to
satisfy the inequality

2 AT p
Ay > 2 + 8pByy,
with
min{ Ol kz}
< . :
P= T6(B%,D%, + B,AL, + B, + B, + B
Remarks

1. The dynamic compensator contains five parameters (ke, A1, A2, A3, k;) whose role
may be evaluated by examining both the closed-loop error equations (5.41) and
the corresponding stability analysis. The parameters k, and k, directly affect the
dynamics of the error variables (z4,z4) and the speed tracking error @, respec-
tively; the parameter A; determines the influence of the rotor flux vector quadra-
ture component tracking error {,, on the rotor speed estimation error eq; the
parameters A, Uand Ay !are the adaptation gains for T} anq ¢, respectively, and
the smaller they are chosen, the slower the adaptations for 77, and & result.

2. From (5.43) it follows that By, depends on di;(‘i]t(l) which, in turn, depends on 12_1

(through f“L). More precisely, By either decreases or remains constant when A,
increases, so that (5.49) may be satisfied.

3. If ||[yr*(z), ®@*(r)]]] = O, then the persistency of excitation condition, recalling
the structure of B(¢), may not be satisfied. This fact can be clearly deduced con-
sidering the closed-loop system (5.41): since, from (5.21), (Mi, — y*) = ‘%*,
if ||[y*(z),@*(r)]|| = 0, we have that all the points (@, W4, Wrg, 24, Zg» €w- O,

T;) = (—g@,0,0,0,0, g&, &, 0), with g = MA;I*Z (a)* + %), are equilibrium points
for system (5.41). Moreover, if ||[@*(¢),TL(2)]||=0, then g = 0 and all the points
(@, Wra, Wrgs 245 2¢» €0 O, 7;) = (0,0, 0,0, 0, 0,&, 0) are equilibrium points for
system (5.41).

4. If Ty is known, we may set

1 I
v = —— | —kesat(® — 0") + — + "
'sq w*[ wsat( )+ 5+
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-A . PAVANN
a):u(lllrdlsq qulsd) JL+ ;LI: Yry

Ry . . - N _
(Pq() = _glsq_%lsd_ﬁww _BaMlsq_Ba)Owrd

- T
py* J

1 dsat(@—@)] s
w*[ oo OO0

The closed-loop system becomes

d) = 7kwsat((7)+ew) +:u(ll~/rdisq - lT/rqisd) +,L”I/*Zq - “W*B V?rq
U,y = — (04 aMB) g+ (00 — @) ¥y + (Misy — W)+ aMzy
l’)Tfrq —(a+aMﬁ)l~qu_(a)()—a))lifrd—ewl[/*—‘er?qd-i-aMZq

b= — (k +a"$4>

2= — (k +aféw>

. 2y
o = A’l llqu
& = —Proj, (2»3 |(Mizy =y +Mzsql//rq],a> . (5.51)

Consider the positive definite function

1/ _ 1 A
v, = E(wfd—i— w,%,+zd2+zq2) +hieh+ 2o (5.52)
whose time derivative along the trajectories of the closed-loop system (5.51) sat-
isfies the inequality

Vi < —minf o ke } (2 + W2+ 25 +22) (5.53)

From (5.52) and (5.53) it follows that W, (1), Wy (1), za(t), z4(1), ew(t), and &(t)
are bounded time functions on [0,e0). Since Wy (1), Ury(1), za(t), 24(t), i34(1),
and iy, (t) are bounded time functions on [0, ), it follows that iss(t) and iy, () are
bounded time functions on [0, ) and, consequently, di:gt(l) and dl%’t(t) are bounded
time functions on [0,0). The last six equations in (5.51) may be rewritten as

= [Wras Wrg2a:24) > ¥y = [€w, &) T)

x(t) = A(t)x(t) + B(1)y(t)
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y(t) = D(t)x(t) (5.54)
with A(t) = A(t) + S(t,y) and

) 0 2;{* 00

_ _M;i,
“81a 87, 00

with g(¢) a suitable bounded time function such that 0 < g(r) <1 for all t > 0.
The reference signal y*(¢) is chosen so that there exists positive reals Ty, k¢
satisfying

14T * 2
/ Q{M} AT > ke >0, V>0
t dt

so that the persistency of excitation condition holds, i.e. a positive k exists such
that

1Ty
/ BY(0)B(t)dt > kI, Vi>0;
t

then system (5.54) complies with the hypotheses of the Persistency of Excita-
tion Lemma A.3 in Appendix A: the point (W4, ¥ry, 24,24, €0, @) = 0 is globally
uniformly asymptotically stable and exponentially stable for initial conditions in
any compact set. Recalling the first equation in (5.51), since iz (f) and iz () are
bounded time functions on [0,00) and W, (t), Yy (), z4(¢), and eq(t) tend expo-
nentially to zero, @(¢) tends exponentially to zero for any initial condition: in
particular, the origin is a globally uniformly asymptotically and locally exponen-
tially stable equilibrium point for system (5.51).

IHllustrative Simulations

We tested the adaptive speed-sensorless control (5.50) by simulations for the three-
phase single pole pair 0.6-kW induction motor whose parameters have been re-
ported in Chapter 1. The control parameters are (the values are in SI units): k, = 60,
At =6,000, ;1 = 180/J, Ay =75, k. + %5t = 700, o4 = 3.5, oy = 18,
& = 0.5, Tryy = 8, & = 1. Due to the conservative nature of Lyapunov analysis,
the values of A, satisfying (5.48) and (5.49) may be larger than those achieving the
control objective: as a matter of fact, in order to improve the performance, the sim-
ulation was carried out by setting A, ' = 180/J which does not satisfy (5.48) and
(5.49). All initial conditions of the motor and of the controller are set to zero except
@(0) = 13.2 57!, which is 50% greater than the true parameter value o = 8.8s5~!.
The references for rotor speed and flux modulus along with the applied torque are
reported in Figure 5.17. The rotor flux modulus reference starts from 0.001 Wb at
t = 0s, grows up to the rated constant value 1.16 Wb and, at #+ = 0.45s, a persis-
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tently exciting signal is added in order to avoid the identifiability problems. The
speed reference is zero until # = 0.32s and grows up to the constant value 100rad/s.
A constant load torque (5.8 Nm) is applied at = 0.9s. Figures 5.18-5.22 show the
rotor speed, the rotor flux modulus, the rotor speed estimate, the load torque es-
timate, and the o estimate, along with the corresponding tracking and estimation
errors, while Figures 5.23 and 5.24 show the stator current and the stator voltage
vectors (a,b) components. Under persistency of excitation, fast estimation and good
tracking performance are obtained.

Rotor speed reference

200 T T T T T T T
=
Py
= 100-
t} / 1 1 1 1 L 1 1 1
0 1 2 3 4 5 6 7 3 9
Rotor ﬁux modulus reference
2 T T T T T T T
=
B
0 1 1 L 1 L 1 1 1
0 1 2 4 .. 5 6 7 8 9
Applied load torque
10, T T T T T T T
Z 5 i
0 1 1 1 1 L 1 1 1
0 1 2 3 4 3 6 7 8 9

Fig. 5.17 Adaptive speed-sensorless control (5.50): rotor speed and flux modulus reference signals
and applied load torque

Rotor speed

150 T T T T T T T
2100
3
E
S0 ]
G 1 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8 9
Rotor speed tracking error
10, T T T T T T T
:"Lf__ 0
=)
S
—lor .
1 1 1 1 L 1 1 1
X 1 2 3 4 5 6 7 8 9

Fig. 5.18 Adaptive speed-sensorless control (5.50): rotor speed and rotor speed tracking error
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Rotor flux modulus
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Fig. 5.19 Adaptive speed-sensorless control (5.50): rotor flux modulus and rotor flux modulus
tracking error

Rotor speed estimate
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Rotor speed estimation error
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Fig. 5.20 Adaptive speed-sensorless control (5.50): rotor speed estimate and rotor speed estima-
tion error

5.4 Adaptive Control with Uncertain Load Torque

In this section we address the problem discussed in the previous section without the
unrealistic assumption that rotor fluxes are available for feedback but assuming that
the rotor resistance is known. We will introduce closed-loop rotor flux observers
and modify the control algorithm obtained in the previous section by replacing the
rotor fluxes by the corresponding estimates given by the observers. To this end, we
design the stator current control loop as



5.4 Adaptive Control with Uncertain Load Torque 261

Load torque estimate

[Nm]

1 L 1 I L I 1
20 1 2 3 4 5 6

7 8 9
Load torque estimation error
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4 ]
v oo ]

0

2 1 1 1 1 L 1 1 1
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Fig. 5.21 Adaptive speed-sensorless control (5.50): load torque estimate and load torque estima-
tion error

o estimate
14 T T T T T T T
=12 1
—
fuml®
10F =
3 1 1 T 1 1 1 1 1
0 1 2 3 4 5 6 7 8 9
o estimation error
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Fig. 5.22 Adaptive speed-sensorless control (5.50): ¢ estimate and o estimation error
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Stator Current a
T

E_m_ 1l"ul"’\ I ,““ﬂ"’}il"ﬁ | Ju"wu'”ill"”Jil\””hl\“'fm" Il 'uu \” N '»”“n'm,l"”"nml"“"um"’“UMM'”‘ml"'”Jrn
= u' ”"h“'m | \.'m‘”u\l"fn\‘"w i fu"""m\”""m\"“m“"f}n\"'ffw\”"fJul\”"fwl" i "\ M {

[s]
Fig. 5.23 Adaptive speed-sensorless control (5.50): stator current vector (a,b)-components
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Fig. 5.24 Adaptive speed-sensorless control (5.50): stator voltage vector (a,b)-components

[’:“’ } - [ cos & Sms"} [’] (5.55)
lsq —Ssin gy Cos & Lsh

in which the reference signals (ij;,i5,) for (is,isq) and the speed of the rotating
frame @y (which, as in the field-oriented control strategy, are responsible for rotor

speed and flux modulus tracking) are designed as (compare with the corresponding
signals in the control algorithm presented in Section 2.7)

Y

Ml

||

-200!
0

VL k.
1 (TL +sat(9)

T any 7 +a))(a)—co)
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- 1 o Tn sat(é) .
. Othsq ky M,
H=wp=0+—"+—-—""
y* Yruy*
My oyt
v lM + ocM] (®—w"); (5.56)

the estimates (®, W4, W) for the unmeasured state variables (@, W4, ¥,4) appear-
ing in (5.55) and (5.56) are given by

» = él _iqu"_isdn
N L.Lg\ .
Wrd:€2+<M7 - ‘)lsd

M
. L,Ls\ .
By = oot (M= )i

and depend on the controller internal signals (£, &,, &3) which satisfy the dynamic
equations

él = *kwél +isqé +k(1)isqg - isdﬂ 7kwisdn
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L,Ry

—7 COOWrd-i-(

L\
- ) ovisg (5.57)

with initial conditions
€1(0) = @(0) +i54(0)£(0) —i5a(0)1 (0)
£2(0) = u0) - (M- 5 ) )

M

4(0) = ¥ 0)~ (41 52 ) 14(0).

The terms (g4, 84, @1, 92, 93, &, M) appearing several times in (5.55), (5.57) and con-
taining feedforward and feedback actions are given by

_ (B - ; ; o WV ky
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A v k A s A
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L e I

+n az’sd) + z(f (C‘f”zq + "0‘75‘1) }

o= -5 ot (4P e
“noi) - 12 (¢ai, - no,) }

2L, (TLn +sat(6) +Ja')*) o +ay? L2yt

BJy*L, (oc2 + a)*z)

~1
n= BaM(oz2+a)*2) v [l]/*zw*OC[JJZ/.LJl[/*l[/*CO*

+20°M (T + sat(0) +Ja')*)] .

The load torque uncertainty saturated estimate appearing in (5.56) and (5.57) is
defined as

A

A 6  if0<6<e,
sat(0) = § Y7 L6" if 6, <0 <6,+¢
6,+¢€ if 8>6,+¢

02(6,,+¢)
lp=—"—F—
€
—26,,& 362 + €2
I = >
€
£+36,
I = 5
€
1
Iz = -2

in which sat(x) is a continuously differentiable odd function which is linear on the
closed interval [—6,,, 6,,] and satisfies |sat(x)| < 6, + € for all x € R. The estimate
6 is provided by the sixth order closed-loop observer

diy,
dr

R . 1 . N . S
= _(;S +ﬁaM)lsq+ gusq — Wolsg —[3%‘/’ + (ll +A +)~3)(1sq _lsq)

—%(isq—fsq) — Blo* (Ve — W) — i)
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da, (MAs+ A4 + 1213) N
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EmPr  if 2, < —Zy and Dy <0
Eam P if 24 >7Zy and Py >0

2a(0) € [—Zu,7m]

D, if —Zy <%, <Zm
4z Dy if 2, <—Zy and @4 >0
dil‘b = Dy if Z, >Zy and D, <0

em®Pyp it Zp < —Zy and Py <0
&Py if Zp>7Zy and Dy >0

2(0) € [—zum,2m]

Vaa | _ [ cosgy singy m%")
V| | —sing cosg (Zbgilsb)
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Eam = 1— ‘M~ %a
am — ) _ 2
ZM - (_ZM - 8za)
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(ZM—’_SZQ) _ZM
R, . 1 1 . A
Dy = ——ig + —ugp + — |asingy + ®* cos 80} (isq — i)
o o Yo
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Epm = 1 — M
bm — ) _ 2
iy — (7ZM - zb)
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Epm = 1-— — 7 2
(Zm+€&p)" — 2y
M=+ % (5.58)

which is designed, by means of a suitable Lyapunov function, for the system in
(isqs @, isq, Za,2p) coordinates
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diy,
dt

—(& +ﬁocM)isq+ LY

c c
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(2a —isa)
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isa)
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dr o e Gthe
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— = ——lgpt—Uu
dr o sb o sb

The advantage of using the variables z, = isq + B, and z;, = iy, + B, instead of
the rotor fluxes y,, and y;,, relies on the fact that their dynamics no longer depend
on the rotor speed @. The control algorithm (5.55), (5.56), (5.57), (5.58), as we
shall see, guarantees bounded closed-loop signals and exponential rotor speed and
flux modulus tracking under the technical assumptions stated below. The proposed
dynamic control algorithm is of tenth order and depends on: the measurements of the
stator currents (i, isp); the reference signals (@*, y*); the known parameters 7,
J, Ry, Ry, L, Lg, M; the known nonnegative bound 6,, on the load torque uncertainty
Ty, — Ty,; the positive control parameters ko, ky, ¥, A, ki, A1, A2, A3, ke, Yar You 2M,
Eas Eby Ve, €

Let us denote by y(r) = [y1(t)T,y2(¢)T,y3(¢)T]T the solution of the closed-loop
system (1.26), (5.55), (5.56), (5.57), (5.58), with

y1 = [w_w*ul//rd_W*aquvd)_vard_l/Afrd7lqu_ qu»isdaisq]T
1 a 1
12 = [ i — g o (00— @), (0 0)]
Bry2 T Byt Jﬁl/f
V3 = lisa — fsarZa — Zar2o — 2" = [easZa, 7T

Such a decomposition of the closed-loop system solution is directly related to the
Lyapunov functions which will be considered in the following. Let us define

[ YB . PN s
r = min{ T2 inf (LY (0}, T i waua}

r2(6-€) = sup{ JA )|+ 1B

A= AT = [dij:|

1<i,j<8
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B=B"= [b,,}

1<i,j<8

with the nonzero elements of A and B given by
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k
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Let us define
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with the nonzero elements of S given by
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1 /Ty, sat(6)
21 = ~ By?? (7 J
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§22 = By M+(XM .
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my = ||P||
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7] — .
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pr= Y, M
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3
p= ] M, 1<k<3
1=1,14k
mqy = sup{ 0]}
t>0
Q= [qij} 1<i<3,1<j<8

with the nonzero elements of Q given by

1
911 = —j7 3
By
@1 = 922 = —keqi1
ky
g3 = —p—
vropy
q24 = —q23
o 1 Ty,  sat(6)
q25 = 426 = aﬁll/*z( 7 +
q27 = —q8 = — K
By*
Finally, let us define
_ By
Ip = |s22|
By*
lp = 5211 -
=y |21

+cb*)
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We now show that the trajectories of the y;-subsystem remain bounded, provided
that the perturbation 8, = 6 — sat(0) as well as the initial state y; (0) are sufficiently
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small: the boundedness of the vector y;, along with the use of projection algorithms
in the design of (Z,,2,) dynamics, guarantee the boundedness of the vectors y, and
y3 and, therefore, of the control signals (i, ug,). Let us first rewrite the rotor flux
dynamic equations in (1.31) so that the rotor speed @ does not explicitly appear.
To this end, recalling that the rotor fluxes (W4, ¥,,) are dynamically related to the
stator fluxes (W4, Yyq) in the (d,q) reference frame by the following relations

L

Vg = Mi _Lh, + 2y,
rd sd sd M sd

L
M
Yy = Mi —%i —I—&l//
q sq M sq M sq
Vsa = Usqg — Ryisq + Qo Wiy
Vg = Usqg — Ryisg — 00 Ysa

by direct computation we obtain

d di L,R; .
Z/trd ( ) djd M Usd — Wslsd + WYy
dy, di LFRA‘ .
Z;q ( ) Tq M Isq — WY
L L
+ (M . M) iy - (5.59)

Denoting by @ = @ — @, Vg = Yra = Y™, Yrg = Yy, €0 = O — 0%, eyq = Yrg — Y,
Cyqg = lIA/rq (so that y; = [6), Wras liqu’ () _fbv Wra — el//da}iqu —€ygq> sta qu]T) anﬁj by
g = W(iw—ixq)’ €p= ﬁ(d)a - (D), 0= W(Q - 6) (sothaty, = [eqaéwv G]T),
from (1.26), (5.55)-(5.59) we obtain the closed-loop error dynamics. Restrict the
analysis to the time-varying smooth bounded reference signals @*(¢) and y*(¢) >

¢y > 0 with bounded first and second order time derivatives satisfying the condition
(for allr > 0)

[21L,(a2 + a)*(t)z)] hi) = 2,5 0 (5.60)
with
h(t) = 2Ly (T + 70" (1)) 0" (1) + @y (1) + 29 (0¥ (1)

and c, any positive real. Let ky, ¥y, A, kis kes Yas Vo» €a> Ep» Ye e any positive
control parameters and choose the positive control parameter k, such that

ko > sup{ [21L,(a2+w*(z)2)} [h(z)+zL,<em+s)|w*(t)|} } :

t>0

Choose A1, A7, A3 such that A; # A # A3 and
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. . (1
mln{ll,lz,lg}thHZl(f){ le*gt; } >cyqa >0

with ¢y, any positive real, and choose the positive control parameter zj, such that

k‘V lﬂ(l) kw }}”1
+ + —
(t)

apyr o py(t
+sup{ (1) + 1) + Blw ()]}
t>0

t>0

v > Sup{1+ﬁ+

Let 6,,, € be sufficiently small and restrict the initial conditions y; (0) such that
(O +€)|@* (1) < J[o? + @*(t)]c,

mm{}uyf“, ,M}r% 32}/]%
amax{y, 47 A, B 0g

1/2

In (0]l < [ (200 +¢)*

where ¢, has been previously defined. Consider the quadratic positive definite func-
tion

Yk Yrk VAo, YrH Yfﬂ] (5.61)

Vl(yl) 7yld1ag |:,Vf7 M M I READ] ﬁ) 13

Compute the time derivative of the function V; along the trajectories of the closed-
loop y;-subsystem and complete the squares so that

. 2
Vi< =nlnlP+ral P+ =2 28, + ) (5.62

Equation (5.61) and inequality (5.62) imply the inequality

r
N < —.
InOl < 5=

By observing that |z5| < zps and |25 < (Zm + &), s = a,b, we have

1Z.(0)] < 2zm+ Ye + €4
7o) <2z +Ye + € -

Since
ég = —keey+ ((xcoseo — 0" sineo)Zu + (Ot singy + ®* cos 80)Zb + Loy,

the inequality

ea)] < leaO) - |+ 20+ -20) (- sup (01} ) +
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is guaranteed. Define ¥, = Py, and consider the quadratic positive definite function

1
Va(32) = 3115 (5.63)

By computing the time derivative of the function V, along the trajectories of the
closed-loop 7,-subsystem and by completing the squares we obtain

. cr .
Vo < =S5l +ea (5.64)

Equation (5.63) and inequality (5.64) imply the inequality

1/2
2Cd
Y20l < np lmillyz(0)||2+ —

We now determine sufficient conditions for the exponential stability of the equilib-
rium point y = 0 of the closed-loop system (1.26), (5.55)—(5.58). Define

acosg(t) — w*(t)sin so(t)}
osingy(t) + o*(¢)cosgy(t) |

o - |

Assume that there exist two positive reals 7, and k, such that the persistency of
excitation condition (/ is the identity matrix)

14T,
/ [T(OC(1)dr>kl, V>0 (5.65)
t

is satisfied. Consider the candidate Lyapunov function

1 " "
W(,9) = Vi) +eoVa(Pyz) + & | 5 (e3 + 12+ 3

+pHQp<t>[zmzb]TrT(zMﬂ

in which V/ (-) and V;(-) have been previously defined, while the matrix Q,(r) is the
solution of the linear matrix differential equation

0,(t) = —Qp() + T (1), Q(0) =e Tkl .

Arguments similar to those adopted in the proof of the Persistency of Excitation
Lemma A.3 in Appendix A guarantee the existence of suitable positive reals &y, &,
p (depending on T}, and k) such that the function W has a locally negative definite
time derivative along the trajectories of the closed-loop system (1.26), (5.55)—(5.58)
so that the origin of the closed-loop system is locally exponentially stable.
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In conclusion, the adaptive control from current measurements (5.55)—(5.58)
guarantees that the following inequalities hold:

r
| < —
IOl < 5+
5 1/2
Cd
Iy2(6)] < [m%|yz<o>||2+ =

and y3(t) = [eq(t), Z4(t), Z»(¢)]T is such that

|Za(2)| < 2zp+ e + €2
1Z()| < 2zm+ Y +&p

N

(420 + 2% + &+ E) (“““p{'“’*(”'}) 4r2

t>0

eal®)] < lea O] +

o for any time-varying smooth bounded reference signals ®*(¢) and y*(z) >
¢y > 0 with bounded first and second order time derivatives satisfying the
condition (for all # > 0)

(22, (@2 + 07 ()?)] “h(t) = 2¢) > 0
with
(e) = 2L, (Toa + 76" (1) ) 0" (1) + @y (107 + 29 (09 (1)

and ¢, any positive real;
e for any positive control parameters ky, Y7, A, ki, ke, Ya» Vo €a> Ep» Ye and
for any positive control parameter kg such that

ke > sup{ [ZJL,(aerw*(t)z)] [h(t)+2Lr(6m+8)lw*(t)l}} ;

t>0

e for any positive control parameters A;, A2, A3 such that A; # A, # A3 and

(1)

<

min{A;,A, A3} +i£lg{ } > cyqg >0
[

<
*
—
~
~—

with ¢y any positive real;
o for any positive control parameter zj, such that

> supd 14 B+ ¥ +
M = Su
M= 50 apy, o pyr()
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sup{i (1) + (1) + Bl ()] } :
t>0

o for sufficiently small 6,,, € and restricted initial conditions y; (0) such that

(6n+&)|" ()] <7 [0® +0™(1)]c)

Tl o4 ka2 2 1/2
mln{}/ 9 A }rl 32
0)| < 20, +¢€
1 (O)]] < [4max{}/f,yﬁl,l,yf;}r 2J2( )

If two positive reals 7, and k, exist such that the persistency of excitation
condition (/ is the identity matrix)

47
/ ‘IO (v)de > kd, V>0 (5.66)
t

is satisfied with

| acosgy(t) — w*(2)singy(t)
o= {azionsso(t)—i—w*(t)sossg(t)

then the equilibrium pomt y= [y1 T =0 — 0",y — l[/ Wiy, @ — o,
Yid lIfd’ Yig — llqua lsd, lsqa ﬁz 2 (lsq lsq) ﬁll;/* ((Da - (l)) Jﬁ‘l/ (9 9) lsd —
Isd> Za — 2a» 2o — 2]T = 0 of the closed-loop system (1.26), (5.55)—(5.58) is
locally exponentially stable.

Remarks

1. Condition (5.60) represents a constraint on the time-varying reference signals
o*(¢) and y*(¢), which may limit the applicability of the proposed solution:
however, it is only a sufficient condition. In any case, if braking actions are not
considered, every pair of constant reference signals ®* and y* > ¢y > 0 sat-
isfies condition (5.60) so that closed-loop boundedness may be guaranteed for
any motor parameters and any constant operating condition. Note that if 6 = 6,
the closed-loop observer (5.58) and the persistency of excitation condition (5.66)
are no longer needed so that the controller is no longer observer-based and the
internal variables ®, W4 and V¥, converge to the references @*, y*, and zero,
respectively.

2. Under persistency of excitation, exponential rotor speed and flux modulus track-
ing may be guaranteed despite constant load torque uncertainty even in the pres-
ence of uncertain flux initial values: this improves the adaptive control algorithms
in Sections 5.2 and 5.3 which make use of flux measurements.
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3. A more useful persistency of excitation condition, which is related to motor ob-
servability (see Section 1.5), can be derived. In fact, inequality (5.65) is implied,
for sufficiently small initial conditions ||y(0)|| and for sufficiently small 6,,, € by

14T
/ T (de = 4k, V0 (5.67)
where
(1) — ocosg;(r) — @*(r)sing; (1)
(1) = osing;(t) + o* (1) cos g; (1)
oM T .
L) =0 t)+ —— |+ a)*(t)]
’ GRE

According to Schwarz’s inequality, a necessary conditions for (5.67) to be satis-
fiedis (7 € [t,1 +T}], t > 0): &;(7) # 0 in the case of constant rotor speed refer-
ence signal ©*(7), which is also sufficient when the rotor flux modulus reference
signal y* is constant.

IHlustrative Simulations

We tested the adaptive control from current measurements (5.55)—(5.58) by sim-
ulations for the three-phase single pole pair 0.6-kW induction motor whose pa-
rameters have been reported in Chapter 1. The control parameters are (the values
are in SI units): ko = 60, k; = 300, ky =12 B/M, vy = B/u, A = B/M, A, =3,
=4 A=5k=24%=7%=03"2/=42,6,=€,=09,% =3, =0.1
(6,, = 3.6). All initial conditions for the motor and for the controller are set to zero
except Wy, (0) = 0.1 Wb. The references for rotor speed and flux modulus along with
the applied torque are reported in Figure 5.25. The rotor flux reference starts from
0.001 Wb atr = Os and grows up to the rated constant value 1.16 Wb; field weaken-
ing starts at t = 4.32s. The rotor speed reference is zero until # = 0.32 s and grows up
to the constant value 100rad/s; at t = 4.32 s the rotor speed is required to go up to the
value 200rad/s, while the reference for the rotor flux is reduced to 0.72 Wb. The load
torque 77, (5.104Nm) is applied at # = 0.9s and is reduced to 0.44Nm at t = 4.2s.
The uncertainty 6 is —12% of the load torque nominal value Ty, i.e., Ty, = T1./0.88.
Note that the inequality (5.60) is satisfied. Figures 5.26-5.28 show the rotor speed,
the rotor flux modulus, and the load torque uncertainty saturated estimate along
with the corresponding tracking and estimation errors, while Figures 5.29 and 5.30
show the stator current and the stator voltage vectors (a,b) components. Under per-
sistency of excitation, fast estimation and good tracking performance are obtained.
The initial error (about 10%) between the rotor flux vector d-component y,, and its
reference y* is compensated by the controller.
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Rotor speed reference

_‘400 T T T T T T T T
ol
S
b,
= 200
£ b
0 / 1 1 1 Il 1 Il 1 1 Il
0 1 2 3 4 5 6 7 8 9 10
Rotor flux modulus reference
2 T T T T T T T T
a
21 .
0 1 1 1 L 1 Il 1 1 Il
0 ] 2 3 4 : 6 8 9 10
;‘-‘lppheri load torque
I G T T T T T T T T
=
g
z 5 .
G 1 1 1 L
0 1 2 3 4 5 6 7 3 9 10

Fig. 5.25 Adaptive control from current measurements (5.55)—(5.58): rotor speed and flux modu-
lus reference signals and applied load torque
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Fig. 5.26 Adaptive control from current measurements (5.55)—(5.58): rotor speed and rotor speed
tracking error

5.5 Adaptive Control with Uncertain Load Torque and Rotor
Resistance

The control algorithm presented in the previous section makes use of rotor resistance
in a critical way: boundedness of closed-loop signals and convergence of tracking
errors are guaranteed if the design parameters lie in a range depending on ¢, while
the allowed reference signals for rotor speed and flux modulus are constrained by an
inequality which also depends on «. The controller proposed in this section, which
is adaptive with respect to ¢ as well, is substantially different from the previous one:
no constraints on the reference signals are to be imposed for tracking and estimation
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Fig. 5.27 Adaptive control from current measurements (5.55)—(5.58): rotor flux modulus and rotor
flux modulus tracking error
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Fig. 5.28 Adaptive control from current measurements (5.55)—(5.58): load torque uncertainty sat-
urated estimate and load torque estimation error

errors to converge to zero as long as they are persistently exciting. We propose the
following control algorithm consisting of a stator current control loop (containing
feedforward actions and suitable stabilizing and robust feedback terms):

Usq | | cos&y —singy | | Ugg
ug, | | singyg cosg Ugq
Ry . . . .o , " d .,
o [(g + O‘ﬁM) Isg — Wolsg — ﬁO“I/rd - Bw Vg — ki(lsd - lsd) + alsd

k
~ = i) B (3+ o+ 02+

Usd

ll-/*Z

@ )
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Fig. 5.29 Adaptive control from current measurements (5.55)—(5.58): stator current vector (a,b)-
components
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Fig. 5.30 Adaptive control from current measurements (5.55)—(5.58): stator voltage vector (a,b)-
components

Ry . : A N — d .,
Usqg = O-[(_s+aﬁM) +a)01d_ﬁawtl+Bde_k'( - ) alsq

g i) (M2[ i it 02 4 5+ o+ )|

Isd _ | cosé& sin & (5.68)
isq —sin gy cos & isb ’

in which the reference signals (iy,,i5,) for (iss,is;) and the speed @y of the (d,q)
rotating frame (which, as in field-oriented control, are responsible for rotor speed
and flux modulus tracking) are chosen as (compare with the corresponding signals
in the control algorithm presented in Section 5.3)
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A
T am
] 1 R T, sat(6)
= | —kp(O— ")+ =2 w*}
lsq ‘LLII[* a)( )+ 7 + 7 +
£ = A dMi’;q _
0= Wy =0+ ; (5.69)

*

the estimates (@, Wrq, Wig, 0, ¢t) for the unmeasured states (@, Yy, Yyq) and for the
uncertain constant parameters (0, ¢) appearing in (5.68) and (5.69) are provided
by the seventh order closed-loop adaptive observer which includes the auxiliary
variables (I, fsq, Zds 2q)

N L.
Ywa = *B(lsdfzd)
N M.
Vg = _B(lsq_zq)
disy  (Ry | oo N, 1 .
? = - <E +ﬁOCM)lSq + Eusq — Wplgg
—ﬁ(f)l[ﬁ + (l] + A+ 13)(1'5,] — fsq)
_%(isq - ?sq) - ﬁ[w*(lilrd - W*) - é“i/rq]
dé v MG+ +AA3) . . Tin 6
gzwl/ lsg — ﬁllf* (lsq_lsq)_T_j
1 Ty sat(é) N N X A2
+%[7 7 +w}[ll/rd vl N{MJFQM}W
@:M@MiJ)
dr ﬁw* sq — lsq
dfsd _ RS A . 1 :
dr - <E +BaM)lxd + Eusd + Wpisq

_w*(isq - 2q) - &(isd _fd) +ke(isd - fsd)

dZg R; . + 1 + 5 4 (04 ( 2 )
= ——, — U, — lsd — 1,
g sd T Glsd Wolg " sd — Usd

dr

dz, Ry . +1 A+a)*(, i)

— = ——1 —Usg — — (lsa — 1s

d P L W24 7 sd sd

dé ) N N

9% _ pro (’;"; <zsd—zsd>,a>  6(0) € [0,y 0 < 0 — €

(5.70)

in which Proj({, &) is the smooth projection algorithm given by (A.25) in Ap-
pendix A and defined in our case by
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¢ if o, <& <oy
¢ if &<ayand >0
Proj({, &) = ¢ ¢ if &>oyand§ <0
i€ if &<y and £ <0
Enl if &> apyand § >0
02 — 62
‘gglzl—%
am *(amfga)
dz—OCM2

(ogr + 805)2 —oy?

S =1~

The load torque uncertainty saturated estimate appearing in (5.69) and (5.70) is
defined as

A

A 6 if 0<6<80,
sat(0) = § Y2 16" if 6, <0 <6,+¢
O0,+¢€ if 6>6,+¢

6,721(6,”+£)
lo = T2
)
—~26,,€ —362 + ¢€*
L = 3
£
£+36,
b = 5
€
1
13 = —?

in which sat(g) is a continuously differentiable odd function which is linear in the
closed set [—6,,, 6,,,] and satisfies [sat(q)| < 6,,+ € for all g € R. The overall control
algorithm (5.68), (5.69), (5.70) is of eighth order and depends on: the measurements
of the stator currents (isq, igp); the reference signals (@*, y*); the known parameters
Tin, J, Rs, Ly, Ly, M; the known nonnegative bound 6,, on the load torque uncertainty
T;, — Ty, the known bounds o, ¢ty such that oy, < o < ayy; the positive control
parameters kg, ki, k, ke, A1, A2, A3, Y1, ¥, €q, €. Let us introduce the angle &
satisfying

oM 11

€0 = 00+ Lo [7 + o (1))
£ (0) = &(0)

depending on the uncertain parameters (¢, ;). Let us define the tracking and esti-
mation erroES: O=w-— a)*,AlT/,d =Ya — V", Urg = Wy, bsqd = Isq — Ly, Isqg = Isqg — iij,
€q = lgg —lsd, €q = lsqg — Lsg, €p — O — @, eyg = Vg — Ypg, €yq = Yrg — Yry,
6 =0 —6, & = a— &. Let us introduce the changes of variables [A; # A, # A3]:

Za| _ |cosg; —sing; | | Beya
Zy| | sing; cosgy | | Beyqy
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fo f o0 o 6
1= 59 .00 2= 5 3=
By By By
1 1 1 17 ' 8
e= | L+ 4+ A4+ X
bz MAz A X3
Let us define the matrices
—(M+ 2+ A3) 10
Ay = 7(122,3 Jrll/’\,g, Jr;\,lﬂ,z) 01
i —MAA; 00
B o* o _
ﬁw*2 ﬁw*2 uﬁw*m
S5 = ﬁw*zn ﬁw a0
| 0 0 0
_ﬁul,*za(lrfrq_ewq M;vq) ] O,y + kwM*3d(d)+ew)
Ry = ﬁ‘!/*z lI’rd(a)"i_eoo> + ﬁq/ ( qlsd - l1Ura'lsq)
0

sat( )

in which n= |:TL" + + o ] Lety= [(b’ lI~/}’d, lprq’ zvd’ Z\‘q7 eT’ ed, Za Zba(x]T

€ R'2. Choose the positive control parameters k;, A1, A, A3 in the control algorithm
(5.68), (5.69), (5.70) so that k; > oysM>, Ay # Ay # A3, and

. () .
min{A;, A2, A3} +,"§g{ v o) } >y >0.

Assume that there exist two positive reals f, and k, such that the persistency of
excitation condition (/ is the identity matrix)

1+
/ "I\ ()T > kI, V>0 (5.71)
t
holds with
ocos g (t) — *(r)singy (1)
I'"(t) = | asing;(r) 4+ o*(r) cos & (1)
_By (@
04

Introduce the auxiliary variables z; = isg + B W4, 24 = isq + B Wrg, Which are linear
combinations of the motor state variables and whose dynamics

. R; . 1
g = ——lsd T —Usd + W0Zg
(o) (o)

. _ R 1
lg = poe — g+ — O' — WpZg
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do not depend on the unmeasured rotor speed @ and the uncertain parameter o.
Since

eyd = Wpeys — —=¢

yd vq d
7B

*

bug = —Wpeyd — — €4
g v
nB

the closed-loop system can be written as

do N 1 ~ o
o —kop (D +eq) — 7 {9 —Sﬂt(@)] + Uiy,
— Wiy + UV sq + WWraisg — W Wgisa
dy _ . . 8
% = —awrd‘i‘(a)()_a))qu'i_aMlsd—"_%a
dv, ) Y
o — 0y — (W) — ©) Wy — e Y™ + aMis, + 0 isg
dZYd _ kT * ~ ‘V* = ~ = M""
o = kil Baeya+Bo’eyy — B+ aB(Vra —eya) — ABMis
LBy k 2o 34 o2 P A w22 \;
qu_ZB + oy t+oT+ a2 + M7y ) isa
di . xorew | moco
d[q = *kil‘vq+Baelyq_Bw*er7 aBMl§q+aﬁ(W"q_e‘V¢l)
_&ﬁMisq7Bd)ewd+ﬁeww*+ﬁew(‘prd_ewd)
k -
— B (M0 + B+ o+ 5+ o+ )i
X v X eyd
)?2 = (Axf 7*1) .552 +Sx ewq +R)C
X3 14 X3 o
ded ~ 1[/* * * - 7~
v —keey— @ p + [acosgy — ™ sing;)Z,
+[asingl + 0* cos &)z, — aBMiy
+0B g+ BOY,, — cos€yZ,0 — sin €52, 0 — [f;"(; a’
4z oz l[a & — 0" singg] +C0$8§6¢
—= = @3, — —[0ocose; — w*singjley e
dr " 0 0 N ¢
de ~ o~ 1 . * * * Sing{)k ~
—= = —@pZ, — —[osing; + " cosggles + dey

dt N
@
dr

ik

= —Proj (— [;2‘/(; ed,d)

in which
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B = 0 teo— 2 [E+a>*}a+ (a
C oyl wy?
B . (9—sat(é))

—OC) {—km(a)ﬁ‘ew)_f} .

Recalling that the projection algorithm Proj({, &) guarantees the properties in Ap-
pendix A, consider the positive definite function

I o
W= (@ +sa (W + 02+ B+ )

tpllel +5y(eh+ n2+mz +pa?
~ ~ = 2
2] (1)fEwr 20, & =T (1)ea )]

in which s, sg,5y,p € R™, and the matrix Q) (t) is the solution of the linear matrix
differential equation

0p(t) = =Qp(t) + T (1)L (1)
0,(0) = e "7kpl .

According to the Persistency of Excitation Lemma A.3 in Appendix A, there exist
suitable positive reals sq, B> Sys D (depending on ¢, and k) for which the function
W has, along the trajectories of the closed-loop system, a locally negative definite
time derivative

W < —an|x||> + aal|x||* + a3|x]|°

< =+ (

2
@ )6
s tas )l

T
where x = [yT, (0p(t)[2a,2p, 0T —FT(t)ed)T} and a;, 1 < i< 3, are positive reals
depending on t, and k. Since v;||x[|> < W < v,||x||> with v; = %min{l,sa,sﬁ,sy,
SyYi.Sy¥, 2syp} and v; = Lt max{1,sq, S8, 5y, SyYi» SyY2. 2syp}, and since [[x(1)[|? <

blly(#)||> with b = 1+2I,3(I;3 + 1), and I}; > || (¢)]| for all > 0, we can establish
that there exists a positive real s such that

b )
Y2230, v >0

2
H|I° <
Iy < Vi

for any initial condition y(0) satisfying

(O < ——
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Therefore, the origin y = 0 of the closed-loop error variables system is locally ex-
ponentially stable so that exponential rotor speed and flux modulus tracking are
achieved.

In conclusion, the adaptive control from current measurements (5.68)—(5.70)
guarantees that the origin y = 0 of the closed-loop system is locally exponen-
tially stable, so that exponential rotor speed and flux modulus tracking are
achieved, under the following conditions:

1. the positive control parameters k;, A1, A2, A3 are chosen so that k; > o M?>,

2,1 75 2,2 75 A,3, and

: () . .
mm{)Ll,kz,?Lg}—ktuzlg{ W*(t)} >y >0;

2. there exist two positive reals ¢, and &, such that the persistency of excita-
tion condition (/ is the identity matrix)

1+,
/ (o) (t)dt > kpl, Yi>0
t

holds with
ocos gy (1) — w* (1) singy(t)
I'"(r) = | asingg(r) + o* () cos g (1)
_Bv@)
o
Remarks

1. According to the previous analysis, under persistency of excitation, exponential
rotor speed and flux modulus tracking may be guaranteed despite constant load
torque and rotor resistance uncertainties even in the presence of uncertain flux
initial values: this improves the adaptive speed-sensorless control designed in
Section 5.3 which makes use of measured rotor fluxes.

2. The dynamic compensator (5.68)—(5.70) contains 11 control parameters kg, k;,
k, key A1y A2, A3, Y1, V2, Eq» € Whose role may be evaluated by examining both
the closed-loop error equations and the corresponding stability analysis. The pa-
rameters ky, ki, ke, (A1,42,43) directly affect the dynamics of the tracking and
estimation errors @, (i, fxq), eyq, (X1,%,%3), respectively, while the parameter
determines the influence of the estimation error e; on the dynamics of the error
variables (Z;,Z5); the parameter 7, !'is the adaptation gain for &, while the pa-
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rameters k, €q, € characterize the robustifying terms in (uyq,us,), the projection
algorithm Proj(-,-), and the saturation function sat(-), respectively.

3. The key inequality (5.71) may be physically interpreted in terms of motor observ-
ability and rotor resistance identifiability (see Sections 1.5 and 1.6). In fact, nec-
essary conditions for (5.71) to be satisfied are (7 € [t,1+T),],t > 0): (1) &;(7) #0,
in the case of constant rotor speed reference signal ®*(7); (2) y*(t) # 0. A suf-
ficient condition for inequality (5.71) to be satisfied is to choose a time-varying
rotor flux modulus reference signal y*(r) and a constant rotor speed reference
value w* such that

*2 ! )
= g.cosl— ) >0
W*Z(t) Wc + <8*
0+# 0" +——y
# 0+ AL
in which y is a positive constant and &, is a sufficiently small positive real.
4. As shown in Section 5.3, the rotor flux modulus reference signal is required to
be time-varying: if ||[y*(¢), ®*(¢)]|| = O for all #+ > 0, then all the points (@,
lilrd’ lrqu, iSd? iSq’ il? -fZa i3» ed7 Z{h Zh7 d) = (_gd7 0’ 05 O’ 0’ 07 #(x’ 09 O’ 05 07

&), with g = Vf,fz (T +J @), are equilibrium points for the closed-loop system so

that, when both rotor speed and flux modulus reference signals are constant, local
exponential rotor speed tracking may not be guaranteed by the control algorithm
(5.68)—(5.70).

IHlustrative Simulations

We tested the adaptive control from current measurements (5.68)—(5.70) by simula-
tions for the three-phase single pole pair 0.6-kW induction motor whose parameters
have been reported in Chapter 1. The control parameters are (the values are in SI
units): ke = 120, k; = 900, k = 0.01, k, = 900, A; = 120, A, = 150, A3 = 180,
7 =120"1,  =9007!, @, = 4.5, oy = 13.5, 6,, = 3.6, € = 0.1, &, = 0.9.
All initial conditions of the motor and of the controller are set to zero except for
V4(0) =0.1Wb and &(0) = 11.1s~!. The references for rotor speed and flux mod-
ulus along with the applied torque are reported in Figure 5.31. The load torque 77,
(5.104 Nm) is applied at = 0.9s; the uncertainty 8 is —12% of the load torque
nominal value 77,. Figures 5.32-5.35 show the rotor speed, the rotor flux modulus,
the load torque uncertainty saturated estimate, and the o estimate, along with the
corresponding tracking and estimation errors, while Figures 5.36 and 5.37 show the
stator current and the stator voltage vectors (a,b) components. Under persistency of
excitation, fast estimation and good tracking performance are obtained. The initial
error (about 10%) between the rotor flux vector d-component y,; and its reference
v* is compensated by the controller.



286 5 Speed-sensorless Feedback Control

Rotor speed reference

200, T T T T T
o
~
3
2 0
=)
200 1 1 1 1 1
) 2 4 6 8 10 12
Rotor flux modulus reference
2 T T T T
e f
0 1 1 L L 1
0 2 : 8 10 12
Apphe({) load torque
10, T T T T T
=
g
Z 5
1 1 1 1 1
% 2 n

[ﬁq] 8 10 12

Fig. 5.31 Adaptive control from current measurements (5.68)—(5.70): rotor speed and flux modu-
lus reference signals and applied load torque
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Fig. 5.32 Adaptive control from current measurements (5.68)—(5.70): rotor speed and rotor speed
tracking error
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5.6 Conclusions

In this chapter we have addressed the design of control algorithms for induction mo-
tors in which the rotor speed sensor is not available. The starting point is the feed-
forward control developed in Chapter 1 and analyzed in Chapter 2. In Section 5.1
a PI feedback term is added to the feedforward control which depends on the error
between the measured stator currents and their steady-state profiles corresponding
to given references for rotor speed and flux modulus. The desired steady-state oper-
ating condition may be unstable depending on the load torque value and the desired
reference flux modulus. Hence, additional feedback terms are needed to remove this
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Fig. 5.33 Adaptive control from current measurements (5.68)—(5.70): rotor flux modulus and rotor
flux modulus tracking error
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Fig. 5.34 Adaptive control from current measurements (5.68)—(5.70): load torque uncertainty sat-
urated estimate and load torque estimation error

drawback. Since in Chapter 2 several state feedback controls have been obtained
which have then been successfully integrated in Chapter 4 by rotor flux observers,
in this chapter we have introduced observers both for rotor speed and rotor fluxes in
the feedback control algorithm. As intermediate steps, in Sections 5.2 and 5.3 both
nonadaptive and adaptive controls have been designed under the assumption that
all state variables are available for feedback with the exception of rotor speed. This
unrealistic assumption allows us to concentrate on the design of closed-loop rotor
speed observers and to clarify the identifiability conditions which are required to es-
timate the rotor resistance in closed-loop: it turns out in fact that the rotor flux mod-
ulus reference has to be time-varying. The goal of designing observer-based controls
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Fig. 5.35 Adaptive control from current measurements (5.68)—(5.70): & estimate and & estimation
error
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Fig. 5.36 Adaptive control from current measurements (5.68)—(5.70): stator current vector (a,b)-
components
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from stator current measurements has only been accomplished in Sections 5.4 and
5.5, in which adaptation with respect to load torque and rotor resistance is also ob-
tained in closed-loop. The rotor speed tracking in the presence of critical parameters
has been obtained only when time-varying references for the rotor flux modulus are
imposed, while the rotor speed tracking with speed measurements has also been ob-
tained for any initial condition in Chapter 4 when rotor flux modulus is constant. In
other words, the rotor speed tracking has been achieved provided that the uncertain
parameters are correctly estimated, while when rotor speed is measured the conver-
gence to zero of the uncertain parameter estimation errors is not required to achieve
rotor speed tracking from any initial condition.
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Fig. 5.37 Adaptive control from current measurements (5.68)—(5.70): stator voltage vector (a,b)-

components

Problems

5.1. Consider the following control algorithm:

A _ YV
sd = 0 T oM
1 . .
fo= —kp(®d— 0"+ =+ o0*
e = g | ol T ]
. (XMlsq 1 |:,\ aMisq . ok
G=wy=0+——- O +1)+——| (isa — is)
v By ye |
D = —kp(d— ")+ 0" —kio(isq—i;‘q)
"= Ry | ka

(042 o
isg| | cosg& sing | |isa
iyg| | —sing cosg | | ig

c [Yi:d — Wylgg —
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Usd

-k

ok . ALk dlxq
O |Vigy + Ooisg + POV + @

Usq | | cos&y —singy | | Usq
ug | | singy cosg ugg |

— kig(isa — i?d)]

Usq

Choose the control parameters kg, kjo, kiq, kiz and simulate the closed-loop perfor-
mance. Compare with the controller given in Section 5.1 and with the controller

given in Section 5.4 with 7} replaced by 7.



290 5 Speed-sensorless Feedback Control

5.2. Consider the following adaptive control algorithm:

A A
15d2ﬁ+aM
1 T

W —ko(@— ")+ —+ 0"

iy = e | K@ 07+ L o]

] . aMig, 1 [A aMiy) . .,

==+ ——+— |0(1+7)+——| (iu—i5)
v By ye |

B = 0 — kio(isg — i)
TL = —kT((b — (D*)
R; kid

" et

isg | | cos€& sing | |ig
isg | | —sing cosé& | | ig
di;

Usqg = O |:'}/l':d — Woisg — apy’ + —d _ kia(isa — i;kd)]

dr

sk

di
Usg = C {yijq + @iga + BOV* + —L — kig(isa — i;kd)}

dr
Ugg | | cOs& —singy | | Usg
ug, | | singy cosg Ugg |
Choose the control parameters ke, ko, kiq, kig, k7 and simulate the closed-loop per-
formance. Compare with the controller given in Section 5.4.

5.3. Consider the global speed-sensorless control (5.20): assuming that the rotor
speed o is measured, replace @ by ® and compare the resulting control algorithm
with the global control algorithm with arbitrary rate of convergence (2.114).

5.4. Consider the adaptive speed-sensorless control (5.50): assuming that the rotor
speed m is measured, modify the control algorithm so that the uncertain parameters
are estimated even in the cases in which condition (5.47) fails and compare it with
the adaptive input—output feedback linearizing control (2.85).

5.5. Consider the adaptive control from current measurements (5.68)—(5.70): mod-
ify the control algorithm assuming that the rotor speed @ is measured so that the
uncertain parameters are estimated even in the case in which the reference for the
rotor flux modulus is constant ({* = 0) and compare it with the control algorithms
given in Section 4.4.

5.6. Redesign the adaptive speed-sensorless control (5.50) assuming that 77 is
known while Ry is uncertain.

5.7. Design an adaptive version of the feedforward control (1.74) replacing 7} by
T and assuming that only stator current measurements are available. Suggestion:
assume constant references 0* and Yy* and use the linear approximation.
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5.8. Design an adaptive version of the feedforward control (1.74) replacing T by T},
and y = aBM +R,/c by 7 = afM + R,/c and assuming that only stator current
measurements are available. Suggestion: assume constant references ®* and y* and
use the linear approximation.






Chapter 6
Conclusions

In this book the problem of designing a control for an induction motor has been
systematically studied and thoroughly discussed using tools from nonlinear system
theory, both for analysis and control purposes. Adaptive control techniques have
been used to identify online critical parameters.

The analysis has been carried out in Chapter 1 in which several nonlinear state
space models are introduced for balanced unsaturated induction motors. The dy-
namical models are multivariable and highly nonlinear: they relate two independent
stator voltage inputs to the output to be tracked, which is the rotor speed, via the
unknown load torque and the stator and rotor electric state variables. The power
balance is best understood using the energy model in which the rotor speed and
the motor currents are the state variables: the input power from a voltage source is
balanced by the power losses and by the output power which is required to match
a load torque at a desired speed. The field-oriented model, which is expressed in
a frame rotating in synchronism with the rotor flux vector, allows us to compute
the steady-state operating conditions when sinusoidal input voltages with constant
modulus and frequency are applied. The nonlinear analytical relation between the
load torque and the rotor speed, which is usually called torque—speed characteris-
tics, has been explicitly computed. It shows that, while for low load torques there
is only one stable operating condition at high rotor speed, for higher load torques
there might be two operating conditions depending on motor parameters such as
the stator resistance. The operating condition at higher speed is exponentially stable
while the operating condition at lower speed is unstable: they get closer and closer
as the load torque increases giving rise to a saddle-node nonlinear bifurcation phe-
nomenon. In particular, zero rotor speed is typically an unstable operating condition
in which the rotor flux modulus has its minimum value while the stator current mod-
ulus achieves its maximum value. The inverse system has also been computed using
the field-oriented model. It is a first order nonlinear system, whose state is the flux
vector angle, which generates the stator voltage inputs required to track the desired
time varying rotor speed reference signal; it is parameterized by a time varying ro-
tor flux modulus which may also be viewed as an additional output to be tracked.
The choice of the flux modulus reference aims at the power losses minimization

293
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or, more generally, at maintaining the motor within its physical limitations in those
stable operating conditions in which the model used to design the control is reliable.
When the desired rotor speed and rotor flux modulus are constant, limit cycles arise
in the state space, whose attractivity is in general not global and not even guaran-
teed depending on the required flux modulus, on the load torque, and on the motor
parameters. These features reveal the nonlinear nature of the induction motor dy-
namics and motivate the need of a feedback control action to improve the motor dy-
namics, particularly at low speed. The models have been experimentally validated
for a low power induction motor by comparing the characteristic curves obtained
theoretically and experimentally: a good match was obtained at higher speed while
at low speed and high torque some discrepancies appear due to measurement inac-
curacies and unmodeled effects such as magnetic saturation and power electronics
dynamics. Transient responses have also been compared: the models are suitable
for control design even though they are less reliable at low speed, low flux modulus,
and high torque.

Before discussing the design of feedback controls, which is the topic of the book,
structural properties of the induction motor, such as feedback linearizability, ro-
tor flux observability, and parameter identifiability have been studied in Chapter 1.
Several encouraging facts have been established. The induction motor can be made
input—output decoupled and linear by static state feedback and can be transformed
into a linear, controllable system by a first order dynamic state feedback control.
Hence, the highly nonlinear induction motor can be effectively controlled if all the
state space variables are available for feedback and all motor parameters are exactly
known. Unfortunately the rotor variables, either fluxes or currents, cannot be easily
measured and two critical parameters, the load torque and the rotor resistance, may
vary widely during operations and are therefore uncertain. These two parameters
play a crucial role in the induction motor dynamics. Nevertheless the rotor fluxes
are observable and the load torque is identifiable for any voltage input from stator
current and rotor speed measurements; in this case the rotor resistance is also iden-
tifiable when the electromagnetic torque generated by the motor is different from
zero. When the rotor speed is not measured the observability and the identifiability
issues are more involved: time-varying rotor flux modulus may be required in order
to identify the rotor resistance.

Once good controllability, observability, and identifiability properties have been
established, the design of feedback control algorithms has followed the classical
path: the full potentiality of state feedback design has first been explored in Chap-
ter 2; then the design of observers, parameter estimators and adaptive observers
have been studied in Chapter 3; in Chapter 4 the output feedback design based on
observers and estimators has been discussed. Finally, in Chapter 5 the control of
induction motors without rotor speed sensors has been dealt with: this is the most
difficult control task since the speed tracking error is no longer available for feed-
back.

In particular, since globally attractive operating conditions are not guaranteed
by the feedforward control strategy, which may also lead to instabilities, depending
on motor parameters and reference signals, six different feedback control schemes
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have been designed and discussed in Chapter 2, under the assumption that all the
state variables are available for feedback. Since in practice the rotor state variables
cannot be measured, the actual control algorithms that are implementable will have a
more complex structure and will achieve inferior performance. Hence, in Chapter 2
the foundations of any feedback control algorithm are laid and the best achievable
performance is explored. A very satisfactory control algorithm has been presented in
Section 2.7 which achieves speed tracking with arbitrary rate of convergence from
any initial condition and for any rotor speed reference: it represents an evolution of
the indirect field-oriented control which is commonly used in practice and is illus-
trated in Section 2.3. Classical tools from Lyapunov stability theory have been used
in the design of this controller. Superior closed-loop performance can be achieved if
singularities are accepted which imply that the motor cannot be operated from any
initial condition. In this case the controlled motor can be rendered linear as shown
in Sections 2.4-2.6. Moreover, estimators for load torque and rotor resistance can
also be designed when all state variables are measured: they allow the convergence
to zero of the rotor speed and rotor flux tracking errors even when the parameters
are not correctly estimated. However, when the electromagnetic torque is different
from zero both load torque and rotor resistance are identified online. The indirect
field-oriented control, which does not require rotor flux measurements, has been ex-
perimentally tested and its robustness with respect to rotor resistance variations has
been evaluated: the experiments confirm that the rotor resistance is a very critical
parameter in the control design, since its variations lead to poor control of the rotor
flux and, consequently, to reduced power efficiency.

Chapter 3 has been devoted to the design of rotor flux observers and of rotor
resistance estimators from rotor speed and stator current measurements. It has been
shown that the two problems are closely related and can simultaneously be solved
by an adaptive flux observer which has been presented in Section 3.2: the rotor flux
estimation errors converge to zero only when the rotor resistance estimation errors
also converge to zero; this happens in most operating conditions. Basic techniques
from adaptive control theory such as the concept of persistency of excitation have
been used. The preliminary Section 3.1 has shown that, when the rotor resistance
is known, rotor flux observers with arbitrary rate of convergence can be designed.
Exponentially convergent load torque estimators have been discussed in Section 3.3.
Rotor flux observers which are adaptive with respect to rotor resistance variations
have been experimentally tested: their robustness with respect to stator resistance
variations has been evaluated.

In Chapter 4 physically implementable feedback control algorithms have been
obtained on the basis of the results discussed in Chapters 2 and 3. The most general
and most complex output feedback controller has been presented in Section 4.4: it is
adaptive with respect to both unknown load torque and rotor resistance and allows
for any motor initial condition and any speed reference. It achieves in any case the
tracking of the rotor speed reference: the tracking of the desired rotor flux modulus,
however, is achieved if persistency of excitation conditions are met so that the pa-
rameters are correctly estimated. The persistency of excitation conditions cannot be
met when the load torque is zero and both the rotor speed and the rotor flux modulus
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are constant; in typical operating conditions, that is when the electromagnetic torque
is different from zero, they are satisfied. Hence, the lack of rotor flux measurements
only prevents us from achieving rotor flux tracking even when the rotor resistance is
uncertain and is not correctly identified. However, when the electromagnetic torque
is different from zero, the exact value of the rotor resistance is recovered online and
the flux tracking errors exponentially tend to zero. In Chapter 4 it has also been clar-
ified that even though output feedback control not based on observers can also be
designed when rotor resistance is known, as shown in Section 4.1, observers can im-
prove the closed-loop performance and motor efficiency and should be used when
the rotor resistance is uncertain. An output feedback control algorithm, which is
adaptive with respect to load torque and rotor resistance variations, has been exper-
imentally tested: experiments confirm that the rotor resistance is estimated online.

The difficult problem of controlling the induction motor without rotor speed mea-
surements has been studied in Chapter 5. Since no rotor speed tracking error is
available for feedback, the main problem is to design rotor speed observers so that
the control techniques developed in Chapter 4 can still be applied. In Section 5.1 it
has been shown that a control which is based on the stator current errors only and
does not attempt to estimate the rotor speed has severe limitations and may lead to
instability. The possibility of observing the rotor speed, at least when a feedback
control is applied and the rotor flux vector is measured, has been discussed in Sec-
tion 5.2, which opens the way to the design of adaptive speed-sensorless controls
in the realistic cases in which the rotor flux is not measured and both torque load
and rotor resistance are uncertain. In these cases the obtained results, which are pre-
sented in Sections 5.4 and 5.5, are local, i.e. they hold for sufficiently small initial
errors, while global results have been obtained in Chapter 4 when rotor speed mea-
surements are available. Moreover, in order to identify the rotor resistance which is
required for the rotor speed estimation and for the speed tracking, the rotor flux ref-
erence is required to be time-varying so that power efficiency is more problematic:
this limitation is not present in the case in which the rotor speed is measured.

This book clearly illustrates that nonlinear adaptive control techniques can be
successfully applied to the design of induction motor control. A nonlinear adaptive
control design is required for the induction motor control since its dynamics are
highly nonlinear and critical parameters should be identified online to improve mo-
tor efficiency and performance. All control and estimation algorithms presented in
this book have been simulated for the same induction motor which has been used
in the experiments, so that the corresponding performance can be compared and
validated. Experimental tests confirm the simulation results: they show that criti-
cal parameters such as torque load and rotor resistance can be estimated online and
that the presented control algorithms are implementable, achieve good performance,
and improve power efficiency when the rotor speed is measured. Even in the cases
in which only stator currents are measured while rotor speed and fluxes are not
measured, rotor speed tracking can still be achieved by complex nonlinear adaptive
feedback controls, provided that persistently exciting rotor fluxes are generated.

We may conclude that the two parameters load torque and rotor resistance have
been the main characters of this book which specifically require adaptive control
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techniques; their variations may turn a stable operating condition into an unstable
one and vice versa when the induction motor is operated by a feedforward con-
trol; they both contribute to determine the optimal flux modulus which minimizes
the power losses; they determine, for a given flux modulus, the slip speed, that is
the difference between the flux vector speed of rotation and the rotor speed. Con-
sequently, since the quadrature component of the stator current vector, which is
orthogonal to the flux vector, is responsible for the electromagnetic torque genera-
tion while the direct component of the stator current vector, which is parallel to the
flux vector, is responsible for the flux tracking, unless the rotor flux is directly mea-
sured, the exact values of those two parameters are needed by any control algorithm
to achieve high dynamic performance in speed control with high power efficiency.
Nonlinear adaptive observers are then the key tools for induction motor control,
since they can observe the rotor flux vector and, simultaneously, identify online the
rotor resistance. Nonadaptive rotor flux observers are, in fact, very sensitive to rotor
resistance variations. Even though there are operating conditions in which the rotor
flux vector is not observable and the rotor resistance is not identifiable, in typical
operating conditions, such as nonzero electromagnetic torque, the adaptive observer
errors converge exponentially to zero and this is experimentally confirmed. Once
the rotor flux estimation errors converge to zero, the online identification of the load
torque is not difficult. The incorporation of adaptive observers into an output feed-
back control algorithm presents technical difficulties and leads to complex nonlin-
ear feedback controls, which are designed on the basis of Lyapunov techniques. The
most difficult problem has been to control the induction motor without rotor speed
measurements. Adaptive observers for rotor speed and fluxes and online identifica-
tion algorithms for the load torque and the rotor resistance are to be designed on the
basis of stator current and stator voltage measurements only. This is, to a large ex-
tent, still an open problem: it is of special interest for traction applications in which
induction motor controls are required to tolerate rotor speed sensor faults, especially
at low speed, and to maintain at the same time high power efficiency at every speed.






Appendix A
Lyapunov Stability

Consider the ordinary differential equation
X=f(xt),  x(to) =x0,x€R" (A1)

with f € CO(R" x R, R"). It is called autonomous when f does not depend on 7,
ie.

i=f(x), x(0)=xo (A2)

and nonautonomous otherwise. It is called linear if f(x,7) = A(¢)x, with A(t) ann x n
time-varying matrix, and nonlinear otherwise. A solution of (A.1) over an interval
[to,t0 + T is denoted by @(t9 +1,19,x9) € C'(R* x RT x R" R"), and satisfies

() (P(lo(, 10,%0) = xo),
... do(to+1,19,x0
(>i1) —a

A solution of (A.2) over an interval [0, 7] is denoted by ¢(¢,x0) with xg = x(0).

= f(o(to +1,10,x0),1), ¥Vt € [0,T].

Theorem A.l. (Local Existence and Uniqueness) Suppose that there exist positive
reals T, oy, and By such that

) [|f(x1,2) = flx2, )| < ey —x2
(i) [1f Cxo, 1) || < B, V1 € [0, 7],
with Br(xo) = {x € R" : ||x—xol|| < r}; then (A.1) has only one solution over [ty,to +
T for a sufficiently small positive real T such that 0 < T < 1. O

, Vx1,x2 € By, V1 € [19, 7],

Theorem A.2. (Global Existence and Uniqueness) Suppose that for each T € [y, o)
there exist positive reals o; and B such that:

(1) ||f(x17t) —f(.Xz,l)” < aT”xl —X2
(i) || f (x0,0)|| < B Vt € [10,7];

then (A.1) has only one solution over [ty, o). O

, Vxi,x0 € R", Vt € [t9, 1],
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A point x, is called an equilibrium point of (A.1) if f(xe,7) =0, Vr > 0. An
equilibrium point is said to be stable if for any € > 0 and any 7y € R™ there exists
O(to,€) > 0 such that ||@(z +19,t0,x0) — xe|| < €, V¢ > 0, for every xo satisfying
lxo — xe|| < 8(t0,€). If & can be chosen independently of 7y the equilibrium point x,
is said to be uniformly stable. An equilibrium point x. which is not stable is said to
be unstable.

An equilibrium point x. is said to be attractive if there exists y(fp) > 0 such that

}Ln;) ||(P(t+t(),t(),)€()) *Xe” =0 (AS)

for every xo satisfying [|xo — xe|| < ¥(f9). If ¥ can be chosen independently of 7
and (A.3) holds uniformly in #y and xp, the equilibrium point is said to be uniformly
attractive. Let x, be a uniformly attractive equilibrium point: its domain of attraction
D(x.) is defined as

D(x) = {x€R": lim |@(z,0,x) —x.] = 0}

An equilibrium point is said to be (uniformly) asymptotically stable if it is both
(uniformly) stable and (uniformly) attractive. The equilibrium point is said to be
exponentially stable if there exist positive constants ¢, & and r such that

@t +10,10,%0) = xe|| < ¢ ||xo —xc]le ) | e >4y (A4)

for every xg such that ||xg — x| < r; it is called globally exponentially stable if (A.4)
holds for every xo € R". The constant o is called the rate of convergence while
1/ is called the time constant. Exponential stability implies uniform asymptotic
stability. In the case of linear systems the two properties are equivalent.

Theorem A.3. If the origin is a uniformly asymptotically stable equilibrium point
for the linear time-varying system

x=A(t)x, xeR",
then it is globally exponentially stable. a

An equilibrium point is said to be globally uniformly asymptotically stable if:

(1) it is uniformly asymptotically stable,

(ii) for every arbitrarily small positive real € and every arbitrarily large positive
real M there exists a positive T(g,M) such that ||@(t + f9,0,%0) — Xe|| < € for
every t > T(&,M) and every x satisfying ||xo — xe|| < M.

A function ¢ : RT — R™ is said to be of class ¥ if it is continuous, strictly
increasing, and ¢(0) = 0.

A function V : Rt x R" — R is said to be a positive definite function if it is
continuous, V(z,0) = 0, Vr > ty, and there exist a constant r > 0 and a function ¢ of
class Z such that
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o(lkl) < V(tx), V=1, Vxe B (0) (A.5)

with B,(0) an open ball in R” of radius r centered at the origin. A function V
is negative definite if —V is positive definite. A function V is said to be a radi-
ally unbounded function if for some class ¥ function ¥ : Rt — R" such that
lim, . W(r) = oo, we have

y(lxl) <V(t,x), YVi>1,VxeR".

A function V is said to be decrescent if there exist a constant > 0 and a function ¥
of class #" such that

V(t,x) < w(llx]|), Vt>ty,Vxe€B(0).

An n x n real matrix P is said to be a positive definite matrix (positive semidefi-
nite) if xTPx > 0 (x"Px > 0) for every x € R, x # 0. Matrix P is negative definite
(semidefinite) if —P is positive definite (semidefinite).

Without loss of generality we assume that the equilibrium point x, is the origin
in the statement of the following basic result.

Theorem A.4. (Lyapunov) Let x. = 0 be an equilibrium point of (A.1). Let V(t,x)
be a C" positive definite function whose time derivative along the solutions of (A.1)
is denoted by

V(t,x)  &aV(x) .
% JrZ I filx,1) .

i=1

V(t,x) =

() If V(t,x) <0, Vt > ty, Vx € B, for some r > 0, then x. = 0 is stable.

(i) If V(t,x) is positive definite and decrescent and V (t,x) < 0, Vt > 1, Vx €
B,(0) for some r > 0, then x. = 0 is uniformly stable.

(i) If V(¢,x) is positive definite and decrescent and V (t,x) is negative definite
then x. = 0 is uniformly asymptotically stable.

(iv) If V(t,x) is positive definite, decrescent in R" and radially unbounded and
V (t,x) is negative definite in R", then x. = 0 is globally uniformly asymptotically
stable. g

A function V (¢,x) satisfying condition (i) above is called a Lyapunov function for
system (A.1).

Theorem A.S. Let x. = 0 be an equilibrium point of (A.1). Suppose there exist pos-
itive constants a, b, ¢, p > 1 and a C' function V : RT x R*" — R™ such that for
every x € B,(0) for some positive r

@) allx]|? <V(t,x) <

(ii)V(z,x)zaV” Zava”‘ Filet) < —cllx|P, e > 1o,

Then x. = 0 is exponentially stable. If, in addition, (i) and (ii) hold for every x € R"
then xe = 0 is globally exponentially stable. a
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Theorem A.6. Consider the linear autonomous system
X = Ax, xcR". (A.6)

The following statements are equivalent:

(i) the origin is an asymptotically stable equilibrium point;

(ii) the origin is globally exponentially stable;

(iii) A is a Hurwitz matrix, i.e. all the eigenvalues of A have negative real parts;
(iv) for each symmetric positive definite n X n matrix Q, the n X n symmetric
positive definite matrix

P= / Qe dr
0
is the unique solution of the Lyapunov matrix equation
ATP4PA=—-Q

and V = xTPx is a Lyapunov function for (A.6). a

Theorem A.7. (Linear Approximation Theorem) Consider the autonomous system
(A.2) with f(x) a C? function and f(0) = 0. The origin is an exponentially stable
equilibrium point if and only if the linear approximation about the origin

x=Fx, xeR"

is asymptotically stable, with the n X n constant matrix F being the Jacobian of f(x)
evaluated at the origin. If the matrix F has at least one eigenvalue with positive real
part then the origin is an unstable equilibrium point. g

When the matrix F has all its eigenvalues with nonpositive real parts and at least
one eigenvalue with real part equal to zero we are in a critical case since Theo-
rem A.7 does not apply.

Lemma A.1. Consider the system (x; € R", x, € R™)

X = filt,x1,%2),  fi1(£,0,0)=0

X2 = folt,x2), f2(t,0)=0 (A7)
and assume that:

(i) for the x)-subsystem there exists a function V,(t,x1) such that

cilall? < Vi(,x) < el
Vv, IV
ML My,
ot 8x1

withc; > 0,1 <i<4;

(t,x1,32) < —esllxlf? +eallxal? (A.8)
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(ii) the equilibrium point x, = 0 of the xp-subsystem is globally exponentially
stable.

Then, the equilibrium point (x1,x2) = 0 of the whole system (A.7) is globally expo-
nentially stable.

Proof. By assumption (ii), for any initial condition x;(#y), x2(¢) satisfies the inequal-
ity

lea ()| < es]lxa o) o) (A9)
with ¢5 > 0 and ¢ > 0. Let y(7) € R be the solution of
¥(t) = —cey(t) , y(to) = [lx2(t0) ] - (A.10)

Since y(t) = e~“6(~0)y(1y), we can write

[e2() | < esy(t), Vi>t. (A.11)
Consider the function
1 c% 2
V(t7xl7y) = Vl (taxl) + §(C4+ l)ay .

By virtue of (A.8), (A.10), and (A.11), we have, for every t > fo,

2 2

1 ¢ { .
allalP + 5 (es+ )27 <V <ol + 5 eat 12V

and
V < —csllxi|* 4 callxal|* — (ca+ 1)cdy?
< —csllxr P+ cacdy? = (ca+1)e3y* = —cs|x > — cdy?
which imply that
xl(t):| H < ’ |:xl(t0):| H 7Cg([7[0)
c e A.12
’ [ym = | v (A12)

for suitable ¢; > 0 and cg > 0. The inequalities (A.9) and (A.12) prove the thesis.
O

A function @ : R — R is said to be uniformly continuous on [0,0) if for every
€ > 0 there exists a §(&) > 0 such that

lo(t)) — ()| <e, Vh,nheRT: |h—n|<d.

A continuous, differentiable function ¢ with bounded derivative in [0,0) is uni-
formly continuous on [0, ).
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Lemma A.2. (Barbalat) If () is a real function of the real variable t which is
defined and uniformly continuous on [ty,), tg € R™, and if the limit of the integral
fzi) ©(7)d7 as t tends to infinity exists and is a finite number, then

lim(t) =0. (A.13)

f—o0

Proof. The proof proceeds by contradiction. If (A.13) is not satisfied there exists a
positive real € > 0 such that for every positive real 7 > 0 one can find 7 > T with
|o(tr)| > €. Since @ is uniformly continuous, there exists a positive real d; such
that, for every ¢ > fp and every 7 in the interval 0 < 7 < &,

t
o) —g(t+7)| < 2
and in particular, for t = t7,

€
p(r)—plr+1)l <3, 0<T<&

€
lp(rr) — ()] < 5o I <t<tr+0.
Since |@(t7)| > €, we have
€
o) = 5, mw<t<ir+&

and, therefore,

t7+ 8¢
[ lo@lar> 2.

T

Hence, we can determine an infinite unbounded sequence {#;} such that

ti+6; O
[ oz > &
i 2

It follows that the integral jtz ¢(7)d7 cannot tend to a finite limit as 7 — oo. O

Example A.l1. The function
o(t) = e 'sin(e* — 1) —3e¥ cos(e® — 1)
is not uniformly continuous. Its integral
t
/ @(1) dt = —e 'sin(e¥ — 1)
0

tends to zero as ¢t goes to infinity but the function itself does not tend to zero. a
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Corollary A.1. If w(z) : [to,o0) — R" is such that

(i) limy oo f W1 (T)W(T) dT < oo
(i) |y (1)[| <M, Vi > 19

dy(t
(i) H"’() H <My, Vi >1
dr
with My, M, positive reals, then

tim [[y(r) | = 0.

t—o0

Proof. Let ¢(t) = wT(t)w(t). Conditions (ii) and (iii) imply that () and ¢(¢)
are bounded. Therefore, ¢ is uniformly continuous and we can apply Barbalat’s
Lemma A.2 to the function ¢(¢) which guarantees that lim,_... ¢(¢) = 0 and, conse-
quently, the corollary is proved. O

Lemma A.3. (Persistency of Excitation) Consider the system

x = fi(t,x,2) =A(t)x+B()z, xeR"
= f(t,x)=D(t)x, zeR" (A.14)

in which f, and f, are continuous and B(t) is continuously differentiable for t > .
Assume that, for any t > ty:

(i) AW < Aws, 1B()]| < Bu, ID(2)]| < Dig and ||B(1)[| < By
(ii) there exist two positive reals T and kr such that the persistency of excitation
condition

t+T
/ BY(7)B(t)dt > krl (A.15)
t

is satisfied;
(iii) there exists a smooth function V (x,z,t) and suitable positive reals a;, 1 <i <
3 such that

V(x,2,0) < ax(|lx]*+ [12]%)
—a3 x> . (A.16)

ar(||x]* + 1z]1%)

<
V(x,z,1) <

Then, the equilibrium point (x,z) = 0 of system (A.14) is globally exponentially
stable.

Proof. Consider the class of radially unbounded functions
W (x,z,1) = V(x,z,1) + p||Qz — B x|?

where p is a positive scalar parameter to be defined later, and Q(¢) is an m X m
matrix generated by the matrix differential equation

O(t) = —Q(t) +B' (1)B(r)



306 A Lyapunov Stability

with Q(to) = e Tkrl. By virtue of assumption (ii),

t+T
Qt+T)>e T BY(t)B(t)dt >e ksl > 0.

t

Since ||B(¢)|| < By, it follows that
Byl > Q(t) > kre 1.
In view of hypothesis (iii),

W(x,2,0) = ar (lx]]* + [l2]1%) + pllQz — B ||
W(x,z,1) < ax(||x[|* +Iz]1%) + pllQz — Bx|>. (A17)

By virtue of assumption (iii), we have
W < —as|x||* +2p(Qz — BTx)T(QDx — Qz—BTAx—B"x)
so that by adding and subtracting 2p(Qz — BTx)TBTx, we obtain

W < —as|x|)* = 2p||Qz — Bx|* + 2p(Qz — B"x)" (0D — B"A — BT — B")x..
(A.18)

By hypothesis (i), there exists a positive real a4 € R, such that a4 > ||QD — BTA —
BT — BT||?. By completing the squares, we have

2p(Qz—B™x)' (QD—B"A~ BT~ B")x < §\|Qz—BTx||2 +4pay x|
~plez- 5 < p (187 - Sl ) - (a9
By substituting (A.19) into (A.18) and rearranging terms, we obtain
W < [as —p (das-+ B)] 5l — Lige 7 2P — 2 plloz — BT A.20)

By choosing p such that p < a3/ (4a4 + B};), the right-hand side of the inequality
(A.20) is negative definite and, therefore, from (A.17), it follows that the origin of
system (A.14) is globally exponentially stable. a

Example A.2. Consider the system

¥=—X+b1(t)0 +ba2(t)B

1 = —=bi(t)%

2= —by(t)X (A.21)

Dr D
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in which b; (¢) and b, () are bounded inputs with bounded time derivatives satisfying
condition (ii) of Lemma A.3; since the positive definite function

~ o~ 1 ~ ~
V(%,01,6,) = §(f2+912+922)
has the following time derivative, along the system solutions:
V(x,0,,6,) = &

so that corlditi~0n (iii) of Lemma A.3 is satisfied, then, according to Lemma A.3, the
origin (%, 01, 6,) = 0 is a globally exponentially stable equilibrium point for system
(A.21). The above example (A.21) may arise from the adaptive control of the system

X =u(t)+b1(t)0; +br(1) 6,

in which 6; and 68, are unknown constant parameters and the following adaptive
control

.M = —[x—xr(t)] +%,(1) —bl(t)él —bz(t)ég
(?1 =bi(t)(x—x,)
éz = bz(t)(x—xr)

is designed to track the reference signal x,(¢) by adjusting the parameter estimates
6 (r) and 6(r). Defining the tracking error ¥ = x — x, and the estimation errors
6, =6, — él, 6, =6, — éz, the error dynamics are given by (A.21). On the other
hand, the example (A.21) may arise from the design of an adaptive observer for the
system

X = bl(t)91 +b2(t)92
y=x

in which y is the measured variable and 6, 8, are unknown constant parameters. In
fact, design the adaptive observer

in which £ is the state variable estimate and él, éz are the parameter estimates. If
we denote by ¥ = x — X the observation error and by 6, =6 — él, 6, =6, — 92
the parameter estimation errors, the error dynamics are given by (A.21). Note that,
even though the persistency of excitation condition (A.15) fails, we can still apply
Corollary A.1 to the function y(¢) = #(¢) and conclude that lim, ... %(t) = 0 for
any initial condition %(f0), 6 (fo), and 6, (to). Furthermore, it is interesting to note
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that if b; and b, are constant so that the persistency of excitation condition (A.15)
fails, defining

6 = by é] erzéz
we obtain
¥=—%+6
6 = —(bi+b3)%; (A.22)

considering the positive definite function

v=L(ey o
= — | X —_—
2 b} +b3

whose time derivative along the system solution is
V=3

we can conclude, according to Lemma A.3, that the origin (%, §) = 0 is a globally
exponentially stable equilibrium point for system (A.22): in particular, even though
0, and 6, may not converge to zero, b 0, + b20, exponentially converges to zero
for any initial condition. a

Lemma A.4. Consider the differential scalar inequality
V(t) = —c1V(t)+W(t) (A.23)
in which
W) < cpe (A.24)

with ¢y >0, ¢ > 0, and ¢,, > 0. Then, the solution V (t) satisfies the following
inequality:

e—Czt _ e—C][

V() < V(0)e " 4¢
(1) S V() +an——

Proof. By integrating (A.23) and taking (A.24) into account, we obtain

t
V(1) < V(0)e ' + / eI (7)dr
0

_ —eyt —eyt er(clch)
=V (0)e " +cye N
1 —C 0

which implies the thesis. a
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We define in the following the projection operator Proj(f, é) which is used by
the adaptation algorithm

6 = Proj(£.0). 6(0)=6

for the estimate @ of the uncertain parameter 8 € [6,,, 6], with known lower and
upper bounds 6,, and 6y, respectively. The initial condition 6y is such that 6,, <
6y < 0y. The projection operator Proj(f,0) : R x R — R is defined as

! if 6, <6< 6y
f if (6 < 6,, and f > 0)
A if (0 > 6y and f <0
PI'O_](f,G): f o2 1 (,\ M an f_ )
f[lf%} if (§ < 8, and f < 0)

m27(9m78>

A2 o 2 A
f[1—ﬁ} if (0> Oy and f > 0)

(A.25)

with f a continuous scalar time function and € > 0 satisfying 6,,(6,, — €) > 0 and
0y (6 + €) > 0. The projection algorithm Proj(+, -) has the following properties:

(i) Proj(f, é) is Lipschitz continuous;

(i) [Proj(£. 8)| < |f]; )

(iii) (6 — 6)Proj(£.0) > (6 — ) f;

(iv) 0,,—€ < 6(r) < Oy +¢, forany t > 0.






Appendix B
Nonlinear Control Theory

Let p be a point in [E", n-dimensional Euclidean space, and U a neighborhood of p.
Let 9(q) = (x1(q),...,xx(q)) : U —V C R" be a homeomorphism, that is one-to-
one and onto (i.e. a bijection), with @, ¢! continuous and R” =R x ... x R, R the
real numbers. (U, ) is called a coordinate neighborhood or coordinate chart and the
real numbers x(q), ..., x,(g), which vary continuously, are the local coordinates of
g € E™: x;(q) is called the ith coordinate function. If both ¢ and ¢! are smooth
maps, ¢ is called a diffeomorphism. If both ¢ and ¢! are defined in R” and are
smooth maps, @ is called a global diffeomorphism.

Given two coordinate neighborhoods (U, @), (W, y) with U NW # 0 and ¢(q) =

(x1(q), -, xu(q))s w(q) = (z1(q),-..,z1(q)), the homeomorphism
yop ! R" S R"

is a coordinate transformation in U NW, i.e.
z2(x) = yoo ' (x).

The inverse mapping is
x(z) = poy (7).

If x and z are represented by vectors with n components, namely

the coordinate transformations are expressed by n real valued continuous functions
defined in R”, i.e.

311



312 B Nonlinear Control Theory

X1(21,--+52n) 21 (X155 %n)

x(z) = : ;o) =

xn(zla~--7zn) Zn(xlv-“axn)

If both homeomorphisms z(x) and x(z) are smooth maps, the coordinate transforma-
tion is a diffeomorphism. If both homeomorphisms z(x) and x(z) are smooth maps
defined in R”, the coordinate transformation is a global diffeomorphism.

We now recall a well known result from calculus which provides sufficient con-
ditions for a map to be a diffeomorphism.

Theorem B.1. (Inverse Function) Let U be an open subset of R" and let ¢ =

(@1,---,0,) : U— R" be a smooth map. If the Jacobian matrix
L
ap | o
¥ 1ap  ae,
Jx| ox,

is nonsingular at some point p € U then there exists a neighborhood V. C U of p
such that @ : V — (V) is a diffeomorphism. O

Let h: U C E" — R be a real valued function defined on U. Depending on
the coordinate neighborhoods (U, @) chosen, the function /% is expressed in local
coordinates as

hg =hop ': R" - R.

The expression ¢y depends on the chosen local coordinates.
The differential of a smooth function 4 : U C R" — R is defined in local coordi-
nates as

oh oh
dh = =—dx; +---+ =—dx
x| et ox,
and may be denoted as a row gradient vector
oh dh
dh=|—...=—|.
g [ dxi dxy }

Given r smooth real valued functions ¢y, ..
=rin p € U (in U C R") is equivalent to

., @, in U C R", Rank{d¢y,...,do,}
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doi(x)  doi(x)
ox;  9dx,

Rank : : : =r
d¢:(x)  dor(x)
ox; 1 dx,

for x = p (for every x € U). The inverse function theorem may also be stated as
follows.

Theorem B.2. If Rank{d¢,...,d¢,} = n at some point p € U, an open subset of
R", then there exists a neighborhood V.C U of p such that ¢ : 'V — @(V) is a
diffeomorphism. a

Theorem B.3. Given n+ 1 real valued smooth functions y, ¢y, ..., ¢, inU C R",
if in p € U Rank{dg;, 1 <i<n} =nand dy € Span{dg;, 1 <i < j} for some
J <n, then in local coordinates z; = @;(x), 1 <i<n, dy(z)/dzi=0, j+1<i<n,
ie. W =v(z1,...,2;) in a neighborhood V.C U of p. O

Let C*(p) be the set of all C* functions defined in U, a neighborhood of p. They
form an algebra over the field R. A tangent vector v at p has three properties:

(i) it maps C(p) into R";
(ii) it is a linear operator, that is

v(athi + axhy) = av(hy) +axv(hy), Vh; € C*(p), a; €R;
(iii) it satisfies Leibniz’s rule
v(hhy) = v(h)hy +hiv(h) .
All tangent vectors v at p constitute a vector space over the field R since
(a1vi +axv2)(h) = ayvi(h) +axva(h) .

If (U, @) is a coordinate neighborhood and x;(p),...,x,(p) are local coordinates, a
vector may be expressed as

0 R d
VvV =y — - Vv, ——
! x| " Ox,
with v; € R, 1 <i < n, being the components of v with respect to d/dxi, ..., d/dx,

which is a basis for the vector space over R consisting of all tangent vectors v at p.
A vector field f on an open subset U C R” is a function which assigns to each
point p € U a vector f,.
If (U, @) is a coordinate neighborhood and x;(p), ..., x,(p), p € U, are local
coordinates, a C* (smooth) vector field is expressed as

0 0
f:fl(x)afm+--~+ﬁ1(x)37%
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with f; € C*(p) depending on the chosen local coordinates. A vector field may also
be expressed as a column vector

fi(x)

o= |
Ju(x)

If z(x) denotes a coordinate transformation whose inverse is x(z), the vector field f
is expressed in new coordinates as

F= @+ ) 2
with
70 = ¥ 2D ey 1< ji<n,

i=1

Equivalently, in vector notation we can write

fi S
N @=81 1 o)
M dx | -
In Jn
with
9a 9
% - 8?1 8&,
R
ox1 ox,

denoting the Jacobian matrix of the coordinate transformation.
A dynamical system is a C! map ¢,(p) : R x U — U where U is an open set in
the Euclidean space which satisfies:

(@ ¢o(p) = p,
(i) ¢; 0 ¢s = ¢y foreacht,s € R,

with ¢, (p) mapping U — U for each ¢. This definition implies that the map ¢;(p)
has a C! inverse ¢_,(p). A dynamical system defines a vector field

f(p) = %@(ﬂ) »

which is the tangent vector to the curve t — ¢,(p) att = 0. Given a coordinate chart
(U, @), the curve t — ¢(p) may be expressed as r — (x1(¢),...,x,(t)) and
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GO I el
: q :
Ju(x(1)) axn(t)

Hence x;(7), . ..,x,(t) is the solution of the differential equation x = f(x), with initial
condition x(0). If z(x) denotes a coordinate transformation with inverse x(z), the
differential equation is expressed in new coordinates as

i (ji f) ox(z) = f(2)

Conversely, a vector field defines a unique dynamical system provided that f satis-
fies the local Lipschitz condition (see condition (i) in Theorem A.2). The converse
process to the above is: given a differential equation

i = f(x) (B.1)

i.e. a vector field f, with initial condition xy, determine an integral curve ¢t —
(x1(2),...,x,(¢)) which is a solution to (B.1) and such that x(0) = xp.

If f is a smooth vector field on U and h a smooth function on U then f(h) is the
smooth function on U defined by

1t dh
£0(p) = 3. sitr) (a) ).

A vector field may be interpreted as an operator mapping the function / into the
function f (/). The function f(h) is called the Lie derivative of the function % along
the vector field f; it is usually denoted as Lyh which is a more convenient notation
in the case of repeated operations:

LyLpLp .. Lih = fi(f2(f3(--- fi(h)...))) -
Repeated Lie derivatives along the same vector field f are denoted as
' i—1 1 0
Lish = Lf(L} h), Lih=Lgh, Lih=h.

The Lie derivative L¢h of a smooth function / along a vector field f is also denoted
by (dh, f). The set of all C* vector fields on U is a vector space over R and over

C=(p), ie.
Loy +pph = aLph+BLph,  a,p€C?(p);

if we define the Lie bracket

[f,gl(h) = f(g(h)) —g(f(h)) = LfLgh—LeLyh
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they form a noncommutative Lie algebra over C*(p). The Lie bracket [f,g] is a
vector field since:

(i) it satisfies Leibniz’s rule

[f.g](mh2) = LyLg(hihy) — LeLy(hih2)
= Ly ((Lgh)ha 4+ hi(Lghy)) — Lg (Lghy)hy + by (Lghy))
= (LeLgh —LeLyhi)ha + b1 (LyLghy — LeLha) + (Lght) (Lha)
+(Lyh1)(Lghz) — (Lyhy)(Lgha) — (Lght)(Lgh2)
= [f,gl(m)ha 4+ [f,g](h2) ;

(ii) it is a linear operator (ai, a; € R)

f,8l(arhy +asha) = LyLg(arh +asha) — LeL p(arhy + azh)
= al[f,g](h1) +a2[f»g](h2) :

The Lie bracket [f, g] of two vector fields f and g is also denoted by adyg or by Lyg.
Repeated Lie brackets are denoted as

ad}-g = adf(adjiflg) , ad}-g =adyg , adj)cg =g.

Given two smooth functions a, 8 and two smooth vector fields f, g, the following
formula holds:

[af,Be] = aBlf. gl + a(LiB)s — B(Lsa)f , (B.2)

which allows us to compute a Lie bracket in local coordinates (xi,...,x,). Given
n a n a
f= 1; ﬁTxi ) 8= J; 8 ijj

their Lie bracket is
[Zfl Zgjax]]
non 0 0 0 J 4
LR () 7o (5h) e e 57 ))

By definition

hence
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Jd 0
—,— | =0.
|:ax,' (9)Cj:|
In conclusion, the formula for computing a Lie bracket, given a coordinate neigh-
borhood, is
n n 8
_ B.3
g] l:Zl ; fj (ax gl) ( ﬁ) axl ( )
Denoting by df/dx or J(f) the Jacobian matrix of a vector field f(x) = [f1(x),
ooy Ja(2)]T, defined as
oh o
ar |0 o
d_X - N . N )
o o
ox1 0x,

formula (B.3) may be rewritten in vector notation as

[f.8] =

af

7f77

Given two smooth vector fields f, g, and a smooth function 4, the definition of Lie

bracket [f, g] gives Leibniz’s formula

Lifgh = LgLgh—LoLsh .

Theorem B.4. (Implicit Function) Let U be an open subset of R* x R" and let ¢ :

U — R” be a smooth map such that ¢(p,q) =

be local coordinates in U, x € R", y

0 for some point (p,q) € U. Let (x,y)
€ R". If the r X r Jacobian matrix

AR
d ayl ayr
£ = . . (x,y)
dy . .

29, 99,

(9_)7] 3)’r

is nonsingular at x = p, y = q, then there exist a neighborhood V.C U of (p,q),
a neighborhood W C R" of p, and a unique smooth map v : W — R" such that

v(p) =g ¢(x,y(x)) =0, Vx €W and

0} = {(xy(x): xeW}.

{(y) €V @(x,y) =
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A subset M C R” is an r-dimensional submanifold (r < n) of R if for each x € M
there exist an open set U, with X € U, and smooth functions %, (x), ..., h,(x) such
that {dh,(x),...,dh,(x)} is a linearly independent set of row vectors for all x € U
andUNM={xeU: hi(x) =0, r+1 <i<n}. Note that the smooth functions
hy+1, ..., hy, in the above definition are not unique.

Let M be an r-dimensional submanifold of R”. The tangent space of M at x € M
is the r-dimensional subspace of R”"

™™, = {veR": (dhi(x),v) =0, r+1<i<n}.

A vector field £ is said to be tangent to the submanifold M of R” at x € M if f(x) €
TM,.

An r-dimensional distribution 2 on W, an open connected subset of R”, is a map
which assigns to each p € W an r-dimensional subspace of R” such that for each
po € W there exist a neighborhood U of pg and r smooth vector fields fi, ..., f;
with the properties:

@ fi(p), ..., fr(p) are linearly independent for every p € U;
(i) Z(p) = span{fi(p),.... fr(p)}, VP € U.
Given a distribution & and a vector field f in U C R”, we say that f belongs to Z if

f(p) € 2(p), VpeU.

From the above definitions it follows that, given any vector field f € 2, there exist
r smooth functions o (p), ..., o,(p) in U such that

D1~

f(p) =) aip)filp), VpeU.

1

A submanifold M of R" is an integral manifold of the distribution & on R" if for
everyx e M

TM, = 9(x) .

A distribution & on R” is integrable if through any point p of R" there passes an
integral manifold of 2.

A distribution 2 is called involutive if, given any two vector fields f and g be-
longing to 2, their Lie bracket [f, g] also belongs to Z.

Given two distributions 2| and %, defined in U C R", we say that & is con-
tained in 2, i.e. 91 C 2, if every vector field f belonging to 2; also belongs to
Dy.

Given a distribution 2, its involutive closure, denoted by 9 or inv.cl. 2, is de-
fined as the smallest involutive distribution containing Z.

Theorem B.5. (Frobenius) Let 9 be an r-dimensional distribution on W, an open
connected subset of R". Around any point p € W there exists a coordinate neigh-
borhood (U,x1,...,x,), with U a neighborhood of p, such that for any g € U
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0 d
2(q) = Span{ax],...,axr}

if, and only if, 9 is involutive. O

Consider a multi-input nonlinear system

X = f(x)—l—Zg,-(x)u,-éf(x)—i—G(x)u, xeR" (B.4)

i=1
in which f, g1, ..., gm are smooth vector fields in R”, f(0) = 0, the n x m matrix
G(x) has maximum rank at the origin, i.e. Rank G(0) = m, and u = [uy,...,u,]" is

the m-dimensional input vector. Linear systems are special cases of (B.4) with f(x)
a linear vector field and constant vector fields g;. Recall the definition of controlla-
bility indices for linear controllable systems.

Definition B.1. Consider the multi-input linear systems

m
X =Fx+)Y guj=Fx+Gu (B.5)
i=1

with Rank G = m. A set of controllability indices {kj, ...,k } is uniquely associated
with any controllable system (B.5), i.e. such that

Rank[G,FG,...,F" 'G] =n,
as follows:
ki = Card{m; >i: j >0}, 1<i<m
with

my = Rank G
mj = Rank[G, FG] —Rank G

my = Rank[G, ..., F*G] —Rank[G,...,FK<"1G]

m,_1 = Rank[G, ..., F" 'G] — Rank[G,...,F"2G] .

By definition k; > kp > --- > k;, and, since the system is controllable, Y7 | k; = n.
O

The controllability indices are invariant under linear state space change of coor-
dinates

z=Tx, zeR” (B.6)
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with 7' nonsingular, and under nonsingular state feedback transformations
u=Kx+pv, veR" (B.7)

where B is a nonsingular m x m matrix and K is an m X n matrix.
The following is a well known result from linear systems theory.

Theorem B.6. For any controllable system (B.5) with controllability indices {k,
< kiy} there exists a linear state space change of coordinates (B.6) and a nonsin-
gular state feedback (B.7) transforming (F,G) into

(T(F+GK)T717TGB) = (Ac,Bc)
with (A¢,B;) in Brunovsky controller form:

A, = block diag[Ay,...,An]

B, = block diag[By,...,Bun)] (B.8)
in which, for 1 <i<m,
010...0 0
Ai: . .. , B; =
000...1 0
000...0 ek, 1 Ik,
(]

Theorem B.6 is generalized to nonlinear systems as follows.

Theorem B.7. (Multi-Input Feedback Linearization) The nonlinear system (B.4) is
locally feedback linearizable, i.e. locally transformable in Vi, a neighborhood of
the origin contained in Uy, into a linear controllable system in Brunovsky controller
form by means of:

(i) a nonsingular state feedback
u=Kx)+px)v, K(0)=0 (B.9)

where K(x) is a smooth function from Vy into R", B(x) is an m X m matrix with
smooth entries, nonsingular in Vj,
(i) a local diffeomorphism in V;

:=T(k), T(0)=0 (B.10)

if, and only if, in Uy:

1) ¥ = Span{ad}-gi 2 1<i<m,0<j</(},0<{<n-—2, isinvolutive and of
constant rank,
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(ii)Rank %,_| = n. a

The controllability indices {ki,...,k,} associated with those systems (B.4)
which satisfy the conditions of Theorem B.7 are defined as

ki = Card{m; >i: j >0}, 1<i<m
with

my = Rank %
m; = Rank ¢4, — Rank ¥

m,_1 = Rank ¥, | —Rank ¥,_»

and are invariant under feedback transformations. Theorem B.7 may also be stated
as follows.

Theorem B.8. The nonlinear system (B.4) is locally transformable in a neighbor-
hood of the origin, by a nonsingular state feedback transformation (which consists
of a nonsingular state feedback (B.9) and a diffeomorphism (B.10)) into a lin-
ear controllable system in Brunovsky controller form with controllability indices
ki > -+ > ky, if, and only if, in Uy, a neighborhood of the origin:

(i) Yi,—2, 1 < i <m, are involutive and of constant rank;
(ii) Rank %, _| = n. O

Conditions (i) and (ii) guarantee the existence of m smooth functions ¢; (x), ...,
@m(x) such that

(A9, %;—2) =0,  j=>i
and the m x m matrix

(dgr.ady ~"g1) ... (dfr,ady " gm)

(ddm,adi" ' g1) .. (dGm,ady" " gm)

is nonsingular in Vp. The linearizing nonsingular state feedback transformation and
diffeomorphism are, respectively,

k ki—1 k1—1
L', Lo, LY 01 ... Ly, LY 1oy
v=1 i |+ : : u
ki km—1 km—1
L Lo, L' G ... Lo, L 0

and
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e T

k-1
L) ¢

o

L5 |

The controllability indices may be computed using the linear approximation about
the origin.

Note that even though system (B.4) is not feedback linearizable, according to
Theorem B.7, its dynamic extension

x:f(x)Jngi(x)ul, xcR"
i=1
d¥iy; .
dtl’_’ =, 1<i<m (B.11)
may be feedback linearizable for a suitable choice of the indices (41, ..., A,,) from

the new inputs v;, 1 <i <m.

Definition B.2. System (B.4) is said to be locally dynamically state feedback lin-
earizable if there exist indices (A1, ..., A,;,) such that the extended system (B.11) is
locally state feedback linearizable. a

Definition B.3. System (B.4) is said to be locally partially state feedback lineariz-
able with indices {ky, ...,k } if there exist a nonsingular state feedback transforma-
tion (B.9) and a local diffeomorphism (B.10) transforming (B.4) into

é = (p(évz)v é eR"”
Z - A(;Z+Bcv7 € Rr

with (A, B;) in Brunovsky controller form (B.8) with indices {k,.. .,k } such that
Y ki=r<n. O
Define the distributions
go = Span{g17 e agm}
9 = Span{¥;_1,[f +8,9j-1] : Vg € %}
20=%
Qj = Span{ad}{%,%_j,l} .

Under the assumption that all distributions ¢;, 2;, and the involutive closure g_j of
gj, j >0, have constant rank in Uy, we can define
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mgy = Rank %
m; = Rank 2| —Rank %

m; = Rank 9; —Rank %,_,

and
ki = Card{m; >i: j >0}, 1<i<m.
By definition
Kl >ky>-- >k, .
It can be shown that the integers {k],...,k;,} are invariant under nonsingular state

feedback and local diffeomorphisms.

Theorem B.9. (Multi-Input Partial Feedback Linearization) The system (B.4) is lo-
cally partially state feedback linearizable with indices {k},... ,k;,}. a

Consider now multivariable nonlinear systems with as many inputs (1) as outputs

m
x:f(x)—|—2g,~(x)uiéf(x)—l—G(x)u, xeR"
i=1
yj = hj(x), 1<j<m (B.12)
with f, g1,...,gm smooth vector fields, Aj,...,h, smooth real valued functions,

Rank G(0) = m and Rank{dh;(0),...,dh,,(0)} = m.

Definition B.4. A set of m integers {pj, ..., pm} called control characteristic indices
are associated with system (B.12) in Uy, a neighborhood of the origin, as follows
A<i<m):

Ly, Lhi(x) =0, 1<j<m,0<k<pi—2,VYxel
Lg].L?"flhi(x) #0, forsome j, 1< j<m,VxeUy.
If
Ly, Lihi(x) =0,  VxeU, ¥k>0
we say that p; = oo. a

The above definition is given about the origin: it may be given around any point
X € R” such that Rank G(X) = m and Rank{dh;(%),...,dh,(X)} = m. If p; < oo,
1 <i < m, then each p; is equal to the least order of the time derivative of the output
yi which is directly affected at least by some input u;, 1 < j <m.



324 B Nonlinear Control Theory

Definition B.5. If p; < oo, 1 <i<m, an m X m matrix, called the decoupling matrix,
is defined as
L, L9y ... Ly, L9y
Dw=| i
pmfl pm*l
Lo, L2 My .. L, L2y,
O

Note that the decoupling matrix may be nonsingular as the following example
(p1 =2, pp = 1) shows:

X1 = X2 +x§

X = x4+ (1+x7)uy
X3 :x%Jruz

Y1 =X

Y2 = X3.

The decoupling matrix is

1+x3 2x
D(x){ o 13}

whose determinant (1 —|—x%) is always nonzero. The decoupling matrix may be sin-
gular as the following example (p; = 2, p, = 1) shows:

X1 = X2+ x3
1
X2 :x%—l—(l—&—x%)ul—&—iuz
1
X3 :x%—i—(l—i-x%)ul—i—iuz
Y1 = X1
Y2 = Xx3.

The decoupling matrix is

D(x) =
1+x3 —

2(1+x7) 11
1
2

whose determinant is equal to zero.
Lemma B.1. If the decoupling matrix is nonsingular in Uy then

(i) Rank{dh;,...,d(LY 'hj), 1 < j<m}=Y" p;=p <n,
(ii) there exist n— p functions &;(x) such that, defining
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E=1[61, & pl"
=y LT, 1< j<m
= [Zl7"'7zm]T7

the coordinates (&,z) form a local diffeomorphism about the origin. In local
coordinates (€,7) system (B.12) is expressed in multivariable tracking form:

Yi =Zj1
Zji:Zji+1a 1<i<pj*1
Zip; = +):L Lf’f hi(E, 2w,  1<j<m

é = ¢0(<§7Z) + (DT(évz)u

If the distribution % = Span{gi,...,gn} is involutive and of constant rank, then
we can determine n — p functions &;(x) such that (d&;,%) = 0 so that the statement
in (ii) applies with the dynamics

& = ¢0(§az)

unaffected by u, as happens in the single input case in which ¢, = Span{g(x)} is
always an involutive distribution.

Theorem B.10. (Multivariable Input—Output Feedback Linearization) If the decou-
pling matrix is nonsingular in U then the system is locally decouplable and input—
output linearizable by state feedback: the state feedback

L'
: +D(x)u=v (B.13)
L?m hm

makes the closed-loop system (B.12), (B.13) decoupled and input—output linear

Yj = Zj1
Zji = Zjitls 1<i<pj—1
Zjp; =vj, 1<j<m

E=¢o(E,2)+PT(E,2)v, ECR™P.

O

Let vy = [yEf ‘), ,yﬁ,’f{")] be the open-loop reference input which allows y; in

(B.12), (B.13) to track y;j, 1 < j < m, in U. The dynamics
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ér = ¢0(§raYr17 cee ;Yrm) + (PT(érerl oo 7Yrm)vr
P1
yrl
Vp = :
yer
with Y;; = [vr 3 TR yifj _1>]T, 1 < j < m, are called the tracking dynamics. The inputs
to the tracking dynamics are Y, ..., Yy, V.

Definition B.6. Consider the system (B.12) with nonsingular decoupling matrix in
UeRYifY;j €Uy, 1 < j<m,and §(0) € Up, then
gr = ¢0(§I‘) Yl’la e »Yrm) + ¢T(éﬁyvl‘l 3 aYI‘m)VI‘
1

Yo =L
ur:Dil(gr,ley--erm)

yfnT _L?mhm

is the inverse system. a

Corollary B.1. System (B.12) is simultaneously locally state feedback input—output
linearizable and locally state feedback linearizable if, and only if,

™=

pj=n.
1

J

In this case the controllability indices are equal to the control characteristic indices.

O
Consider nonlinear multi-input, multi-output systems with s outputs y = [y, ...,
ys]T, minputs u = [uy, ..., u,)7, and p constant parameters 6 = [0y, ..., 6,]T,
= f(x,0)4+qx,0,u)), xcR" ucR" 6cRP
h] (x)
y=H(x) = , yER’® (B.14)
hy(x)
where Ay, ..., hy are smooth functions, dAy, ..., dhy are linearly independent in R”",

[ is a smooth vector field, and g(x, 8, u) is a smooth vector field with g(x,6,0) =0,
Vx e R", VO € RP.

Definition B.7. Two states x;, xp € R" are said to be indistinguishable for (B.14)
(denoted by x11x) if for every admissible input function u the output function of the
system for initial state x(0) = x;, and the output function of the system for initial
state x(0) = xy, are identical on their common domain of definition. The system is
called observable if x| Ix; implies x| = x3. O
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Definition B.8. The system (B.14) is called locally observable at x if there exists
a neighborhood W of xj such that for every neighborhood V. C W of x the relation
xolx; implies that x; = xg. If the system is locally observable at each xq in Uy then
it is called locally observable in Uj. a

Roughly speaking, a system is locally observable if every state xy can be distin-
guished from its neighbors by using system trajectories remaining close to xg.

Theorem B.11. System (B.14) is locally observable at xy if
rank{dh;(x),...,d(L}h): 1<i<s, j>0}=n (B.15)

for every x € Uy C R™. O

Observability indices may be defined for locally observable systems satisfying
(B.195).

Definition B.9. A set of observability indices {ki, ...k} is uniquely associated at
x to system (B.14) with u = 0 and 6 = 0, that is

x=f(x)
yi=hi(x), 1<i<s (B.16)
satisfying (B.15) as follows:
ki = card{s; >i: j >0}, 1<i<s

with

so = rank{dh;(x): 1 <i<s}

Sk : rank{dh;(x),... 7d(L];chi()C)) 1 <i<s}
—rank{dh;(x),...,d(L} "hi(x)) : 1<i<s}

Sp—1 = rank{dhi(x),...,d(L;_lh,'(x)) 1 <i<s}
—rank{dh;(x),... ,d(L;fzh,-(x)) D 1<i<s}.

In the case of linear systems Definition B.9 takes the following form.

Definition B.10. A set of observability indices {ki,...,ks} is uniquely associated
with any observable system

x=Fx
y = Hx B.17)
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such that
H
HF
rank . =n
HF."71
as follows:
ki =card{s; >i: j>0}, 1<i<s
with
so = rank[H]
[ H H
sy = rank —rank :
| HF* HFH1
;| H
Sp—1 = rank : —rank :
HFrzfl HFVHZ

By definition, k; > k» > ... > k, and, since the system is observable, }'7_, k; = n.
O

The concept of local observability for nonlinear systems coincides with the well
known concept of observability for linear systems.

Lemma B.2. If, and only if, the linear system (B.17) is locally observable at x =0
then it is observable. O

Consider the extended system (B.14)

X = f(x)+q(x,0,u)
6=0
y = H(x) (B.18)

in which [xT,8T]T is the extended state vector.

Definition B.11. The system (B.14) is said to be locally observable and identifiable
at (xo, 6p) if the extended system (B.18) is locally observable at (xg, 6p). O

Theorem B.11 may be applied to system (B.18): in this case it provides sufficient
conditions for local observability of (B.18) and, consequently, for local observability
and identifiability of system (B.14).
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Example B.1. The condition of Theorem B.11 is only sufficient: consider the scalar
system

Since dh = 3x*dx and rank di(0) = 0 Theorem B.11 does not apply, while this
system is clearly observable since x = (y)'/3. O

Example B.2. Local observability does not imply observability: consider the system

X=u
y1 = sinx
Y2 = COSX.

Since rank{dh;, dhy } = rank{cosx dx, — sinx dx} is one for every x € R, this system
is locally observable according to Theorem B.11 but it is not observable since the
points x; and x, with x| and x, multiple of 27 are indistinguishable. O

Example B.3. Observability for nonlinear systems does not exclude that for a spe-
cific input the system is not observable: consider the system with constant input
u

X1 = Oxy +uxy

X =0
y=Xx.
This system is not observable if u = — 6 but it is observable, according to Definition
B.7, since for every constant u # —0 the system is linear and observable. O

Example B.4. For the class of constant inputs the system

x = 61u; + Guy

6, =0

6, =0

y=2x
is not observable, but it is observable for the specific persistently exciting inputs
u) = sint, up = — cost: hence, this system is not observable for the class of constant
inputs but it is observable if specific time-varying inputs are applied. Note that the
inputs u| = sint, up = — cost satisfy the persistency of excitation condition (A.15)

for any positive T'; an adaptive observer is given by

= —X+y+ élul +ézu2

D>

1 =u(y—1%)

2 = up(y—%)

D>
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since the persistency of excitation Lemma A.3 applies to the error dynamics (¥ =
y—%61=6—01,6,=0,—-06,)

¥ = —%+0iu + 6ur

(«a18

=u X
éz = UrX
when u; = sint, up = — cost, so that both the observation error X and the estimation

errors @; and 6, converge exponentially to zero. a
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Due to the large number of papers on induction motor control (more than four thou-
sand at the time of writing) we list in the references only those books and journal
papers which were actually consulted and used during the preparation of this book:
the reported list is therefore by no means exhaustive and complete.

Chapter 1 and Appendices

The material in Chapter 1 and in the Appendices is, to a large extent, classical and
may be found in the books listed in the references. The following books are on the
modeling of electrical machines: [73, 130, 132, 179, 224, 225, 246, 259]. In par-
ticular [130] dedicates one chapter to the reference-frame theory and discusses the
history of rotating frame models, including Park’s transformations. The following
books are specifically dedicated to the nonlinear control of induction motors and
electric motors: [46, 51, 121, 196, 215, 242, 245, 247]. In particular [46] deals with
modeling and control of both AC and DC machines (one chapter is dedicated to
induction motor control); [S1, 121] deal with nonlinear control of several types of
motors, including brushless DC and stepper motors (two chapters are dedicated to
induction motor control in [51, 121]); [196, 245] are entirely dedicated to the con-
trol of induction motors and synchronous motors using field orientation techniques
while [242] is specifically dedicated to the field-oriented control of induction mo-
tors; [215, 247] address the sensorless control problem. The following books are on
the control of electric drives including the power electronics: [29, 30, 61, 133, 147].
In particular [147] is the classical, most quoted reference on the control of elec-
tric drives while [29, 30] focus on the power electronics for electric drives; [61]
is specifically dedicated to the use of digital signal processors for electric motor
control; [133] is a comprehensive textbook on electric motor drives. The following
books are on nonlinear control theory: [4, 58, 89, 106, 116, 135, 169, 191, 204].
In particular [89, 116] contain an extensive treatment of Lyapunov stability the-
ory; [106, 191] are classical references for nonlinear systems analysis and control;
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[4, 58, 169, 204] also describe specific applications; [135, 169] are focused on those
nonlinear control algorithms which can be made adaptive. The following books are
on adaptive control: [135, 169, 189, 222]. In particular [135, 169] are focused on the
adaptive control of nonlinear systems while [189, 222] include identification tech-
niques, robustness issues and are dedicated to linear systems. Magnetic saturations
and iron losses are considered in [120, 195, 243]: the choice of the optimal flux mod-
ulus is discussed in [120, 195]. The determination of the rotor flux modulus which
minimizes the power losses may be found in [248]. A comparison of standards for
determining induction motor efficiency may be found in [218] while methods for
motor flux and torque sensing are presented in [155, 214]. The torque control prob-
lem is specifically addressed in [7, 8, 26, 31, 33, 34, 53, 63, 64, 65, 67, 78, 96,
104, 126, 127, 180, 188, 192, 198, 201, 202, 203, 208, 232, 253, 260] (see [31] for
a survey). Additional material on modeling, optimization, simulation, practical im-
plementation, and nonlinear control theory applied to induction motors and general
electric machines may be found in: [24, 27, 44, 84, 131, 146, 154, 167, 229, 237].

Chapter 2

The stability analysis of the feedforward control in Section 2.1 is taken from [170].
The direct field-oriented control was originally introduced in [20, 21]: the presen-
tation in Section 2.2 follows the interpretation given in [168]. Sections 2.4 and 2.5
are adapted from [168] (see also the references therein). The indirect field-oriented
control was introduced in [187] (see also [197] for the extension to general AC
machines): the stability proof follows the original proofs given in [207] for constant
references and in [81] for time-varying references (see also [55] for robustness anal-
ysis, [40] for a discussion on the tuning rules for the PI gains, and [206] for a dis-
crete time implementation). The dynamic feedback linearizing control given in Sec-
tion 2.6 is based on the flatness theory introduced in [74] (see also [24, 43, 45, 52]).
The material in Section 2.7 is a simplification of the control algorithm given in
[165]. The adaptation with respect to stator resistance is considered in [251] while
the adaptation with respect to rotor and stator resistances, rotor inductance, and mo-
ment of inertia is considered in [15]. The robust tracking control problem in the
presence of uncertainties in all model parameters is addressed in [102]. The exper-
imental results presented in Section 2.9 concerning the influence of uncertain rotor
resistance on the performance of the indirect field-oriented control are taken from
[165]: in [9, 10, 83] this specific robustness issue is studied in detail via a bifur-
cation analysis. The problem 2.15 is adapted from [53]. Sliding mode controls are
proposed in [140, 219]. Methods for achieving high motor efficiency may be found
in [77, 123, 128, 139, 157, 158, 177, 185, 209, 235, 257]. Field-oriented controls
are implemented in [75, 113, 119, 148] while the optimal induction motor control
problem is addressed in [16, 62, 72, 186, 220, 221]. The effects of motor parameter
variations in field orientation schemes are analyzed in [134, 193] while a stabil-
ity analysis for an induction motor in closed-loop with an input—output feedback
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linearizing control in the presence of uncertain parameters may be found in [36].
Different methods for achieving observer-based field orientation are discussed in
[111]. Speed regulation via a PI controller is achieved in [143]. Nonlinear predic-
tive control techniques are used in [159].

Chapter 3

The first nonlinear observers for induction motors were independently obtained in
[14, 59] (see also [60] for a reduced order nonlinear observer). The influence of pa-
rameter uncertainty on the performance of flux observers are investigated in [110].
Kalman-like and adaptive observers are presented in [238] and in [35], respec-
tively, to estimate online and simultaneously the unmeasured states and the param-
eters while least square techniques are used in [49, 184, 231]. Gradient techniques
are used in [68] for parameter estimation in induction motors at standstill. Sliding
mode observers which are adaptive with respect to motor uncertain parameters are
presented in [6, 93]. Discrete time observers are proposed in [5, 178, 258, 264].
Rotor resistance and mutual inductance are estimated in [233]. Rotor resistance
identification at steady-state conditions is discussed in [39, 100] using the gra-
dient technique; the rotor time constant is estimated in [239] by a simple online
identification scheme; in [176] a current perturbation signal is injected for the es-
timation of rotor and stator resistances. Offline parameter estimations are treated
in [13, 129, 241, 256]. Flux and speed observers for vehicular applications are de-
signed in [217]. A review on induction motor parameter estimation techniques is
given in [240]. The material in Section 3.1 on flux observers with arbitrary rate of
convergence is adapted from [17, 250]; the adaptive flux observer with rotor resis-
tance estimation is adapted from [161] while the simultaneous online identification
of rotor and stator resistances is taken from [166]. The experimental results reported
in Section 3.3 are taken from [161]. The problem 3.2 is taken from [175] in which
an observer is also designed using a reparameterization of time. The problem 3.10
is taken from [238].

Chapter 4

The global control which is adaptive with respect to load torque and rotor resis-
tance presented in Section 4.4 is taken from [165]. The experimental results re-
ported in Section 4.4 are also taken from [165]. Related work is presented in
[162, 163, 164, 212]. Problems 4.1 and 4.3 are taken from [163] while Problems
4.13 and 4.14 are taken from [212] and [213], respectively. In [211] the controller
proposed in [212] is experimentally compared with an indirect field-oriented con-
trol while related work may be found in [213]. Speed tracking controls which are
not based on observers are given in [11, 48, 71, 114, 248] while observer-based
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control are given in [57, 107, 122, 145, 216, 262]. A supervisory adaptive control
is proposed in [41] while nonlinear predictive control techniques are used in [94].
Speed regulation with uncertain electrical parameters is achieved in [108] while an
adaptive speed control is experimentally tested in [76]. Passivity based controls are
proposed in [8, 37, 47, 63, 64, 65, 69, 79, 80, 82, 114, 124, 190, 194, 202, 203, 205].
Sliding mode controls are designed in [141, 230] while model reference adaptive
controls may be found in [38, 150, 151, 153]. The problem of position control on the
basis of rotor position measurements is addressed in [25, 103, 181] and, when some
parameters are uncertain, in [3, 101, 249]. Magnetic saturations are considered in
[12]. Discrete time control algorithms are proposed in [18, 156, 206, 228, 236, 252].

Chapter 5

The stability analysis in Section 5.1 is taken from [170]. The control algorithm in
Section 5.2 was originally proposed in [170] while its adaptive version presented in
Section 5.3 is taken from [171]. Section 5.4 is entirely adapted from [174] which
is based on the nonadaptive version given in [172]. Section 5.5 presents the orig-
inal algorithm given in [173]. Problems 5.1 and 5.2 are taken from [183] where
experimental results are also reported. A review on sensorless control of induction
motors may be found in [97]. The problem of motor parameter estimation from
stator current measurements is dealt with in [32, 50, 54, 86, 87, 115, 226, 254,
255, 266]: in particular in [86] stator resistance, in [50] self and mutual induc-
tances, in [32, 255] the rotor time constant, in [87, 115] both stator and rotor re-
sistances, in [266] stator parameters are estimated; several parameters are estimated
in [54, 254]. The problem of designing rotor speed and flux observers is addressed
in [91, 92,95, 118, 138, 149, 210, 223, 227, 263, 267]. The observability properties
are analyzed in [105]. Simultaneous parameter and rotor speed estimation are car-
ried outin [1, 42, 136, 137, 244, 265]. The speed-sensorless induction motor control
is specifically addressed in [56, 70, 85, 98, 99, 125, 144, 152, 182, 183, 231, 234].
A sensorless solution for low-cost induction motor applications may be found in
[28]. The performance limitations in sensorless controls for flux and speed estima-
tors which are based on model reference adaptive system techniques are analyzed
in [22, 23]. Discrete time controls are presented in [19, 160] while a sliding mode
solution may be found in [261]. Experimental results for sensorless induction motor
controls are reported in [88, 109, 112, 199] while a comparative analysis of three
flux and speed observers is performed in [200]. Instability phenomena are reported
in [90] when an estimated rotor speed is used for indirect field-oriented control.
Additional work on parameter and state estimation for speed-sensorless induction
motors may be found in [2, 111, 117, 142]. Automotive applications may be found
in [56, 66, 217].
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