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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 phi-
losophies..., 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.

One of the interesting aspects of editing a control monograph series like
Advances in Industrial Control is the insight gained as to how control systems
theory and control engineering is developing and the interaction between theory and
practice. An example is that of nonlinear systems theory, where there are slow but
increasing signs of applications using these techniques. We can cite the following
monographs from the series to support this thesis:

e Nonlinear Process Control by Peter L. Lee (Ed.) (ISBN 978-3-540-19856-7,
1993);

o Nonlinear Hy/Hoo Constrained Feedback Control by Murad Abu-Khalaf, Jie
Huang and Frank L. Lewis (ISBN 978-1-84628-349-9, 2006);

e Induction Motor Control Design by Riccardo Marino, Patrizio Tomei and
Cristiano M. Verrelli (ISBN 978-1-84996-283-4, 2010); and

e Nonlinear Control of Vehicles and Robots by Béla Lantos and Lérinc Marton
(ISBN 978-1-84996-121-9, 2011).

Nonlinear systems theory is a well-established field of study yet the usual
engineering response to system nonlinearity is linearization, multiple models,
controller scheduling, and occasional recourse to adaptive and robust control to
overcome the uncertainties, and mismatch that the initial linearization approach has
introduced. It is therefore interesting to observe some practitioners using existing
nonlinear systems theory directly with real-world systems and processes. The most
promising application areas are those where there is a well-established historical
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archive of nonlinear models, suitable for the procedures of nonlinear systems
theory. One such field is the control of electrical machines.

The models of electrical machine systems are quite well-defined and have been
known for many years. They have a fairly small number of state variables, are
nonlinear, and multivariable. Despite small state dimensions, these systems have
unmeasurable state variables or states that the engineer wishes to avoid measuring
because the appropriate sensors are either costly or difficult and expensive to
implement in the physical machine. Add to this model parameters that are uncertain
(only approximately known) and/or time-varying, along with the presence of sys-
tem noise and it is easily seen that the nonlinear control of electrical machines is
challenging.

With these difficult characteristics, electrical machines are often used as a
benchmark system by academic researchers to test out new control approaches but
they also constitute a real-world application field in their own right. Industrially and
commercially electrical machines are the essential technological workhorses in the
power industries, the utility industries, transport, and many other fields. Such
importance makes this Advances in Industrial Control monograph Sensorless AC
Electric Motor Control: Robust Advanced Design Techniques and Applications by
Alain Glumineau and Jesis De Ledn Morales a valuable contribution to the series.
The authors focus on two issues:

i. AC electrical machine control (permanent magnet synchronous motors, and
induction motors); and
ii. the application of nonlinear system techniques.

After revising the models of permanent magnet synchronous motors, and
induction motors in Chap. 1, the reader is led through carefully structured chapters
that deal with system observability, observer construction, and on to four chapters
on control studies that use the observer—controller tandem. The ultimate objective
of this work is the sensorless control of AC machines, where the nonlinear
observers are used as “soft” sensors for the system controllers. An experimental
facility is described in Chap. 1 and this provides experimental validation results for
the later control chapters. This is a very instructive addition to the literature of AC
motor control and to the Advances in Industrial Control monograph series.

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

Thanks to the technology developments and the recent advances in control theory, it
is possible to implement new controllers to a large number of Alternative Current
(AC) machines. These controllers are more robust with respect to uncertainties, and
more efficient under a wide range of operation conditions in very useful applica-
tions. One the most attractive applications of the electrical machines is for transport:
vehicle traction that is currently in important development.

The control of AC machines is a challenging problem which has attracted
attention thanks to its several applications. For instance, the control problem of the
induction motor has recently attracted attention due to its complexity: the induction
motor is a nonlinear multi-variable system. Classically, the measurable outputs are
the stator currents and voltages. The rotor speed measurement is not always
available because of the high costs of sensors, their weakness, or noise sensitivity
(the performance at low speed can be poor). Furthermore, the rotor speed is a
function of the stator currents and rotor fluxes. The rotor fluxes measurement is not
an easy task: it is necessary to introduce sensors in the motor which is expensive
and physically complicated to install. When the rotor speed cannot directly be
computed from these variables, its control becomes more difficult. On the other
hand, the load torque and some parameters like the rotor resistance are usually
unknown or inaccurately known and, moreover, time varying. Then, the mathe-
matical models of the AC machines contain parametric uncertainties. Regarding the
permanent magnetic synchronous motors, the position and rotor speed knowledge
require sensors. However, the introduction of more sensors in the machine implies
more complexity and the possibility to introduce failures in the machine. This fact
weakens the motor robustness and increases the system cost. The rotor resistance is
a time varying parameter depending on the motor temperature. Generally, other
parameters (inductance and inertia for instance) are not well known with a sufficient
precision. All these elements introduce uncertainties in the model used to design the
control, so the control of the machines becomes more complex and its action less
efficient.

Clearly, to achieve high-performance objectives, the design of robust controllers
requires suitable models describing the dynamical behavior of the machines.

ix
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For AC machines, the models are nonlinear and multi-variable (multi-state vari-
ables, multi-outputs to track, and multi-control inputs). Moreover, in practice, all
the state variables are not measurable, which implies that the implementation of the
controller is to be limited. To overcome this difficulty, observation theory provides
a solution to reconstruct the unmeasurable state by using observer. Moreover, when
the AC machine operates at low speed, some important difficulties appear owing to
the loss of the observability property. This property is very important for the
estimation of the system state and thus is a preliminary step in the observer design.

Sensorless control of electrical machines implies the new and interesting
challenging problem of eliminating the mechanical sensors. The solution to this
problem has focused the attention recently in the control community. For this
reason, the robust sensorless control of electrical machines is considered as an open
problem. To solve this problem, first, it is necessary to study the observability
property of these machines. It is well known that the observability of nonlinear
systems can depend on the input. In the sensorless case of electrical machines and
from the measurement of the inputs (stator voltages) and measured outputs (stator
currents), this property could be lost. This situation complicates the reconstruction
of the system state. Several concepts and results are introduced in this book as tools
to verify if a system is observable or under which conditions it is observable. For
that purpose, a precise analysis is necessary for AC machines.

If the system is observable then the design of an observer can begin: it is known
that for nonlinear systems there is no general observable form for which an observer
can be constructed. Nevertheless, there exist conditions for which a nonlinear
system can be exactly transformed into another one so that it is possible to design
an observer. The classes of nonlinear system for which an observer can be designed,
include: (1) “Luenberger type” (i.e., linear plus a nonlinear output injection),
(2) “triangular form” type, or (3) “extended Kalman like” type, like state affine
observers or adaptive state affine observers. Furthermore, in terms of convergence,
these observers can be divided into two classes: one based on asymptotic methods
and the other with finite-time convergence. Recently, the observer design for AC
machines is one of the most studied topics in electrical machines research.

The control of the induction motor and synchronous motors have important
developments thanks to the advances in power electronics, signal processing, and
the progress in computer technology allowing the implementation of sophisticated
control strategies. Among the classical control techniques to drive electrical
machines, we can find the field-oriented control, or those based on state space
representation such as feedback linearization, which have been used in many
applications. However, these controllers have shown some limitations in practice.

Recently, the sensorless control problem of AC electrical machines has been
intensively addressed and significant contributions have been published to give a
solution to this problem. Several observer—controller schemes have been proposed,
where conditions are obtained to guarantee the closed-loop stability of the system.

This book presents the basic fundamentals of electrical machines with an
emphasis on the permanent magnet synchronous motor and on the induction motor,
as well as their mathematical models in different frames and state space
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representation. After the observability of these AC machines is analyzed, an
important contribution is the machines nonlinear observer design. Furthermore,
robust control designs based on the backstepping technique and on the sliding mode
control are presented. The combination of the observer and controller designs is
analyzed and implemented on industrial benchmarks and their results are discussed.

It is clear that the objective of the book is to provide a framework that subsumes
significant developments on observer and controller designs for AC electric
machines. More precisely, the purpose of the book is to present robust AC machine
control designs based on backstepping techniques and sliding mode controls that
are combined with nonlinear observers based on either asymptotic or finite-time
convergence designs. These observer—controller schemes are evaluated on signifi-
cant industrial benchmarks with digital simulations and experimental results,
showing their performance.

The book is intended to be a reference for practicing engineers, students, and
academics, interested in knowing the most recent significant developments on
observer design and robust nonlinear sensor or sensorless control techniques
applied to AC electrical machines.
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Chapter 1
Dynamical Models of AC Machines

Abstract This chapter presents a detailed review of the basic concepts describing
the mechanical and electrical behavior of alternative current (AC) machines, which
will be used extensively in the following chapters. AC machines, specifically the
permanent magnet synchronous motor (PMSM) and the induction motor (IM), will
be studied. A particular emphasis on the modeling devoted to the control of such
machines is considered. The dynamical properties and the mathematical descrip-
tions are introduced. New applications of electric motors are appearing, for instance,
electric vehicles owing to their renewable nature and their reduced environmental
impact. These applications require controllers that achieve high performance. All
the control algorithms presented in this book are validated on specific benchmarks
checking the important features of the motor control under several operating con-
ditions. For instance, specific reference trajectories at low speed with nominal load
torque are defined and will be used to compare the performance of the controller
and observer algorithms. Moreover, most of these algorithms have been tested on an
experimental setup and the results are reported to illustrate their performances under
parametric uncertainties and unknown disturbances such as an abrupt load torque.

1.1 Applications of AC Machines

The applications of AC machines play an important part in many types of domestic
and industrial areas.

One of the most important applications of AC machines is the traction system
for electric vehicles. The purpose of this subsection is to give an overview of the
state of the art for Hybrid Electric Vehicles (HEV) and Electric Vehicles (EV), with
emphasis on AC machines for traction system.

1.2 Electric Vehicles: Traction System

The recent developments of the internal combustion engine (ICE) have changed the
industry and the lifestyle of society in the last years. The most important companies
produce many automobiles in the world, satisfying the necessity of transport, comfort,
© Springer International Publishing Switzerland 2015 1
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and security of passengers. However, serious problems have appeared. For instance,
the air quality in the cities in the world has deteriorated, and the temperature of the
earth is increasing affecting wildlife and agriculture. The increase in oil consumption
is causing petroleum sources to be rapidly exhausted.

The governments of several countries are adopting laws to reduce gas emissions
and to develop safer, cleaner, and more efficient vehicles. New solutions have been
proposed to reduce emission of gases, one of them being the introduction of the
electric drive train technology.

Furthermore, electric transportation has received renewed interest, mainly the
electric vehicles, because they have many advantages over the conventional internal
combustion engine (ICE) vehicle, such as (i) no gas emissions, (ii) high efficiency,
(iii) no consumption of petroleum, and (iv) easy operation with minimal noise.

On the other hand, an attractive solution that satisfies the standards of opera-
tion and the reduction of gas emission is the hybrid electric vehicle. HEV combines
the advantages of internal combustion engines and electric vehicles, by introducing
significant improvements in energy efficiency (new energy sources), vehicle perfor-
mance, and gas emissions reduction.

HEV combines two or more sources of energy to power the vehicle. For example,
the internal combustion engine (ICE) is combined with an electric motor supplied by
batteries, solar energy, or fuel cells. An interesting way to optimize fuel consumption
and reduce emissions in an HEV, compared with ICE alone powered vehicles, is the
use of regenerative braking combined with a small ICE. Then, in accordance with
the above, HEV is one of the attractive alternatives to electric traction.

Application of electric machines, used to provide the traction of hybrid and electric
vehicles, has attracted the interest of many automakers. The electric motor is the heart
of the traction system of the EV that can provide a bidirectional torque quickly over a
wide speed range, satisfying a driving profile. To satisfy these operating conditions,
AC machines, such as the AC induction motor and the Interior Permanent Magnet
Synchronous motors (PMSM and IM), are the better choice.

The bidirectional power conversion units represent the major equipment for elec-
tric traction in electric vehicles. These bidirectional power conversion units consist
of the following elements: Electric machines for traction and generation, power elec-
tronics (converters), and battery.

Furthermore, to reduce fuel consumption, the performance improvement of EV
under different driving conditions and the use of low-cost systems are possible thanks
to the advances in several technological domains such as in the power electronic
converters, electric machines, energy storage, power management, or applying the
recent developments in linear and nonlinear control theory and optimization.

It is worth mentioning that vehicle makers have proposed various configurations
of HEVs and EVs, taking into account several criteria such as improving perfor-
mance, fuel consumption, lower weight, reasonable cost, volume, and so on. The
most important schemes are parallel and series configurations (see Fig. 1.1). In this
figure is shown the distribution of the main elements constituting the traction system
for structures in series and parallel of an HEV.
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Fig. 1.1 Serial and parallel configuration for HEV

The electric motor for traction is one of the most important components of an
electric vehicle. The choice of electric traction system depends on a number of
factors such as:

(i) Vehicle constraints. The most important are the volume and the weight, which

depend on the vehicle type and payload.
(ii) Energy source.The chemical batteries, fuel cells, ultracapacitors, and flywheels.
It is worth mentioning that these energy sources present some drawbacks:

(1) Heavy weight.
(2) Lower flexibility.
(3) Performance degradation.

(iii) Driver’s expectation defined by a driving profile, which takes into account the
(a) acceleration, (b) maximum speed, (c) climbing capability, (d) braking, and
(e) operation range determined from the configuration of the drivetrain, which
is made up of three subsystems

(1) Electric motor traction system: the power electronic subsystem, electric
motor, mechanical transmission, driven wheels.
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(2) Energy sources system: the energy source, energy management unit, energy
refueling unit.

(3) Auxiliary system: the power steering unit, climate control unit, and auxiliary
supply unit.

The performance of the electric vehicle is usually evaluated in terms of

(1) Acceleration time, i.e., the time to accelerate the vehicle from a low speed V| =
Okm/h to a high speed V, = 100 km/h.

(i) Maximum speed depends on the speed-power characteristics of the traction
motor.

Traction electric motor characteristics

A review of the state of the art related to electric-traction systems shows that the
squirrel cage induction motor and the permanent magnets synchronous motor are
the more used machines for electric traction systems.

The requirements often encountered in electric traction systems are the
following:

(1) High power and high power density;

(2) High torque at low speed for starting and climbing;

(3) Wide speed range, especially for constant-torque and constant-power operating
conditions;

(4) Fast torque response;

(5) High efficiency over wide speed and torque ranges;

(6) High robustness for various vehicle operating conditions.

It is clear that if the above requirements are satisfied, an improved traction system
is obtained. However, it is necessary to have suitable control systems to reduce the
energy consumption, to improve the performance, and have a comfortable and safe
driving.

As we will see in the following chapters, to achieve the control objectives taking
into account the above requirements, the control design demands to analyze the
electric machines. Thus, the main characteristics of AC machines are now introduced,
and their advantages and limitations are discussed.

DC motors

At first, DC motors played an important role in electric traction thanks to their
torque-speed characteristics which are suitable for traction applications. Moreover,
their speed controls and electronics are simple. However, DC motors are bulky and
heavy; they usually have low efficiency and low reliability. Furthermore, due to the
mechanical commutator and brushes, the DC motor needs frequent maintenance.
The developments in power electronics, digital signal processors, and the progress
in control theory have made it possible to replace DC motors in traction applications
with induction and synchronous motors. It is worth mentioning that commutatorless
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motors are more attractive owing to their high reliability and low requirements of
maintenance during operation.

AC Machines
The main characteristics of an electric motor for vehicle traction are as follows:

(1) Ability to produce high torque at low speed, including zero speed.

(2) Operation at a constant power speed range.

(3) Operation of the motor and its drive circuits over the whole speed range with
high efficiency, high reliability, and low maintenance.

(4) Four-quadrant operation with regenerative breaking, returning the overhauling
energy into storage device.

Induction Motor

The popularity of induction motors is due to their robustness and operation relia-
bility. They are small in volume and weight, do not require much maintenance, and
are of reasonable cost compared to the DC motor. However, induction motors are
difficult to control because of their complexity and nonlinear behavior. They require
powerful and robust algorithms to achieve the control objectives under a wide range
of operations. These algorithms need information about the speed, rotor flux, and
load torque, which usually are not easy to measure; for example, the speed is polluted
by noise. Moreover, the installation of sensors to measure the rotor flux inside the
induction motor is difficult and expensive.

From a practical point of view, the maintenance and fragility of sensors, especially
the mechanical speed and load torque sensors, the variations of rotor and stator
resistances owing to temperature change are some serious problems. This limits the
implementation of efficient control strategies.

Comparing the advantages and limitations of AC machines, it follows that the
squirrel cage induction motor is one of the most used motors in industrial applications
owing to its high reliability, ruggedness, low maintenance, low cost, and the ability
to operate in diverse environments. However, conventional control strategies for
induction motors such as variable-voltage variable frequency cannot provide the
desired performance on a wide range of operations. Thanks to the advances in power
electronics and micro-controllers as well as to the advances in control theory, the
improvements for induction motor control are now possible. On the other hand, one
of the most well-known control strategies applied in the industry is the Field-Oriented
Controller (FOC), which has been implemented to overcome the most important
difficulties of AC motors. However, using the FOC to control induction motors for
traction applications does not prevent some drawbacks as low efficiency at light loads
and limited constant-power operation range. Thus, to improve the induction motor
efficiency, new control techniques have been proposed and developed and constitute
an important progress in EV applications, especially traction systems using induction
motors. One of the most difficult problems is the control without mechanical sensors
(or if the sensor breaks down) that induces the loss of motor control.
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Permanent Magnet Synchronous Motors

Another AC machine used in industrial applications is the permanent magnet syn-
chronous motor. The synchronous motor can be found in a variety of application
domains such as traction, energy generation (wind-powered systems), and robotics.
Regarding electric traction, the PMSM is more suitable than induction motor, owing
to the synchronous machine having interesting advantages, among which are:

(1) The overall weight and volume are significantly reduced for a given output
power;

(2) Better efficiency;

(3) Heatis efficiently dissipated, the Joule losses are smaller due to absence of rotor
currents.

However, the PMSM have a short constant-power region owing to their rather limited
field weakening capability, resulting from the presence of the permanent magnet
field.

Itis clear that with the recent technological advances it is now possible and attrac-
tive to implement robust and powerful nonlinear controllers to reduce energy con-
sumption and to improve performance under a wide range of power-speed operating
domains.

1.3 The Concordia/Clark and Park Transformations

In the following section, the mathematical models of AC electric machines describing
their electromechanical behaviors are derived. The three-phase mathematical mod-
els of the induction and permanent magnet synchronous motors are developed. The
classical models using the Concordia/Clarke and Park transformations are derived
to define the two-phase equivalent models of AC machines. Using these transfor-
mations, many concepts, interpretations, and simplified models can be obtained to
analyze the AC machine behavior.

An approach to study AC machines is to transform the variables (voltages, cur-
rents, and flux linkages) stated in a fixed reference frame to a rotating frame defined
by the Concordia/Clarke and Park transformations. These transformations are used
in the analysis of AC machines to reduce the complexity of the differential equation
describing the behavior of the AC machines by eliminating time-varying terms in
the inductances.

The transformation from a three-phase (stationary (a, b, c¢) frame) to a two-phase
(rotatory direct-quadrature frame or (d, ¢) frame) transformation is referred as the
Park transformation. However, this transformation can be decomposed in two trans-
formations. A first transformation from a fixed three-phase system to a fixed two-
phase system (Clarke’s/Concordia’s transformations). Next, by a transformation from
afixed two-phase frame to a rotating two-phase frame associated to a rotating variable
(mechanical position and flux, for instance).



1.3 The Concordia/Clark and Park Transformations 7

Before applying these transformations to AC machines, some assumptions are
introduced (see [54]):

Modeling assumptions

Uniform gap thickness and no notch effect;

Sinusoidal distribution of the induction in the air gap;

Linear magnetic characteristic (no saturation);

Temperature effect, skin effect, hysteresis phenomenon, and Foucault’s currents
are neglected.

Using the overall Park transformation, the electric equations of a three-phase model
(stationary (a, b, c) frame) of the motor are transformed into the two-phase model
(rotatory (d, ¢, 0) frame). The (d, g, 0) transformation can reduce three AC variables
(voltages, currents, ...) to two DC variables.

A general representation of the Park transformation is given as

X4 Xq
xg | =P©& | x (1.1)
X0 Xe¢

where

cos(§) cos(€ — 2?”) cos(é + 27’7)
P =n|sin© sin€€—%) sinE+ %) (1.2)
A A A

with £ as the angle between the axis « of the stationary reference frame and the real
axis-d of the rotating reference frame, and with 7 as the ratio between the amplitude
of the three-phase system variables x,, x;, x. (voltages, currents, ... ) with respect
to the amplitude of the corresponding two-phase system variables x4, x4, xo and A
being a constant.

Then, two different Park transformations can be defined:

(1) Park transformation preserving amplitude and
(2) Park transformation preserving power.

1.3.1 The Park Transformation Preserving Amplitude

The P () transformation preserving amplitude transforms a three-phase system stated
in a stationary (a, b, c) frame into a rotatory (d, g, 0) frame by choosing

1
=2, A=- 1.3
=3 > (1.3)
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in (1.2), i.e.
X4 Xg
xg | =P | x (1.4)
X0 Xe

where

cos(€) cos(€ — &) cos(€ + X

2
P© =3 | sin©) sin(¢ - Iy sin¢+ %) |- (1.5)
1 1

2 % 2
The inverse transformation of (1.2) is given by
cos(§) sin(§) 1
Ple) = |cos(¢ — %) sin€—F) 1]. (1.6)
cos(§ + ZT’T) sin(§ + 2{) 1

1.3.2 The Clarke Transformation

By choosing £ = 0, in the Park transformation (1.5), the resulting matrix C3, = P(0)
is given as

1 -3 -+ 1 0 1
2 _ 3
Co=5|0 £ |, wd ©o'=|-3 ¥ 107
T T | D R
2 2 2 2 2

The matrix Cs; is known as the Clarke transformation. The Clarke transformation
converts the balanced three-phase quantities into balanced two-phase orthogonal
quantities by keeping the amplitude of the variables. For an electric system, for
example, this implies that power is not kept.

Furthermore, the Park transformation (1.5) can be expressed in terms of the Clarke
transformation C3; and a Rotation matrix R(), as

cosé —siné 0

R = |siné cosé O (1.8)
0 0 1
as follows
P = R(€Csz. (1.9)

For a symmetrical three-phase machine in a stationary (a, b, c) frame, the three-phase
variables can be represented in a two-phase stationary reference (o, (3) frame.
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Three-phase fixed frame Two-phase fixed frame Two-phase rotating frame
I
[ Ig qu
a \\ I a
‘\\ ’a"
Ic [g ) 2 'i £ ;
" o axis

Fig. 1.2 The Clark/Concordia-Park transformations

Defining the plane («, ) with direct and quadrature axes as shown in Fig. 1.2, if
the source is a symmetric balanced three-phase, then the currents satisfy > i = 0.
Equation (1.1) verifies easily that the current in the homopolar axis ip = (1/ \/5) (ig+
ip +i.)is null.

Hereinafter, the 0-axis is not considered. Then, the three-phase to two-phase trans-
formation (abc = «3) is now given by

X Ya
[ “] =CL | x (1.10)
Xﬂ X,
where
1 1
2|1 =3 —2
cl,==2 ) 1.11

Notice that the inverse transformation is given as

Xa
xp | =Cx [x“} (1.12)

X
Xe p

Nl&, S

where C3p = | —

(5]

2

D= DI —

1.3.3 The Park Transformation Preserving Power

In order to pass from the three-phase system ((a, b, c¢) frame) to the two-phase system
((d, q) frame) preserving the instantaneous power, the following condition must hold:

[Vag) Uag] = [Vabel” Uape)
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or
Valg + Vglg = Valg + Vpip + Vele.

Then, the modified Park transformation preserving power of the system is obtained

by choosing
2 1
=, A= — 1.13
0 \[3 i (1.13)

in (1.2), i.e., the transformation from a three-phase stationary (a, b, c¢) frame to a
three-phase rotatory (d, g, 0) frame is given as
cos(§) cos(é — %’T) cos(§ + %’T)

Po(e) = % sin€)  sin(€ — %) sin(¢ + 2 || (1.14)
1 1 1

V2 V2 V2

and its inverse is given as

5 cos(&) sin(&) 1
(Po)~1(¢) = \/; cos(¢ — &) sin(¢—F) 1. (1.15)
cos(€ +F) sin(€+ ) 1

1.3.4 The Concordia Transformation

Choosing the angle £ = 0 in (1.14), the resulting Park transformation matrix pre-
serving power (1.14) is of the form

1

oo o
_ 3

5 A7 -3 £ &

The matrix Co is known as the Concordia transformation matrix.
Furthermore, the Park transformation preserving the power (1.14) can be
expressed in terms of the Concordia transformation Co and a Rotation matrix R(£) as

cos( —siné 0
R = |sin§ cosé O (1.17)
0 0 1

as follows

Po(¢) = R(¢)Co. (1.18)



1.3 The Concordia/Clark and Park Transformations 11

1.3.5 Transformation Matrices

The following transformation transforms variables from the stationary reference
(o, B) frame into the rotating reference (d, ¢) frame (a8 — dq)

Xd | _ Xa
[xq} = Pap-dq(©) [xﬁ} (1.19)
where
B cos¢  siné
Pap—aq(§) = [_ Siné  cos J (1.20)

with Pyg_, 44 (§) is the Park transformation.
The angle ¢ can be chosen as follows:

(1) &€ = &, for the stator variables and
(i) & = & — &, for the rotor variables.

The Park Matrix can be easily obtained as

Xap = Pc_yﬁl—niq (f)xdq

where
cosé —siné :|

siné  cosé

Pbodg©) = [

1.3.6 Transformation from a Stationary Reference (o, 3, 0)
Frame to a Rotating Reference (d, q, 0) Frame

The previous transformation can be completed as follows. Depending on the frame
alignment at t=0, the (d, ¢, 0) components are deduced from the («, 3, 0) com-
ponents as follows: if the rotating frame is aligned with the a-axis, the change in
variable transforming the («, 3, 0) variables into the (d, ¢, 0) frame is:

X4 Xo
x4 | =R&) | x5 (1.21)
X0 X0

where the rotation matrix R(&) is given as

cos¢( —siné 0
R() = | siné cosé O
0 0 1

with the d-axis angle £ located with respect to the fixed («, ) frame.
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1.4 Permanent Magnet Synchronous Motor

1.4.1 Description

The permanent-magnet synchronous motor (PMSM) has been widely used in the
industry for variable speed applications due to its high performance reliability and
power density. Owing to the progress in the permanent magnet materials, micro
and power electronics, fast digital signal processors, and modern control technolo-
gies, permanent magnet synchronous machines have become more widespread in
industrial applications, such as in automobiles, robotics, aeronautics, and aerospace
domains.
In the sequel, we introduce the most important characteristics of the PMSM.

1.4.2 Classification of Permanent Magnet Synchronous
Motors (PMSM)

The physical characteristics of the PMSM are associated with its rotor and stator
structures.

The Stator is composed of a three-phase wound such that the Electromotive
Forces (EMF) are generated by the rotation of the rotor field. Furthermore, the EMF
can be sinusoidal or trapezoidal. This wound is represented by the three axes (a, b, ¢)
phase shifted, one from the other, by 120 electrical degrees.

The Rotor incorporates permanent magnets to produce a magnetic field. Regard-
ing winding, the permanent magnets have the advantage to eliminate the brushes,
the rotor losses, and the need for a controlled DC source to provide the excitation
current. However, the amplitude of the rotor flux is constant.

On the other hand, there exist several ways to place the magnets in the rotor (see
Fig.1.3).

Following the magnet position, the PMSM can be classified into four major types:

e Surface mounted magnets type
The magnets are placed on the surface of the rotor using high strength glue. They
present a homogeneous gap, the motor is a non-salient pole. The inductances do
not depend on the rotor position (Fig. 1.3a). The inductance of the axe-d is equal
to those of the axe-g. This configuration of the rotor is simple to obtain. This
type of rotor is the most usual. On the other hand, the magnets are exposed to a
demagnetizing field. Moreover, they are subject to the centrifuge forces which can
cause the detachment of the rotor.

e Inset magnets type
The inset magnets are placed on the surface of the rotor. However, the space
between the magnets is filled with iron (see Fig. 1.3b). Alternation between the
iron and the magnets causes a salient effect. The inductance in the d-axe is slightly
different from the inductance in the g-axe.
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(a) N (b) N
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N

Fig. 1.3 PMSM rotor permanent magnets layout: a surface permanent magnets, b inset permanent
magnets, ¢ interior permanent magnets, d flux concentrating

e Interior magnets type
The magnets are integrated in the rotor’s body (Fig. 1.3c): the motor is a salient pole
type. In this case, the rotor magnetism is anisotropic, the inductances depend on
the rotor position. The magnets are placed in the rotor, providing more mechanical
durability and robustness at high speeds. On the other hand, this motor is more
expensive to manufacture and more complex to control.

e Flux concentrating type
As shown in Fig. 1.3d, the magnets are deeply placed in the rotor’s body. The
magnets and their axes are radial. The flux on a polar arc of the rotor is a result
of two separated magnets. The advantage of this configuration is the possibility to
concentrate the flux generated by the permanent magnets in the rotor and to obtain
a stronger induction in the gap. This type of machine has a salience effect.

However, surface permanent magnet synchronous motors and interior permanent
magnet synchronous motors are the most used in the industry. Furthermore, the per-
manent magnet synchronous motors can be classified according to the electromotive
force profiles (see [9, 91]):

e Sinusoidal,
e Trapezoidal.
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Particularly, the synchronous machines with sinusoidal EMF are classified into two
subcategories in terms of magnets position

1. Non-salient Poles: the magnets are located in the rotor surface (Fig. 1.3a): Surface
Permanent Magnet Synchronous Motor (SPMSM)

2. Salient Poles: the magnets are buried into the rotor (Fig. 1.3c, d): Interior Perma-
nent Magnet Synchronous Motor (IPMSM).

1.4.3 Modeling Assumptions

The study of an electric motor behavior is a hard task and requires, first of all, good
knowledge of its model to properly predict its dynamic behavior under different
operating conditions.

Modeling a permanent magnet synchronous motor is similar to a classical syn-
chronous machine, except that the flux from the magnets is constant. Then, the model
is derived from the classical synchronous machine [17]. In the following study, the
machine has a stator and a rotor with symmetric distribution with p pairs of poles
(p =2 on Fig. 1.3).

To simplify the modeling of the machine, the following assumptions are
introduced (see [9]):

Assumptions

The damping effect of the rotor is neglected.

The magnetic circuit of the machine is not saturated.

The distribution of the magnetomotive forces (MMF) is sinusoidal.
The coupling capacitors between the windings are neglected.

The hysteresis phenomena and the Foucault’s currents are neglected.
The gap irregularities owing to the stator slots are neglected.

Under these assumptions and using basic concepts, the electrical and mechanical
equations describing the dynamical behavior of the PMSM are obtained. The model
will be essential to design and implement the controllers and the observers introduced
in the following chapters.

1.4.3.1 Electric Equations
The three-phase stator voltage equations can be expressed as

d [Wsabc]

. (1.22)

[anbc] = R; [Isabc] +

T
where [Vmbc] = [vm, Vsh, vsc] are the voltages of each stator phase phase; Rj
is the stator resistance; [Imbc] = [isq. ish, isc]’ are the phase stator currents and
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[Wsabe] = [Wsa, Ysp, Wse]” are the stator fluxes, which are given as
[Wsabc] = [Lsx] [lsabc] + [ll/rabc] (1.23)

where [rape | = [Yra, Wi, Yrel” is given by

Yy cos(ptu)
p | =W, | cos(pby, —2m/3) (1.24)
v, cos(ply, +27/3)

with ¥, as the amplitude of the flux generated by the permanent magnets, 6,, as the
rotor position angle, and p as the pole pair number. For the pole salient machines,
the inductance matrix [Lss] can be expressed as

[Los] = [Lso] + [Lso]

where
Laa Mab Mac_
[Lss] = | Mpa Lpp Mpc |, (125)
Mea Mcp Lcc_
with
Ly, My, Msa_
[Lso] = Mso Lso Mso s (126)
M, M, Lsa_
and

cos(2pb,)  cos(2pb,,) — %’r) cos(2pby, + 2%)
[Lov] = Lsv | cos@pby — &) cos@ply + %) cos2pby) | (1.27)
cos(2pbm + %”) cos(2pb,)  cos(2pby, — ZT’T)

Lo, Lgy and My, are positive parameters depending on the machine.
Replacing (1.23) in (1.22), it follows that

d
[Vsabc] =R, [Isabc] + —

T ALLss] [save] + [rase]} (1.28)

Notice the stator phase voltage equation of the three-phase PMSM represented in the
three-phase stationary frame (abc-axis: three-phase stationary frame) is time varying
and nonlinear.

Now, an equivalent two-phase representation in a fixed frame is introduced.
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Using the Concordia transformation (1.16)

X Xsa
[ m} =Co’ | xg (1.29)
sf Xsc
where
1 0
2
Co=\/; R (1.30)
_1_3
2772

multiplying by Co the left side of Eq. (1.28) and using the identity Co’ Co = I>»
with x a variable (voltage, current or flux), it follows that

d|A
iosl = & Dol + 2L 11,
d [Isuﬁ] d [Wraﬂ]
+ [Ass] o T (1.31)
with [Ay,] = {Co” [Ly] Co}.
Taking My, = —%L so and using the following trigonometric equivalences:

cos(ply, —27/3) = cos(pby,) cos(2m/3) + sin(pb,,) sin(27/3)

and
cos(ply, + 27/3) = cos(pb,) cos(2m/3) — sin(pb,,) sin(27/3)

where cos(27/3) = —% and sin(27/3) = +/3/2, it follows that

3 cos(2pb,,) sin(2pb,,) 3 1 0
Ags| = =L —L 1.32
[ ’ ] 2 |:sin(2p9m) cos(2pb,,) + 2% |:0 1] ( )

Lo Laﬁ
= 1.33
[La,s Lg ] (159

whose the time derivative is given by

d [A”] _ L., |:— sin(2pb,,) cos(2p0m)j| . (134)

cos(2pb,,)  sin(2pb,)

Furthermore, using the Concordia transformation, the fluxes ¥, and ¥, can be
expressed as
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lI/ lI/r(l
|: ra:| :COT 17398 (1.35)
Y5 W
re
1 1 _ 1 COS(Pem)
_\/§ 22w, | cos(phn — 27/3) (1.36)
= 3 0 ﬁ _\/_g r p m . N
3 2 cos(pby +27/3)

It follows that
¥, 3 cos(pf
ra — \/j lI/r ' (p Wl) (1.37)
Y3 2 sin(pOm)
0o 1]. . . e .
where 7 = | 1 ol's@ skew-symmetric matrix, satisfying the following property:

JrT=1

The time derivative of (1.37) is of the form

dlllra
dt —pR2Y¥, 5
— | TP (1.38)
d¥, s pR2Yq
dt
or expressed in compact form
d[¥rapl
— = = PRI Wragl. (1.39)

The electromagnetic model of the PMSM is

ol -+ 2l

+p9u7[wrozﬁ] + [Vsaﬁ]] (1.40)

d[‘praﬂ] _

dr _pgj[lpraﬁ]-
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IPMSM model

Now, from (1.40) the IPMSM model can be obtained. Defining the constant induc-
tances Ly, and Lg,, in terms of the new parameters Ly and L, we obtain

L;—L
L, = -4~ (1.41)
3
L L
L, =4t (1.42)
3
The matrix Ay can be expressed, in terms of Ly and L, as follows:
Ly,— L, | cos2pb sin(2 pf L L
2 sin2p0,,)  cos(2pb,,) 2 0 1
whose time derivative is given as
d|Ags —sin(2p0 cos(2pb
[ “]=3P-Q{Ld—Lq} (2pbm) . (2pbm) ' (1.44)
dt cos(2pb,,)  sin(2pb,)

Then substituting (1.43) and (1.44) into (1.40) will be used to define the state space
IPMSM model in the following subsections.

SPMSM model

From (1.40) for the case of non-salient poles, Ly = L, = Ly, a simplified model is
obtained. The SPMSM model is given as

d | s

LS [d[ 3] = _RS [Isa“{:i] + pgj[lpraﬂ] + [Vsaﬁ] (145)
d[lllraﬁ] _
= —p QT Wras).

1.4.3.2 Transformation from a Fixed (a, b, ¢) Frame
to a Rotating (d, ¢) Frame

To derive an equivalent two-phase representation in order to facilitate the analysis and
control design, the Park transformation is usually employed to obtain the expression
of the model in the (d, ¢) frame. This transformation renders simpler the dynamical
equations of the PMSM.

As introduced previously in this chapter, this method is divided into two steps:

1. Three-phase-Two-phase Transformation: from an (a, b, c) three-phase stationary
frame to an («, §) two-phase stationary frame. This transformation is called
the Concordia (obtained form Park transformation preserving energy) or Clarke
transformation (obtained from Park transformation preserving amplitudes).
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2. Fixed frame-Rotating frame Transformation: from an («, 3) two-phase stationary
frame to a two-phase synchronous rotating (d, ¢) frame, this transformation is
called the Park transformation.

By applying the first transformation, i.e., the Concordia transformation Co, then
the second step is the application of the Park transformation P to Eq.(1.29), in
order to obtain the two-phase synchronous rotating representation of the PMSM.
The resulting voltage equations are given as

Xsd | _ T| Xsa
|:x :|— P@.) [x‘gﬁ] (1.46)

sq

cosf, —sind,
where P(6,) = sinf, cosd,

the electrical angle defined from the position of the rotor with respect to stator. Then,

Xsd | _ T| Xsa
[xsq ] = P [XSﬂ }
Xsa

=P(0,)"Co’ | xw | . (1.47)

Xsc

, with 8, = p6,, is the rotor electrical position, i.e.,

Combining Eq. (1.47) with (1.28), it follows that

COP(Ge)P(Qe)TCOT [Vsabc] = RSCOP(Ge)P(Ge)TCOT [Isabc] + j_t {[quabc]}

d
+ 2 {[Lis] CoP@P (@) CO” [Luanc]} (1.48)
or

COoP(6,) [Vsag] = RyCOP(6e) [Isaq]

d
+ Z {[LN] CoP(6,) [deq]} - p.QCOjCoT [lprabc] .

Now, multiplying both sides of the above equation by P(6,)7Co”, and using the
following expressions:

P0.)JTP®0)" = T, (1.49)

P(0.)[DiaglP(b.)" = [Diag] (1.50)
T

P(Ge)dp(ee) =J (1.51)

dt
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where [Diag] is a diagonal matrix, after straightforward computations, we obtain
the model of the PMSM in the (d, ¢) frame

d
[Vsdq] = R; [lsdq] + P(ee)TE{[Ass] P0.)} [Isdq]

d
+P(0.)" [Ags] PG {[Lsaq]} — PRT [Wrag].  (1.52)

IPMSM case
Defining
[Lag) = P(0.)"Co” [Lys] CoP(6e)
. _Ld 0
o L,
[3(Lso + Lsv) 0
- g 3(Lso - st) (153)
L 2

and assuming that the amplitude of the flux produced by the permanent magnets is
constant, after some computations, the voltage equation of the IPMSM is given as

d[lsdq] .
dt

[Vsagl = {[Rs] — pS2[Lag1T HIsag) + [Lag] pR2J[Wraql. (1.54)

Moreover, for a specific value of 6,, the g-component of the rotor flux equal to zero
(i.e., ¥4 = 0) and the d-component of the rotor flux equal to ¥,, (¥;q = ¥,), it
follows that

digq

Usd R; _pQLq Isd La 0 dt 0
= . . — . (1.55
|:qu:| [pSZLd R isq + 0 Lg||diy p2Y, (1.55)

dt

The Electromagnetic model of the IPMSM in the rotor
flux oriented (d,q) frame is

digg . Ry L Usd

= ——iyg — pR2Li,, + = 1.56
i Ly lsd — P Ly Isqg + L, ( )
disq R; . Ly . Usq v,
—_— = —— 22— — — p2—.
ar L, TPET et T, TP
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1.4.3.3 Mechanical Equations

The rotor electrical position 6, is determined by the equation

dbe _ w. (1.57)
dt
and the rotor speed 2 is given by
J%+fv9 =T,—T (1.58)

where w = p§2, w is the angular electrical speed, p is the pole pair number, £2 is the
rotor angular speed, 7T, is the electromagnetic torque, 7; is the load torque, J is the
inertia moment, i.e., the inertia of the synchronous machine plus the load inertia, f,
is the viscous friction coefficient.

1.4.3.4 Electromagnetic Torque

IPMSM case

The electromagnetic torque 7, is generated by the interaction between the rotor
magnets poles and the poles induced by the magnetomotive forces in the air gap.
Then, the electromagnetic torque 7 is given as [17]

T, = p(La — Ly)isaisq + p(Wraisq — Wrqisa). (1.59)
Then replacing (1.59) in (1.58), it follows that
ds2 - . .
J? + fuf2 = p(La — Lq)lsdlsq + p(lprdlxq - qu’sd) -1 (1.60)

Furthermore, choosing the orientation of the (d, ¢) frame such that the g-component
of the rotor flux is equal to zero (¥, = 0) and the d-component of the rotor flux is
equal to ¥, (¥4 = ¥;), then (1.60) can be expressed as follows

a2 .. .
JW"'va = p(Lg — Lg)isaisq + pWrisq — T}. (1.61)
The model of the IPMSM, in the rotor flux oriented
(d, q) frame is

digq Ry Lq . VUsd
= ——igq — pR2— —_—
dt Ly~ P, * La
disq R . Ly, Usq v,
= ——igg + pR—isg+ — — p2— 1.62
T L, lsg TP L, Lsd L, p L, ( )

ds2 fo 1 . . 1
E = _7‘9 + 7P(Ld — Ly)isdisq + pWrisqg — 7Tl
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SPMSM case

For the SPMSM, the stator inductances in the d-axis and g-axis are the same (L; =
L, = Ly). The reluctance torque p(Lg — Lg)isqisy is then equal to zero. The
electromagnetic torque is only given as

T, = pWisy. (1.63)

Equation (1.63) shows that the torque is proportional to the current in the g-axe. This
confirms the analogy between this machine and the DC machine.

Replacing (1.63) in (1.61) with Ly = L, = Ly, it follows that the rotor speed
dynamics is given as J0

J—= = =[R2+ pWyisg = T, (1.64)

By combining the electric Eq. (1.56) with the mechanical Eq. (1.64), it follows that:

The complete model of the SPMSM, in the rotor
flux oriented (d,q) frame, is

disq R; . . Usd
S Q el

i L, Isd + pS§2igqg + L,
disq R; . . Usq v,
— = ——j., — pf2 — — p2— 1.65
a0 L, lsg — PS$2lga + L, p L, ( )
ds2 Jo pYr . 1

— = -+ —iy, — =1T;.

dr gt T e g

1.4.4 Nonlinear Model in State-Space Representation

Generally, the behavior of a physical process and its interaction with the outside
world can be mathematically modeled, and the resulting mathematical description is
called the system. It interacts with the outside world in three different ways.

Inputs variables: (1) Input controls are variables that can be designed to influence
the system dynamics, (2) perturbations are generally unmeasured external signals
that have an effect on the system behavior but they are not controlled.

Output variables: Variables that are measured and/or for which the control objec-
tives are defined. They are a subset of all the variables describing the system.

The state of the system represents all the variables of the system dynamics. It is
represented by a vector, denoted by x ().
The evolution at time ¢ of the system state is described by an ordinary differential

equation
x(t) =F(x(@), u(1)) (1.66)
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with FF is a smooth vector field. Furthermore, the relation between the state and the
output is described by means of the function 4 as follows:

y(1) = h(x(1))
where the components of i are C* functions (the class of functions continuously
differentiable). Then a dynamical system is defined in a state-space representation,

as follows: I () =TF&x(@), u®))
(@) =h(x(@)).

However, for most of the systems, the input acts in an affine manner and so the
following representation is used:

(1.67)

JE=fx)+9x0)u
. [y — o). (1.68)

This representation will be used for control design, while the representation (1.67)
will be used for the dynamics observation analysis of all the AC machines studied
in this book.

Usually, to obtain a model in a state-space representation of electric machines, it
is necessary to define a vector state x, the input «, and the output y. Here, the vector
state is represented by the electrical variables (currents) and the mechanical variables
(speed and/or position). The input is mainly composed of the stator voltages. A special
input: the disturbance forces the dynamics of the system but it is not controllable:
the load torque 7;. The outputs are the stator currents and the mechanical speed. For
the mechanical sensorless purpose only the currents are measured.

Now, the mathematical models of the PMSM (SPMSM or IPMSM) machines
are introduced in a state-space representation, and will be used to the control and
observer designs.

1.4.4.1 Model in the (d, ¢g) Frame

For the torque or angular speed control, the nonlinear state-space model of the
IPMSM (1.56) in the (d, q) frame, is given as

; B R L T B T
disq — i+ T, Lo o

dt Lq Lq Lq Vod
diyq Rs pLa. pYr 1

- = ——lyg — — 542 — —§2 0o — 0 v
dt Ly Ly Lq i Lq ;q

1

dt L7 lsg — 7 lsdlsq — 79_ B 7

(1.69)
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where the state is [i54, isq, £2], the input is [vyg, vsg, T7], Where T; is assumed to be
an unknown input. The measurable output is the stator currents [isy, isq].

For the rotor position control, it is necessary to take into account the rotor position
0,, as a new state variable.

The complete model of the IPMSM, in the rotor rotating frame, is

Fdisa R pL 7 1 .
. q .
- — iy 2 — 0 0
dt L lsd + Ls lsq Ly
disq R L v, 1 Usd
i _sisq_u,sdg_ug 0 — 0 5
— L, L, L, + Ly vsa |
dQ ) !
— 'Z L,—L
dt erisq p ( ‘1] d) isdisg — %Q 0 0 — T
db,,
ar L 2 1 LO O 0 |
(1.70)

where the state is now defined as [isq, isq, £2, 6, ], the input is [vsg, vsq, T7], and the
measurable output is [isq, i5q, §2, 0, ] or only [isg, isq] for the sensorless case (i.e.,
without mechanical sensor).

Remark 1.1 The load torque 7; can also be considered as a component of the vector
state or as an unknown parameter to be estimated. It depends on the observation
strategy.

If the permanent magnet synchronous machine is without salient poles (SPMSM
case), i.e., the inductances in d-axis and g-axis are equal (Ly = Ly, = L), then
model (1.70) becomes

(dial T R, 1T -
dr —L—std+pzs49 » 0 0
dig, R
S . . P‘I’r 1 Usd
S Q- Q —
dd;Z _ LS lsq Plsd LS 0 LS 0 Usq (171)
o P, g 00 —|LT
J T J
b o 00 0
L ar 1 L 4" -

where the vector state is [isq, isq, §2, O], the input is [vga, vsg, T7], and the measur-
able output is [iq, isq, §2]. Notice that in this model, the load torque is considered
as an input for the PMSM. For the sensorless case, the measurable output is only the
stator currents [isy, is4] (see Remark 1.1).
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1.4.4.2 The Two-Phase Equivalent Model in the (o, 3) Frame

The two-phase frame equivalent model of a three-phase motor, in the stator stationary
(a, ) frame, is obtained from model (1.54) (see [14]), by using the transformation

Xsao | _ Xsd
I:xsﬂ] = P(@,) I:qu] . (1.72)

By multiplying the left side of the electric equation of the IPMSM by P(6,), it follows
that

d[lsdq]
dt

[Vsdq] = {[Rs] — p*Q[qu]j}[Isdq] + [qu] - PQJ[Wrdq]- (1.73)

By using (1.72) and the identity P(6,)"P(6,) = I»x» and after some simplifications,
it can be rewritten as

[Viagl = POMIRs] — p2[Lag) TYPO) 1150
d
+ P(oe>[qu]E{P(@Tumﬂ]} (1.74)

— pRPO)ITPO) [ 0s).

The following expressions hold:

P TP =T, (1.75)
P(0,.)[DiaglP6.)" = [Diag] (1.76)
P(ae)dpgje)T =J. (1.77)
It turns out that
[Vsapl = [Rs]lLsapl + [qu]% — PRI Y¥rapl (1.78)
or equivalently
Ry 0|[i Ls 0 et Qy,
B 1 e R
dt

The complete model of the IPMSM, in the stationary (o, 3) frame, is given as
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where the vector state is [isa, is3, Yra, ¥rg, £2, O], the input is [vsq, veg, T71, and
the measurable output is [is«, is3, §2]. For the sensorless case, the measurable output
is composed by the stator currents [isq, is3].
Furthermore, define e, and eg as the electromotive forces that are expressed as

era = — 3 wsin(d,),
e = \/gllfrw cos(f,).

Notice that the rotor electrical position is given as

e
tg9(0e) = —i
rf

The model of the IPMSM, in the stationary (., (3) frame, is

disq
dt
digg
dt
derq
dt
de 3
dt
as2
dt
b,
— dt

Y,
%(isg cos 0, — isq sin(f,) — 7”_{2

2

— 0
Ly
1
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0
0
0 O
0 0

S

o&|_|_o o

(1.81)

(1.82)

Usa

V53
T

(1.83)
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The model of the SPMSM, in the stationary («, B) frame, is

_disa -
dt B —R; . €ra . _i 0 0 ]
disy I, I
dt —R; €r3 1
g e 0O — 0
deﬂ LS lsﬁ—l— LS Ls Vs
di:ﬂ B —pQerp + 0 0 1o
7 pSerq 0 0 0 T;
v, —1
(Z—Q %(isg cos 0, — igq sin(f,) — %Q 0 0 N
t
o, | L 2 4 Lo o 0]
L dr
(1.84)

with the vector state is [isqa, isg, €ra, €rg, §2, O], the input is [vsq, vsg, 771, and the
measurable output is [iq, is3, §2]. In the sensorless case, the measurable output is
[isa , isﬁ]-

1.5 Induction Motor

1.5.1 Motor Description and Modeling Assumptions

An induction machine can be decomposed into two main parts: stator and rotor. The
stator is the static part of the machine with coils, most often three-phase, housed in
slots and connected to the power source. The rotor is the rotating part of the machine
that can be of two main types:

e The coiled rotor, which is of cylindrical form, carrying on coil windings in the
interior of a magnetic circuit consisting of disks stacked on the machine shaft. The
coil windings are usually identical to those of the stator. An electrical connection
of the coil winding is available thanks to three rings and brushes.

e Squirrel cage rotor, which is the most common induction motor, is composed of a
set of conductive bars placed around the periphery of the rotor forming a cylinder
and connected to conducting end rings at each end. No electrical connection is
necessary. The rotor coils are then in short-circuit and the rotor voltages are zero.
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1.5.2 Dynamic Model of the Induction Motor

Electric and Mechanical Equations of the Induction Motor

The three-phase induction motor model is obtained from the application of the elec-
tromagnetic and mechanical principles.

The three-phase stator voltage equations, represented in a stationary (a, b, c)
frame, can be expressed as

d|®
[Vsabc] =R [Isabc] + % (1.85)
and
d|®
[Viabe] = Ry [Lrabe] + % (1.86)

where [Vsabc] = [Vsa, Vsh, vsc]T ([Vrabc] = [Vra, Urb, vrc]T) are the voltages of
each stator (rotor) phase; R; is the stator resistance; [Imbc] = lisa, isp, isc]T
([Imbc] = liya, irp, i,C]T) are the phase stator (rotor) currents; and [¢5abc] =

[@sas Pso d)sc]T ([érabc] = [Pras Pro, ¢rc]T) are the stator (rotor) fluxes.
Let A be the inductance matrix of the induction motor, which is defined as

Los Musr]
A= 1.87)
|:M{:vr LOY (
where
las Mas Mg Lar My My,
Los = | My las Mgy |, Lor = | My, lar Mgy, |,
Mgs Mys g My Mgy, lar

cos(ply) cos(pl,, + %ﬂ) cos(pl,, — 2{)
Mosr = M | cos(pb, — 27”) cos(pby,) cos(pl,, + 27”) ,
cos(pO,, + 27”) cos(pl,, — %’T) cos(pby,)
where 6, is the electrical position with 6, = p#,,, [, are the self-inductances, M, is
the mutual inductance between two rotor phases, and M, is the mutual inductance

between two stator phases.
The magnetic fluxes are given as

[®sabe] = [Los] [Lsabe] + [Mosr ] [Zranc] (1.88)
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and
[¢rabc] = [Lor] [[rabc] + [Mosr] [Isabc] . (1.89)

Applying the Park transformation (1.47) to the electric equations (1.85) and (1.86),
where 6 is the (d, ¢) frame angular position and 6, is the rotor relative angular
position w.r.t. the (d, g) frame. Then, the equations of the squirrel cage induction
motor in the (d, g) frame are given by

d [(psdq] d@s

[Vsag] = Ry [Isag] + —— == = =27 [®sag] (1.90)
and
d[@raq] b,
[Vidg] = 0= Rr [1rag] + % = T [Prag]. (1.91)

Writting the magnetic fluxes (1.88) and (1.89), in the rotating (d, ¢) frame, yields:
(@] = Ls [1dg] + My [1] 192
and
[@rag) = L [1rag| + My [Isaq) (1.93)

where L, L, are respectively the stator and rotor cyclic inductances and My, the
mutual cyclic inductance.

From (1.90) and (1.91), the dynamics of the fluxes, expressed in the rotatory (d, ¢q)
frame, are given by

o,
[dtdq] = R, [Lsaq] + weT [®saq] + [Viag] (1.94)
and
d[@,
[dtdq] = =R, [Lrag] + ws — p2)T [®r4q] - (1.95)

Replacing (1.92) and (1.93) in (1.94) and (1.95) respectively, it follows that

d[lsd ] d[[rd ]
L, Tq MsrTq - [—Rs [Isaq] + ws T [@saq] + [V“lq]}(l 96)

rd[lsdq] 4 er[lrdq] —R, [Irdq] + (ws — pSO)YT [@rdq]

M
dt dt
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Written (1.96) in terms of /.4, and @, 44, it follows that

on Ry R M,
—_— =1 Iryo — P 1
dr Lo 2x2 O'LSL% w2 +ws T ¢l sdq]
B M Mo 0T i) + ——Viag]  (1.97)
O’LSL% 2x2 oL,L, p rdq Lo sdq .
d[D R.-M R
[Pragl _ | R My [Lsaq] + 1 ——Toxa + (w5 — p2)T | [®raq] (1.98)
dt L, L,

where wy is the stator pulsation given by

Mo
wy = p2 + T (1.99)
¢rd
o is the Blondel leakage coefficient:
o=1—(M*/LL,), (1.100)
and Ipxo is the identity matrix of dimension 2.
On the other hand, )
d
d_ts = wy (1.101)
% = (1.102)
dt
do
dtr = (J.)r = wS —_ p (1103)

Moreover, the electromagnetic torque 7, expressed in the (d, g) frame, is given by

M. . .
T, = pL > (¢rdlsq - ¢rqlsd)' (1.104)
r

Equation (1.104) shows that the torque is a nonlinear function of fluxes and currents.

To obtain a complete model of the induction motor, it is necessary to add the mechan-
ical equation

e _T. T f
dt

JoJ
1 (pM, . . o fi
7 [L_:r((brdlsq - Qbrqlsd)} - 7 - TU‘Q (1.105)
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Then, the Induction Motor Model, in the rotating (d, ¢) frame, is given by

o Ry R/ M;,
dllsdql _ | _ Doy — ST 1 I

dr Lo 2x2 O’LSL% w2 Fws Tt | sdq]

R, M, M, !
I 2 D V.
* <0'LsL% 2 + O'Lerp j} [ rdq] * LSU[ qu]

d[Dris] R.M R

rq- _ s [L5aq] + —L o+ (ws — pS) T | [Praq](1.106)

dt Lr Lr

2 _ 1 [pMs _L_hg
dt J J 7

— (¢rdisq - (brq isd)
L

1.5.3 IM Model in the State-Space Representation

The state-space model of the induction motor requires to define the state x, the
input # and the output y. Usually, the flux of the induction motor is not available
through measurements, then the stator currents are selected as the measured output
of the model. However, in the case of a control with a speed sensor, the speed is an
additional measurable output.

Moreover, the load torque is considered as a bounded non-controlled input (usually
unknown). The load torque could be also considered as a state variable which can
be estimated by means of an observer.

The input of the model is composed by the stator voltages. The state vector
consists of the currents, the magnetic variables (fluxes), and the mechanical variables
(angular speed and the position when necessary). For the magnetic variables, we have
considered the rotor fluxes instead of the stator fluxes. In the following, for modeling
purpose, the rotating frame reference could be chosen according to the rotor field
orientation.

1.5.3.1 IM Model in the Rotatory (d, q) Frame

Consider the induction motor model (1.106) written in the rotatory (d, g) frame:

disd
dt
digg
dt
dd)rd
dt
dérg
dt

= —7isd + wsisq + bagrg + bpgd)rq + m1vsq
= —wsisd — Visg — bpS2¢ra + bad,q +mivy
= aMsiszqg — adrg + (ws — p'Q)(brq (1.107)

= aMsrisq — (wy — pSD)ra — afbrq
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de , . 1
W = m(¢rdlsq - (brqlsd) —cf2 — 7Tl

where a, b, ¢, v, o, m and m are parameters defined as

a=R,/Lr, b=M/oLiL,, c=f,/]. v=(L;Ry+ My .R:)/(0LsL}),
o=1—(M}/LiL;), m=pM/IL,. mi =1/oLs.

Defining the state vector x4, the input u and the output y as

Isd

isq Usd isg
Xdg = | Pra |, u=|vsq |, y=hxaq) = |:is :| )

¢rq T o

2

where x4, € N, u € N and y € N2 Then the state-space dynamics of the IM
(1.107), in the (d, g) frame, is given as

- digg
o [ 9 [m 0 07
disq —Yisd + Wsisq + ba¢rd + bp.ng,q 1
ddt —Wslsd — ’Yisq — bp‘Q¢rd + ba¢rq 0 mp O oo
:?;d = aMsrl.sd - a¢rd + (wy — pQ)¢,q + 00 0 Vsq
d¢rq aMsrisq — (ws — PQ)¢rd — a(brq 0 0 01 1
dt L m((z)rdixq - ¢rqisd) —cS2 | 0O 0 _7
ds2 L _
L dr - i
Yy =h(xqq) = |:.s ] , (1.108)
isq
which is a nonlinear system of the form
x = f(x)+gx)u
y = h(x). (1.109)

Notice that if the angular speed §2 is measurable, then the electric equations can be
represented as
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- diig ]
dt
digg -y wy ba bpf2 isd miVsq
dt _ | ws —bp$2 ba isq n mivgg
dora aMg 0 —a (ws — p$2) Ord 0
dt 0 aM; —(wy — ps2) —a (brq 0
dorg
L dr isd
Yy =h(xaq) = | isq (1.110)
2

which can be expressed in a compact form as
x = A(R2(@0)x + ¢(u(r))

1.111
[ y = h(x). ( )

When the mechanical speed §2(¢) is available through measurements, then system
(1.111) can be considered as a linear time variant system plus an injection term
depending on the input, i.e.,

X =AM)x + o(u(t))

1.112
[ y = h). (112

Furthermore, in the mechanical equation of (1.108), the load torque 7; is considered
as perturbation. For robustness purpose, it could be necessary to estimate the load
torque. Then, in order to overcome this difficulty a solution is to extend the state
vector x by introducing the load torque 7; as a new state variable.

A way to model the load torque dynamics is to assume that 7; changes slowly or
is piecewise constant. A good approximation of these dynamics is given as

dT

=0. 1.113
7 ( )

The extended nonlinear model of the induction motor (1.108), in the rotatory (d, ¢q)
frame, is then given as
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- digg

dt - )
disq —Yisd + wsisg + bagrq + bp2¢rq
dt —Wslsd — 'Yisq —bpQ2¢ra + ba¢,q

d .
j;;d aMgisqg — aprqg + (wg — p9)¢rq

ddry | = | @Msrisg = @5 = pDbra —adrg | *
dr
¥,
dr 0 - -
dT

L

Usd
|:Usq:| (1.114)

0

) 0 0

m(ﬁbrdisq - Qbrqisd) —cf2 — 7Tl 00
0 0

with a state vector xgq = [isa isq Gra Prq 2 TI]T.
If the angular speed §2 is available through measurement, system (1.114) can be
rewritten in a special form:

Cascade model of the IM, in the rotating (d, q) frame

Rotia
dt
diS‘] 0 -7 Ws ba bp$2 Isd miVsd
dt _ —Ws = —bps2 ba isq + mivsq
d¢rd aMy 0 —a (ws — p$2) Drd 0
dt L 0 aM; —(ws — ps2) —a Qbrq 0
dorg
L dr
lsd
n=|]
ds27]
dt _ | =¢ —l:| |:'Qi| |:m(¢rdisq - ¢rqisd)]
= Jln |t 0
at; | Lo o JLT
dr |
V2 = [.Q] . (1.115)

If the rotor position and the angular speed are not available by measurement, other
alternative representation has to be used to estimate the fluxes, load torque, and rotor
resistance of the IM from the only measurement of the stator currents. Furthermore,
assuming that the load torque and the stator resistance are slowly varying with respect
to the electromagnetic time constant, the dynamics of these two variables can be
approximated by
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ﬁ:O, dﬁ:o. (1.116)
dt dt

Remark 1.2 The load torque 7; is an unknown variable. Only its bound is assumed
available. The stator resistance Ry changes with the temperature. The resistance value
bound is also available. Thus the load torque and stator resistance values are assumed
to be approximated by piecewise constant functions.

Define v = v + mR;, where 1 = Mfr R, /O’LXL%. Thus, without the mechan-
ical sensors, the extended IM model (1.115) may be seen as the interconnection
between the subsystems:

digq
dt . .
0 bporg —miisq lsd
a2
— | = | —moy —c 0 2
dt 0 0 0 R,
dRy
dt
—Visd + aborg +miusg + wsisq 01
+ mordisq +| —= |7, (1.117)
0 J
0
yl:isd
and
digg
dc;;t —v1 —bpS§2 ab isq
d’d = 0 —a —p2 || b
t
0 2 -
Aoy p a brq
dt

_mleisq — wylsd + misq
+ Ws(brq +aMgyigg (1.118)
—WsPrd + aMsrisq

2 = isq
or, in a compact form:

5 IX‘1=A1<Xz,y>X1+gl<u,y,x2,xl)+¢>n
- _
yi=CiXy

5 [Xe= AX0Xa+ gy, X1, X) (1.119)
2 =0X;
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with
0 bp¢rq —miisq wsisq — Yisd + abgrq + miusg
A() = _m¢rq —C 0 , g10) = m¢rdisq
i 0 0 0 0
—m —bp$2 ab _mleisq — Wslsd + milsq
Ar() = 0 —a —pf2|, §@() = ws¢rq +aMsyisa
L 0 ps2 —a —Ws@rd + aMyyigg
-0
1
Q= ——|, Ci=C=[100],
OJ

and X| = [igg 2 R]" and X, = [isg ¢ra ¢rq]T are the state vectors; u = [ugg usq]T

istheinput,and y = [i sd 1 Sq]T is the output of the IM model. Finally, 7; is considered
as an unknown parameter which can be identified by means of an observer (see
Remark 1.2).

1.5.3.2 IM Model in the Stator Fixed (o, 3) Frame

The nonlinear model of the induction motor, written in the fixed («, ) frame, can be
easily obtained from model (1.108) in the (d, ¢) frame, by imposing the projection
angle 65 and its derivative equal to zero (s = 0 and és = wy = 0). Then the state
vector x, the input u, and the output y, on («, 3) frame, are given as

Isa

lsp Usar i

Xaf = |bra |, u=|vsg|, y=|:mi|.
(brﬂ 1
2

The model of the induction motor, in the («, 3) frame, is given as

- i
digp —Yisa +badrq +bp2¢, 3 mi 0 O
ddt —Yisp — bpQR¢ra +bag,s 0 my O Vsa
z;a = | aMypisa — aPra — pS2¢r3 |+ 0 0 0 Vs (1.120)
d,s aMgigs + pQ2dra — adrs 00 o LT
Tdr | m(¢raiss — Grpisa) —c2 | |0 0 =1
ds
L dr
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Furthermore, assuming that the load torque changes slowly, and considering the load
torque as a component of the state vector, it follows that the extended model of the
induction motor, in the («, 3) frame, is given as

dt - . _
dl's’ﬁ —Visa + ba¢ra + bp.Qqﬁrg "m0
dt —’}’l'sﬂ — bp9¢rzx + ba(brﬂ 0 m
d .
Ora aMsise —adrg — p2org 0 0
| = - + Vel (1.121)
dorp aMsrisp + pR2¢ro — adrp 0 0 [lusl
. . 1
j{(tg m((bralsﬁ - ¢rﬁlsa) —c§2 — 7T1 0 0
dt 0 L0 0
4T - i
L dr 4
where the components of the state vector are xo3 = [isa isg Gra ¢rp 2 Tl]T.

Assuming that the rotor speed £2 is available through measurements, the IM model
can also be represented as two interconnected subsystems (electric-magnetic and
mechanical parts) in the following form:

_dis(l_
dt
disp -y 0 ba bp2 isa M1 Vsq
dt 0 —y —bp2 ba I mivsp
ddra - aMs, O,y _l; —ps2 (br[i + O‘ (1.122)
“dr 0 aMy pf2 —a brp 0
d¢r6
L dt J
e o
% _ —OC Z] |:-;21i| + |:m(¢)rozls[30_ ¢rﬁlsa)] (1.123)
dt -
_iSD(
y=|isg|- (1.124)
| £2

1.5.3.3 IM Model in the Rotating (d, ¢) Frame Associated
to the Rotor Flux

Model (1.108) in the (d, g) frame depends on the stator pulsation wy. This pulsation
can be calculated by using a specific orientation of the (d, ¢) frame, i.e., the d-axe
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coincides with the rotor flux vector. Therefore, the component of the flux in quadra-
ture (g-axe) as well as its derivative vanish, i.e.,

déq
= =0. 1.125
Prq i ( )

Defining dp/dt = wys, where p is the field angle, and using the fact that (1.125)
holds; so from Eq. (1.108), it follows that

dp @4 Mo, (1.126)
—_— = W = —lgg. .
TR

The electromagnetic torque (1.104) becomes

Drdisq- (1.127)

The nonlinear model of the induction motor, expressed in the rotating (d, g) frame
associated to the rotor field, is obtained directly from the general model (1.108).
By replacing the stator pulsation wy and the differential equation of ¢, by the time
differential equation of p in (1.108) yields

- digy
dt i —~isq + aborg + pS2i +a&i2 ] r 0 0
disq * " M ¢}’d 4 ml
@ o iy oM |00
—Yisg — — isg —a—igqi ‘
déra | Visq P rd — P34lsd brd sdlsq N 00 0 zsd
= . sq
dt —a¢rq + aMs,isq 0 0 O T
@ 9 + a Msrl' l
dt p bra 54 0 0 ——
e | | Mmraisg — 2 ] - I
L dtr
The measurable output is
y = [’:‘d} . (1.128)
lsq
From Eq. (1.126), the slip pulsation w, is defined as
wr = wy — ps2 (1.129)

where w, = isq-
rd
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1.6 Operating Conditions and Benchmark

All the observer and control algorithms presented in this book are evaluated in the
framework of specific trajectories and significant robustness tests noted “Bench-
marks”. These benchmarks have been defined, on the one hand, in cooperation with
the Electrical Engineering and Automatic Control Laboratories under the support of
the french National CNRS Work Group “Control of Electrical Systems,” and on the
other hand in cooperation with Electrical Industrial Companies.

1.6.1 Benchmarks for AC Machines

Permanent Magnet Synchronous Motor Benchmark

The motor is tested according to industrial test trajectories (see [34] for details).
Following the nominal values of the torque, the speed and the flux of a PMSM
motor, the reference trajectories are defined (see Fig. 1.4) such that, at initial time,
the rotor speed and the load torque values are zero.

Then the reference speed is carried to 100rad/s; and from 1.5 to 2.5, the load
torque is applied. This first step is to test the performance and the robustness of the
controller-observer without mechanical sensors at low speed.

From 4 to 5's, the speed is carried out to its nominal value (300rad/s) and remains
constant until # = 10s.

From¢ = 10to 12, the rotor speed is reduced to zero and is maintained thereafter.
The load torque is applied from 7 to 15s.
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Fig. 1.4 PMSM industrial benchmark trajectories; fop reference speed w;,; bottom load torque
disturbance T;



40 1 Dynamical Models of AC Machines

Robustness with respect to parameter variations and unknown load torque

The stator resistance as well as the stator inductance can vary from their nominal
values. So their deviation effects are studied. Significant robustness tests are defined
by stator, rotor resistance variations, stator, rotor inductance variations, and load
torque variations:

e +50 % of resistance variation,
e 120 % of inductance variation,
e +100 % of nominal load torque.

Induction Motor Benchmark

The experimental test takes place on a significant benchmark. The trajectories of this
benchmark have been considered taking into account industrial operation conditions.
Following the nominal values of the torque, the rotor speed and the flux of an
induction motor, the reference trajectories are defined (see Fig. 1.5) such that, at the
initial time, the speed and the load torque references are chosen as zero until the flux
reaches its nominal value. Then the reference speed is carried to 20rad/s and from
1.5 to 2.5 the load torque is applied. This first step tests the performance and the
robustness of the controller+observer without mechanical sensors at low speed.
From t = 3 to 4s, the speed is carried out to its nominal value (100rad/s) and
remains constant until # = 6. The load torque is applied from the time 5.

Unobservability test

This second step is defined to test the controller+observer behavior without mechan-
ical sensors, during a great transient speed and the robustness performance at high
speed. Then the motor is driven to reach a negative constant low speed value from 7 s
until 9 s. This speed is chosen to obtain a stator pulsation equal to zero. This last step
tests the robustness of the controller-observer scheme in case of an unobservability
phenomena (introduced latter in Chap.?2) in the time interval from t = 7 to 9s, as
shown in [31].

Finally, the induction motor is driven in order to leave the unobservability
conditions.

Robustness with respect to parameter variations and unknown load torque

Moreover, significant robustness tests are defined by stator, rotor resistance varia-
tions, stator, rotor inductance variations, and load torque variations:

e 150 % of resistance variation,
e 120 % of inductance variation,
e +100 % of nominal load torque.

1.6.2 Experimental Setup

Most of the observer-controller schemes presented in this book have been
experimentally tested on a setup allowing to drive synchronous motors (PMSM and
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Fig.1.5 IM benchmark trajectories. a Reference speed w;,, b load torque disturbance 77, ¢ reference
flux o7,

IPMSM) and induction motors. A load torque is applied thanks to a connected syn-
chronous motor that is load controlled by means of a torque sensor and an industrial
drive (see Figs. 1.6 and 1.7). More precisely, the experimental setup is equipped with:

Hardware characteristics

1. Three-phase inverter operated by a symmetrical Pulse Width Modulation (PWM)
with a 5kHz switching frequency,

2. A permanent magnet synchronous motor controlled by an industrial drive to
provide the desired load torque.

3. A custom floating-point digital signal processor dASPACE (DS1103) board, and its
interface. The dSPACE board performs data acquisition: two stator currents, DC-
link voltage, load torque, and rotor speed, with a 512 ppr incremental encoder that
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Fig. 1.6 Observer-controller scheme

Fig. 1.7 IRCCyN experimental setup

supplies the speed (of course, only for monitoring purpose in case of the sensorless
tests). The DS1103 board also allows to compute the control algorithm and to
generate the PWM signals sent to the power inverter system.
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Software characteristics
The software associated with the data acquisition and the control system are:

(1) Matlab/Simulink,
(2) A user-developed interface between the Simulink Controller-Observer program
and the dSPACE system board.

The algorithms are implemented in the dSPACE board and have a maximal time
computational cost of 100 s. The experimental sampling time 7 is taken to 200 s.

Permanent Magnet Synchronous Motor characteristics

The parameters of the SPMSM used to test the controller and observer algorithms
are reported in Table 1.1.

The parameters of the IPMSM used to evaluate the control and observer algorithms
are reported in Table 1.2.

Induction Motor characteristics

All the control and observer algorithms designed in this book will be tested using a
1.5 kW Induction Motor, whose data are reported in Tables 1.3 and 1.4.

Table 1.1 Nominal SPMSM

Current | 9.67A Torque | 9Nm
parameters Speed | 3,000rpm v, 0.18Wb

R, 0.45ohm p 3

Ly 3.42mH L, 3.42mH

J 0.00679kg - m? | f, 0.004 kg - m?

Table 1.2 Nominal IPMSM parameters

Current 6A Torque 5.3Nm
Speed 3,000 rpm v, 0.341 Wb
R; 3.250hm p 3
Ly 18 mH L, 34mH
J 0.00417 kg - m? fo 0.0034 kg - m?
Table 1.3 Nominal induction Nominal rate power 1.5kW
motor parameters values of -
the setup Nominal angular speed 1,430 rpm
Number of pole pairs 2
Nominal voltage 220V
Nominal current 7.5A
Tablg 1.4 Induction motor R, 1.63302 M,, 0.099H
identified parameters 5
R, 0.93%2 J 0.0111 Nm - s*/rad
Ly 0.142H fo 0.0018 Nm - s/rad
L, 0.076H
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1.7 Conclusions

In this chapter, an overview of typical applications for AC machines has been first
given. In particular, it has been reminded that one of the most attractive applications
of AC machines is the traction system of electric vehicles and hybrid electric vehicles.
A general view on the state of the art for such vehicles and traction systems has been
presented.

Then the models allowing to describe the dynamical behavior of the AC machines
(PMSM and IM) have been introduced. These models have been expressed either in
a fixed (v, 8) frame or in a rotating (d, ¢) frame in order to describe the dynamical
behavior of these machines.

Taking into account industrial considerations, specific benchmarks (test proce-
dures) have been defined to apply significant tests and to evaluate the performance of
the sensorless IM and PMSM controllers. These benchmarks will be used to test all
the proposed controller and observer strategies developed in this book. Finally, the
experimental setup as well as the associated characteristics of the PMSM, IPMSM,
and induction motor have been described.

1.8 Bibliographical Notes

Many papers are devoted to the introduction of the dynamical models of AC
machines. Only the references directly consulted for the writing of this chapter are
now listed. The main point of AC machines modeling is to simplify the complexity
of the model by using appropriate transformations, from three-phase model to
two-phase model associated to fixed or rotating frames. More precisely, to apply
these transformations to AC machine models, some assumptions are necessary: see
[54]. For detailed introductions to these modeling approaches, the reader can refer
to the books: [17, 33].

The modeling of the synchronous motor can be classified according to the elec-
tromotive force as introduced in [9, 91]. The permanent magnet synchronous motor
model is identical to the classical synchronous machine model, except that the rotor
flux is represented by the constant flux of the magnets. Then the model is obtained
from the classical synchronous machine model: [17, 33]. The induction motor model
is also introduced. Details on its model can be also found in [17, 33].

After introducing the different models of AC machines (synchronous and induc-
tion machines), in this chapter, significant reference trajectories are introduced in
order to check the performance of the observer-controller algorithms described in
the following chapters (see [22, 31, 34] for details).



Chapter 2
Observability Property of AC Machines

Abstract In many cases the implementation of control algorithms requires the
knowledge of all the components of the state vector. However, because of the high
cost of sensors, the reduction of the physical space inside or around the motor, the
weight, or the increase of the system complexity, it is often necessary to limit the
number of sensors. A similar situation arises when a sensor breaks down. A solution
to avoid these difficulties is to eliminate the sensors by replacing them with soft sen-
sors, which are well known as observers in control theory. The soft sensor can also
be used to increase the reliability by redundancy with respect to hardware sensors.
However, before designing an observer, it is necessary to verify if the system satis-
fies the observability property. Several techniques and tools have been developed to
study whether a nonlinear system is observable or not. Generally, the observability
property of a nonlinear system can depend on the inputs. An analysis of the inputs
applied to the system is then required to verify if there exist some input that renders
the system unobservable. It is clear that in this case the observer may not work cor-
rectly. Usually, these inputs are used to control the system, so they are necessary.
It is possible to deal with this problem by introducing a class of inputs for which
it is conceivable to construct an observer. These inputs are called persistent inputs:
inputs with a sufficient quantity of information, so that the observability property is
retained. Regarding AC machines, an intrinsic characteristic is that the observability
property of the machines is, in most cases, lost at low speed. This phenomenon lim-
its the implementation or degrades the performance of the control algorithms. Then,
from the mathematical model of AC machines, a study of the observability property
has to be made. If this property is satisfied from the only available measurements,
i.e., currents and voltages, the next step is to check if a nonlinear observer can be
designed to estimate the nonmeasurable variables, in order to be able to implement
the control algorithms.

2.1 Observability Property of AC Machines

The purpose of this chapter is first to introduce definitions and concepts about the
observability theory and observer normal forms for nonlinear systems, and then to
apply these concepts to AC machines. More precisely, for the PMSM it will be shown
© Springer International Publishing Switzerland 2015 45
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that if the angle position and/or rotor speed are not measurable, itis necessary to check
under which conditions the machine is observable. Similarly, it will be shown that for
IM, since the rotor flux is not easily measurable and if the rotor speed measurement
is not available, then the observability of the machine is affected. This information
can be used to know if it is possible to reconstruct the nonmeasurable components
of the state.

A way to reconstruct the state of the system is the use of an observer. An observer
is a mathematical algorithm (often called soft sensor) which is able to reconstruct the
state of the system from the limited information obtained from the measured output
and the input.

In this chapter, the observation problem of nonlinear systems is presented. Con-
trary to the linear systems, the observability of the nonlinear systems can depend
on the applied input. Taking into account this difficulty, definitions and concepts to
determine if a nonlinear system is observable will be introduced.

It is well known that if a linear system is observable, it is possible to design an
observer to reconstruct the nonmeasurable state. However, for nonlinear system, even
if the system is observable, it is not obvious how to design an observer. To overcome
this difficulty some solutions have been proposed. For example, there is a class of
nonlinear systems that, by means of a diffeomorphism, can be transformed into a
linear system plus an input—output injection, for which it is possible to design an
observer, called the nonlinear Luenberger observer.

On the other hand, there is another class of nonlinear systems, such that after a
transformation of coordinates, can be represented into a nonlinear system for which
the observability property is preserved for any input. For this class of systems several
results have been proposed how to design an observer.

By contrast, there is a class of nonlinear systems where the observability depends
on the input, i.e., there are inputs rendering the system unobservable. However,
for such a class of systems the observability property can be preserved provided
the input is persistent [3]. In this case, the observer design is possible for such a
class of nonlinear systems, working in the presence of inputs that render the system
unobservable.

Taking into account the above, note that there is no normal (canonical) observ-
ability form for general nonlinear systems, for which it is possible to construct an
observer.

The purpose of this chapter is to analyze the observability property of the PMSM
and the IM, and to establish the conditions to reconstruct the nonmeasurable state of
these machines.

More precisely, first, an analysis of the observability property for nonlinear sys-
tems is presented. After that, since the observability of the system depends on the
input, definitions on the different classes of inputs will be introduced. Finally, several
structures have been introduced for which it is possible to design an observer.
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2.2 Observability

First of all, what is observability? The answer to this question is: Observability is
the possibility to reconstruct the full trajectory of the system from the data obtained
from the input and output measurements.

2.2.1 Observability of Linear Systems

The observability theory of linear systems is well known. The main result is the
observability of the linear systems only requires the output measurements and thus
does not depend on the input applied to the system. The methodology to verify this
property is based on the Kalman criteria of observability. This criteria is verified
from the structural representation of the linear system.

The observability of a linear system can be established as follows:

A time invariant linear system is represented by
X =Ax+ Bu
H y = Cx (2.1)

where x (1) € N" represents the state, u(t) € RN is the input and y(¢#) € R’ is the
output; and A, B, and C are matrices of compatible dimensions. System (2.1) is
observable, if and only if the observability matrix Oy4 ¢

C

CA
Oac =

cA®

has full rank, i.e., rankO 4 ¢ = n, where n is the dimension of the system.
Notice that this condition is independent of the input applied to the system. Fur-
thermore, this result can be extended to the Linear Time-Variant systems.

2.2.2 Observability of Nonlinear Systems

In this section, the observability property of a nonlinear system will be investigated.
Furthermore, since the observability of a nonlinear system can be lost, tools to
verify under what conditions a nonlinear system are observable will be introduced.
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The observability analysis of a nonlinear system can be divided into two main
cases when:

(1) the observability property of the system is independent of the input,
(2) the observability property depends on the input.

For the class of systems where the observability property does not depend on the
input, we can find some normal (canonical) forms for which it is possible to design
an observer. This class of nonlinear systems, which can be transformed into such a
canonical form is called the u uniformly observable systems class.

However, if the observability property can be lost when an input is applied to the
system, the observer design becomes more difficult and it is necessary to take into
account this class of inputs.

On the other hand, several methodologies have been proposed to estimate the state
of nonlinear systems. A classical approximate methodology to design an observer is
to apply linear techniques to estimate the system state. The first step is the approxi-
mate linearization of the nonlinear system around an equilibrium point. The resulting
linearized system can be used to design an observer. Of course, this observer can
only be efficient around the equilibrium point. Another way to construct an observer
is based on the algorithm called the Extended Kalman Filter.

The Extended Kalman Filter is widely used, because its design is relatively simple
and this observer gives good results for the nonlinear system observation. However,
there is no theoretical justification concerning its effectiveness and no analytic proof
of convergence. The observer works in a neighborhood of a particular point, which
limits its dynamic performance. Another possibility to design an observer for a
nonlinear system is to transform it into another system for which a class of observers
is known. For this purpose, several methodologies have been proposed to transform
anonlinear system into particular classes of general nonlinear systems. For example,
in [46] for the SISO case and in [75] for the MIMO case, a nonlinear system is
transformed into a linear system (or a linear system plus an output injection) for which
itis possible to design a linear observer called a General Luenberger Observer. When
this transformation does not exist, it is possible to search to transform the nonlinear
system to a linear time-variant system plus an input—output injection for which an
exact Kalman Like Observer can be designed [83].

An Extension of the Kalman Filter (EKF) for the deterministic nonlinear systems
is the high gain observer provided that the system can be transformed into a canonical
representation, for which the observability property is satisfied for any input.

Before introducing the main results of the observability theory for the nonlinear
systems, we introduce some definitions and concepts from the nonlinear control
theory [65].

Let ¢ be a point in E", a n-dimensional Euclidean space, and U a neighborhood
of g.

Let o(q) = (x1(q), ..., x2(q)) : U — V C R" be a homeomorphism, that is
bijective, with ¢ and ¢~! continuous. (U, ¢) is called a coordinate neighborhood
or coordinate chart and the real numbers x1(q), ..., x,(g); which vary continuously
are local coordinates of ¢ € E", x;(g) is called the ith coordinate function.
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If both ¢ and ! are smooth maps, ¢ is called a diffeomorphism. If both ¢ and
¢~ ! are defined in %" and are smooth maps, ¢ is called a global diffeomorphism.

Given two coordinates neighborhoods (U, ¢) and (W, ¥), with U N W # 0 where
0(@) = 1), -+, %n(@)), and ¥(q) = (z1(q)s - - -, z4(¢))- The homeomorphism

Yol > W
is a coordinate transformationin U N W, i.e.,

z() =v oy ().
If x and z are represented by vectors with n components, namely

X1 |
x=1 [, 2= : 2.2)
Xn Zn

the coordinate transformations are expressed by n real valued continuous functions
defined in N", i.e.,

xX1(215 -5 Zn) 21 (X1 v ey Xn)
: . z= : . (2.3)
xn(Z17~"7Z}’l) Zn(xl’ "'7-xl’l)

A well-known result from calculus which provides a sufficient condition for a map
to be a diffeomorphism is given next.

Theorem 2.1 (Inverse Function) Let U an open subset of W' and let ¢ = (1, .. .
wn) : U — N" be a smooth map. If the Jacobian matrix

91 O

ox| Ox,
8_(,0 B (2.4)
Ox a@n 5<,0n

x| Ox,

is nonsingular at some point p € U, then there exists a neighborhood V.C U of g
such that ¢ : V. — o(V) is a diffeomorphism.

Leth : U C E" — 9 be a real-valued function defined on U. Depending on
the coordinate neighborhoods (U, ¢) chosen, the function / is expressed in local
coordinates as

hy=hop 1" — 9.

The expression 4, depends on the chosen local coordinates.
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The differential of a smooth function 2 : U C E" — N is defined in local
coordinates as

h h
L L 2.5)
ox| Ox,

and may be seen as the product of a row vector with the differential column vector
of the state

oh oh
dh=|—,...,— | dx. 2.6
|: ox1” 7 Ox, ] * 2.6

Consider the following class of nonlinear systems of the form

[x(z) =F(x(t), u(®)) (2.7)

y(t) = h(x(1))

where x (1) € N" represents the state, u(r) € N™ is the input and y(r) € NP is the
output; IF is a smooth vector field and & is C* function.

Definition 2.1 ([46]) The Lie derivative of the function %; along the vector field F
is defined as

Oh;
L]Fhi (x) = a—xF

Furthermore, dLIij,-, i=1,...,p;j =1,...,m; are the differentials of the Lie
derivative of function %; along the vector field I, denoted as

oLy 'h

j
dLgh; = —2—TF.

2.2.2.1 Observability and Classes of Inputs
For a complete study of the observability property, we now introduce some definitions
on the observability of nonlinear systems [42].

Definition 2.2 (Indistinguishability) For system (2.7), two points x and x € 0" are
indistinguishable if for every applied input

u(t), VT >0

the outputs A(x(t)) and h(x(¢)) are identical on [0, T'], where x and X are the
trajectories, issues of x and x at time ¢ = 0.

Note I(x,) the set of all points that are indistinguishable from x.
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Definition 2.3 (Observability)

System (2.7) is observable at x,, if [(x,) = x,.
System (2.7) is observable, if [(x) = x for all x € N".

Furthermore, for any pair of distinct points (x, X), there exists an input which
distinguishes them on the interval [0, T'], for T > 0.

Notice that observability is a global concept. A local concept, which is stronger
than the observability, will be defined.

Definition 2.4 Let be xg € N and V C N" a neighborhood of xg. x; € V is said
V-indistinguishable of xo, if x is indistinguishable of x.

A weaker result is that which consists to distinguish a point from its neighborhood.

Definition 2.5 (Weak Observability) System (2.7) is said weakly observable if Vxg €
W, there exists a neighborhood V of xg such that W C V, Iy (xo) = xp.

Definition 2.6 The observation space of a system is defined as the smallest real
vector space, denoted by O(h), of C* functions containing the components of / and
closed under Lie derivation along the field F(x, u) for any constant input u.

For linear systems, Definitions 2.3 and 2.5 are equivalent and result in the algebraic
criterion known as the Kalman‘s observability criterion recalled before.

Definition 2.7 (Observability rank condition [45]) System (2.7) is said to satisfy
the observability rank condition in x if

dim{dO(h)} = n.
Furthermore, if the observability rank condition holds Vx € 90", then system (2.7) is
observable in the rank sense.

Theorem 2.2 [f system (2.7) is observable in the rank sense, then it is weakly ob-
servable.

Additional conditions may be used to design an observer for nonlinear systems. For
that, we introduce an important class of inputs for which the observability property
is satisfied to design an observer independently of the input.

Definition 2.8 An input is universal on the interval [0, T], for T > 0, if it distin-
guishes all pairs of distinct points on the interval [0, T].

Definition 2.9 A system is uniformly observable if every input is universal.

Now, consider the class of multioutput nonlinear systems

X = f(x) x e
I y=h(x)  yenr -
where hy, ..., h, are smooth functions, dhy, ..., dh, are linearly independent in

N, f is a smooth vector field.
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Definition 2.10 A system is locally observable if every state x, can be distinguished
from its neighborhoods by using system trajectories remaining close to x,.

Theorem 2.3 System (2.8) is locally observable at x, if
rank{dh;. ... dLhi i =1,....pij>=0}=n (2.9)

Vx € Uy C W
Observability indices may be defined for locally observable systems satisfying (2.9).

Definition 2.11 (Observability Indices [65]) A set of observability indices {k1, ...,
kp} is uniquely associated at x to system (2.8), satisfying (2.9) as follows

ki = card{S; >i,j >0}, i=1,...,p. (2.10)
where
So = rank{dhi,i =1,...,p.) 2.11)
Sk = rank{dhi,...,dL’}»hi,i =1,....,p}
— rank{dh;, ...,dL’;—lh,-,i =1,...,p} (2.12)
Sp—1 = rank{dh;, ...,dL’}—lhi,i =1,...,p}
— rank{dh;, ...,dL’j’f2hi,i =1,...,p} (2.13)

Then, the observability property can be verified as follows:

Definition 2.12 (Locally Weakly Observability) The system (2.8) is locally weakly
observable at x¥ if there exists U (xo), and p integers {ki, ..., kp} that form the
smallest p-tuple with respect to the lexicographic ordering, such that

(1) ky 2ky > >k, >0; (2.14)

p
i) D ki=n (2.15)
i=1
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(iii) rank =n (2.16)

for all x € U(x?).

Nonlinear Transformations

Generally, the design of an observer for nonlinear systems is not an easy task. How-
ever, it turns out that by means of a change in coordinates (a diffeomorphism), the
original nonlinear system can be transformed into another system for which it is
easier to design an observer.

Now, some concepts concerning the transformation of a nonlinear system into a
special class of system are introduced.

Given r smooth real-valued functions {1, ..., ¢} in U, then

rank{doy, ..., dpr} =71

inq € U, is equivalent to

o1 Opi
Oxy Ox,
rank | .- oo - =r (2.17)
Opr Doy
Oxy Ox,
forx =gq.
Theorem 2.4 (Inverse Function Theorem) Ifrank{d 1, ..., dy,} = n atsome point

q € U an open subset of W', then there exists a neighborhood V- C U of q such that
p: V. — (V) is a diffeomorphism.

Definition 2.13 Two systems X and X5 are locally diffeomorphic in xg € K",
if and only if there exists a diffeomorphism ¥, defined on a neighborhood of xg,
transforming X' into X».

Theorem 2.5 There exists a set of functions ¢1(x), . .., ¢n(x) of observation space
O(¢) such that ¥ = ($1(x), ..., opu(x)T is a diffeomorphism on K", then system
(2.7) is observable.
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Consider the following nonlinear system
X = f)+g(xu, x €n, uen
[y=h<x), y €. (2.18)

Necessary and sufficient conditions are obtained such that an observable nonlinear
system of the form (2.18) can be transformed into a system of the form

X = Ax + ¢(y, u)
[y — Cx (2.19)

where the term ¢(y, u) is an output—input injection, (see [46] for the SISO case, and
[75] for the MIMO case). For this class of system, an extended Luenberger observer
can be designed.

Furthermore, the system can be transformed into another nonlinear system for
which it is possible to design an observer, for instance, transformed into the state
affine system

X =A@)x + ¢(y, u)
[y — Cx (2.20)
or in the general form
X = A, y)x + ¢(y, u)
[y — Cx (2.21)

where the matrices A () and A(u, y) have particular forms (see [3] for more details).

2.3 Permanent Magnet Synchronous Motor Observability
Analysis (PMSM)

One of the most important difficulty to control the synchronous motor is when
the speed and the position are not available from measurement. This can affect
the observability properties of the machine. Significant improvements have been
made in the area of the sensorless control of the permanent magnet synchro-
nous motors. However, to implement such a controller, it is necessary to recon-
struct the state of the motor. Then, before designing an observer it is necessary
to investigate the observability property of the permanent magnet synchronous
motor.

It will be shown by the following observability study that an interesting field
of research is related to the high-performance sensorless position control of syn-
chronous machines. It involves zero speed control at a determined rotor posi-
tion. An additional problem is the observer structure is strongly dependent on
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machine parameters. The position estimation is generally difficult due to scalar
speed estimation. Theoretically, the position can be calculated by integrating the
speed, but in practice the result will suffer drift problems and moreover the ini-
tial position is not always known. There are three main methods to estimate the
position: tracking observer based, tracking state filter, and arctangent calculation
based. The position estimation of the arctangent direct calculation has no time
delay. However, it suffers from large position estimation error due to the noise.
The effect of noise can be mitigated by using a state filter but the estimate has
lagging fault.

The first methods used to solve the sensorless position estimation are the ap-
proaches using the back Electromotive Force (EMF) with fundamental excitation,
and spatial salience image, the tracking methods using excitation in addition. The
salience tracking methods are suitable for zero-speed operation, whereas the back
EMF-based methods fail at low speed.

To know the variety of different methods for sensorless control, itis very important
to understand the dynamics properties of the electric machines.

2.3.1 IPMSM Observability Analysis

To verify if the Internal Permanent Magnet Synchronous Motor (IPMSM) is ob-
servable, it is assumed that the magnetic flux is not saturated, the magnetic field
is sinusoidal, and the influence of the magnetic hysteresis is negligible on the
IPMSM.

Observation Objective: by using only the measurement of the currents and voltages,
to simultaneously reconstruct (online) the rotor speed, position, load torque, and
stator resistance value of the IPMSM.

Now, we show under which conditions the IPMSM is observable. The observability
analysis is made in two steps:

e From the stator currents and its first time derivatives, the observability of the speed
and the position will be studied in the (a, §) frame.

e Secondly, to analyze the observability of the system including the stator resistance
and the load torque, higher time derivatives of the stator current measurements
will be taken into account.

For simplicity, this second step of the observability analysis is made by using the
IPMSM equations in the (d, g) frame.

2.3.1.1 Observability Analysis of the Speed w and the Position 0, in the
(a, B) Frame

In this section, the IPMSM observability properties will be analyzed in open loop,
assuming that all the parameters are known.
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Consider the IPMSM electric equations, in the stationary («, 3) frame, given as

digq
dt — (A Ry —2wL,3 2wLicos(26,) isa
digg |~ % 2wLycos(26,) Ry +2wLap isB
dt
—sind, Vsa
_ pmz/r( cosd, )+ (vsﬁ)] (2.22)
where
_ 1 L —L
Ag) ! = e as). 2.23
(Ass) Lqu(_LaH LQ) (2.23)

The determinant Det (Agy) is given as
2
Det(Agg) = LoLg — (Lag)” = L3 — LT = LyL,, (2.24)
where

Lo = Lo+ Licos(20.), Lg = Lo — Licos(20,), Log = L1sin(26,). (2.25)

and
Lg+ Ly Ly— L,
Lo=——%, L1 =—2. 2.26
0 2 1 > (2.26)
Moreover, the mechanical equations of the [IPMSM are
ds2 .. . .
J—=—f2+ 2PLllsalsﬂ + p(Praisp — Wrﬁlsoz) -1
dt 2.27)
do,, B
dr

Then, the complete model is given as

disq
dt | _ (A~ - Ry —2wLqog 2wLicos(20.) | | isa
digg | — % 2wLycos(20,) Ry +2wLqap isp
dt
_paw, | TSl Ly 1] e
P¥r 1 cos 0, 58 Vs
ds2 2pLy . . . ) 1
E = _§~Q + pTlSalsﬂ + g(wrulsﬂ - wr[ﬂsa) - 7Tl
b,
dt
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which is of the general form

dX
[ 9 — F(Xag: Vag) (2.28)
where
iSOt
is3 Usor h isa
O |

and X, is the state, v,g is the input, and h(X,p3) is the measurable output whose
components are the stator currents iy, and i 8-

The observation space O, 3(X ) containing the components of i1, /; and closed
under Lie derivation along the field IF, is given by (see [46])

Oap(Xap) = {h1, ha, Lphi, Lphs}.
Then, the observability analysis of the IPMSM is made by verifying if the matrix

dh
dhy
dLyh
dLyphy

doaﬁ(xaﬁ) = (2.29)

satisfies the condition of Theorem 2.3, i.e., the rank of d 0, 5(X o3) isequal ton = 4.
It is equivalent to determine if matrix d0,g is nonsingular, which implies to
evaluate the determinant of the matrix 40,3 given by:

201 (Lo + Ly)

Det(dO,p) = Det (A2 (Vsa sin B, — vs3 cos 6,)
2RsLll1/r(LO+Ll) . . .
_ Dot (4.2 (isa sin @ — isgcos ;)
w2w(Lo + L1)? 4L%Ly .
Det(Ay)? T Der(Ayy)? s9%a ~ fsalss)
N 8L1LoWrw(Lo + L1)(isq cos B, + iszsinf,)
Det (Ayy)?
4L3is

m(l)sa Ccos 296 + Vs sin 206)
AN

4L3i5q

m(vm sin 295 — VUy3 COS 266)
SS
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N 8L3L3w — 4R,L3 sin 20, + 8L3 Low cos 20, W2 42
Det (Ays)? fsa T Lep

2L3,w(Lo + L1)

Det (A, (isa cos e —igpsinb,).
SSs

Analyzing the expression of Det(dO,p), it can be remarked that, for w # 0,
Det (dOp3) cannot be null. Thus, we can first conclude that the IPMSM is observable
ifw # 0.

For w = 0, a complementary study is now developed. Using the following trans-
formation

Usqg = —VUsasinbe + vyspcosb,
isqg = —isasind, + isgcost,, (2.30)

it is possible to study the observability condition. Det (dO,) can be written at zero
speed as

20419, (Lo + Ll)Lq disq
Det (Ag)? dt

412
Det (Pup) = + —)Z(Ll + Lo) (Usdlsq)

Det (Agg

8Li (L1 + Lo) | (vsgi2)
W, Det (Ag)? ! 0 Palsq)-

Proposition 2.1 The state of the IPMSM is observable at zero speed (2 = pw = 0)
if

L2
Ll[_ Uvq yq + 2L1vsa — 'ers)isq + ersq] # 0, (2.31)

or equivalently, if one of the following conditions are not satisfied:

Y. Ry
(i) ifvsg = 0and vy ;é , then, iyg =0and T, = 0.
L

(i) if vy = 0 and ik
i) 1 vgg =Vand vgg = ——.
sq sd 2L,
(iii) if £ 0 and ¥, R then i D, dT P‘I’,z
ur) i v and v, = , ent = — dan =
sq sd 2L, sq 2L, e L

Y. R
(iv) ifvsqg # 0 and vsg # L then

, —(2L1vsd — W Ry) £ [2L1vsa — ¥, Ry)? + (161302, )]'/?
lsq = )

_8lesq/'1/r
and T, # 0.
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Remark 2.1 The four cases can be checked by using the parameters values for a
given machine. The condition (i) can only be verified at standstill (the currents and
the voltages are zero). This particular case is easily detected by the electrical mea-
surements. The physical meaning of the case (iv) is that a nonzero load torque exists
at zero speed.

On the other hand, taking into account that the parameters of the motor given in
Sect. 1.6.2, the cases (ii), (iii), and (iv) are unrealistic, i.e., these cases cannot occur
in the IPMSM physical operation domain.

2.3.1.2 IPMSM Observability Analysis for the Stator Resistance
R, and the Load Torque 7; in the (d, ¢) Frame

Next, a sufficient condition for the observability of the IPMSM, including the stator
resistance and the load torque, is given. For computational simplicity, we analyze this
observability in the (d, g) frame by using higher time derivatives of the measured
output.

Consider the extended model of (1.70), where the rotor resistance R, and the load
torque 7; are the components of the extended state vector, and described by

[ dlSd Rs . Lq . vq
L I o g ~4
dt Ldlbd P Ly Ba ¥ Lq
disq Rs . Ld . Vg ‘I/r
d L, TP e T, TP
ds2 f 1 o . 1
E = _79 + jp(Ld - Lq)lsdlsq + plllrlsq - 7Tl (2.32)
ar,
dr
ar
dt
which is of the general form
dXg
[ 1= IF‘(qu, qu) (2.33)
y = h(Xaq)

where X4, is an extended state vector and y = h(Xg4,) is the measurable output,
that are given by

isd

isq h i
Xy=| 2|, h(xdq)=[h;]=[;d].

R, 5q

T;


http://dx.doi.org/10.1007/978-3-319-14586-0_1
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The observation space Oy, defined by the vector space of the functions constituted
by the measurements of the stator currents i;; and is, and closed under Lie derivatives
along the field F, is given by {h1, ha, Lph1, Lyha, LS ha).

Following the same procedure as before, the observability analysis is made by
verifying the condition of Theorems 2.3 and 2.5, i.e., by analyzing the rank of the
matrix

dh

dhy
dOuq(Xag) = dLyh;
dLyhy
ALY hy

This is equivalent to determine if the determinant
.6 .4 )
Det(dOqq) = aig, + big, + cig,,
is different to zero where

2 3 2 2 2
L L L L L;—L (L L
u p-(Lq q) b p-(Ly q) and ¢ p-(Lyg q) p¢f( d q)

JLGSG TLgoy TLgoy JLZL?

From Det(dOyy), it is clear that the rank condition is not satisfied when iz, = 0.
Then, we can establish the following result.

Proposition 2.2 Consider the IPMSM model (2.32) and assume that the stator cur-
rents are measurable. Then, the rotor speed 2, the stator resistance Ry and the load
torque T; are observable if and only if

isq # 0.

Remark 2.2 In this case, the motor does not produce any torque, i.e., it does not play
a role with respect to the load.

2.3.2 SPMSM Observability Analysis

Now, the observability property of the SPMSM will be studied.
Consider model (2.28) and remark that the inductances are such that:

Ly:=Lsj=L;=0Lp, and L; =0.
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It follows that the model of the SPMSM, in the (o, §) frame, is given by

di Rs . . 1
dsta = _L_ilsa + pRY; Sln(pem) + L_Svsa
di.v{i R; . 1
— = ——is3 — p2¥, cos(ply) + —vsp
dr— Ly Ls (2.34)
2 .
% = —§~Q + g\/;wr(isﬁ cos(pl —m) — isq sin(pOn)) — 7Tl
dem o
| dr
which is of the general form
dX.s
T = F(Xap, vap) (2.35)
y = h(Xap) (2.36)

where

lsa

i Vs h .
Xop = ;; ., Vap = (vsz), h(Xap) = (h;) _ (is;)’
s/ K

91‘”

with X5 is the state, v is the stator voltages vector and is the system input; 4 (X 3)
components are the measurable outputs: the stator currents i, and ig.

2.3.2.1 Observation Objective

Consider that in the (a, ) frame, the stator currents i, and i;g are the measurable
outputs, the stator voltages vy, and vyg are the control inputs of the motor.

The objective is to reconstruct the rotor speed S2 and the position 0,, assuming
that they are not available by measurement and moreover under the fact that the
stator-winding resistance Rg and the stator-winding inductance Lg are inaccurately
known.

The property of observability of the SPMSM is determined by using first Defi-
nition 2.6, where the observation space O; is constituted of measured outputs and
their Lie derivatives along the vector field F, i.e., O; = {hy, ho, Lyhy, Lrhy} and

the measured output is -
ho = | = |
I ENEZR

From Theorem 2.3, it follows that

dh
dh;
dLyh,
dLyph; |

dOy(x) = (2.37)
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Then, by evaluating the determinant of matrix dO; (x), we obtain

17208

Det(dO)) = 22 .

N

Proposition 2.3 Consider that the magnet flux W, and the inductance Lq are
different from zero. The SPMSM is observable if and only if its electrical speed
is not null, i.e., if w # 0.

Remark 2.3 Notice that even by using higher order derivatives of the measured
outputs to study the observability property, no additional information for the observ-
ability analysis is obtained.

2.4 Induction Motor Observability Analysis

The purpose of this section is to analyze the observability of the induction motor in
order to reconstruct the nonmeasurable components of the state vector, i.e., the rotor
flux, the rotor speed, and also unknown parameters: the load torque and the rotor
resistance.

2.4.1 Mathematical Model in the (d, q) Rotor Flux Frame

Consider the mathematical model of the induction motor, in a state-space representa-
tion (1.108) and (1.128) written in the (d, ¢) frame depending on the stator pulsation
wy, Where

brg = brg = 0. (2.38)

From (1.108) and (2.38), the flux angle p is given by

. aMy,
p=wy = pR+ ——igy. (2.39)
¢rd
Furthermore, the Electromagnetic Torque equation is given by
pM, .
T, = — " Graisq. (2.40)
L,

Replacing the stator pulsation w, and the differential equation of ¢4, by those of
the flux angle p obtained from (2.39) in the nonlinear model of the induction motor
(1.108), it follows that


http://dx.doi.org/10.1007/978-3-319-14586-0_1
http://dx.doi.org/10.1007/978-3-319-14586-0_1
http://dx.doi.org/10.1007/978-3-319-14586-0_1
http://dx.doi.org/10.1007/978-3-319-14586-0_1
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_ M _

. —Yisa + ab(brd + insq + a(ﬁ_s;iSZq

Isd 1 mp O

is_q —Yisqg — bpS2Pra — pSisa — aqs_:lsdlsq 0 my Vsd

_ r s

d)’:d - _a¢rd +aM,igq + 8 8 |:vsq:| '

R M .

2 ps2 +a—rigq 0 0

¢rd \
L MPrgisqg — 2 — il ]

2.41)

Remark 2.4 From (2.39), the slip pulsation is given by w, = wy; — p$2, where

aMy,
= isq.
(brd

(2.42)

Wy

2.4.2 Introduction to the Sensorless IM Observability

Several works have studied the observability of the induction motor (see [11, 32, 44]).
In [32], sufficient conditions under which the induction motor loses the observability
property have been presented. This study has been realized using model (1.121). In
this subsection, we present a similar study using the model (1.115). To analyze the
observability of the induction motor, the criteria of the observability rank will be
applied (see [30]).

2.4.3 Induction Motor Observability with Speed Measurement

Consider the induction motor model (1.114). For the analysis of the observability of
the induction motor, firstly assume that the rotor speed is measured.
The induction motor model is:

[ disd 7 __'Yisd + Wsisq + baprq + bp9¢rq + mvsd]
dt

diﬂ —Wslsd — Yisqg — bpQ2¢ra + ba¢rq + mivsg
dt
dora aMyisqg — agrg + (ws — PQ)¢rq
| _ , (2.43)
d¢“] aMsyisqg — (ws — pS2)bra — a¢rq
dt
dQ . . 1
E m(¢rdlsq - ¢rqlsd) —c§2 — 7Tl
dT

L4 L i
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where the state, the input and the measurable output are given by

X1 isd
X2 isq ~
w= | B =[P ewd, w= ”Sd}em%

X4 ¢rq | Usq

X5 2

X6 1
hy X isd

h(x)=|hy| = |x2| = |isq | €N,

hs X5 .Q_

and the vector field is given by

[[—7x1 + wsx2 + bax; + bpxsxs + mvgy)
—YX2 — wgX1 + baxq — bpxsxz +myvg
—ax3 + (ws — pxs)x4 + aMy x|

Fx,u) = —axy — (wy — pxs)x3 + aMg x;

m(x3xy — X4X1) — CxX5 — 7x6
0

Notice that the rotor speed is considered as an output as well as the stator currents.
Consider the observation space O 0(x) of functions containing the components
of h and closed under Lie derivation along the vector field F, i.e., Orpo(x) =
{h1, ha, hs, Lghy, Lpha, Lyhs).
To verify the observability rank condition, it is sufficient to check that the rank of
matrix
dh
dhy
dhs
dLyh
dLyphy
dLyhs

dOrpo(x) =

isequalton = 6.
The matrix dOjp,0(x) characterizing the observability of the system (2.43) in
the rank sense, is given by

1 0 0 0 0 0 7
0 1 0 0 0 0
0 0 0 0 1 0
dOimo(x) = | —y wy ba bpxs bpxy 0
—ws —7v —bpxs ba —bpxz 0
—mx4 mX3 mMXxp mx|; —cC ~7
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Next, computing the determinant dOj s 0(x), it follows that

b2
wa@Mmmw=—7wﬂwmw%

Notice that the determinant Det (d Oy 0(x)) is different from zero for any value of
the rotor speed. Then, the matrix dOyys o(x) is full rank. As a consequence, using
the rotor speed and the stator currents measurements, we can conclude that the IM
is observable.

Remark 2.5 The determinant Det (dOjp0(x)) is independent of the stator pulsation
ws. An identical result is obtained in [32] from the model (1.121).

2.4.4 Observability of the Induction Motor: Sensorless Case

In the sequel, the observability study will be determined assuming that the rotor
speed 2 is not available from measurement.

In the (mechanical) sensorless case, only the stator currents are measured. From
(1.115), the model of the IM, for the sensorless case, is

x =F(x, u)
2.44
[y=hu) (249
where
X1 Isd
X2 isq
|3 = Ord eNn. u= |:Usd:| c 92,
X4 ¢rq Usq
X5 2
X6 1

hy xi Isd W)
h = = =1. en
) [hj [x2:| [’sq]
and the vector field IF is given by

[—x1 4+ wsx2 + baxz + bpxsxs + mivsq]
—YX2 — WsX1 + baxy — bpxsxz + myvgy
—ax3 + (ws — pxs)x4 +aMgx1

F(x,u) = —ax4 — (Ws — px5)x3 + aMs,x2

m(x3xy — xX4X1) — CxX5 — 7x6
0
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From Definition 2.6, the observation space Oy .1 (x) constituted by the components
of the output and closed under Lie derivation is given by:

{h1, ha, Lphy, Lpha, LEhy, Liho).

Then, from Theorems 2.3 and 2.5, and to verify the observability rank condition,
it can be checked that the matrix dOjs.1(x)

-
dh;
dLyh,
dLyh;
dLgh
| dL%h |

dOim1(x) =

satisfies the observability rank condition if the determinant of

1 0 0 0 0 o0
0 1 0 0 0 0
—y ws ba bpxs bpxs 0
—wsy —y —bpxs ba —bpxz 0
a, a a3 as  as ag

by b b3 by b5 bg

dOrp1(x) =

is different from zero, where

a) = 72 — szraz — bpmxf — wsz

ay = bpmxixyg + bpaMg, x5 4+ ws — 2wy
a3 = —ba* + bpmxyxa + bp2x52 — vba — 2bpxswy
a4 = —2bapxs + bp(mxyx3 — mx4x; — cx5 — x76) — vbpxs — bpmxax| — 2bawy
as = —bapxs — bpcxs + bp(—axa + pxsx3z + aMx3)
—vbpxs + bp2x5x3 — 2bpx3ws,

ag = ——Xx4
J

and
b1 = bpmx3xg — bpaM, x5 — wg + 2wy

2

N

by = 72 + bMS,a2 — bpmx32 —w
bz = 2bapxs — bp(mxyx3 — mx4x| — cXs5 — %) + vbpxs — bpmxyxz — 2baws

by = —ba® + bpmxix3 + bp2x52 — vba — 2bpxswy
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bs = bapxz + bpcxs — bp(—ax3 — pxsx3 + aMsyx1)
— vbpxs + prX5X3 — 2bpxgwy,
bp

bg = —x3.
6 I

More precisely, the determinant of matrix dOj s, 1(x) is given by

b3 2
Det(dOpp,1(x)) = —Tp[—(PXSX3 + axq)(x3a3 + x4b3)

a
+ (ax3 — px4xs)(x3a4 + x4bg) + (? — px2)(x3as + xabs)].

From the complexity of a3, a4, as, b3, by and b5, the determinant of the matrix
dOpm.1(x) is difficult to directly analyze.

Consequently, to study the observability of the induction motor without mechan-
ical speed sensor, the following subcases will be analyzed.

(i) Case 1: Q= 0, i.e., constant rotor speed.
(i) Case 2: wy = 0.
(iii) Case 3: rg = drg = ws = 0.
(iv) Case 4: érd = érq =ws; = 0and Q2 =0.

2.4.4.1 Casel: 22 = 0, i.e., Constant Rotor Speed

Consider the case where the IM rotor speed is constant, then the resulting model
(1.114) is simplified:

x =F(x, u)
2.45

[y = h(x) (2:49)
X1 Isd
X2 isq .

S P P AR

x4 ¢rq sq 2 2 sq
X5 2

and the vector field is given by

baxz 4+ bpxsxs — yx1 + wsXx2 + M1y
baxy — bpxsx3 — X2 — wsX1 + M1Vsy
Flx,u) = —ax3 + (wy — pxs)xs +aMgx;
—axq — (Ws — pxs)x3 +aMs - x;
0
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Consider the following two observation spaces O ¢ 1 (x) and Oj /65 (x) of
functions containing the components of 4 and closed under Lie derivation given by
OIMS,I,Q(X) = {hy, Lgh;, L%Fhl, hy, Lgho} and OIMS,Z,Q(x) = {hi, thl, ha,
Lyh,, L%th}, respectively.

From Theorems 2.3 and 2.5, and to verify the observability rank condition, the
matrices dOp 61 5-0(x) and dO; s 5 _¢(x) are computed

dh dh
dLyh, dLyh,

A0pys 1 5-0() = [dLght |, dOpygs 5 o) = | dh
dhy dLyh;
dLyh, dLghy

The matrices dO; ¢ | oo (x) and dO; 5 5 o_o(x) are expressed in terms of the
induction motor dynamics and then,

1 0 0 0 0
—y wWs ba bpxs bpxy
dO; 5.1 6—0X) =| 7* +ba*My, —ws bMsrapxs —2wsy by by by
0 1 0 0 0
— Wy —y —bpxs ba —bpxs |
1 0 0 0 0
— Wy ba bpxs bpxy
dOys0.0-0(X) = 0 1 0 0 0
— Wy —y —bpxs ba —bpxs
—bM,rapxs + 2wgy ¥ + ba’ M, —w? by bi b |

where

by = —ba® + bpzxs2 — vba — 2bpwsxs

bg = —2bapxs — bpyxs + 2bawy

by = —bpaxy + bpis + bp*xsx3 — ybpxs — bpwsxs
b1o = 2bapxs + bpyxs — 2baws

by = —ba® + bp2x52 — vba — 2bpwyxs

b1y = bpaxy — bpxs + bp2x5x4 + vbpx3 — bpwsxs

must be of dimension equal to 5, respectively.
It can be directly verified that the determinants are

2
. a
Det(dO; s 1 g_o(x)) = —b>p’ (s + wix3) (5 x2),
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2
. a
Det(dO; 55 o)) = b p’ (s — wis) (5 + x3).

From the determinants Det(d(’),MS 2.0-0(*)) and Det(d(’),MS 2.0=0(x)) it can
be remarked that x4 = —wsx3, X3 = wgx4 or X4 = X3 = wy = 0, represent the
observability singularities for the case 1. Then, for these particular dynamics, the
observability rank condition is not satisfied.

2.4.4.2 Case2: ws = 0.

Consider that the synchronous speed w; = 0, the load torque 7; and the rotor speed
£2 are not available by measurement. The resulting model of the Induction Motor
(1.114) used to analyze the observability properties is then defined in terms of the
state, input and measurable output as follows:

X isd
X2 isq
X = X3 = d)rd e m6’ u = de , h( ) = = XI = l:Sd
X4 ¢rq Usg hy X2 Lsq
X5 2
X6 1
and
[(baxs + bpxsxs — yx1 +mivsq |
baxy — bpxsx3z — yx2 + m1vgy
—ax3 — pxsxq4 +aMgrx
F(x,u) = —axy + pxsx3 +aMg, xp

m(x3xo — xX4X1) — CX5 — 7x6
0

The observation space Orass,3,.,=0(x) of functions containing the components of /
and closed under Lie derivation, is given by

O1ms,3,0,=0(x) = {h1, ha, Lphy, Lphs, Lﬂzrhl, L%hz}-

From Definition 2.11, and to verify the observability rank condition, the rank of
matrix
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- dhy
dhy
dLyh
dLghy |’
dLZh
| dL%h;

dO1ys 3,w,=0(x) =

has to be full rank (see Theorems 2.3 and 2.5). This is equivalent verifying if the
determinant

0 0 0 0 0
1 0 0 0 0
—v 0 ba bpxs bpxs 0
Det(dO;us,3.m,=0(x)) = Der | 0 =7 —bpxs ba —bpxs 0
a; by ag ag aip

by ai1 aip  aiz a4 7

is different from zero, where

by = bp(mx3xg + Msraxs)

by = bp(mx3zxqg — Msraxs)

a7 = —bpmx% + ,yz + bM.a®

ag = bpmxaxy — yba — ba® + bp2x52

ay = bpxs + bpmxax| — ybpxs — 2bpaxs

ajo = —bpcxg — bpyxg — 2bpaxy + bp2x5x3 + bpaMs, x>
aj| = —bpmx% + ’yz + bera2

arp = —bpxs + bpmx3xy + ybpxs + 2bapxs

a1z = bpmxzx| + vba + 19172)c52 — ba?

a4 = bpexs + vbpxs + 2bpaxsz — bp Mg,ax) + 2bp2X4)C5.

This is equivalent analyzing
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o2 </’>2
b4p3 z—’_
(xF + x]) (s +

Det(dOjys,3,0,=0(x)) = XS + —x5)

bp

T
b} pMya?> ——————
+ B m(x3xo — x4x1) . (2.46)

Remark 2.6 Notice that the analysis of the determinant dOj ps,3,,,=0(X) is not an
easy task. However, we can see that the points 7, = 0 and ¢fd + qS%q = 0, appears
as an observability singularity of the system. These conditions are not of practical
interest, because these conditions are satisfied only if the machine has a flux equal
to zero and then the electromechanical torque is obviously zero. The motor does not
play any role with respect to the load.

2.44.3 Case3: ¢rg = Prg =ws =0

This case represents the operating condition when the fluxes are constant and the
synchronous speed is equal to zero. Under these conditions, the induction motor
(1.114) is described by the following state, input and measurable output as

X1 isd
X2 Isq
c= %3] 2 ®ra e N6 = |Usd h(x) = ho| _ (x| _ |isa
X4 ¢rq ’ Usg ’ ho X2 Isq
X5 2
X6 1
and
[baxs + bpxsxa — yx1 + m1vsg’|
baxs — bpxsxz — yx2 +myvgy
0
F(x,u) = 0

1
m(x3xy — xX4X1) — CxX5 — 7x6

0

The observation space Oy s 4(x) generated by /4, and closed under Lie derivation
along of field F, is given by

Orms.4(x) = {h1, ha, Lghy, Lghy, Lihy, Liho).

From Definition 2.11, and by verifying the observability rank condition, it follows
that the matrix
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dhy

dhy
dLyh
dLphy
szh]
dLghz

dOjys,a(x) =

must be of full rank (see Theorems 2.3 and 2.5). It follows that matrix

1 0 0 0 0 0
1 0 0 0 0
—y 0 ba bpxs bpxy 0
dOrms,a(x) = 0 -y  —bpxs ba —bpxz O
’ b ’ ’ ’ —bp)C4
a; pmx3X4  dg ay aj —
/ li li / bpx3
bpmxsx4  ay, ap  dj3 dyy 7
where

ay = —bpmx3 +~?

ag = bpmxaxy — yba

ay = bpxs + bpmxax| — vbpxs
ajyg = —bpexs — bpyxs

a = —bpmx3 ++°
ay, = —bpxs + bpmxsx, + vbpxs
ayy = bpmxsxi + vyba

ajy = bpexs + ybpxs

has its determinant Det (dOjpp5.4(x)) given by

2 2
qbrd"'q/)rq
b4p3a —— )
(x32 + xi) Xs.

Det (dO1ms,4(x)) = 7

must be different to zero. Notice that the determinant Det (dOjps.4(x)) is equal to
zero for

Ed+¢3q20

or )
2 =x5=0.
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Remark 2.7

Case gbfd + gb%q = 0 has no practical interest because the IM cannot operate
without flux. The case x5 = 0 implies that the rotor speed is constant. Then
we can conclude that the determinant is zero if the speed is constant. Thus the
observability of the IM cannot be establish under constant speed, with zero stator
pulsation wy, the components of the rotor flux ¢,4 and ¢, are constants.

Case 3 is important as the field-oriented control (a classical control strategy) im-
poses the flux ¢,4 to be constant (i.e., (Z.Srd = 0) and the flux ¢4 to be equal zero.
Then the observability of the IM is no longer satisfied when the speed is constant
(steady state) and the stator pulsation wy is zero.

From Case I and Case 3, we can conclude that it is not possible to verify the
observability of the induction motor by using only the stator current measurement
and their derivatives up to order 2.

To analyze the observability property of the induction motor from the measurements
(the stator currents) and their derivatives up to order 2 in the case where the machine
speed is constant (2 = 0), the component of the flux are constant (érd = (i)rq =0)
and the stator pulsation is zero (wy = 0), is described in the following subsection.

2.4.4.4 Case4: ¢rg = prg=ws=0and 2 =0

For ¢,q = d)rq = wy = 0 and £2 = 0, the model of induction motor (1.115) is

described by
X1 Isd
b %) isq .
e P e
X4 (brq sq 2 2 sq
X5 2
and

baxz + bpxsxs — yx1 + mivsd

baxs — bpxsxz — yx2 +m1vgy
F(x,u) = 0
0
0

The observation space Ojps 5(x) generated by the components of # and closed
under Lie derivation along the field I is given by

Orms,s(x) = {h1, ha, Lgh1, Lgha, Lihy, L?rhz, Lihy, Liho, LEhy, Liho).

The observability rank condition can be verified if matrix
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- dh 10 0 0 0 0

dh; 0 1 0 0 0 0

dLyh —y 0  ba bpxs  bpxs O

dLyh; 0 —vy —bpxs ba —bpx3 0

dLI%‘hl v 0 —vyba —ybpxs —ybpxs 0

dOrmss(X) =1 ar2n, | = | o 2 abpxs  —~ba  Abpxs 0
dLihy —3 0 ~%*ha  ~%bpxs ~’bpxs O

dLihz 0 =y —7?bpxs ~*ba  —ybpx3 0

dLghi v 0 —yba —bpxs =7 bpxs 0

[dLgh2| | 0 4% bpxs —v’ba bpxs 0

is of full rank (see Theorems 2.3 and 2.5).

Thus the observability of the IM can be established under the following operation
conditions of the machine: the (d, g)-components of rotor flux ¢,4 and ¢,, are
constant, zero stator pulsation, and constant speed even using the derivatives of high
order of the measurements.

2.4.5 Unobservability Line

From (2.40), the stator pulsation (2.39) can be expressed as follows:

A T1(Nm)
Generator Motor
0 Speed (rad/s)
-
Motor Generator

Fig. 2.1 Unobservability line in the plane (77, §2)
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R, T,
PQS%d '

ws = pf2 + (2.47)

For wy = 0 and ¢,4 constant, we obtain that the electromagnetic torque is given by

T,=—-K$2 (2.48)
P2¢? .
where K = —<_If the machine speed is constant (2 = 0), the dynamical
equation (1.105) brecomes
T, = [,2+T. (2.49)

From (2.48) and (2.49) a line can be drawn in the load torque-mechanical speed plane
(T, §2) (see Fig.2.1):
T, =—-MS2 (2.50)
P2¢2

with M = R—’d+fv.

This unobsérvability line is located in the second and fourth quadrants of the
plane (77, §2), when the machine operates in generator mode (the load torque and the
mechanical speed are of the opposite sign) as shown in Fig.2.1. This line is used to
check industrial drives in order to characterize their sensorless behavior at slow speed.

2.5 Normal Forms for Observer Design

As seen in the above sections, there are different structures used to represent a
nonlinear system, in particular to represent the AC machines. Normal forms are ob-
tained based on the information available from measurement and from the observa-
tion objectives. Furthermore, there are a large number of observers which have been
developed for linear and nonlinear systems. Several efforts have been made to con-
struct an observer for a general class of nonlinear system. Extensions of the linear case
have been proposed which are adaptations of linear observers to nonlinear systems.
They have been derived using different techniques or methodologies:

Extended observers: general Luenberger observer, Kalman filter, state affine sys-
tems observer, linear plus an output injection, high gain observer, adaptive observers
mainly. These observers have an estimation error that converges exponentially or
asymptotically to zero.

Sliding mode observers: classical sliding mode, super-twisting, high-order sliding
mode, adaptive sliding mode for instance. One the most important characteristics of
these observers is their finite-time convergence to zero and their robustness under
uncertainties.
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However, when considering nonlinear systems, the construction of an observer is not
easy (see [4, 30, 42]). We can distinguish two classes of systems: those of which are
observable for any input and those that have singular inputs.

For those which are observable for any input, i.e., uniformly observable, the first
results have been obtained in the case when the nonlinear system can be transformed,
by means of a diffeomorphism, into a linear system plus an output—input injection.

Consider the class of nonlinear system described by a state-space representation
of the form (2.18). System (2.18) can be transformed into one of the following state-
space representations:

(1) Linear system plus an output—input injection

€= A+ olu, y)
’y:Cf (2.51)

which is observable for any input, if and only if the pair (C, A) is observable.
(2) Triangular form
The generalization of the above class of nonlinear systems is of the form

€= A&+ pu, €)
[yzcz (2.52)

where the term ¢(u, £) is in the triangular form, i.e.,
P, &) = (., &), ¢, &1, &), ... . &1, .. &

which has been introduced in [28].
Notice that these classes of nonlinear systems are observable for any input,
so the observer design is possible.
An interesting class of systems which will be studied in the book is:
(3) State affine system plus an input—output injection
This class of systems is represented as

€= AWE + du. y) 5 53
[y:a5 (2.53)

where the components of the matrix A depends on the input u.

Notice that this system has inputs rendering the system unobservable. These
inputs are called bad inputs [87]. Despite this fact, stronger notions like persis-
tency is used to design observers, i.e., there exists an observer working for the
class of persistent inputs.

(4) State affine system plus a nonlinear term
A general class of state affine systems is given by the class of systems of the
form

£= A,y )¢+ o, &) 2.54
y=C¢ o
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for which it is possible to design an observer. Notice that the matrix A(u, y, s)
depends on the input u, the output y, and a known signal s [83].

Regarding these above classes of systems, several authors are interested to
characterize them, where necessary and sufficient conditions are given to trans-
form a general nonlinear system into state affine systems plus an output—input
injection or plus a nonlinear term.

(5) Interconnected state affine system plus nonlinear terms
Finally, we can find systems that can be partitioned in a set of interconnected
subsystem, represented in subsystems of the following form

=AW+ o1, &, ... &)
&= A2 + o1, &1,y ..., &)

§r: Ay )& + or(u, &2, ..., 6 -1) 2.55
y1=C¢& (259
n=C%8
L Vr = C¢§,.

In Chap. 3, two main classes of observers for nonlinear systems will be considered
to reconstruct the components of the state vector which are not measurable.

(1) Extended observers: high gain observer, observer for state affine system, and
nonlinear interconnected observers.

(2) Sliding mode observers: for nonlinear systems: Super-twisting and high order
sliding mode observers.

2.6 Conclusions

One of the most important structural properties of dynamical systems has been
studied in this chapter: the observability of nonlinear systems. As it has been seen in
this chapter, the nonlinear observability property can depend on the input (explicitly
or implicitly), and some definitions have been introduced to classify the inputs (uni-
versal and persistent inputs). Then, the observability of the AC machines has been
analyzed, and the conditions under which the PMSM and the IM are observable have
been determined along with their physical interpretation. This will be useful in the
subsequent chapters to guarantee the convergence of the designed observers.
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2.7 Bibliographical Notes

The observability study of nonlinear systems and next, the design of an observer
is generally not a trivial task. Concerning the observability of nonlinear systems,
the main definitions, used in this book, can be found in [42, 46, 65]. A classical
observability criterion can be defined by using an observation space closed under
Lie derivation as introduced in [46]. The key role of the input for the observability
of the nonlinear systems is described in [3].

From these definitions, some authors have studied the observability of the AC
machines. Nevertheless, the studies on the synchronous motor observability are rather
uncommon, even if some results can be found in [20, 40, 92, 93]. Similarly, for the
induction motor observability analysis, some results are available in [11, 32, 44]. In
[32], sufficient conditions under which the induction motor loses the observability
property have been presented.



Chapter 3
Observer Design for AC Motors

Abstract Assuming that for AC electrical machines, the only measurable
variables are the currents and the voltages, the mathematical models of the syn-
chronous and induction motors are used to study their respective observability prop-
erty. If this property is satisfied and under some necessary conditions introduced
later, observers are designed to estimate the non-measurable variables of the electric
machines. First, some definitions and an introduction to the Nonlinear Observers
design are developed. Next, a classification in terms of the convergence rate of two
classes of observers is studied: (1) Observers with an asymptotic convergence. (2)
Observers with a finite-time convergence. Furthermore, as for nonlinear systems
there are no canonical forms, several observer structures are introduced to be next
applied to AC machines. From the mathematical model of the PMSM, rewritten
in the form of two interconnected subsystems, an adaptive interconnected observer
can be designed to estimate the rotor speed, rotor position, and load torque. Some
assumptions are considered in order to ensure its asymptotic convergence of the
observer. Because the stator resistance depends on the temperature which introduces
a variation with respect to its nominal value, then in order to determine its real value,
an adaptive interconnected observer is designed to estimate the stator resistance and
simultaneously the rotor speed, rotor position, and non-measured load torque. Suf-
ficient conditions are obtained to ensure the asymptotic convergence. Then, a super-
twisting observer for a class of nonlinear systems is considered. The advantages of
this observer are robustness with respect to parametric uncertainties and finite-time
convergence which allows to guarantee that the separation principle can be satisfied
when a controller is next applied. Similarly, from the IMPSM mathematical model,
an adaptive interconnected observer is designed to estimate the rotor position, rotor
speed, load torque, and stator resistance. Finally, for the induction motor, an adaptive
interconnected observer is designed to simultaneously estimate the rotor speed, the
fluxes, and the load torque. To guarantee the robustness property, an extension of the
above observer under parametric uncertainties is developed and, by using practical
stability concepts, the practical stability of the estimation error is ensured.

© Springer International Publishing Switzerland 2015 79
A. Glumineau and J. de Le6n Morales, Sensorless AC Electric Motor Control,
Advances in Industrial Control, DOI 10.1007/978-3-319-14586-0_3
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3.1 Observers for Nonlinear Systems

The observation problem for nonlinear systems can be formulated as follows:
Given a dynamical system described by (1.67), find the estimated state x(t) of
x(t) from the knowledge of the input u(t) and the output y(t) for t € [0, T], for
T > 0.
Notice that the estimated state is the solution of an auxiliary system:

X(t) = F@E@), u0)) + K (hE@), u(r)), y(©)), 3.1

where K (h(x(t), u(r)), y(t)) is a correction term depending on: the estimated state,
the measurable output and possibly on the input.
A general definition of an observer is given as

Definition 3.1 Consider an auxiliary system:

[é(r) = F(E®). u(@). y(1)) 3.2)
X(t) = HE@), u(), y@)), '

then, system (3.2) is called an observer of system (1.67) with the estimation error
e(t)(=x(t) — x(t)) > Oast — oo.

For instance, the estimated state of an observer can be used

(i) by a control algorithm,
(i1) to monitor the evolution of the system,
(iii) to detect failures on the system.

In all these cases, the study of the following properties is necessary:

(1) Observability of the system.
Determine whether to reconstruct the state of the system is possible by analyzing
the observability property of its mathematical model.

(2) Convergence of the observer.
To analyze under what conditions the estimation error converges to zero, either
in finite-time or asymptotically or exponentially.

Remark 3.1 Moreover, contrary to the linear case, if the observability property is
satisfied for the nonlinear systems, it does not automatically imply the design of an
observer.

(3) Stability of the system in closed-loop.
There is no a priori separation principle for nonlinear systems. Thus, to study the
stability condition of the closed-loop system is necessary when the controller
uses the estimated state provided by the observer.
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3.1.1 Definitions and Preliminary Results

In 1963, Luenberger outlined the observer theory to reconstruct the state of time
invariant linear systems. The observers, their applications, and their links with the
main concepts of the systems control theory make this topic an interesting domain of
research. Later, Kalman introduced the state variable methods. The observer theory
for linear time variant systems has been developed. The so-called Kalman filter is also
an approximate solution to the observation problem of nonlinear systems. Although
its properties are not theoretically proved, this filter works well in practice but under
restrictive hypotheses. Thus, for nonlinear systems, the observer design is not an
easy task.

There is no systematic and unique procedure to establish an observable normal
form for the general nonlinear systems. An interesting normal form is the one for
which an observer can be designed by an extension of the Luenberger form called
the high-gain observer.

Now, in this chapter, some classes of nonlinear systems are introduced for which
to construct an observer is possible. The systems are assumed to be observable (see
definitions given in Chap. 2).

Consider the following nonlinear system:

[ X = f(x)+g(x)u (3.3)
y = h(x)

where x € 0" is the state vector, u € N is the input, and y € N? the output vector.
Furthermore, f(x) and g(x) are smooth vector fields and the functions {1, ..., hp}
are assumed to be sufficiently smooth on U, a neighborhood of x (see [46]).

3.1.2 A High Gain Observer

Consider that system (3.3) can be transformed, by means of a diffeomorphism, into
the following system:

£= AL+ o, y)
IY=C§ (3.4)

where ¢(u, y) is the input—output injection which is bounded. This system is observ-
able for any input, if and only if the pair (C, A) is observable in the Kalman sense
(see [47)).

Then the following system:

g:: AE+ ¢(u, y) — K(CE—y) (3.5)
y=C¢
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is an observer for system (3.4), where the gain K of the observer is chosen such that
the matrix (A — K C) has eigenvalues with negative real parts. The convergence of
the estimation error dynamics, which is linear in the estimation error, can be directly
proved. By means of a diffeomorphism, this transformation of a nonlinear system
(2.7), into another given by (3.4) has been characterized in [55, 75].

The convergence of this observer is established in the following theorem.

Theorem 3.1 Consider system (3.4) and the following assumptions hold:

(1) The system has no finite escape time;
(2) The nonlinear term ¢(u, y) is bounded,

Then the estimation error converges to zero exponentially as t tends to infinity.

The generalization for the class of nonlinear systems observable for any input is
given in the following definition.

Definition 3.2 Consider the following system:

£= A&+, &)
(3.6)
[y =C¢
where the matrix A is defined as
01---00
A= K
00---01
00---00
and C = (1,...,0), for any u(t) € Ugam, the set of the admissible inputs, y(¢) is

the measured output. The vector field ¢(u, £) is assumed compactly supported (see
[28]) and has a triangular structure (see [46] for more details). The Jacobian matrix
of ¢(u, &) is considered to be upper bounded and the vector ¢(u, &) has the Lipschitz
property, i.e.,

G, §) = (¢1(u, €1), 21, €1,62), -, Guu, &1, &)

with the functions ¢;(u, &y, ..., §;), for j = 1,...,n; that are locally Lipschitz
functions with respect to x and uniformly with respect to u, i.e.,

6, &1, &) — dju, 1, ..o, E) < LIIE =€, 3.7)

where L is the Lipschitz constant.

Then the High Gain Luenberger Observer [28] for system (3.6) is given as
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€= AT+ 0.0 - A;'KCE-©) (38)
y=C¢

where the observer gain is A,K, with A, = diag(1/p,...,1/p") and K whose
components are chosen in such a way that the roots of the characteristic polynomial

sk 4t kos" 24k, =0 (3.9)

have negative real parts. The parameter p is a positive constant for which a high value
increases the convergence rate and then allows fast reconstruction of the state.

Note that the observer gain does not depend on u and is computed offline. The
convergence of the High Gain Luenberger Observer is expressed in the following
theorem.

Theorem 3.2 Consider system (3.6). There is a large enough p > 1 such that for all
initial conditions (£,, &,) belong to (x, X) C (W", R"), it follows that the estimation
error converges exponentially to zero, Le.,

IE() — EDI? < M(p)e™ 1€, — &, (3.10)

where M (p) is a positive constant depending on p.

Proof Denoting the estimation error by e = fA— &, whose dynamics is given as
¢={A—A'KCle+ d(u, &) — p(u, ). (3.11)

Define the following change of coordinates: € = A e, where A,514, = S,, and
S, is the solution of

pS,+ATS,+S,A-CTC=0 (3.12)

and S1 = Sy|)=1, i.e., the evaluation of the solution of S, for p = 1. Assume there
exist symmetric positive definite matrices P and Q such that

PA+ AP = -0,
and define the following candidate Lyapunov function:
L r T
V=-e Se=c¢" Sie.
p

The time derivative of V along the trajectories of (3.11) is

V =2:7814,{A — A, 'KCle + ¢(u. &) — p(u, ©)]. (3.13)
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Taking into account the triangular form of ¢ satisfying the Lipschitz condition, it
follows that

1A,[b . &) — du, O < nllell.
On the other hand, a simple calculation gives

AfA = AJTKCYAT = p{A — KC}, (3.14)

V =2:TS1p{A — KCle + £ 514,00, &) — ¢(u. )]. (3.15)
Replacing the above inequalities, it follows that

V= _p)‘min(Sl))\min(Q)”5”2 + n/\max(sl)”5”2a (3.16)

and finally, we have
V = —(0Amin (SDAmin (Q) = Nhmax (S llel> < =3 le]|. (3.17)

A N L .
Ifp > LX(), then the estimation error converges exponentially to zero.

)\min (Sl)>\min (Q)

3.1.3 Kalman-Like Observers

Consider the following system:

ZA(t) = Az+ Bu — K(Cz(t) — y(1)) (3.18)
y=Cz.

The above system is an observer for linear system (2.1) (noted Luenberger
Observer), where z(¢) is the estimated state and the matrix K is the gain of the
observer.

Obviously, the estimation error e(t) = x(t) — z(¢) tends to zero as ¢ tends to
infinity if the matrix K is chosen such that the eigenvalues of the matrix (A — BK)
have strictly negative real parts.

The stability analysis of the closed-loop linear systems can be easily solved thanks
to the separation principle, i.e., the controller and the observer can be designed
independently and the resulting closed-loop system is stable.

Another solution is a time-varying gain K defined as K(t) = P@t)"'CTR™!
where P(t) is solution of the equation

dfh(’) =—ATP(t)— P()A— P()QP(1)+ CTR™'C. (3.19)
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Equation (3.19) is referred as the Riccati equation, where the matrices R and Q
are symmetric definite positive matrices that are weighting matrices to tune.

Remark 3.2 The class of the nonlinear systems (3.6) that is observable for any input,
is not representative of the main difficulty for the nonlinear system observer design.
This is why a more general class is introduced in the following.

The Extended Kalman Filter

Now, we introduce an interesting class of nonlinear systems for which it is possible
to construct an observer.
Consider the class of systems described as

€= AWE+ o, y)
y=Ct =g (3.20)

where the components of matrix A(u) and vector ¢(u, y) are continuous functions,
depending on u and y and are uniformly bounded. The nonlinear term ¢(u, y) has a
triangular form and does not affect the observability of the system.

Then system (3.20) is observable in the rank sense if the matrix

C
CA(u)
do = . (3.21)
CA™ Y (u)
is nonsingular.
Denote ¥, x, (7, t) the transition matrix of the system
£ =Au)E (3.22)

y=C¢
where the matrices A(u) and C are of the general form

ary(u) --- ay,(u)
A() =

ani(u) --- ann.(u)

andC =(1,...,0).

It is clear that the structure of the matrices A(«) and C is not unique.

Now, we can introduce the class of persistent inputs which will be important to
design an observer for system (3.22).
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Definition 3.3 [3] An input s persistent for system (3.22) if for any initial condition
X0, there exist 31, 32, T’ positive constants and 7y > 0 such that

+T'
ﬂlldf/ vl @.octcyl (r.ndr < Boly, V>t (3.23)
t

u,xq

where I is the identity matrix.

Notice that the input persistence is related to the observability properties of the
system.
The following system noted an Extended Kalman Observer [41]:

gz AWE+ b, y) — STICTE~€) (3.24)
y=C¢

is an observer for system (3.20), where ST is the gain of the observer and S is a
symmetric definite positive matrix, solution of the differential Riccati equation

S=—pSit)— AT w)S — SAw)+C'c, (3.25)

and pis a positive constant, which is used to tune the convergence rate of the observer.
The convergence proof of this observer requires the following lemma:

Lemma 3.1 Assume that v is a persistent input for the state affine system (3.20),
and consider the following Lyapunov differential equation:

Sty = —pS(t) — AT ) S@) = SOHA@@) +C'C
with S(0) > 0, then
dpp >0, Yp=>pg, Ja >0, ,5>O, to >0
such that
aly < S(r) < Blg, V> 1,

where 1 is the identity matrix.

The proof of this lemma is given in [4]. Then the convergence of observer (3.24)
can be proved as follows.

Proof Define the estimation error as e = Z— & whose dynamics is given by

s _ ¢—1
[q_{A(u) S~IcTCle (3.26)

S=—pSt)—ATw)S — SAw) +CTC.
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If the input u is a persistent input, from Lemma 3.1, the matrix S is definite positive
Vt > ty. Then
Vie) =e! Se

is a well-defined Lyapunov function V (e). Taking the time derivative of V (e) along
the trajectories of (3.26), it follows that

Vie) = el S{A) — S7'CTCle + eT{A) — S~'CTC)T Se

el {—pS(t) — ATw)S — SA(u) + CT Cle. (3.27)
After computations, it is easy to see that
V(e) < —pel S(t)e = —pV (e). (3.28)
Finally, it follows that
el < Mlle(O)llexp(—p1). (3.29)

Then the estimation error exponentially converges to zero with arbitrary rate of
convergence p and for any initial condition e(0). This ends the proof.
For general systems of the form

£= A, y, 9)E+ o, y) 3.30
[yzcg (3.30)

with s is an external signal and where the signals (i, y, s) are assumed to be persistent
inputs. An observer for system (3.30) can be designed as

£= AW, y,9)E + ¢(u.y) = ST'CTCE - ©)
S = —pS(t) — AT (u, y,5)S — SA(u y,s)+CTcC (3.31)
= CE.

The estimation error converges exponentially to zero, with a convergence rate
given by p provided v = (u, y, ) is persistent [3].

Persistency in AC Machines

The speed sensorless control of electrical machines has been the object of intensive
research during the last years. It is clear that the motivation is to reduce the cost of
hardware and to increase the reliability. However, when the speed is close to zero and
for low frequency voltages, some observability drawbacks appear. To overcome this
difficulty, various methods have been presented where a signal is superimposed on
the stator voltages or currents of the machine in order to extract sufficient information
about the rotor position. Most high frequency signal injection methods have been
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proposed making use of the phase inductance variation property. This approach
provides rotor position information at low frequency and during standstill operation.
However, a certain amount of saliency in the machine is necessary. Also, injection of
high frequency signals is not desired in high speed operation. Fundamental excitation
methods involve the detection of the position from the stator voltages and currents
without requiring additional test signals.

The EMF was also used to estimate the rotor position by means of a state observer
or a Kalman filter. This approach works well in medium and high speed applications,
while this is not accurate at low speed when back EMF is weak.

General Extended Kalman Observer

Now, an observer design is introduced for the class of nonlinear systems for which
it is possible to devise an Extended Kalman Observer.
Consider the following class of systems described as
y=C¢

where £ belongs to the compact x C R", y belongs to N", u belongs to the set of the
admissible input Ugy, in N . The matrices A(u) and C are given as

Oai(u) --- 0 0
AWy =10 0 - a,o) O

0 0 -« 0 a1

0 0 0 0

and C = (1, ..., 0), with ¢(&, u) satisfying the Lipschitz property and the elements
of A are such that 0 < a;(u) < ay, fori = 1,...,n — 1. So, an observer for such
a class of systems is given in the following definition.

Definition 3.4 High Gain Extended Kalman Filter [3]. The following system
£= AW+ ¢E u) — S~ CTR™(CE - y)
S = —pS— Aw)'S — SA(u)+CTR™'C (3.33)

is an observer for system (3.32), where S is a symmetric definite positive matrix
solution of the Riccati equation, R is a symmetric definite positive matrix. The gain
of the extended Kalman filter is computed online and depends on S, the solution of
the Riccati equation.
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The following result can be established:

Theorem 3.3 For a large enough p and for all t > 0, system (3.33) is an extended
Kalman observer for system (3.32), where the estimation error decays exponentially
to zero with a rate of convergence given by p

o~ _ ﬁ -~
€)= EDN < L(p)e™ 2" [IE — ol
where L(p) is a positive constant.
Adaptive Kalman Observer [6]

In the aforementioned observers, the system parameters are assumed exactly known.
If not, under suitable assumptions, it is possible to estimate the non-measurable state
and to identify the unknown parameters, simultaneously.

Consider now the case where the system is affine in the state, depends on unknown
parameters in an affine form, and is represented as

£= AWE+ W, y)9 + pu, y) A
[y — ¢ (3.34)

where 1) is the vector of unknown parameters to be estimated and ¥ (u, y) satisfies
the same properties as matrix A(«) and vector ¢(u, y) with respect to u and y given
in (3.20).

In order to design an observer for system (3.34) and to estimate simultaneously
the state and parameters, the following assumptions are introduced:

Definition 3.5 Let A be a matrix, solution of the equation
A=(A®w) - FS{ICZTCQ)A + W (u,y). (3.35)

There exist 33, 34, T’ positive constants and 7y > 0 such that

t+T'
B3ly 5/ AT (r,HCTCA(r, t)dT < Baly, Vi > 1o, (3.36)
t

where 1, is the identity matrix.

Definition 3.5 allows to ensure the persistency of the signals which is required to
identify the parameters.

Assuming that u is a persistent input and Definition 3.5 is satisfied, the following
system is an Adaptive Kalman Observer for system (3.34) (see [6]):
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(€= AWE+ W, )0+ o, y) —{AS; ATCT + 57 CTyCE - &)

J=—5"ATCTCE-¢)

Se = —peSe(t) — AT (W)Se — ScA(w) + CTC
Oudap (3.37)
Sﬂ = —,079579 + ATCZTCZA

A=(Aw) - TS CTCHA+W(u,y)

[ 3=c¢

where Sg 'cT is the gain associated to the state estimation, and AS; AT CT s the
parameter identification gain. S¢ and Sy are symmetric definite positive matrices
solution of the Riccati equations

Se = —peSe(t) — AT (u)S¢ — SeA(u) + €T C (3.38)
Sy = —pySy+ ATCICrA (3.39)
respectively, and p¢ and py are some positive constants sufficiently large.

Remark 3.3 Notice that the gain AS; PATCT of the observer associated with the
identification of the parameters depends on the solution of the Sy and A dynamics
equations, and that Assumption 3.2 is satisfied.

The convergence of the observer can be proved as follows.
Defining the state and parameter estimation errors, respectively: e¢ = £ — & and
€y = ¥ — 9, whose dynamics are given as

éc = {A@w) — AS; ATCTC = S7'CT Cleg + W (u, y)ey

(3.40)
g =—8;1ATCT Ce.
Now, introduce the following change of coordinates:
€c = ec — Aey. (341

Then taking the time derivative of (3.41) and replacing the suitable expressions,
it follows that

ée = {Au) — SgICTC}eg
(3.42)
&9 = =S, ATCT Cleg — Aey).
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Now, to prove the convergence of this observer, consider the following Lyapunov
function:

V =€l Seec + € Syey. (3.43)
So, from the time derivative of V and substituting the suitable expression, yields:

V= —pge?S&Q — pr§€g5ﬂ€19

(3.44)
— echch — egcTCAeﬁ — el ATCT Cee — el ATCT C Aey.
Since
—efTCTCQ — egCTCAeg — egATCTCeg — egATCTCAelg
(3.45)
= —{ec+ A619}TCTC{65 + Aey} < 0,
it follows that
y _ T T
V= Pe€e Seee — pyey Spey. (3.46)
Choosing p = min(p¢, py) such that
V <—pV (3.47)

then, ¢ and eg converge exponentially to zero with a rate of convergence given by p.
Interconnected Observers [5]

There is no systematic method to design an observer for a nonlinear system. However,
if the system satisfies partially the observability property, a solution is to search if
the whole system can be represented as a set of interconnected subsystems for which
each one satisfies the observability property. So, the idea is to design an observer for
each observable subsystem.

For instance, consider two interconnected subsystems:

X, =A1 X +®1(u, X1, X

5 1 1X1 1( 1, X2) (3.48)
i =Ci1 X,
Xo = Ao Xo + Pa(u, X1, X

5, - 2 2X2 2( 1, X2) (3.49)
2 =2 Xs.

In order to design an observer for system (3.48) and (3.49), the following assump-
tion is needed:
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Assumption 3.1

1. @ (respectively @;)is a global Lipschitz function with respect to X (respectively
X>5), uniformly with respect to u, and globally uniformly w.r.t. X, (respectively
X1).

2. X, (respectively X1) is considered as input of subsystems X' (respectively X7).

Then, an Interconnected Observer [5] for subsystems (3.48) and (3.49) is given

(71 = A1 Z1 + D1 (u, Z1, Z2) + S, CT (i — 51)
Zy = Ay Zo + Po(u, Z1, Z2) + S5 ' CT (y2 — $2)

px181+ S1A1 + ATS; —CcTci=0
Ointer1 1§ IT IT (3.50)
P28 + A2+ A58 —C;Cr =0

y1=Ci1Z;

V2 =C2Z>

where Z1 and Z, are the estimated state variables, respectively, of X1 and X»7. py1
and pyo are positive constants, S7 and S, are symmetric positive definite matrices,
with S1(0) > 0 and S>(0) > 0 [4].

An extension of the above case is the class of systems described as

_ X1 = A1(u, ) X1 + P1(u, X1, X2)
1 (3.51)
yi =Ci X4
- [ X2 =A@, )Xo+ D2, X1, X2)
5 (3.52)
y2 =G Xs.

Furthermore, the following assumption is required to design an observer for sys-
tem (3.51) and (3.52):

Assumption 3.2

1. X5 (respectively X) is considered as input for subsystem ol (respectively ).

2. The pair (u, y) is regularly persistent for A1 (u, y) and Ay (u, y).

3. @ (respectively @) is globally Lipschitz w.r.t. X»> (X1) and uniformly w.r.t. X
(respectively X7) and (u, y).

So there exist p,1 and py such that the following system:
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Zi = A, ) Z1 + @1 (u, Z1, Zo) + S CT (1 — 1)
Zy = As(u, ) Zo + Polu, Z1, Z2) + S5 ' C (v2 — $2)

St = —px1S1 — AT, )81 — S1A1(u, y) + €T Cy
Sp = —paSs — AL (u, y)$2 — S2Ax(u, y) + CI ¢,

Ointer2 : (3.53)

v =CiZ,
V2 =CoZs

is an interconnected observer for system (3.51) and (3.52).

If the pair (u, y) is a persistent input for subsystem b (respectively 3»), the
convergence of the observer can be obtained such that for any initial condition X ¢
(respectively X7 o) in a compact set, the solution of the system remains bounded.

Under Assumption 3.2, the existence of the observer O;per2 (3.53) is ensured.

Then, the following result can be established:

Theorem 3.4 Consider the interconnected system (3.51) and (3.52). If Assump-
tion 3.2 holds, the observer Ojniery (3.53) is an asymptotic observer for the
interconnected system.

To apply this theorem to real systems (AC machines in this book) the assumptions
must be verified, taking into account the parameters of the systems and their operation
domain.

Proof The proof can be achieved by choosing the appropriate candidate Lyapunov
functions Vi and V5. Set ¢; = Z; — X;, for i = 1, 2; the estimation errors of each
subsystem. Then the estimation error dynamics are given by

é1 = {A1(u, y) — S, CT Ciler + ®1(u, Z1, Z) — ®1(u, X1, X2)
&y = {Aa(u, y) — S;'CT Caler + o u, Z1, Za) — P2(u, X1, X2)

(3.54)
St =—px1S1 — A (u, y)S1 = S1A1(u, y) + C{ C
So = —pSo — AT, y)S) — $242(u, y) + CI Co.
Defining the Lyapunov functions
Vl = elTSlel and Vz = 655262 (3.55)
with
Amin(Slleil|* < Vi = el Siei < Anax (S lleill (3.56)

where, fori = 1, 2; A\;in (S;) and gy (S;) are the minimal and maximal eigenvalues
of the matrix S;.
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Then the Lyapunov function for all estimation error dynamics is given by
Vsystem =Vi+ W

whose time derivative along the trajectories of system (3.51) and (3.52) is given by
Vsystem =
el Si{A1(u, y) — S;CT CrYer + el SH{@1(u, Z1, Z2) — ®1(u, X1, X2)}
+el (A1, y) = Sy Cl Y Sier +{@1(w, Z1, Z2) — @1(u, X1, X2))T Sien
+ef {=pa1S1 — Af (u, Y)S1 — S1A1(u, y) + C{ Ciley (3.57)
+ el o{Ar(u, y) — Sy ' CT Caler + € 2{@a(u, Z1, Z2) — ®a(u, X1, X2)}

+ed (A1, y) — 85 CTCYT Saer + {®a(u, Z1, Z2) — ®a(u, X1, X2)} Sren
+ el {—px2Sa — AT (u, y)S2 — S1Aa(u, y) + C] Ca}es

or equivalently

Viystem < —pxiel Sier + 2el Si{®1(u, Z1, Z2) — P1(u, X1, X2)}

; . (3.58)
— pxaey Snex + 2e5 $2{Po(u, Z1, Z3) — Da(u, X1, X2)}.

From Assumption 3.2, the following inequalities hold:
|Pi1(u, Z1, Z2) — Pi(u, X1, X2)|l < Killez2ll
|P2(u, Z1, Z3) — P2(u, X1, X2)| = Kallerl
for K1 and K> positive constants. By using these inequalities, it follows that

Vsystem = —pPx1€ Slel + 2Mnax (SO K1 ller |l ezl

(3.59)
— pr2€3 S22 + 2N nax (S2) Kallealller |-

After some computation, the above equation can be expressed as follows:

Viystem < —px1V1 — px2Va + piv/' Vi Va, (3.60)

where 111 > 0, so by using the following inequality:

1
\/71\/72 < —V1 + —W,

201
for o1 € (0, 1). Finally,
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y Q1141 1
Vsystem =< —(le - T’u) Vi — (pr - zlu_gl) V2.

Choosing the gains p,| and p,; of the observer such that

0 = min (PI—M) pz—ﬂ
X 2 ’ X 2@[ s

it follows that

Vsystem = _5‘/system~ (361)

Then the exponential convergence of the observer to zero is obtained with a
convergence rate given by 4.

Remark 3.4 1tis clear that the Lyapunov functions V; and V; are definite positive if
S1 and §; satisfy the persistence condition, which means that the input sufficiently
excites the system such that its observability is guaranteed.

Remark 3.5 Notice that this observer can be extended for n interconnected subsys-
tems; the proof follows the same procedure presented above.

3.2 PMSM Adaptive Interconnected Observers

3.2.1 Adaptive Interconnected Observers for SPMSM

In the sequel, an adaptive interconnected observer will be designed (see [5, 6]) for
the sensorless SPMSM. This observer is the combination of the adaptive observer
with the interconnected observer presented in this chapter.

To design an observer for the sensorless SPMSM, it is assumed that

dT; dR,
“L_0 and S —0. (3.62)
dt dt

Remark 3.6 Equation (3.62) means that the load torque and the stator resistance val-
ues are assumed to be modeled by piecewise constant functions. Only the bound of
the load torque is assumed to be known. Furthermore, it is clear that the stator resis-
tance slowly changes with the temperature with respect to the other time constants of
the AC machine. Other approaches can be used, for instance, singular perturbation
methodology, however, as the dynamics of the SPMSM are fast with respect to the
variation of the stator resistance, its dynamics could be considered constant.
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Thus, the extended SPMSM model

disq Ry . . Usq v,
sq 8 0 a0

TR R S
digg R . . Usd
B Zsd

di L, Isa — pS2isq + L,

as2 f pY, 1

2 Lo s T

dr g e gl

dR;

=0

dt

V1 = lgd
[ Y2 =g

which can be seen as the interconnection between two subsystems

d;ﬂ ixq . Qi ler 1
=] L [lw% SnE N B I
dRS 0 0 RY 0 0
dt )
V1 = lsq,
(3.63)
and
disg R
d; 0 —pis 7., —L—Sisq s 0
a2 |70 =L [Q}F p# || s (e m | LT
- J lsq 0 J
dt . J
Y2 = lisd.
(3.64)

The above subsystems can be represented in a general form as the interconnection
between two subsystems

X1 =AiX1 + Fi(X2) + &1 (w)
D 3.65
! [yl = C1X (5.65)
and
5 [ Xy = A2 () X2 + Fa(X1, X2) + @2(u) + T} (3.66)
» =X,

where X1 = [isq RS]T and X, = [isq £2 17 are the state vectors of (3.65) and (3.66),

. T, . .. 4T .
respectively; u = [vyq vsq ] is the input, and y = [isq isq]  is the output, with
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isq ¢f .
_=4 o po
A1(y) = Ly |, Fi(X2)= pLs piétsd |
0 0 0
. R
0 Plsq __Sisd
A =|,_L | BX.X)= pLS B E
7 S Vrisq
1 1 0
P =|Ls |, P2=| L, |, = L,
0 0 ~3

Ci=C,=1[10].

Furthermore, an operation domain for the SPMSM (and for the IPMSM) is
defined as:

Definition 3.6 The PMSM physical operation domain Dg is defined by the set of
values

Ds=(X €W | lisal <1/, lisgl < 1,"%, |22] < QMex,
ITy| < Ti"™*, |Rg| < Ry}

with X = [isq isq 2 T R1T and I;,m*, 1,4, Qmax | TMmax ) Ry™M* the actual
maximum values for the stator currents, the rotor speed, the load torque and the
stator resistance, respectively.

The adaptive interconnected observer, developed in the sequel for the sensorless
SPMSM, is based on the interconnection between several observers satisfying some
required properties, in particular the property of input persistence [4].

For designing an observer for system (3.65) and (3.66), a separate synthesis of
the observer for each subsystem is required.

Remark 3.7

1. X, and X are respectively considered as inputs for subsystems (3.65) and (3.66).
From [4], solutions of 51 and Sz (used below for the observer design) are sym-
metric positive definite matrices.

2. When the SPMSM remains in the observable area, X» and X satisfy the persis-
tence condition: the asymptotic stability of the observer is guaranteed.

3. When the SPMSM remains in the unobservable area, X, and X do not satisfy the
persistence condition. The asymptotic stability of the observer is not guaranteed.
This problem is solved, by using the practical stability introduced in the Appendix
“Appendix: Practical Stability Definitions”.

Remark 3.8 From (3.65) and (3.66), A1(y) is globally Lipschitz w.r.t. X7; A2(y) is
globally Lipschitz w.r.t. X1; F1(X») is globally Lipschitz w.r.t. X» and uniformly
w.r.t. (u, y) and that F»(X>, X1) is globally Lipschitz w.r.t. X, X and uniformly
w.r.t. (u, y).
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Then an adaptive interconnected observer for subsystems (3.65) and (3.66) is
given by

Zy = A(MZ1 + Fi(Z) + &1(w) + 57 CTon = $)
O1:1 81 = —pi1Si — A{ (NS — S1A1(») + €] Cy (3.67)
y1 =CiZy,
Zy = M) Za + F2(Z1, Z2) + P2 (u) + T,
+(@AS; ATCT +TS7'CT)(y2 = $2) + KCT (i = )
T = @S, ATCI (y2 — $2) + B(y1 — $1)
0, : 1 8x = =peSe = AT (9)Sx = SxA2(y) + €] & (3.68)
Sy = —pySy+ ATCTCrA
A =AMy -TS7iciena+ o

V2 =CoZs

~ ~ 17T N ~1T
with Z; = [isq RS] and Z, = [isd .Q] are the estimated state variables of X

and X» respectively. Moreover, pi, px and py are positive constants, S; and S, are
symmetric positive definite matrices [4], with

S9(0) > 0, B(Zy) = k§¢f?sq

—ke1 10
=[5 =[]
with k, k.1, k2, o and w are positive constants.

The second observer (3.68) is composed of two parts: the first part to estimate the
state (iyq, §2) and the second part to estimate (isq, 77). This second part depends on
a differential equation representing a dynamical system described in terms of A ( the
state of this system) and @ (the input matrix). S 1_1 C 1T is the gain of observer (3.67);
(wASglATCZT + FS;ICQT) and KClT are the gains of observer (3.68).

It can be seen that the observer gain in (3.68) is split into two terms. The first
one (I'S~ 1 C2T ) is associated to the state estimation and depends on the solution of a

and
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Ricatti equation. The second one (ww A S,;l ATcC 2T ) is related to the parameter identi-
fication. The solutions of these equations are dependent on the persistence property
(sufficient richness of the signal) with respect to the state and/or the parameter.

Remark 3.9 In Eq.(3.68), the term B(Z;)(y; — y1) can be expressed as follows:

B@ZG1 =30 =k vt =i ]

= k(T, — Te)s

where T, and 7, are, respectively, the real electromagnetic torque and the estimated
torque.

For subsystem (3.65), the input is v = (y), the state X, and S(#) = Sj, and for
subsystem (3.66) one has v = (y), X1 and S(t) = S>.

The conditions of observability loss have been stated in Sect.2.3: the SPMSM is
unobservable for some input value such that the rotor speed is zero. In the SPMSM
observability area, the inputs for subsystem (3.65) and for subsystem (3.66) respec-
tively, are persistent and the convergence of the observer can be ensured. However,
in the unobservable region of the SPMSM (zero speed), such inputs are noted “bad
input” and the observer convergence is not guaranteed and has to be analyzed.

Stability Analysis of Observer Under Uncertain Parameters

Under indistinguishable trajectories (unobservable area), the asymptotic convergence
of any observer cannot always be guaranteed because the observability properties
are lost on these trajectories. In such cases, the analysis of the closed-loop system
stability is necessary.

If satisfied, the practical stability property [59], allows to establish that the dynam-
ics of the estimation error converge in a ball B, of radius r (x € B, = ||x|| <r). If
r — 0 att — oo, the classical asymptotic stability is obtained.

Consider that the SPMSM parameters are uncertain bounded with well-known
nominal values. Equations (3.65) and (3.66) can be rewritten as

X1 = A1) X1 + FI(X2) + @1(u) + AA () + AF1(X2)
b (3.69)
yi=Ci X4

X2 = As(0) X2 + Fa(X1, X2) + ®2(u) + @ T + AAx(y)

+ AR (X1, X2)

> (3.70)

y2 = CrXo

with AA1(y), AA2(y), AF1(X3)and AF>(X1, X») are the uncertain terms of A1 (y),
A(y), F1(X2) and F>(X1, X2), respectively:


http://dx.doi.org/10.1007/978-3-319-14586-0_2

100 3 Observer Design for AC Motors
isq Ad’f .
- — 2 —ps2
AM) =| " TAL |, ARy = | A T
0 0 0
and
. AR
0 Plsq - : lisa
A =1~ ARKLX)=| AL
J 7 Arisq

Considering the SMPSM physical operation domain Dgs (see Definition 3.6), then

there exist positive constants p; > 0, fori = 1, ..., 4; such that
IAAT (DI < p1, lAA D < p2, (3.71)
IAFI (XDl < p3,  1AF2(X1, X2) || < pa. (3.72)
The parameters p;, i = 1,..., 4; are positive constants determined from the
maximal values of AA|(y), AA>(y), AF1(X3) and AF>(X1, X») in the physical
domain Dg.
Let us define the estimation errors as
a=X1-21, &=X2-2Z, ea=T-1. (3.73)
From Egs. (3.67) and (3.68) and (3.69) and (3.70), one obtains
&1 ={A1(y) — Sy'Cl Ciler + AA (y) X2 + Fi(X2)
+AFI(X2) — Fi1(Z2)
& = {Ax(y) —wAS; AT CTC, — ST CT Co)éy + Pes (3.74)

— KC[ Cre1 + AA () X2 + F2(X2, X1) — F2(Z2, Z1)
& = —wS, ' ATCI Coéy — B(Z))Crey.

Following the same idea as in [94], and applying the transformation e; = €, — Aes,
yields

& =& — Aés — Aes. (3.75)

By substituting (3.75) into (3.74), the estimation error dynamics are given by

& =1{A1(y) = S7'CTCrYer + AA () X2 + Fi(X2)
+ AF1(X2) — F1(Z»)

é = {Ax(y) = I'S;'CICr)er + (B — K')ey
+AA ()Xo + Fa(X2, X1) + AF (X2, X1) — F2(Z2, Z1)

(3.76)

& = —wSy ' ATCI CrAerw S, AT CT Cres — Ble
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with B' = B(Z1)Cy, K/ = KC]TC1. Since y; and y, are persistent inputs for
subsystems (3.69) and (3.70), respectively; and from Lemma 3.1 there exist fo > 0

and real numbers ngi“ > 0, ngi" > 0 which are independent of 6; such that

Vit, ) = € Sie;, fori = 1,2, 3; (see [4])
Vi1 g lel® < Vil e) <0 llell>, fori=1,2,3.  (3.77)

Theorem 3.5 Consider the extended SPMSM dynamic model represented by (3.69)
and (3.70). System (3.67) and (3.68) is an adaptive observer for system (3.69) and
(3.70). Furthermore, the strongly uniformly practically stability of estimation error
dynamics (3.76) is established.

The proof of Theorem 5 is given in [21].

3.2.2 Adaptive Interconnected Observers for IPMSM

In this section, from the model of the IPMSM (1.62), which was established in
Chap. 1, an adaptive interconnected observer (see [4, 5]) for the IPMSM sensorless
control is designed to estimate the position, rotor speed, load torque, and stator
resistance.

d% = _L%isq - pLL—jjS?isd - pLqu?ff? + Liquq
% = Dy~ Ly f79 + Loy, - }T, (3.78)
o,

Similar to the SPMSM, assume that the load torque and the stator resistance are
assumed piecewise constants, i.e.,

dT; dR;
— =0, =0. 3.79
dt dt ( )

Thus, the extended IPMSM model (3.78) and (3.79) can be seen as the intercon-
nection between two subsystems:
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dig .
I L 14 1
| _ _% [i“’]+ _%m“q_pQL_r +| L, |v
- q q q q sq
dR; 0 0 Rs 0 0
dt
1 =ivq
(3.80)
and
disq L R,

- 0% ¢ L 1 0
a1 La N 7 N R EVE
as? 0 fo 2 pY, . Od S _

—_— - — lsq J

dt J J

Y2 =g
(3.81)

To begin with, suppose that each subsystem satisfies some required properties to
build an observer and assume that, for each separate observer, the state of the other
is available. The system (3.80) and (3.81) can be read as:

X1 = A1) X1+ g1(X2) + Pru
X 3.82
: [y1 =Ci1 X (382)
5 X2 = A X2 + ¢2(X1, X2) + Pou + OT; (3.83)
2 =C2Xo
where X| = [isq RS]T, Xy = lisq .Q]T are the states of each subsystem, u =

[vsd vsq]T is the input, and y = [isd i sq]T is the output of the IPMSM model. Fur-
thermore, 7; is considered as an unknown parameter to be identified by the adaptive
part of the observer, and

isq Ly . ¢f 1
- —p—Risq — p—152 -
A =TI, | axn=|"PL, TP o= Ly |,
0 0 0
Lg. R
OPL_qZSfI _L_Aisd

Ax(y) = ‘} , 92Xy, X2) = pd .

v . o

0 —7 7q§flsq + 7(Ld - Lq)lsq

0 1
45:[ 1:|, Py=| Lg |, C;=Cr=[10],
i 0

where g1 and g, are the interconnection terms.
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The operation domain of the IPMSM is stated in Definition 3.6. In the sequel, an
adaptive interconnected observer for the sensorless IPMSM represented by (3.80)
and (3.81) is designed using similar results given in Theorem 3.5.

Remark 3.10

e X5 and X are considered as inputs for subsystems (3.82) and (3.83), respectively.
From [6], the solutions of S 1 and 5'2 (defined latter) are symmetric positive definite
matrices.

e When the IPMSM remains in the observable area, X and X satisfy the persistence
condition: the asymptotic stability of the observer is proved.

e If IPMSM is in the unobservable zone, X and X, do not satisfy the persistence
condition, the practical stability, introduced in the Appendix “Appendix: Practical
Stability Definitions”, has to be proved.

Remark 3.11 For the IPMSM,

A1(y) is globally Lipschitz w.r.t. X

As(y) is globally Lipschitz w.r.t. X

g1(X») is globally Lipschitz w.r.t. X» and uniformly w.r.t. (1, y)

g2(X1, X2) is globally Lipschitz w.r.t. X1, X» and uniformly w.r.t. (&, y).

Consequently, adaptive interconnected observers for (3.82) and (3.83) are given by

Zy = A\ Z1 + 91(Z2) + D1 ) + ST CT (31 — $1)
O1:1 81 ==-pmS1 — AT (S — SiA1(y) + €] Cy (3.84)
n =CzZ
Zy = As(Y)Za + 92(Z1, Z2) + ®2(u) + @T; + KCT (y1 — $1)
+(@AS; AT + 18 ¢y (va = )
T = wS;' ATCT (y2 — $2) + B(Z1)(y1 — $1) + B1(Z1) (32 — $2)

02118 = =S — AL (y)S2 = $242(y) + €5 C2 (3.85)
S3 = —p3S3+ ATCICA

A ={Ay)-TSy'cleya+o

| 2 =22

~ ~ 1T ~ AT
with Z| = [iq RS] and Z, = [id (2] are the estimated state variables, respec-

tively, of X| and X5, and p; for i = 1, 2, 3; are positive constants, S; and S, are
symmetric positive definite matrices [4], with S3(0) > 0,

B(Z)) = kgqbffsq, Bi(Z)) = k?(Ld — Ly (3.86)
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| —ka |10
e[ ] r=fod]
with k, k1, k2, o and w are positive constants. Note that SI_ICIT is the gain of

observer (3.84) and wAS_{lATczT + FSZ_ICZT and KCIT are the gains of observer
(3.85).

Remark 3.12 The term B(Z1)(y1 — 31) + B1(Z1)(y2 — ) in Eq.(3.85) can be
expressed, as follows

B(Z)(y1 — 1) + Bi(Z1) (2 — $2) = k(T, — To)

where T, and T, are, respectively, the “real” and “estimated” electromagnetic torques.

Remark 3.13 Obviously, for subsystem (3.82): v = (y, X3) and S(t) = i, and that
for subsystem (3.83) one has v = (y, X1) and S(¥) = S»>.

Stability Analysis of the Observer Under Uncertain Parameters

Remark 3.14 All the parameters of the IPMSM are assumed uncertain but with
well-known bound values.

The robustness of the observer under parametric uncertainties is analyzed and the
system is rewritten in the following form:

. [ X1 = A1) X1 + g1(X2) + ®1(w) + AAL (V) + Agi(X2) 387)
i =CiXy
X2 = Ax() X2 + (X1, X2) + Po(u) + T

3 + AAL(y) + Aga (X1, X2) (3.88)
2 =CXo

where AA1(y), AA2(X1), Ag1(X2) and Agr (X1, X7) are, respectively, the uncertain
terms of A1(y), A2(X1), g1(X2), 92(X1, X2):

i ALq.
__%a_ OpElsq
AA(y) = AL, |, AAxy) = fd ,
0 0 ~Z
AJ
ALdQ. A¢f9
Sl o TR
Ag(Xn = | PaL, T AL, |,
0
Ry .
Y
Agr (X1, Xp) = d

P 5. . P .
—Eglsd¢flxq - E(ALL] - ALq)lsqlSd
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Remark 3.15 Considering the IPMSM physical operation domain Dy, the uncertain
terms are bounded such that there exist positive constants g; > 0, fori =1, ...,4;
such that

[AALll < o1, [[AA2ll < 02, [Agi]l <03, Ag2ll < o

The parameters g;, i = 1,...,4; are positive constants determined from the
maximal values of AA{(:), AA2(+), Agi(-) and Agr(-) in the physical domain Dyg.

Let us define the estimation errors as
a=X1-21, &=X2-2Z», ea=T-1. (3.89)

From Eqgs. (3.84) and (3.85) and (3.87) and (3.88), the estimation error dynamics
are given by

&1 =1{A1(y) — ST CT Cller + g1(X2) + AAL (M) X,
+ Ag1(X2) — g1(Z2) (3.90)

& =[A2(y) —wS; ' ATCT Co + I'S; ' CT Coles + @es (3.91)
—kCTCre + AA (1) X2 + 92(X2) + Aga(X2) — 92(Z2)

& = —wS; ' ATCT Crey — Bi(Z2)Caéy — Ba(Z2)Ciey. (3.92)

Following the same idea as in [94], and applying the transformation e; = €, — Aes,
the dynamics of the estimation errors are given by

&= {A1(y) = ST'CTCrYer + AAL (D) X1 + g1(X2)
+ Ag1(X2) — g1(Z2), (3.93)

é = {Ax(y) — I'S;'CTCy — Bii}ea — [Bia + Ciiler + Baes (3.94)
+ (X1, X2) — §2(Z1, Z2) + AA(Y) X2 + Aga (X1, X2),

&= —Bjer — [wS; ' ATCI Co+BSler — [wS; ' ATCT CoA + BYles. (3.95)

Since (u, y, X») and (u, y, X1) are, respectively, the inputs for subsystems (3.87)
and (3.88), and from Lemma 3.1, there exist #p > 0 and real positive numbers n’S’t“x

min

and 7 (. which are independent of p;, such that
Vit e) = e Sie;, fori=1,2,3;
satisfying

5" el < Vi e) < ng™ lleill®. Ve =10, (3.96)
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Consequently, the convergence of the observer can be established under paramet-
ric uncertainties.

Theorem 3.6 Consider the IPMSM dynamic model (3.87) and (3.88). System (3.84)
and (3.85) is an adaptive interconnected observer for system (3.87) and (3.88) with
a strongly uniformly practical stability of the estimation error dynamics.

The proof is detailed in [38].

3.3 High Order Sliding Mode Observers for PMSM

3.3.1 Sliding Mode Observers

The sliding mode observers are widely used due to their finite time convergence and
to their robustness with respect to the uncertainties. Recently, various observers have
been developed by using second order sliding mode, super-twisting, or high order
sliding mode algorithms.

The second order sliding mode, and more recently, the High Order Sliding Mode
Observers (HOSM) have been introduced in order to reduce significantly the chat-
tering phenomenon. Contrary to the asymptotic observers which require to prove the
observer-controller stability in closed-loop, for the sliding mode observers, the sep-
aration principle is automatically satisfied if the controller is started after the finite
time convergence of the observer.

The first order sliding modes are restricted to systems in which the output has a
relative degree 1. Besides the resulting high frequency switching, the sliding mode
may cause chattering effect. On the other hand, high order sliding modes have been
introduced such that the finite time convergence is preserved and the chattering effect
is eliminated.

For the first order sliding mode, the stability is analyzed by means of a Lyapunov
approach. However, for High Order Sliding Modes Observer, Lyapunov approaches
are not often developed, and usually, upper-bound curves or homogeneity-based
methods are used for convergence analysis.

The Super-Twisting Algorithm

Consider the following nonlinear system:

)'61 = X2
do = f(t,x1, x2, u) + C(t, x1, X2, u) (3.97)
y = XxI.

The solutions of system (3.97) are understood in the Filippov’s sense (see [23] for
details). The function f (¢, x1, x2, u) and the uncertainty (¢, x1, x2, u) are assumed
Lebesgue-measurable and uniformly bounded in any compact region of the state-
space (x1, x2).
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The general form of the super-twisting observer is given as

X N ~ (1/2 . N

X1 =% +ar | -3 P2 sign(x; — &1)

X2 = f(t,x1, %2, u) + C(t, x1, %2, ) + ap sign(x; — %1) (3.98)
y =X

where X and X, are the state estimations and v and o are the gains of the observers.

3.3.2 High Order Sliding Mode Observer for SPMSM

To design a high order sliding mode observer, a modified model of the SPMSM in
the stationary reference frame (1.84) is introduced.
Defining the following change of variable:

eq = —pYr82sin(f,) and eg = py 82 cos(0,),

it follows that system (1.84) can be written as

di,, R; . 1 1
- —L—sla - L—Sea + L_Sva
dig R, 1 1
i LTt
de, 2% . . S (399
ke —Qep — =80, ((3Cy, — iaSo,) — T ea
dﬁ = e +&Co (igCy, —1i S@)—Ee
dt @ J e \"L e arle J /8
with Cg, = cos(0.), Sy, = sin(0e), 0o = —arctan(Z—(;) and

2 (ea? + e52).

Py
Then the above system can be written in a canonical form

Xi=X2+oU.Y)

3.100
X, = F(X1, X3) ( )

where the state is defined as

. _L_ea
X1.1 Loy X2.1 s
X =" =, X, = "2 = ,
! |:x1,2i| |:l,3] 2 |:x2,2i| 1
L
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and,
, - R, 1
U=\, y=|"", oWy =-Xx+—U,
Vg3 g Ls Lx
2w2
I LS4, i5Co, — inSo,) + f7€d — Reg
1, A2) =
P%? . . fv
Cﬁe (lﬂcﬁe - la'SGe) + —ey — e,
7 J
with
Sr‘)e _ €s —X2,2 Cae — —€q X2,1

\/6/32 + eg? V2?4 x,0? \/652 + eg? Vx2,1% + x222

3.3.2.1 High Order Sliding Modes Observer Design

A recursive scheme based on a differentiator is used to reconstruct the non-
measurable variables (see [24]). The sliding mode differentiator provides an exact
differentiation using a recursive method with finite-time convergence.

Now, we design a second order sliding-mode super-twisting base observer for the
above interconnected system. For this, consider the following representation of the
system:

X1 =Xo+®U,Y)+ A&
; 3.101
<X2=F(X1,X2)+A§2- ( )
The second-order super-twisting based observer is given as
Xy =X+ @U. ¥) + anMX)sign(Xy)
Y - = e (3.102)
Xo = F(X1, X2) + arsign(Xy)

where
o) =diaglay,1, ar2]and ap = diaglas,y, a22]

are the correction factors designed to imply the convergence of the estimation error
X 1=X1 — X 1

with B . | . 1
AMX) =diag(|X1,1 — X1,112, 1X2,1 — X2,112)

and

sign(X1) = diag(sign(X1.1 — X1.1), sign(X1.2 — X1.2)).
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The error dynamics X=X-Xis given by

X1 = X2 — ax\(X1) sign(X1) + A&

=4 N nre (3.103)
X2 = F(X1, X2, X2) — ag sign(Xy)

where F(X1, X2, X2) = F(X1, X2) — F(X1, X2) + A&.
Let us denote f; the ith component of F (X1, Xo, )A(Q) and assume that to find an
upper-bound | f;| < fl.+ is possible.

Assumption 3.3 Consider that the uncertainty A¢; and its derivative are bounded
such that: [|A& || < di, |58
A& || < da, with dy, dp and d3 are positive values.

H < d>, and the uncertainty A&, is bounded, i.e.

Theorem 3.7 Suppose that the condition | f;| < ff holds for system (3.101) and by
verifying that Assumption 3.3 is satisfied, the parameters of the observer are selected
according to

a1, > fi+

2 (ari + £ +d)A — pi)
- f—d 1 —pi

QR >

where p; are constants such that0 < p; < 1,i = 1,2; and o1 = diagloy 1, o12]
and ap = diaglon 1, 042 2]. So, observer (3.102) guarantees the convergence of

the estimated states (X X ) to the real value of the states (X X ) after a finite time
transient, and there exists a time ty such that for all t > t, (X], Xz) = (X1, X»p).

Proof The proof of Theorem 3.7 follows the proof given in [19, 20].

3.3.2.2 Simulation Results

By using the Simulink/MatLab software, the proposed observer scheme has been
simulated, as shown in Fig.3.1. The parameters of the tested SPMSM are given in
Table 1.1. The motor is tested according to an industrial benchmark (see Chap. 1
for more details). Of course the measured rotor speed is used only for comparison
purpose. The stator resistance as well as the stator inductance may be varied from
their nominal values. So their deviation effects are studied.

To achieve the efficiency of the proposed scheme, the tuning parameters of the
observer were chosen to obtain suitable convergence and robust performance as
follows:

Observer gains: a1,1, = 10, 12 = 10 and a1 = an2 = 500.

Figure3.2a shows the measured speed §2 and the estimated speed as well as
the speed error for the nominal case (Figs.3.2b and 3.3). It can be seen that the
estimation error is very small showing the good estimation of the speed. The actual
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Fig. 3.2 a Measured and estimated speeds. b Observed speed error

and estimated currents (in, /i\a) and the estimation error are shown in Fig.3.4a, b,
respectively. Similarly, in Fig. 3.5a, b, are plotted the actual and estimated current ig
and its estimation error.
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Fig. 3.5 a Measured and estimated beta currents. b Current error

3.3.2.3 Conclusion

An observer based on sliding mode techniques of a permanent magnet synchronous
motor has been presented. The observer scheme is achieved via a super-twisting
sliding mode observer estimating the rotor speed. Furthermore, the observer is tested
by using a specific industrial benchmark.

3.3.3 HOSM Interconnected Observers for IPMSM: Rotor
Speed and Stator Resistance Estimation

Here, an interconnected high order sliding mode observer (HOSMO) for the
sensorless IPMSM observation is designed to estimate the position, rotor speed, and
stator resistance. The stator resistance very slowly varies with respect to time and
thus its dynamics is modeled by a piecewise function. We follow the same approach
as for the high order sliding mode observer design given in the previous Sect.3.3.2.1.
The extended IPMSM model (3.78) and (3.79) can be seen as the interconnection
between two subsystems and by using the following change of coordinates:
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|:X11:| isd X21 fsq

= isq | and |: ] = ¢f La. (3.104)
_Rd p2 (2L

X12 T X22 4 (Lq + L, Isd

systems (3.78) and (3.79) can be represented in the following form:

Xil 01| xi I; A
Xoi=1" = 3.105
o |:Xi2i| [00:| [Xi2:|+|:Hi]+|:A<i2 ( )
where x;1 is the measured output and ;5 is the unmeasured state, fori = 1,2. T;

will be considered as a bounded non-measurable disturbance. The nonlinear terms
are given as

_ T
|:F1i|= Lvd (&)2— X12 vdi|
H, [ Ly ° X11 Laxn
— 1 —
L,
2 2
p F X22 P
——(Lg — Ly)x11x21 — —Uf — —¢rxal
r J J oy d J
2| _ — + —X11
[Hz} Ly Ly
L 1
N (¢_f N —qu) 4 X» __ewar 1
Lq Lq ﬂ + ﬂ ¢_f + ﬂ Lq
i L, T, X11 L, Lun |

Furthermore, in (3.105) the terms A(;; for i, j = 1, 2; represent the interconnected
terms, which will be considered as disturbances for each subsystem.

_ Lax22x12 _LdX12X21
Al | D¢+ Laxii AGr | Lgxn
[AQJ | X12X22X21 [Aézz] | Laxioxz | T
Lax11(@f + Lax11) D+ Laxi J
(3.106)

The high order sliding mode interconnected observer for the IPMSM (3.78) and
(3.79) is given as

it 01X Fi:| [ail 1Xi11'/? Sign(f(il)}
0, ;:= » = N + | A |+ . b 3.107
. H:Xi2:| [0 0} |:Xi2] |:Hi a2 sign(Xit) ( )
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where the estimation errors Y;1 = Xi1 — Xi1, fori = 1, 2; with [)2,-1 )A(,-Z]T is the
estimated state of system X, ;. From (3.104), the estimates of stator resistance and
speed can be obtained by
. Lax e L,x
R = — (leZ’ S5 _ qX22A .
X11 p(Dy+ Lax11)

(3.108)

Remark 3.16 To estimate the stator resistance, the current iy (i.e., x11) has to be
always nonzero. This condition is guaranteed from the Maximum Torque Per Ampere
(MTPA) strategy developed in Chap. 4 (Sect.4.2.2).

Remark 3.17 The convergence proof of observer (3.107), is given in [39].

3.4 Adaptive Interconnected Observer for the Induction
Motor

An adaptive interconnected observer (see [5]) will be designed for the sensorless IM
to estimate the rotor speed, flux, and load torque. The details are given in [85]. First,
we define the operation domain of the IM.

Definition 3.7 The IM physical operation domain Dz 4 is defined by the set of
values

Dy = {X € RO | [pral < P, |prg] < Py, lisal < 1",
lisg| < 1, 182] < 274, |Rg| < R}

where X = (¢ra, ¢rq sisd, Lsq> $2, T1, Ry), and @4, (pqmux, 15", Iqmax7 max,
T,*, R, are the actual maximum values for the fluxes, stator currents, rotor
speed, torque load, and stator resistance, respectively.

The IM Model can be represented in the following interconnected form:

X1 = A1(X2) X1 + g1(u, y, X2, X1)

yi =Ci Xy
X ; 3.109
Xy = A2(X1) X2+ go(u, y, X1, X2) ( )
y2=C2X5
where
0bpory O —~ —bpS§2 ab

AlX) =0 0 —5). AXp=|0 -a —p@
0 0 O 0 pf -—a
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—Yisd + abgrq +miusq + wsisq
g1(u, y, X2, X1) = m(¢rdisq _¢rqisd)_c~Q
0

—Wsisd + Milsg
g u,y, X1, X2) = wsﬁbrq +aM; isq
—WsOrd + aMsrisq

and X| = (isd, $2, T[)T, X, = (isq, Grd, (brq)T are the states, u = (usd, uxq)T are
the inputs, and y = (isd, ixq)T are the output of the IM model. C1 = C, = (1 0 0).

Remark 3.18 From the model (1.119), we can easily verify that the matrix A (X», y)
is globally Lipschitz w.r.t. X7, and the matrix A(X) is globally Lipschitz w.r.t. X.
The terms g (u, y, X2, X1) and g2 (u, y, X2, X1) are globally Lipschitz w.r.t. X5, X
and uniformly w.r.t. (u, y), as long as the IM state remains in D7 /.

By verifying first the conditions on the IM observability and from Remark 3.18,
a nominal observer for the interconnected systems (3.109) is given as:

(21 = A\(Z)Zy + g1(u, y, 22, Z1)

ST 4 BaZ) (3 — $1) + (Bi(Za) + KCY) (32 — $2)
S =—p1S1 — AT(Z2) 81 — $1A1(Z2) + CT ¢
h=az (3.110)
ij = Ay(Z)Za+ o, ¥, Z1, Z2) + S5 ' CT (v2 — $2)

S =—pSr — AN (Z1)Sh — $2A2(Z1) + CT ¢y

| 2 = Ca2Z.

Remark 3.19 Owing to the persistency property of the inputs, it is worth noticing
that ||.S1|| and || S2|| are bounded for p; and p; large enough (see details in [31]).

The stability analysis of the observer under parameters uncertainties is given in
[85] by using a Lyapunov function.

IM Interconnected Observer Design: Conclusions

An observer design for the IM drive without mechanical sensors (speed and load
torque sensor) is given. The major contributions of this section are as follows:

(1) The design of an adaptive interconnected observer that estimates the rotor speed
and position, rotor fluxes, and load torque;

(2) Based on the Lyapunov theory, sufficient conditions allow to prove the practical
stability of the estimation error even under or near unobservability
conditions [85].
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3.5 Conclusions

In this chapter, several observer designs have been presented to estimate the unmea-
surable state components of dynamical systems. More precisely, from the machines
mathematical models introduced in Chap. 1, suitable transformations have been
defined so that observers can be designed. Here, the representations of the PMSM and
IM have been considered as state affine system plus nonlinear interconnected terms,
or more generally, as interconnected subsystems plus nonlinear terms affined in the
parameters. The asymptotic convergence of the adaptive interconnected observers
and of the finite-time observer based on sliding mode techniques have been analyzed
and applied to the PMSM and IM machines with robustness properties.

These observers will be applied in closed-loop with the controller designed in the
following chapters for the control of the PMSM and the IM machines.

3.6 Bibliographical Notes

When considering the nonlinear systems, even if the observability property is satis-
fied, the construction of an observer is not an easy task [4, 30, 42]. For the nonlinear
systems, the observer design specifically depends on the class of the concerned
models.

For example, in [46] for SISO case and in [75] for MIMO case, it concerns
nonlinear systems that can be transformed into either a linear system, or a linear
system plus an output injection by means of a diffeomorphism. For that class of
systems, a linear observer, called the General Luenberger Observer, can be designed.

Furthermore, when this transformation does not exist, it is possible to search to
transform the nonlinear system into a linear time variant system plus an input—output
injection for which a Kalman-like observer can be designed [83].

A more general class of nonlinear systems observable for any input is given by
system

€= AL+ o(E u)
[ych (3.111)

with some conditions given in terms of the matrices A and C, and for any u(t) €
Uqaam, set of the admissible inputs. The vector field ¢(, u) is assumed compactly
supported. This term has a triangular structure and does not affect the observability of
the system (see [41]). So, a High Gain Luenberger Observer for this class of systems
has be defined in [28].

An interesting class of nonlinear systems for which it is possible to construct an
Extended Kalman Observer is characterized by the dynamics:

£ = AWE + du, y)
= CE—g (3.112)
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where the components of matrix A(x) and vector ¢(u, y) are continuous functions,
depending on u and y, uniformly bounded. The nonlinear term ¢(u, y) does not
affect the observability of the system.

Another interesting class of system adapted to the design of an observer is
described by

€= AWE+ B(E, u)
[y:C(u)g (3.113)

where £ belongs to the compact x C R”, y belongs to N, u belongs to the set of
the admissible input Uy, in M. For this class of systems, a High Gain Extended
Kalman Filter can be designed [3].

In the aforementioned observers, the parameters of the system are assumed exactly
known. If not, under suitable assumptions, the estimation of the non-measurable
state is possible and, moreover, simultaneously the identification of the unknown
parameters, by using Adaptive Kalman Filter [6].

Another way to observe a nonlinear system when the parameters are not well
known is by using robust sliding mode observers as introduced in [19, 24]. However,
if the system satisfies partially the observability property, a solution is to search if
the whole system can be represented as a set of interconnected subsystems for which
each subsystem satisfies the observability property. The idea is to design an observer
for each observable subsystem. These interconnected observers are introduced in [5].

All the above-mentioned, observers have been applied for the AC machines obser-
vation problem, due to the intrinsic observability difficulty of these machines under
their operation domain.

For the SPMSM, adaptive interconnected observers have been introduced in [21] A
This class of Adaptive Interconnected Observers has also been used for the IPMSM
in [38]? and for the induction motor in [85].

For robustness purpose, High Order sliding Mode Observer can be designed as in
[20] via a Super-Twisting Algorithm. For the IPMSM case, an interconnected High
Order Sliding Mode Observer (HOSMO) is designed to estimate the position, rotor
speed, and stator resistance in [39].4

! This chapter includes excerpts of [21], originally published in the proceedings of IFAC world
Congress, Milano, Italy, IFAC-PapersOnLine IFAC 2011.

2 This chapter includes excerpts reprinted from Journal of the Franklin Institute, 349(5):1734-1757,
Hamida M, Glumineau A, De Leon J (2012) Robust integral backstepping control for sensorless
IPM synchronous motor controller. Copyright (2012), with permission from Elsevier.

3 This chapter includes excerpts of [20], (2010) IEEE. Reprinted, with permission, from Ezzat M,
De Leon J, Gonzalez N, Glumineau A, Observer-controller scheme using high order sliding mode
techniques for sensorless speed control of permanent magnet synchronous motor. In: Decision and
Control (CDC), 49th IEEE Conference on Decision Control.

4 This chapter includes an excerpt of [39]: “Hamida M, De Leon J, Glumineau A (2013) High order
sliding-mode observers and integral backstepping sensorless control of IPMS motor. International
Journal of Control DOI: 10.1080/00207179.2014.904523” reprinted by permission of the publisher
Taylor & Francis Ltd, http://www.tandf.co.uk/journals.
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Appendix: Practical Stability Definitions

This part is devoted to introduce some concepts and results of practical stability
properties using in terms of Lyapunov functions [59].

Theory of stability is the basis of the control systems study. Moreover, the concept
of practical stability allows to study the properties of a nonlinear system when the
state of this system is bringing close to a set instead of the equilibrium point. From
a practical point of view, a system will be considered stable if the deviations remain
bounded around the equilibrium point. This is clear that, in practice, asymptotic
stability towards a domain whose the size has to be determined, for performance
checking, is sufficient. If the behavior of the system can be bounded by certain bounds,
the notion of practical stability becomes useful. For example, for AC machines the
stability towards a domain with specified bounds during a fixed time interval is a
concept equivalent to a finite time stability.

Now, we introduce definitions which are useful for to guarantee the practical
stability, in terms of Lyapunov functions.

Define the following class of function:

W ={d € C[RT, 0" :
di(l) is strictly increasing in / and
di(l) > oo asl — oo}.
Let B, = {e € N : |le|| < r}. Consider the dynamical system
e= f(t,e), e(ty) =eo,to>0, (3.114)
System (3.114) is said to be

Definition 3.8 UPS Uniformly practically stable if, given (1, hz) with 0 < Ay <
hy, one has

lleoll < hy = lle® < ha, VYt = 1. (3.115)

Definition 3.9 UPQS Uniformly practically quasi-stable if, given /; > 0, 3 > 0,
T > 0 and Vg € R, one has

leoll <t = el =3, t=i+T. (3.116)

Definition 3.10 SUPS Strongly uniformly practically stable, if (UPS) and (UPQS)
hold together.

A result of the practical stability in terms of Lyapunov-like functions is presented
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Theorem 3.8 [59] Assume that

(1) hy1 and hy are given such that 0 < hy < hy,
(i) V e CIRT x R*, R ) and V(t, e) is locally Lipschitz in e,
(i) for (t,e) € W x Bp,,di(llel)) < V(t,e) < da(lle])) and

Vit,e) <p(t,V(t,e)) (3.117)

where dy, do € Wand p € C[R2, 0],
(iv) dr(hy) < di(hy) holds.

Consequently, the practical stability properties of
[=p@D, 1) =1l=0, (3.118)

implies the corresponding practical stability properties of system (3.114).
From the above theorem, the following criteria can be established

Corollary 3.1 [59] In Theorem 3.8, if o (t,1) = —ail 4+ ag, with a1 and an > 0,
it implies strong uniform practical stability (SUPS) of system (3.114).

We can see that the solution of equation
I(t) = —a1l(t) + oo (3.119)
is of the form

1) =l 0 4 21— emntm] 2 g (3.120)
aq

The strong uniform practical stability of (3.119) is obtained.



Chapter 4

Robust Synchronous Motor Controls
Designs (PMSM and IPMSM)

Abstract In this chapter, two robust control strategies for the synchronous motor
are designed. In this preliminary phase, it is assumed all the variables are measurable
and that all the parameters are known or bounded (and their bounds are known).
The estimation of the nonmeasured state and of some sensitive parameters has been
studied in Chap.3. The sensitivity with respect to the variations of these parame-
ters will be studied in Chap. 6. First, integral backstepping control strategies for the
PMSM and the IPMSM are designed to track the desired trajectories of the rotor
speed (defined in Chap. 1). Sufficient conditions are obtained to ensure the expo-
nential convergence of the tracking error. Next, control strategies based on sliding
mode techniques are designed to track the desired trajectories. Since the chattering
phenomenon is a drawback of the classical sliding mode control and represents a limi-
tation for its implementation, then in order to reduce these effects, a quasi-continuous
sliding mode controller and a high-order sliding mode controller are designed for
the PMSM and the IPMSM.

4.1 Backstepping Control

Recently, several approaches have been proposed for the design of nonlinear
control systems. Among these controllers, the backstepping control constitutes a
major design methodology.

The backstepping technique is a systematic and recursive design for nonlinear
feedback control (see [53]). Backstepping control principle is based on select recur-
sively some appropriate functions of state variables as virtual control input for a
subsystem of order one. The virtual control is designed to obtain the stability of this
subsystem via a Lyapunov function. After each backstepping stage, it results a new
virtual control obtained from the previous step. Backstepping procedure terminates
when the real input appears. A whole Lyapunov function is defined by summing all
the previous Lyapunov functions introduced at each design step.

For a large class of nonlinear systems, the backstepping procedure provides a
powerful framework for the design of tracking and regulation strategies.

© Springer International Publishing Switzerland 2015 121
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In this chapter, the robustness of the classical backstepping control is improved
by adding integral control at each step of the design. This allows to reject unknown
terms due to parameters uncertainties or disturbances. This approach can also be
extended to handle systems with unknown parameters via adaptive backstepping by
using parameters estimation (see Chap. 6).

For anominal system (without uncertainties), the integral backstepping controllers
achieve an asymptotic tracking. Thus, the main objectives of this section are to
design a controller based on a classical backstepping technique for the SPMSM
and an integral backstepping controller for the IPMSM, ensuring that the speed
asymptotically tracks the desired reference.

4.1.1 Backstepping Control of SPMSM

The purpose of this section is to design a backstepping controller for the SPMSM that
is robust under parametric uncertainties in order to achieve the control objectives,
i.e., the rotor speed tracks the desired reference and the controller regulates the stator
currents.

Consider the mathematical model of the PMSM in the (d, ¢g) frame (1.65), intro-
duced in Chap. 1. This model will be used to design the control strategy in order to
achieve the following control objective.

Control Objective

The objective is to design a controller in order to track the desired rotor speed
reference, (i.e., £2 — £2*) despite the unknown and bounded load torque and under
abad knowledge of the system parameters. Furthermore, by applying a vector control
strategy, the stator current iq is forced to zero, (i.e., isg — 0). For sensorless purpose,
the rotor position and speed will be estimated by an observer (see Chap. 6).

The controller design will be performed in three steps.

Step 1: Speed loop

To solve the rotor speed tracking problem, the design process starts by introducing
the tracking error
71=2 - QF 4.1)

and the new variables,
E1=82, o=02" (4.2)

where §2* is the speed reference. Taking the time derivative of z;, we have

. T .
J J J

= —1
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with the new variables

pwf. Sfo T; .
62 = Tl;q, 61 = —79 - 7 — Q. (43)
The dynamics of z; is described by
21=8&+0

To analyze the dynamics of the tracking error z1, consider the following Lyapunov
function candidate, V| = %z%, and define the following new variables

a) = —kou1 =B, =& — . (4.4)
Then, taking the time derivative of Vy, and substituting z; = & + 61 = 22 — k@21,
where kg, is a positive constant, it follows that

Vi =221 — kgz%.

Step 2: Current isq loop

The next step is to design the speed control input vy, following the systematic design
procedure of the backstepping algorithm.
We start the second step by taking the time derivative of 7o = & — «, then

2=+ Kvy
where (3, = PT/)f{ Pi/)fQ p82isg — R—zgq} &1 and K = Pi/)f.
Defining the followmg candidate Lyapﬁnov function Ths
Va(z1,22) = Vi + %Z% (4.5)
whose time derivative is given by
Vo = —koz} + 22(z1 + B + Kuyy), (4.6)

to ensure that the right side of (4.6) becomes a negative definite function of the state
vector, the control input vy, is selected as

1 g .
Usquli—kq[pfflsq-l—(kg-i-l)(g 9*)—i9—?—a0]
4.7
e prg iR e o
J Ly L,

where k, is a positive control parameter to be tuned.

Vo = —kgz} —kyz5 < 0. (4.8)
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Thus, under the action of the control input vy, the rotor speed £2 tracks the desired

rotor speed reference £2*.

Step 3: Current izq loop

As mentioned above, to eliminate a residual reluctance torque, the stator current
reference is fixed to zero, i.e., i;“d = 0. Introduce the following variable z3 = i,

whose dynamics is given by
. Ry . . 1
3= isa + pS2isq + 7,0

Define the Lyapunov function

1 2
V3 = V2+§Z3,

whose time derivative is given by

R 1
V3 = —k.(zz% — qu§ + 231 ——ig + PSisg + —vsa -
Ly Ly

Since i}, = 0, the control input vy is choosing as follows
Vsd = —Lskgisqg + Ryisqg — pLsQisq
where k,; is a positive control parameter, such that

Vi = —kozl — k25 — kaz3 < O.

This implies that under the action of the control vgy the stator current isq tracks the

desired reference i},. The control design is achieved.

Summary 4.1.1 SPMSM Backstepping Control
Vsq = —Lgkgisq + Rgisq — pLsS2ig

1

R; . .
[—[11]
fo

with o = —kgo (2 — 2%) + .(2+J+sz*

sz———sz*

and kg, kg, kg are the tuning positive parameters.
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Remark 4.1 For sensorless control, since the mechanical variables are not available
by measurement, the rotor speed and the load torque will be replaced by their esti-
mates provided by an observer.

4.1.2 Integral Backstepping Control of IPMSM

The aim is to design an improved backstepping controller for the IPMSM (Lg # Lg).
The advantage of this improved backstepping control design is obtained by an integral
term added to the classical backstepping procedure to increase the robustness of the
controller under uncertainties and disturbances. To design such a controller, the (d, q)
frame model of the IMPSM (1.62) will be used.

Control Objective

The design of a controller such that the rotor speed tracks a desired reference (£2*)
and overcomes the effects of the parametric uncertainties or disturbance (mainly due
to the rotor resistance variation and the load torque).

Furthermore, to achieve the above control objective, the direct axis component of
the current reference is chosen equal to zero, (i.e., i}, = 0), to apply a vector control
and to avoid the reluctance effect (as Lg # Lg).

Regarding the classical backstepping control [53], the control robustness under
uncertain parameters and the performance are highly improved by adding integral
terms at each step of the procedure. In this section, we assume that all variables are
available for measurement, i.e., the rotor angular position and the rotor speed are
measurable. The analysis of the closed-loop stability when the angular position and
rotor speed, the load torque are not available and under a bad knowledge of the rotor
resistance, will be considered in Chap. 6.

The control synthesis is carried out in three steps.

Step 1: Speed loop

We start the control design to solve the rotor speed tracking problem, by defining the
tracking error variable as

o = 2% — Q2+ ki [y (2% — 2)dt (4.12)

where ki, fot (£2* — £2)dt is the integral term added to the rotor speed tracking error

and kJ, is a positive constant, used to improve the performance of the controller.
Next, to design the speed control, vy, is computed to force the quadrature axis

component of the stator current iy, to track the reference i}, . Then, taking the time

derivative of (4.12) and replacing iy, by i ;‘q, it follows that

So p

. 1 .
to = 920 = DLy~ Lty + 222 = Dogiz, 4 ST k(@0 - 2. @413)

*

Note that the reference ig,

closed-loop system.

will be considered as a new input for the resulting
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Choosing the following candidate Lyapunov function

1,
Vo= =
2 ZZQ
and by taking the time derivative along the trajectories of (4.13), we obtain
. * P fv 1 *
Vo =2018 —7(Ld— q)zédlw—i— — - —(sz + - T1+kQ(SZ —2)t.

(4.14)

Following the backstepping methodology, and in order to the derivative of the
Lyapunov function Vi, becomes definite negative, the virtual control input i, is
choosing as

J o, Jv

iy = —lkozo + 2 +
M p¢f + %(Ld - Lq)lsa'

1
.Q + ki (2% — £2) + 7Tz],
(4.15)

and by substituting in (4.14), we obtain
V_Q = —kgz?z.

It follows that z; converges to zero exponentially with an arbitrary rate of conver-
gence ko > 0.

Step 2: Current igzq loop

It is clear that the virtual input i ;‘q is synthesized to stabilize the dynamics (4.13).
Now, to design the control input vy, , we introduce the following tracking error:

2g =iy, —isg + 2 (4.16)

oy [ty . . . . ; - ..
where z; = k; [((i¥, — isq)dt is the integral action, and k is a positive control
parameter.
Consider the total Lyapunov function

1
zq “4.17)

1
zq+2

V, =V
q Q+2

Taking the time derivative of V,;, and replacing the suitable terms, it follows that

di, Ry Ly 1 1
+_lsq+p led‘l'P—‘pf-Q— Usq

dt Ly Lo ™ (418
+ k(/;(isq — isq)] +quq(isq - isq)-

V, = —koih +z4 [

By choosing the control input vy, as

V4 Dy Ry . di:q
vy = Ly [quq +2hosopThe+ i+ L] (4.19)
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and substituting in (4.18),

Vy = —kazh — kg2 + {zq + 2k} (i3, — isq)- (4.20)
Since ij, —isq = zq — 2, then (4.20) becomes
Vy = —kazp — lkg — k)25 — k2! 4.21)
such that . _
V, <—K,V,

where Fq =minfkg, {ky — k;}, k(’]} is a positive constant. Then, under the control
action vyy, the quadrature axis component of the stator current iy, tracks the desired
current reference i ;‘q, ie., iy — i S*q; and since i ;‘q is designed such that the rotor
speed tracks the desired reference, i.e., (2 — £2%), the first control objective is
achieved.

Step 3: Current izq loop

The last step of the integral backstepping algorithm is focused on eliminating the
reluctance torque. Then, to achieve this objective, the current reference is fixed to
zero, i.e., (if, = 0). To apply the vector control method, let us define the following
tracking: error

Zd =i} —isa+2y

where 7/, =k, fot (i¥, — isq)dt is the integral action and k/, a positive constant to be
tuned. Define the following candidate Lyapunov function:

Va= %3+ 322. (4.22)
whose time derivative is
. disq . .
Va =24 [—d—; - kélsd] + 2y {—kjisa} -

Since i}, = 0, and by replacing isg = z4 — 2, in the above equation, it follows that

Y RS . Lq . l 12 / /
Va=241+1sd — p_leq — — Vg + kd{zd + Zd}{zd - Zd}- (4.23)
Lq Lq Lq

In order to force V;; to be a definite negative function, the control input vy is defined
as follows:
Usd = Lakaq(i};, —iq) + Lak), fot (i¥;, —isa)dt + Rsisy — pLyigyS2, (4.24)

and substituting (5.2) in (4.23), we obtain
Vi = —{ka — kjyzg — k2.
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By choosing a positive constant: K g = min{{kq — k);}, k};}, it follows that
Vd < —?d Va.

This implies that under the action of the control vy, the d-axis component
of the stator current igzqy tracks exponentially the desired reference, i.e., isg —
iv,(=0).

The full control design is now completed. Finally, combining the action of the
control inputs vy, i;“q and vy, the control objectives are achieved.

Summary 4.1.2 IPMSM Backstepping Control
! R L
Vsg = Lg [kd (i;“d — g+ k;/ i} - isd)dt> + gy — p—qisq9i| ;
0 Lq La
@, R di ;‘q :|

R+ —iggt—t

L, Ly dt

Vsqg = Lq I:quq + 2§¢f19 aF P

it = /
4 p(pf + g(Ld - Lq)isd

[koz.o + 2% + %9

1
+k§z(9*—9)+7Tl}

where kg, k;,, kg, k;, kg are the positive tuning parameters.

4.2 High-Order Sliding Mode Control

In this section, another robust control methodology based on the sliding mode
techniques is introduced. The main characteristics of these controllers are to achieve
the control objectives with a finite-time convergence, in spite of parameter uncer-
tainties and some classes of disturbances.

Regarding sliding mode technique, by using the classical sliding mode techniques,
adiscontinuous input is obtained, yielding on the system the so-called chattering phe-
nomenon. This problem is one of the most important limitations of such controllers.

Recently, several works have addressed the problem on how to reduce this phe-
nomenon. For instance, the high-order sliding mode controllers have been proposed,
thanks to its attractive properties: the robustness, the finite-time convergence, and
the chattering reduction (see [61]).

The aim of this section is to design sliding mode control strategies for a robust
tracking of the desired trajectories defined by an industrial benchmark (see Sect. 1.6).
In order to reduce the effects of the chattering phenomenon, a quasi-continuous slid-
ing mode controller will be proposed and applied to the SPMSM. Furthermore, for the
same purpose, a high-order sliding mode controller will be designed for the IPMSM.
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4.2.1 High-Order Sliding Mode Control of SPMSM

4.2.1.1 Quasi-Continuous High-Order Sliding Mode Controller

In the previous section, it has been introduced a rotor speed controller based on
an improved backstepping algorithm allowing to track a desired reference. Now, a
quasi-continuous high-order sliding mode controller will be designed to achieve the
following control objective.

Control Objective

The objective is to design a control algorithm in order to the SPMSM rotor
speed (£2) tracks in finite time a desired reference £2* in the presence of uncer-
tainties on the rotor resistance, the inductance, and despite of the unknown load
torque.

For achieving this objective, some assumptions must be formulated. First, it is
assumed that the stator currents, the voltages, the rotor speed, and the angular posi-
tion are available (by sensors). If the rotor speed and the angular position are not
measured, it is necessary to estimate them by means of an observer. This case has been
studied in Chap. 3.

Consider the following nonlinear system with a smooth output function o

X = f(t,x)+g(t, x)u 4.25)
y=o0(x)
where x € 0" is the state vector, f and ¢ and o : " — 9 are unknown smooth
functions, u € N is the input, y is the new output of the system which is equal to the
sliding surface o.

Introducing a new change of coordinates of the form & = o0,& =0, ...,& =
oD where r is the relative degree of the system with respect to the output y
o(t, x). r is assumed to be constant and known, i.e.,

o =F@t,x)+ G, x)u (4.26)

where F(t, x) = 0|, and G(z, x) = Dg;r) | # 0.
It is supposed that for some C, K, Ky positive constants, the following inequal-
ities hold at least locally

o)
0=l <C. 0 <Ky < < Ku. 4.27)
u
The sliding mode controller is a continuous function of o, &7, .. ., or=D, except on

a r-sliding mode manifold definedby 0 =6 = --- = o~ D = 0.
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The construction of the controller that stabilizes system (4.25) at the origin in
finite time is established in the following:

Theorem 4.1 ([62]) Assuming that the constants (1, b2, ..., Br—1,a > 0 are
chosen sufficiently large in the lexicographic order, the controller

Uu=Y_1,0,6, ..., 07D (4.28)

is a r-sliding homogeneous controller and provides for the finite-time stability
of (4.25) and (4.28), where

©o,r =0,
NO,r = |U|5
W, = 1 = sign(@).
0,r
’ i —i)/(r—i+1 4.29
Pi.r =o® +ﬁiN((l-r_1',),/)(r Ty, (429)
i —i)/(r—i+1
Ni r = |U(l)| + ﬁiN((irill’)/)(r ! )Wi—l,r
PLi,r
lpi,r - .
Ni,r
Furthermore, fori = 1,...,r — 1, N;, is positive definite, (N; , = 0 if and only
ifo=6=---=0c""D =0). The inequality |¥,_, ,(c, 6, ...,0" D) < 1 holds
whenever N, > 0. The function¥,_1 (o, 0, ..., o=y is continuous everywhere
except for the r-sliding mode c = 6 = --- = ¢=D = 0.
The choice of the parameters 51, 32, ..., Or—1 and «, which are positive con-

stants, determines a controller family applicable to system (4.25) of relative degree
r. The parameter « is chosen specifically for any fixed C, K;, and Kj;, most
conveniently by computer simulation, avoiding redundantly large estimations of
C,K,,,and K.

The controller (4.28) for systems having a relative degree equal to r = 1 and
r = 2 are given by

r=1: u = —asign(o)

{x; n |a|%sign(a)} (4.30)

r=2: U=-—u

: T
lol + |02

Notice that these controllers are discontinuous and they are only tuning by means of
the parameter «.

4.2.1.2 PMSM Control Design

Now, the above robust sliding mode control algorithm will be applied to the PMSM
in order to force the tracking errors converge to zero in finite time, i.e., the rotor
speed tracking error o7 = £2 — 2% — 0 and the d-axis component of the stator
current iz4 to zero, i.e., oo = izqg — 0.



4.2 High-Order Sliding Mode Control 131

Considering the new outputs to be controlled oy = £ — 2* and 0, = iy, where
the relative degrees of the system associated to these new outputs are ry = 2,rp = 1,
respectively. These relative degrees are assumed to be constant

Taking the first and second time derivatives of the output oy, yields

ow Sfo
1= iy — 2~ ok
. _ pYr| pyYy . Ry . 1 fo [pv 3 -
7= P @i = i+ | = 5 [~ 2] -

4.31)

where the nonlinear terms obtained from the second derivative of ¢ can be written
in the form of (4.26), i.e.,

¥ v . Ry, fo [Py, S 5
( )—p f[_pL_SfQ_lesd_L_Slsq]_T[é]_fsq_TQ]_Q7
G(t,x):l;—zif.

Using these expressions, the inequalities (4.27) can be easily verified.
Similarly, taking the time derivative of o, we have

. Rs . 1
0y = —L—zzsd + pQigy + L—vsd, (4.32)

N

R
where F(, x) = —L—Sisd + pRigg, and G(t, x) = —

Finally, following {he procedure to design a quasi—éontinuous high-order sliding
mode controller, as it was introduced in Theorem 4.1, it follows that the controllers
are given by

Summary 4.2.1 SPMSM Quasi-continuous HOSM Control

R; . : .
Vsg = Ly [L_slsd — pS2isy — OQSlgIl(lsd)l
)

JL R
S-fwffwﬂﬂmm—imy
p"(/if J Ly

b, deg)
Ly

Usqg = - _ 27

J g

{#iw — Lo OF 112 — QF|2sign(2 — 9*)]

— o] .
1Blisy — L2 — 24+ |2 - 242

where o] and o are the tuning positive control parameters.
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Remark 4.2 The control parameters «v; and o are, respectively, chosen regarding
the mechanical and electrical time constants of the machine.

4.2.2 MTPA Current Reference for IPMSM

Now, a control strategy will be designed to avoid the reluctance effect (when L, #
L) and by using the maximum torque per ampere (MTPA) control method (see
[90]). From the MTPA strategy, current references are designed in order to increase
the efficiency of the IPMSM.

The electromagnetic torque of the IPMSM can be expressed as follows:

T, = pd)risq + p(La — Lq)isdisq- (4.33)

The first term of (4.33) is the magnetic torque owing to the rotor permanent magnet
flux @, and the second term is the reluctance torque due to the complex interaction
of dqg-axis currents and inductances of the IPMSM.

However, the approach that forces the d-axis component of the stator current i 4 to
0 does not efficiently utilize the electromagnetic torque of an [IPMSM. Then, to ensure
the full use of the reluctance torque and to operate the motor with optimum efficiency,
the d-axis component of the stator current reference i, is determined based on the
MTPA control strategy. The reference of i, is obtained by differentiating (4.33) with
respect to igq and by setting the resulting expression to zero. The optimal torque is
then obtained for the given d-axis stator current reference.

More precisely, the relation between the stator currents iyq, isy, and the stator
phase current I, is given by
ID =il +iyy. (4.34)

a

Using (4.34) and replacing i, into the torque equation (4.33), the following expres-

sion is obtained
T, = p[®, + (Lg — Ly)isal\/I2 — i2,. (4.35)

The torque variation with respect to the d-axis stator current is given by

OT,  [~Prisa+ (La — L2 —i%) — (La — Ly)i%)]

i = (4.36)
1 :2
sd Ia2 L
. . Te .
Then, the maximum of the torque can be obtained from —— =0, i.e.,
lsd
fe)
2i2 + ——F——igqg — I? = 0. (4.37)

(La — Lg) ¢



4.2 High-Order Sliding Mode Control 133

Finally, from (4.34) and (4.37), the reference i}, can be computed as follows:

@ ®?
i = - : 2, 438
5T AL - Ly \/ HLg—Ly? “39

Notice that the reference i, depends on the inductances and the g-axis component
of the stator current reference iy, . In this way, the optimal torque of the machine can
be determined and will be used in the control algorithms.

4.2.3 High-Order Sliding Mode Control of IPMSM

Despite the many advantageous features of an interior permanent magnet synchro-
nous motor, the control at high-speed conditions remains an engineering
challenge [90].

The aim of this section is to design a robust nonlinear controller for the interior
permanent magnet synchronous motor (IPMSM) to track a desired reference, using
a maximum torque per ampere strategy (MTPA). The proposed controller is used to
ensure finite-time convergence of sliding variables despite parameter uncertainties
and the unknown load torque.

Defining the following tracking errors as follows:

(00, 0i,) =(2-2% iu—iy) (4.39)

that will be considered as the new outputs.

It is easy to see that the relative degrees associated to the outputs o and o;, are
ro = 2and r; , = 1, respectively. Furthermore, it is assumed that they are constant
and the associated zero dynamics is stable.

Now, we show the procedure how to design a HOSM controller for the IPMSM
that attenuates the chattering phenomenon.

For this purpose, to avoid the direct switch of the input, the relative degrees are
increased and chosen as rp = 3 and r;, = 2, respectively; which is equivalent to
derive once more the outputs. It yields that the discontinuous control is acting on the
first time derivative of the control inputs.

Taking the second and first time derivatives of o, and 0; ,, respectively; we obtain

(2)
o) Yat Ys.11 Y12 \ [ Usa
= )+ ’ ' =Y, + Y3u 4.40
(Ui(sld)) (W(M) (‘1’3;21 W22 ) \tsq o (440

where the components of the vector ¥, and the matrix ¥ are given by

Vo = L'fog. Y =Ly01,, (4.41)
— ri —1
Ys.11 = Ly, erg loa, Yp.10 = LglLf“d Oiggs (4.42)
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_ ri—1
Wit = L, L'f 'og. Wgon =Ly, L 03, (4.43)

and expressed in terms of the motor dynamics
Vo1 = +kiig(kaisa + ks2isq) + k3[(kiisa + k2)isqg + k382]

— 27+ (kiisq + k2) (k72 + ks Qisa + koisy) (4.44)
"Ila;Z = kaisq + kSQisq - 2kllisq

and
Ys11 Ys12 kikeisq (kiisa + ka)kio
w, — (Yo Yz 4.45
’ (‘1’5;21 ‘1’,3;22) ( ke 0 @4
Its inverse is given by
1
1 0 ke
vyl = ) ) £, (4.46)
(kiisa +ka)kio  (kiisa + k2)kio
with p 2 L
14 p f s q
ki==(Lgq—Ly),ko==¢r,k3=——, ks = ——,ks = p—,
1 J( d—Lg), k2 J¢f 3 ke L, P
Lo—L
k6=LLd,k7=—Pf—g,k8=—P£—j,k9=— ko= 1+ o ki —%.

Remark 4.3 Using the parameter values and applying the MTPA strategy, it is easy
to verify that the matrix ¥ is nonsingular.

It is clear that in practice the functions ¥,,.; and ¥ ;;, fori =1, 2; j = 1, 2; are not
well known. Then, it is necessary to take into account the uncertain terms. Thus we
define ¥,,.; and ¥y as follows:

Y, = ll’”"’”—i—AlI/ , for i=1,2;

i e ot (4.47)
Ug = W37 + Al

such that lIICZ’”l’”, lI/”O’” and ¥/}°" are the known nominal terms whereas AW,,.1, A¥,.2
and AYy represent all the uncertainties due to parameter variations and disturbance.
Furthermore, in practice, the uncertainties A¥,.1, AW, and AWy are bounded.

Then, system (4.40) can be expressed in terms of uncertainties as follows:

(o8 cr(l)) = (o + aw,) + (V5o + Avs ) u. (4.48)

Applying the following decoupling feedback control

U= ( Z‘d ) = iy =i 4 v} (4.49)

sq
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where v = (g Vq)T is the new control vector, then the closed-loop system is
given by
T ~
(gg af{d)) = T+ Uy (4.50)

where the uncertain terms are given by

&, =w, — {1 n Awg(w/§OM)—l} gnom (4.51)

and _
Wy = [1 + Awﬂ(u(g"M)—l} . (4.52)

Now, by using the uncertain nonlinear system (4.50), we design a 3rd order (for the
speed loop) and a 2nd order (for the current loop) sliding mode controllers for system

(4.50) in order to attenuate the chattering effect and to improve the robustness under
uncertainties. Notice that we shall design a discontinuous control of 08) and Jl.(i),
through the derivative of the inputs v = (g Dq)T.

Computing the time derivatives of 0o ® and o;, (1, it yields

(3) .
o2 = = (v = (1
(% (2)) e T Ty, ) T2\, (4.53)
—_
¢l
thus
(09(3) Oy @ )T =]+ D (4.54)

Notice that system (4.54) can be represented in the form (4.26) where F (¢, x) = (1,
Gt,x)=¢randu =v.
The functions ¢ and ¢, must satisfy the following assumptions:

Assumption 4.1 Let be U/ the set of bounded inputs, then 7 € U is a bounded
discontinuous vector and system (4.53) with discontinuous right-hand side admits
solutions in the Filippov’s sense.

Assumption 4.2 The components of the vector (| and matrix ¢, are bounded uncer-
tain functions. Furthermore, there exist positive constants Co;;, Ky, j and Ky, j,
fori = 1,2 and j = 1, 2, such that

loril < Coii, Vx € R, (4.55)

0=<Kui,j <2ij < Kpij, for i=12;j=1,2.
Notice that, after straightforward computations, it is possible to determine the values
of Co;i, Ky, j and Kyy,i j, fori = 1,2; and j = 1,2, in terms of the machine

parameters. It is clear that they represent the bounds which allow to design the
sliding mode controller.
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The main advantage of this controller is that the discontinuous function “sign” is
acting now on the time derivative of the control input, then attenuates the chattering
phenomenon. Regarding the new control 7 and the outputs o, and o;,, system (4.53)
admits a relative degree vector (3, 2).

Remark 4.4 The bounded functions ¢1;; and 2;;; fori = 1,2; and j = 1,2;
represent the time derivative of the smooth functions describing the uncertainties of
the system. Thus, the bounds in ;;; and ¢5;;; fori =1, 2; and j = 1, 2, are easily
determined in terms of the operation domain Dy of the IPMSM as introduced by
Definition 3.6. This implies that the terms ¢1;; and ¢5;;; are uncertain bounded C !
functions and thus for a given motor and its operation domain, Assumption 4.2 is
easy to verify.

The discontinuous control in (4.54) is determined as follows:

. g\ _ [ —oasign(Se)
V= (1'/4 ) o (—asign(SiM) (4.56)
where « is positive control parameter.
This control design can be established by the following lemma:

Lemma 4.1 Consider the IPMSM model (1.62), the tracking errors (4.39) and the
associated dynamics given by

T
(Ug) al.(;)) = (Prom + AW,) + (‘I/gom + A‘I/ﬁ) u, (4.57)

with the control action

Y- (Msd) — ey o), (Vd) 4.58)
Usq ‘ vy Yq

and the discontinuous control law

p=(v) = ((TosienSe) (4.59)
Uy —asign(S; )
where « is a positive constant. Then, the tracking error converges to zero in finite
time, where ty = max(tg r, ti,, ) is the desired time of convergence.
Then, it allows the establishment of a sliding mode, i.e.,
SeSo < —nelSel,  SiSi, < —niy S|

for positive constants 7;, and 75, (see [77, 86]). Then, the finite-time convergence of
tracking errors is ensured. The details of the proof can be found in [37].
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Summary 4.2.3 IPMSM HOSM Controller

q/n‘olm
(st) _ (lpgom)—l _ @ + (Vd)
5q yror Vq
where

qlolz;olm = +k1isq (kaisqg + kS-Qisq) + k3[(k1isq + kZ)isq + k382]
— 2" 4 (kiigg + ko) (k792 + ks Qisa + koisy)

Wg;’zm = kqisqg + ksS2i5q — 2k11iy,
0 1
=il _ k
5"~ = 1 kiisg
(k1iga +k2)kio  (kiisa + k2)kio
and

Ug\ _ [ —osign(Se)
vy )] \ —asign(S;i,) )’

4.3 Conclusions

In this chapter, two approaches have been presented to design robust controllers for
the SPMSM and the IPMSM. These approaches are based on integral backstepping
and high-order sliding mode techniques. Both control designs are robust with respect
to perturbation and parameters uncertainties. Furthermore, a design procedure is
given and control gains can be easily tuned.

For the sensorless purpose, these controllers in conjunction with the observers
designed in Chap. 3, will be implemented, and an analysis of the closed-loop system
stability will be presented in Chap. 6.

4.4 Bibliographical Notes

The principles of modern AC machines control can be found in the classical books
[17,60], where the field-oriented control algorithm appears as a seminal control strat-
egy [7]. Nevertheless the sensorless control is a very difficult problem that requires
robustness properties because the mechanical variables are not available by mea-
surement. If the observability property is satisfied (see Chap.2) some unmeasured
variables can be reconstructed (observed) as the position, the speed, the rotor resis-
tance, and the load torque. The basic control designs use these observers associated
with linear controllers: field-oriented control with PI regulator [25, 78], or state
feedback control [96].
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Owing to the difficulty to precisely reconstruct these variables and the bad
knowledge on some parameters, the robustness of the controllers is a required prop-
erty. Thus, new robust nonlinear controllers can be employed, thanks to their intrinsic
properties. That is why, backstepping control [48] and high-order sliding mode Con-
trol [18] were designed for sensorless control.

In this chapter, robust nonlinear controls are presented and applied to the perma-
nent magnet synchronous motor, without using any mechanical sensors.

The synchronous motors can be controlled with efficiency if the control strategies
are judiciously chosen. The maximum torque per ampere (MTPA) control strategy
provides a maximum torque/current ratio [90], and will be used to characterize the
current references.

First, among techniques of the robust nonlinear control design, the backstepping
technique has been introduced as a systematic and recursive design methodology for
nonlinear feedback control (see [53]). This approach has been improved to reject
some classes of disturbances and applied for the SPMSM control in [21]" and for the
IPMSM in [38]%. Regarding the controllers designed using sliding mode techniques,
the quasi-continuous high-order sliding mode controller has been presented (see
[61]) as well as the high-order sliding mode controller that allows the establishment
of a sliding mode with a fixed a priori finite-time convergence of the tracking errors
[77, 86]. These HOSM techniques are applied to the control design of the SPMSM
in [20]° and in [37]* for the IPMSM.

Appendix: A HOSM algorithm

Now, the synthesis of a HOSM control is recalled. The advantage of this methodology
[74] is such that the time of convergence ¢ is stated a priori and the robustness is
ensured during the entire response of the system.
The synthesis of the high-order sliding mode controller is designed in two steps:
(1) A linear continuous finite-time convergent control law is used in order to
induce reference trajectories for system (4.60), which defines the sliding manifold
on which the system evolves as early as t = 0.

! This chapter includes excerpts of [21], originally published in the proceedings of IFAC World
Congress, Milano, Italy, IFAC-PapersOnLine IFAC 2011.

2 This chapter includes excerpts reprinted from “Journal of the Franklin Institute, 349(5):1734-1757,
Hamida M, Glumineau A, De Leon J (2012) Robust integral backstepping control for sensorless
IPM synchronous motor controller.” Copyright (2012), with permission from Elsevier.

3 This chapter includes excerpts of [20], Copyright (2010) IEEE. Reprinted, with permission, from
“Ezzat M, De Leon J, Gonzalez N, Glumineau A, Observer-controller scheme using high-order
sliding mode techniques for sensorless speed control of permanent magnet synchronous motor. In:
Decision and Control (CDC), 49th IEEE Conference on Decision Control, Atlanta, USA”.

4 This chapter includes excerpts of [37], originally published in the proceedings of IFAC Power
Plant and Power System Control conference (PPPSC), Toulouse, France, IFAC-PapersOnLine
IFAC 2012.
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(2) A discontinuous control law is designed in order to maintain the system
trajectories on the sliding manifold which ensures the establishment a rth order
sliding mode.

Consider an uncertain nonlinear system of the form

=)+ g@u (4.60)

withx € & C 9" the state variable and # € N the input control. For a sake of clarity,
only single input—single output case is considered in the sequel.
Let o.(x, t) the sliding variable with a relative degree equal to 7.

Assumption 4.3 The relative degree r of (4.60) with respect to o is assumed to be
constant and known, and the associated zero dynamics are stable.

The control objective is to fulfill the constraint o.(x, t) = 0 in finite time and to
keep it exactly by some feedback.

The rth order sliding mode control approach allows the finite-time stabilization
to zero of the sliding variable o, and its r — 1 first time derivatives by defining a
suitable discontinuous control function. Then, the output o, satisfies equation

o) = p1(x, 1) + p2(X)u 4.61)

with 7 (x) = LgLZflac and ¢ (x) = L}UC. System (4.60) has to satisfy:

Assumption 4.4 The solutions are understood in the Filippov sense [23], and system
trajectories are supposed to be infinitely extendible in time for any bounded Lebesgue
measurable input.

Assumption 4.5 Functions ¢ (x, t) and ¢>(x) are bounded uncertain functions,
and, without loss of generality, let also the sign of ¢»(x) be strictly positive. Thus,
there exist positive constants K, > 0, Kj; > 0, and Cp > 0 such that 0 < K, <
w2(x) < Ky and | (x, 1) < Cp forx € X C N, X being a bounded open subset
of " within which the boundedness of the system dynamics is ensured, and ¢ > 0.

Then, the rth order sliding mode control of (4.60) with respect to the sliding
variable o, is equivalent to the finite-time stabilization of

Zet = A1 Zet + AnZed, Zer = o1+ pou (4.62)

. . -2 -1
with Z1 = [0 6 -+ of 21T and Zeo = o0 V. Al —x(—1) and A2 —1)x1
are such that Z.; dynamics reads as linear Brunovsky form.
Controller synthesis

The synthesis of a high-order sliding mode controller for (4.60) consists of two steps.
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e Design of the sliding manifold on which the system evolves as early as t = 0.

e Design of the discontinuous control law u in order to maintain the system
trajectories on the sliding manifold.

Step 1: Switching variable design

Let S denote the switching variable defined as

§ =0l = FV@) 4 Az [0 - FOD0)] (4.63)

with Ar_2, ..., Ao defined such that P(z) = z ™D 4+ X\ 2202 4 ... 4+ N\o is
a Hurwitz polynomial in the complex variable z. The function F(¢) is a C"— one
defined such that S(r = 0) = 0 and o (x (17), 17) = F® (1) =00 <k < r—1).
Then, from initial and final conditions the problem consists in finding the function
JF(t) such that

Oei=0 = F(0), 0c =i, = Flty) =0, 6c.1—0 = F(0),

Geumt, = Flty) =0,...,00, 1) = FO=D(0),

O.(r—l) _ ]_-(r—l)(tf) —0.

C,t=t/

A solution for F(¢) for (1 < j <r) [77], is given by
F(t) = K. TeF'a" ™7 (0) (4.64)

with F being a 2r x 2r-dimensional stable matrix (strictly negative eigenvalues), T
being a 2r x 1-dimensional vector, and K, is a 1 x 2r-dimensional gain matrix such
system (4.64) is fulfilled.

Assumption 4.6 There exists an integer j such that O‘ér_j ) (0) # 0 and bounded.

Now, we have the following lemma:

Lemma 4.2 From Assumption 4.6 and assuming thatty > 0 is bounded, there exists
a Hurwitz matrix Fy, w2, and a matrix Ty« 1 such that matrix K defined as

K= [Fr_lTO'ér_j)(O) Fr—]eFl‘/'T Fr_zTUc(‘r_j)(O)

By (4.65)
Fr—ZethT Ta.é’ ])(0) ethT]

is invertible.

Then, the gain matrix K, is given by

Ke= [0l 00200 - o0 0] K. (4.66)
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Furthermore, the switching variable S is expressed as

S = Jc(.rfl) . KCTF(rfl)eragr—j)(O)
+ A2 [ay% - KCTF(r’z)eFtogr_j)(O)] (4.67)

+ -4+ [Jc(x, 1) — KcTeF’var_j)(O)] .

Assumption 4.7 There exists a finite positive constant @ > 0 such that

KT F el 0) = M a[o" " — K. TF "0l ™7 (0)]
e NolGe(x, 1) — K TFF 0 0)] < @ (4.68)

Equation S = 0 describes the desired dynamics which satisfy the finite time
stabilization of [cU Vo™ ... 5T to zero. The switching manifold on which

system (4.62) is forced to slide, via a discontinuous control v, is defined as
S = {x|S =0}. (4.69)

Given Eq. (4.66), one gets S(r = 0) = 0, at the initial time, the system still evolves
on the switching manifold which implies that there is no reaching phase.

Step 2: Discontinuous control design

The attention is now focused on the design of the discontinuous control law « which
forces the system trajectories of (4.62) to slide on & in order to reach the origin in
finite time and so to maintain the system at the origin.

Theorem 4.2 ([77]) Consider system (4.60) of relative degree r with respect to
oc(x,t). Assume that system (4.60) is minimum phase with respect to o.(x, t) and
that Assumptions 4.3, 4.4, 4.5 and 4.6 are fulfilled. Let r be the sliding mode order
and ty (0 < ty < 00) the desired convergence time. Let S € 0" define by (4.67)
with K. being the single solution (4.66) and suppose that Assumption 4.7 is fulfilled.
Then, the control input u defined by

u = —a,sign(S)
with

- Co+0O+n

, 4.70
> X, (4.70)

Qe
Co, K, defined in Assumption 4.5, ® defined by (4.68), leads to the establishment

of a rth order sliding mode with respect to o, and the time of convergence fixed a
prioriisty.
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Proof See [77].
Condition (4.70) allows to satisfy the attractivity condition
§S < —nlS|

with n > 0. By using the same procedure established in Theorem 4.2, there exist
gains a. such that for the Lyapunov function

1
w=-5"s
2

whose time derivative satisfy the inequality
W =385 < —n|S| < —nvVW. 4.71)

Integrating the above inequality, we have

JW@) < VW) — 2. 4.72)

2

Let vW(tp) — gt = 0, then the time of convergence is given by

= V0 473)

n

Then, the convergence in finite time of the tracking dynamics is guarantee.



Chapter 5
Robust Induction Motor Controls

Design (IM)

Abstract In this chapter, three control strategies for the induction motor (IM) are
studied, thanks to their robustness properties, their implementation simplicity, and
their time computation cost. To compare the performance of the control strategies,
specific trajectories have been defined by a so-called control benchmark (see Sect. 1.6
in Chap. 1). For the control design, it is assumed that all the variables are measurable
and all parameters are known (or known except bounded uncertainties). Firstly, a
classical field-oriented control [7] is introduced. Next, a robust backstepping con-
troller is designed. However, the robustness of the classical backstepping controller
is improved, thanks to integral terms that are added at each step of the iterative
procedure. Finally, another robust control design for the IM is introduced, based on
sliding mode control techniques. For the classical sliding mode control design, the
chattering effect phenomenon is a drawback that involves a limited implementation
of such a controller. Thus, to reduce the effects of this phenomenon, a high-order
sliding mode controller (HOSM) is designed to track the desired rotor speed and the
modulus flux references.

5.1 Field-Oriented Control

Itis well known that there are several algorithms to guarantee the asymptotic tracking
of a reference for the induction motor control. These algorithms must work under
different operating conditions and in uncertain parameter context. Regarding the
parameters of the induction machine, the rotor resistance and the load torque are
usually unknown and time varying. Strategies have been introduced to improve the
performance of the machine under uncertainties. One of these strategies is based
on adaptive techniques to online identify some parameters. Another strategy is the
passivity control design which has been proposed for the induction machine control
and will be used in this chapter.

On the other hand, regarding classical control strategies, the direct field-oriented
controller (FOC) and the indirect field oriented controller are the most implemented
in practice.

© Springer International Publishing Switzerland 2015 143
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The field-oriented control (FOC) was introduced in [7], where the three-phase AC
induction motor is controlled under all operating conditions similarly to a separately
excited DC motor. The three-phase sinusoidal system is first projected using the three-
to-two phase Clarke transformation, i.e., from a fixed (a, b, ¢) frame to a fixed («, 3)
frame. Thanks to the two-to-two phase («, (3)-to-(d, ¢) rotating Park transformation,
the original sinusoidal system can be defined in a rotating (d, ¢) coordinate system
frame (see details in Sect. 1.2 of Chap. 1). Consequently, it can be obtained that the
field flux linkage component of current is aligned along the d-axis and the torque
component of current is aligned along the g-axis. The AC motor behaves like a DC
motor in which the field flux linkage and the armature flux linkage created by the
respective field and armature currents are orthogonal such that when the torque is
controlled, the field flux linkage is not affected. By using the IM model in the (d, g)
frame (1.108), the FOC strategy is presented.

5.1.1 Speed and Flux References

Now, we introduce the direct field-oriented control (DFOC), which is a basis of
the IM control. Furthermore, for the control design, it will be assumed that all state
variables are measurable. This assumption is introduced only to illustrate the potential
performance of the developed control algorithms. In the subsequent chapters, this
assumption will be no longer necessary due to the implementation of an observer
(soft sensor). The observer—controller schemes will be studied in Chap. 7.

First, denoting £2* and ¢* as the smooth-bounded reference signals for the output

variables the rotor speed §2 and the rotor flux modulus ./ f s @2, respectively.

Following the strategy of the field-oriented control [7], and using the IM model
in the rotating (d, g) frame oriented according to the rotor flux (see (1.115)), the
flux control goal is to force ¢,, toward zero. Then, the electromagnetic torque is
proportional to the product of two state variables: the d-component of the rotor flux
¢ra and the g-component of the stator current iy,

(brd isq . (5.1)

From (5.1), it is clear that by holding constant the magnitude of the rotor flux
bra, it follows that there is a linear relationship between the g-axis component of the
stator current iy, and the electromagnetic torque.

Notice that i}, and i S*q are the references for the (d, ¢)-components of the stator
current. Next, the voltage controls (vsq, vsg) can be defined by using PI current
controllers

t
Vsd = Klud/ (i3 —isa)dt + Kpya(iyy — isa) (5.2)
0

t
vy = Kiug /0 (6%, — isg)dt + K pog (%, — isy) (53)
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where Kjyq, K pva, Kjvg, Kpug are positive constants to be tuned. These control
loops have to be tuned so fast to force i;q and iy, to quickly track their references
iy, and i;“q, respectively. Then, the PI current loops result in fast responses.

The resulting IM system in closed loop with the control actions (5.2) and (5.3) is

given by
. ) T
(‘? ) _ (’"‘brd’jq —cf2 _j) (5.4)
¢rd _a¢rd + aMsrlSd

where the references i, and i ;‘q are considered as new inputs for system (5.4).

For system (5.4), a decoupling multivariable controller can be designed as follows:

1 . T
¥ = K F -2 £2F 2+ —), 5.5
lsq m¢rd( PQ( )+ +c$2 + J) ( )
1 . 1
ko * *
ad = aMsr¢ * Msr(b

where 2* and ¢* are the reference signals.

As introduced previously, at this step, it is assumed that the load torque 7; and all
the parameters of the machine are known. This hypothesis will be released by using
observers in Chap. 7, where the load torque is estimated by an observer.

Furthermore, in order to avoid singularities in controller (5.5), the initial condition
¢rq(0) must be greater than zero, such that the d-axis component of the rotor flux
¢rq(t) be different to zero (for example, ¢4 > 0, for all + > 0). This is trivially a
physical constraint as it can be easily seen in (5.1).

It is worth mentioning that, in case of parameter uncertainties, the robustness of
this decoupling multivariable feedback controller (5.5) has an unsatisfactory perfor-
mance. Controller (5.5) achieves the control objective at the exception of a singularity
at ¢q = 0, which may imply very large currents, when ¢, tends to zero. A clas-
sical strategy to avoid this difficulty is to modify the direct field-oriented control by
replacing ¢,4 by its reference ¢*, so that the resulting control becomes

. 1 . T

By = (Km(sz* —Q) @ e+ 7) , (5.6)
; 1

e x - %

'sd = aM€r¢ * Msr(b .

This controller is well known as the indirect field-oriented controller. Finally, the
indirect field-oriented controller can be summarized as follows:

o Let (2%, ¢*, 0) be the reference signals of (2, ¢,4, ¢r¢).

e Design a controller so that the tracking errors (£2, gi;rd, ggrq) tend exponentially
to zero from any initial condition, assuming the measurement of the rotor speed,
the load torque 77, and the rotor resistance R and all parameters of the induction
machine are available.
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The advantages and the limitations of each controller depend on the requirements
to implement them, the operation conditions as well as the speed—torque range of
operation. For instance, the direct FOC requires the rotor speed and the rotor flux
d-axis component knowledge. On the contrary, the indirect FOC only requires the
rotor speed measurement. However, in both controllers it is necessary to know or
to estimate the load torque 7; and if possible all the bad known parameters of the
machine. For example, the stator resistance R; is time varying with respect to the
temperature variation.

5.1.2 Flux Controller Design

Taking into account the requirements of the FOC strategy, which can be modified to
improve its performance, a PI controller is introduced in the controller design (5.5).
Then, following the FOC strategy for the induction motor, the reference of the stator
current d-component isq is designed using a PI controller

t
%, = K, /0 (6" = ra)dT + Kp, (& — dra)

1, 1
¢" +

+ I
aMy, Mg,

o (5.7)

where K4, and Kpg,, are positive constants to tune. Defining the rotor flux d-
component tracking error as e = ¢* — ¢,4, and replacing reference current i,
given by (5.7) in (5.4), then, the dynamics of the rotor flux d-component tracking
EITOr ¢4 is given by

t
ey =(—a—aMyKpgy, ey — aMerI(M/ es(T)dT. (5.8)
0
By choosing the following change of coordinates

Xo = To(eg) = (Ji ep(r)dT, e5)" (5.9)

equation (5.8) can be written, in a state-space representation, as follows:

Xo = Asxs (5.10)

where A(/) = ( 0 1 ), a1y = —aMs Kpy,, and oy = —a — My Kpgy, ;-

Qlp A2¢p
Note that the tuning parameters K4, and K py, , are positive to force the matrix
Ay to be stable.
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5.1.3 Speed Control Design

If the flux controller forces the d-component of flux ¢, to track its reference ¢* and
assuming the flux is properly established in the motor, the electromagnetic torque
(5.1) can be expressed as

T, = Krigy (5.11)

where K7 = (pMy,/L,)¢*. Thus, as planned by the FOC strategy, there is a linear
relationship between the stator current q-component i, and the IM torque.

Now, the reference current i s*q is designed for dealing with the speed control
problem, and forcing the rotor speed £2 to track the desired reference £2*. To achieve
this objective, the reference current i, is designed as follows:

1 t
ijq(t) = X (K]_Q/ (2%(1) — 2(1))dT + Kpo (2" — .Q))
T 0

! QF +c2+ 1 (5.12)
C — .
m¢rd J

where e (1) 1= £2 — £2* is the speed tracking error and 7} is the estimation of the
load torque, (see Chap. 3). The term [K ;¢ fot (2*(1) — 2(1)dT+ Kpo (2* — )]
is equivalent to a PI controller.

If the load torque is not available, the PI controller has to reject this disturbance.
Replacing (5.12) in (5.4), then the dynamics of the speed tracking error ey, is given
by

+

K K !
ép = — Pa e — ;Q/ eo(T)dT. (5.13)
J J Jo

Consider the following change of coordinates
T
xe =Talea) = ([yea(m)dr, eq) . (5.14)
It follows that (5.13) can be written, in a state-space representation, as follows:

xe =Agxe (5.15)

0 1
a1 a2

_ K
where Ag = ( ),With alg = ——2 and apg = —

J

Remark 5.1 For simulation and experimental tests, the proportional-integral (PI)
controller, which has been widely used for the speed control, can be replaced by an
integral-proportional (IP) controller to limit transient phenomena. This is an impor-
tant industrial requirement if the reference is a step signal.
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Proposition 5.1 Consider the reduced induction motor model (5.4) under the action
of the flux controller (5.7) and the speed controller (5.12). The rotor speed tracking
error and the flux tracking error converge to zero exponentially as t tends to oo.

Proof Let us consider the following candidate Lyapunov function
—Ip, T
Ve = X¢P<,0X</>+XQPQXQ~ (5.16)
where P¢T = Py > 0and P_g = Pp > 0, are definite positive, respectively, solutions
of
PyAs+ AT Py = —Qyand PoAg + AL Po = —Qq.

with Qo and Q, suitable positive definite matrices. The time derivative of (5.16)
along with (5.10) and (5.15), yields

V., = Xg(P¢A¢ + Ag Py)Xo + X6 (PoAg + AL Po)xa
= —x} Qoxo — X0 QaXxa.
This implies

y T T
Ve = =ngXy PoXo —N2xoPexe

Ami Ami

where 74 = e Q¢, ne = LQQ Choosing 6, = min(ny, ng), then
maxPrf) Amax Po ‘
V, < —6.V,.

This shows that the tracking error exponentially converges to zero.

Remark 5.2 Our controller is a classical high-gain PI controller with additional terms
(see (5.7) and (5.12)) to improve the tracking performance. Its purpose is to guarantee
the boundedness of the state. The assumption that the IM state is bounded is not
required for the closed-loop system.

Summary 5.1 field-oriented control

t
VUsd = Klvd/ (i:d - isd)dt + KPvd(i;kd — isd)
0

t
Usqg = Klvq/ (l:q - isq)dt + Kqu(i:q - isq)
0
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where

t
it = Kpg, /0 (6" = ra)()dT + Kps,, (6" — dra)

1 . 1
+ 4B
aMsr¢ Msr¢
1 t
i;"q = - [K[_Q/ (2F — 2)(T)dT + Kpo (2F — .Q):|
s 0

FRLIN SN 9+ﬁ
C 5 |
mord J

with

2% and ¢* the speed and flux references, a = R, /L,, ¢ = f,/J
and

Kiva, Kpva, Kig,q> KpPos,q> K12, Kpg are the parameters to tune

with respect to the time constants of the motor.

5.2 Integral Backstepping Control and Field-Oriented
Control

The aim of this section is to design a control law combining the advantages of the
field-oriented controller strategy with the robustness properties of the backstepping
control, in order to track the desired reference (see the benchmark references defined
in Chap. 1, Sect. 1.6).

The proposed controller is designed to regulate the rotor speed and the flux by
using the backstepping technique. This synthesis is carried out in two steps:

e First step: Speed and flux loops design
e Second step: Currents loops design.

Itis well known that the control performance of the induction motor is still affected
by the uncertainties such as mechanical parameter uncertainties, external load distur-
bance, nonideal field orientation in a transient state and unmodeled dynamics. The
speed/flux controllers and the current controllers are designed using an improved
backstepping strategy, which increases the robustness of the field-oriented control
for high-performance applications. In particular, in the sequel, the robustness of the
control law is increased with respect to the load disturbance by designing a new
integral backstepping algorithm.
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5.2.1 Speed and Flux Loops

Let us consider the reduced model of the induction motor given by

. . T
‘(.2 — m¢rdlsq —cf2 — 71 . (517)
brd —a¢ra + aMyrisq

This model is obtained using current controllers (defined later) and tuned to force
the stator currents iyq and iy, to quickly track their corresponding references ijd and
iy, Consequently, references iy, and if, can be considered as the new inputs of the
reduced model (5.17).

To solve the speed and flux tracking problems, define the tracking errors as

o =2 — Q2+ Kp [(2F — 2)dt
26 = ¢* = $ra + K, 3 (6" = dra)dt.

Next, replacing the stator currents iy, and isq by their respective desired references
i ;kq and iy, in (5.17), it follows that the dynamics of z and z, are

. ‘ .* i o
Zo = 2% —m¢rdlsq +c2 + 7 + Ko (27 — £2)
(5.18)
éqﬁ = Qb* +agrd — aMsri;kd + K%(Qb* — Ord)-
Choosing the virtual control inputs i;kq and i}, in (5.18) as follows:
i* = : Q*+CQ+KQZQ+K/(Q*_Q)+E
M merg « J
(5.19)

Y
ifa M. [¢* +agra + Kpzp + Kj(¢* — ¢rd)]

where Ko, K _’Q, Ky, K (;5 are positive parameters to be tuned, so (5.18) in closed loop
with the control actions (5.19) becomes

0 =—Kozg and Zy=—-Kgzg4
It is easy to see that using the following candidate Lyapunov functions

1, 1,
Vg = > and V4 = 3%
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their time derivatives along the trajectories of (5.18) are

y _ 2 7 2

Ve = —Kpzp, and V4 = _K(/)Zd)

which implies the exponential convergence to zero of the tracking errors with, respec-
tively, arbitrary time constants K 51 and K ;].

5.2.2 Current Loops

Now, we show how to design a controller such that the stator currents, the rotor speed,
and the d-axis component of the rotor flux converge to the desired references.
Since in the first step, we have designed the virtual inputs (i;“q and i}, to stabilize
the reduced model, now we shall design the control laws for the complete model.
We start the control design by introducing the following change of variable
Zig = i;kq —igq + Z;q
Zid = i:d —isd + Z;d
!, . .
2, = Ki, Jo iy — isq)dt

A~ A o .
g = Kiy o3y — isa)dt

(5.20)

where K l/; and K/, are tuning positive constants.
Consider the following candidate Lyapunov functions

1 1
2 2

Vg = Ve + 5254 + Ez,’.q
; ; (5.21)

Veu = Vo + Ezizd + Ezgi.

Taking the time derivative along the trajectories of (5.18) and replacing the currents
(isg, 15a), it follows that

. T
V.o =20 [Q* — M@rgisq +c2 + 71 + Ko (2* — .Q)}
(5.22)

VZ¢ =29 |:¢* +a¢rg —aMgpizg + K(;((b* - (brd):l .
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Since iyq = —zig + qu + i;‘q and igg = —2zig + ng + is*d, then (5.22) becomes

Vie = z0 (-Q* + m¢rdziq - mﬁi)rdZ;q - mqsrdi;kq)

+ 20 (c.o + 04k - 52))

. . (5.23)
Vig = Z¢(¢* +agra +aMs,zig — aMer;d)
— 24 (aMyify + K0 = 6r0))
Substituting equation (5.19) into (5.23), it follows that
Vo = —Kozh + mrazoziq — MPraZ 20 (5.24)
VZ¢> = —Kézé +aMg, zp2ia — aMg 2} 2. ’
Replacing (5.24) in Vz,-,, and Vzi 4> we have
Vay = —Ka2g + 2ig(mdraze + 2ig) + 2}, (—mdraze +2,) (5.25)
Ve = —K o2} + zia(@Msr 2 + Zia) + 2}y (—aMsrzg + 2},). ‘
Choosing the following equalities
md)rdZ.Q +Ziq = _Kiqziq
A
oz g = gt (5.26)
aMgzy + zia = —KiazZid
—aMsrzp + 2y = —KijgZig

where K, K, l/ e K;;,and K l/ 4 re positive constants, satisfying the following inequal-

ities K;q > Klfq and K;q > K/,; it implies that

V., <0 and V, <O0.

Zig
From the FOC strategy, with ¢, = 0, and since

. Sk i ./ . Sk H ./
g =lgg —isq T2y and  Zig =igy — isa + Zigs

the following dynamics are obtained

iiq = l:q - l:sq - K,'/qzéq +morazs
5.27)

Zia =15 —isa — K[ 20, +aMs zg.
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According to (1.128), (5.26), and (5.27), the controllers are defined as

1 : : :
Usqg = m_l (Kiqziq - Ki/qzéq +2moraze + bpS2¢ra + Visqg + Wsisd + l;kq)
1 : : :
Usd = m_l (Kidzid - Ki/dZ;d +2aMsrzp — badra + Yisa — Wslsq + l;(d) .
(5.28)
with the reference currents given by
it = ! Q2*+c2+Kozo + K. (.Q*—.Q)—i—ﬁ
sq m¢rd @ J
(5.29)

. Ny
= (6% + adra + Koz + Ki(&* = 60
a sr

The above procedure can be summarized by the following proposition:

Proposition 5.2 Consider the reduced order model of the induction motor repre-
sented by (5.17) with the reference signals ig,, i3, 2%, and ¢*, and assume that
they are differentiable and bounded. Then, system (5.17) in closed loop with the
rotor speed, rotor flux, and the current tracking laws (5.19)—(5.28) is asymptotically
stable.

This proposition can be proved by considering the following Lyapunov candidate
function
Ve=Vio+ Vo + V.

Zig

Ve
(5.30)

1 1 1 1
2 2 2 2 2 2
=zp+z,+ >%iq + Ezgq + >%id + Ezl’.d .

Taking the time derivative of (5.30), and replacing the suitable terms, we obtain
Ve = —2Kgzg — 2Kyzg — Kigzyy — Kj 2o — Kiaziy — K2y < 0.

This implies that the tracking errors asymptotically converge to zero as ¢ tends
to oo. Hence, the stator currents, rotor speed, and the d-axis component of the rotor
flux converge to the desired references.

In Fig.5.1 is shown the integral backstepping control scheme. This can be sum-
marized as follows:

Summary 5.2 Integral Backstepping Control

1
sy = - (Kiqziq — K}, 2}, +2méraze + bpR2ra

+ Yisqg + Wsisa + l;kq)
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0 = Inverter
k q .
Vsa 2 sa c Ysa
e
Integral ] Vg, . >
- Backstepping 5 Lsp
Loy Controller  [Usq v e i e
R N sc. sc y g =
3 E Induction
abc
Currents Motor
measurement
l
sd
dq
lsq 2 3 D 0
] Load
Q
Jorque

Fig. 5.1 Integral backstepping controller diagram

1
Usg = m_1 (Kidzl‘d = Ki/dZ;d aF 20Mer¢ —bad,q

+ Yisa — wsisq + l;kd)
where

t
zg:.Q*—.Q—i—K_’Q/(Q*—Q)dt
0

t
6= 6" = ra+ K, [ (6" = orari

Zig = l lsq aF Z1q7 Zid = l —isq + sz

=K/ / (lsq isq)dt, Zig= Ki/:i/o (i, — isa)dt
with
_ LR, + MLR,
oLsL?
o=1—(M2/LiL,), m=pM/JL,, mj=1/oL
iy, and iz from (5.29)
and

Kiq, Kl’q, Klq, Kiq, K};, K[, are the parameters to tune with

respect to the electrical time constants of the motor.

a=R,/L,, b=M/oLsL,, c= f,/J,

Notice that, the above control scheme to be implemented requires not only the rotor
speed, the d-axis component of the rotor flux, and the stator currents measurements,
but also the knowledge of the torque load 7; and the rotor resistance R,. As we
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shall see in Chap.7, using an adaptive interconnected observer, the estimation of
these variables/parameters will be used to guarantee the stability of the observer—
controller scheme in closed loop in spite of the uncertainties and sudden changes of
the load torque.

5.3 High-Order Sliding Mode Control
5.3.1 Introduction

The purpose of this section is to design high-order sliding mode (HOSM) based rotor
speed and flux controllers for the induction motor (Fig.5.2). One of the problems
of the sliding mode control (or observer) of order 1 is the effect of the chattering
phenomenon. This is described as the appearance of oscillations of finite frequency
and finite amplitude. These oscillations are caused by the high-frequency switch-
ing of the first-order sliding mode control that can excite unmodeled dynamics, like
sensors and actuators dynamics, which are generally neglected in the system model-
ing. These dynamics are generally faster than the system dynamics. The chattering
phenomenon is also induced by the uncertainties and the perturbations that force
the system dynamics to leave the sliding mode (i.e., to leave the sliding reference
surface), inducing a discontinuous control action.

Taking into account the chattering problem, a solution to avoid these effects is
the use of a high-order sliding mode (HOSM) control, where the chattering effect is
considerably reduced in the control action.

5.3.2 Application to the Induction Motor Control

The speed and current controllers based on the backstepping methodology, pre-
sented in the previous sections, have an exponential convergence with arbitrary rate

Inverter
Qx* v Vsa ;
sd | dq c 15
High Order 2 Vg 7
. Sliding Mode | ,, sb
Lsa * Controller sq v 2
sc |G sc
— BB S
3 E Induction
o Currents Motor
i measurement
'sd
Lsq dq
2 6
3 abe Load
Torque
Q

Fig. 5.2 High-order sliding mode controller diagram
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convergence. We show how to design a robust rotor flux and speed controller based
on the sliding mode techniques for the induction motor, in presence of uncertain-
ties and disturbances. At this step, it is assumed that all the variables are available
by measurement, and that all the parameters are known. This strategy implies that
the controlled variables convergence to the desired references is in finite time. Con-
trary to the other controls design based on the sliding mode techniques, the time of
convergence of the proposed controller is determined a priori by the designer.

We begin the design by following the FOC strategy previously introduced. Define
the following sliding variables o0 and o, as:

Op = ¢rg — ¢ and og = 2 — 2%,

From the IM model (1.108), the relative degrees of the two new outputs o4 and o
with respect to the input u (the voltages usq and uy4) are equal to 2 (+ = 2), which
implies that at least a second-order sliding mode controller can be designed for the
flux and speed tracking.

Regarding the chattering problem, to improve the robustness of the controller and
to reduce these effects, we start the procedure according to the HOSM algorithm,
given in Appendix “Appendix: A HOSM Algorithm”, where third-order HOSM
controllers are designed for the two new outputs o4 and 0.

This means that through the discontinuous control i, which will be applied, the
chattering effect on the system will be reduced.

Furthermore, by forcing 0((/)3) and 0'8) to track the reference trajectories F 4 and

Fg, (defined in Appendix “Appendix: A HOSM Algorithm”), implies that 0((7)2) and

O’_g) tend to zero in a pre-fixed finite time ¢ 7, in spite of uncertainties and disturbances.
Then, the dynamics of (;55? and 2@ are given by

QZ)S} Doy Usd 53
= . 1
|:_Q(2) Doy +©p gy ( )

where ¢, and ¢, are expressed as
Pay = _aérd + (ws — p‘Q)(brq

aMg, ((ba¢rq —bp2¢ra — ’Yisq — Wslsd)Prd — ixq (ﬁrd)
+ 5 ¢rq

rd
+aM(bagrq + bp9¢rq — Yisda + Wsisq)v (5.32)

Pa, =M [Qgrdl‘sq + ¢rd(ba¢rq —bp2dra — Visqg — Wsisd)
- ¢rqlsd - ¢rq(ba¢rd + bp‘QQbrq — Visd + Wslsq)] —cf2 — 7,
(5.33)
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and the matrix ¢z

aMsmy aMsm) -4

o5 = o |- (5.34)
_mml¢rq mmiQrq

Following the flux-oriented control strategy, the g-axis component of the rotor
flux is forced to zero, i.e., ¢4 = 0, then @, , Pa,, and g are given by

Pa; = _azMsrisd + a2¢rd —a(ws — p-Q)(brq
+aMs-(bagrq — Visa + Wsisq)

Papy =M [(aMsrisd — agrd + (Ws — p§2)Prq)isq

— Ora(bp2Pra + Yisq + wslsd)] —cf2 — 7

and

o aMg,m 0
w8 = 0 mmidra |’
Remark 5.3 As recalled previously, it is clear that no torque can be obtained as long
as the IM rotor flux is zero. This physical constraint induces the singularity for the
IM control.

Taking into account the parameters uncertainties, the functions ¢, ¥q,, and ¢g
can be written as

Pal = PN + Apa (5.35)
Par = PN + Apas (5.36)
wp =Y + Apg (5.37)

where <pg o @flvzo’”, and <p2’ o™ are the well-known nominal terms whereas Apq1,

Apq (including Tl /J), and Apg contain all the uncertainties due to the parameters
variations and the torque disturbance. In practice, these uncertainties are bounded.

As the matrix <pg/ o™ is invertible on the operation domain (¢4 # 0), then the control

input u is given by!

Usd | _ Nom -1 (p(lj\élom Usd
|:usq:| N ((Pﬂ ) |:_ |:<pa20mi| + |:Vsq :|i| : (5.38)

From (5.31) to (5.38), switching variables dynamics are defined by

! The interest of a such feedback, which has been detailed in [13], is that it allows to minimize gain
values of the control discontinuous function.
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o) Ve
r _ s
[9(2)} =W, + Y5 [%J : (5.39)

It is clear that functions ¢ o gof;’lom and the components of the matrix wg on

are bounded C!-functions in the operation domain D74 of IM (Definition 3.7).
This implies that the components of the vector ¥, and the matrix ¥ are uncertain
bounded C!-functions.

Taking the time derivative of a((;) and ag), it follows that

0(3) ¢*(3) .
O | =+ [””} — + ¥ [W} (5.40)
0.(3) Vsq 0*3) —— | VUsq
2 ©2
©1
=142V (5.41)

Note that previous system has the same form that system (4.26). As mentioned in
previous subsection, the HOSM control synthesis is made in two steps.

Step 1. Switching vector

To design the switching vector, we follow the procedure given in Appendix
“Appendix: A HOSM Algorithm”. First, define the finite time of convergence ¢y,
and from (4.67) and Theorem 4.2, the switching vector is defined as

e Fort < ty, the switching variables are

Sy = Ug) - X¢
S = ag) - X2
where
Xo = KsF2e" T s(0) — 2Cpwnp (66 — KyFe ' Toy(0))
— wyy(0p — Kye" ' Tay(0)) (5.42)
and

xe = Ko F?e " Tog(0) — 2(ouna (6o — Ko Fe'Tog(0))
—~wlo(oo — Keel'Tog (0)). (5.43)

e For ¢ > t, the resulting switching variables are given by

S5 =03 + 20pwno0y + Wiy (5.44)
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http://dx.doi.org/10.1007/978-3-319-14586-0_4
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and
So = Ug) + 2lownpoo + (JJ'%_QO'Q (5.45)
where 5
Ky = [g; )(0) 0 64(0) 0 7 (0) 0] (Ky) (5.46)
N ) . -1
Ko =03 0)05(0) 000 0] (Ke)™", (5.47)
and . ’
F2T04(0) F?Too(0)
FZethT FZethT
FTo,(0) FTog(0)
K FeF?fT , Ko FeFf,T (5.48)
Tay(0) Too(0)
eFl‘fT eFlfT

Notice that these matrices depend on the initial value of 04(0) and o (0). Fur-
thermore, according to Lemma 4.2 (see [77] for more details) the matrix F' and the
vector T are choosen as follows:

T=[1],.,. F=Diag[—(1+i)lexs. for 0<i<5.

Step 2. Discontinuous Input Design

The discontinuous control 7 is

|:Dsdi| _ |: —avpsign(Sy) :| (5.49)

Usq —agpsign(Se)

where a4 and o are the controller gains to tune.
Then, replacing the discontinuous control (5.49) in (5.40), we obtain

Sa _ .| xe
|:SQ:|—L,01+QOZV |:X.Q:|. (5.50)

By using the same procedure established in Theorem 4.2 (see Appendix
“Appendix: A HOSM Algorithm”), there exist gains oy and a such that the time
derivatives of the Lyapunov function

Wy = S} Sy and We = 54 S0

satisfy the inequalities

Wy = 8585 < —16lSo] < —1py/Wey (5.51)
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and
Wo =80Se < —nelSel < —nevWe. (5.52)

Integrating the above inequalities gives

JWol) < [ Wolto) - %Oz (5.53)
and
IWa () < VWea) — ”7‘%. (5.54)

Let ./ Wy(to) — %tﬁ@ =0and /W (tg) — 77791‘]"9 = 0, then the convergence

time is given by
2,/ Wy(to)

by = YO (5.55)
i) ”
and
2/ Wa
tro= W—Q(O) (5.56)
2

Choosing t¢ = max(ty,y, tf,2), then the convergence in finite time of the tracking
dynamics is guaranteed.

Remark 5.4 The terms (—cS2 — T;/J) can be added in P o if they are estimated,

thanks to an observer. Otherwise, these terms are added to the uncertainties Ap,»
(5.36) to reject by the controller.

Summary 5.3 IM high-order sliding mode control

)= =[G ][]
where
Papon = =" Myrisg + a*Pra — a(ws — pR)drg
+ aMsr(bagra — Visa + wsisq)
Payom = ml(aMsrisa — adrd + (ws — p2)Prqlisq
— ra(bpR¢ra + Visq + wsisa)l

| aMgmy 0
v = 0  mmidra
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and

[&Sd] _ |: —ap.sign(Sy) ]

Usq —agp.sign(Se) |’

with

L2R, + MR,
T oLz
o=1—(M%/LsL,), m=pMy/JL,, mi =1/oL

and

a=R,/L,, b=M/oLL,, c= f,/J, 7=

I

o, i are parameters to be tuned following (4.70). (5.57)

Notice that the implementation of the HOSM controller requires the knowledge
of the rotor speed, the stator currents, the d-axis component of the rotor flux, the load
torque, and the rotor resistance. As we shall see in Chap.7, the adaptive intercon-
nected observer given in Chap.3 can be used to replace the unmeasured variables
by its estimates. Furthermore, a stability analysis of the closed-loop system will be
presented in order to ensure the convergence to the reference variables without these
measurements.

5.4 Conclusions

Two control methodologies for designing IM machines robust controllers are pre-
sented in this chapter. One of these designs is based on an improved version of the
classical backstepping control design, and the second one is based on high-order
sliding mode techniques. It is clear that there is a trade-off between the performance
and the complexity of the controller. However, as it will be introduced in the fol-
lowing chapters, the requirements to implement it, the computational cost, and the
simplicity to tune the controllers are the keys to select the better controller.

Furthermore, the control algorithms which have been presented have assumed that
all variables are measurable. However, if they are not available, they can be replaced
by their estimates given by an observer including the unknown load torque. It is clear
that the properties of the tracking convergence (asymptotic or in finite time) can be
ensured locally if the observer estimation errors decay (asymptotically or in finite
time) to zero. This problem will be studied in Chap. 7.
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5.5 Bibliographical Notes

As noted in Chap. 4, the principles of modern AC machines control can be found in
the classical books [17, 60], where the field-oriented control algorithm appears as a
seminal control strategy [7].

Owing to the intrinsic difficulty to precisely reconstruct the unmeasured variables
of the AC machines, the robustness of the controllers is a required property. Thus,
new robust nonlinear controllers can be employed, thanks to their high-performance
properties.

A brief outline of the main research directions for the robust control of the induc-
tion motor is given in the following:

The field-oriented control strategy has been improved by many papers among
them [85]? partially used in this chapter and where nonlinear compensation terms
complete the classical PI controllers.

Control methods based on the approximate linearization around an equilibrium
point have been studied in [49]. These methods are not adapted to the trajectory
tracking in the whole working domain of the controlled machine. The more complete
method of the exact input—output linearization technique has been developed in [8,
15, 16, 17].

The IM adaptive control is proposed in [56, 68, 82]. The backstepping control
algorithm [53] has been carried out in [63, 79]. Recently the FOC strategy has been
combined with the backstepping control. Furthermore, an integral term has been
added, at each step of the backstepping algorithm, to increase the robustness of the
above combination of controllers [88].

The sliding mode control has also been applied in [1, 2, 57, 58, 81, 95]. An
extended approach is the high-order sliding mode control. This strategy allows
finite time control, and moreover, significantly reduces the “chattering phenomenon”
induced by the basic sliding mode. The chattering implies finite frequency and finite
amplitude oscillations appearing when the basic sliding mode algorithm is imple-
mented. In [77], an high-order sliding mode control algorithm has been introduced
that allows a priori choice of the finite time of convergence. In [86],* for the induction
motor, this algorithm is applied to design a high-order sliding mode (HOSM) based
rotor speed and flux controllers.

2 This chapter includes excerpts of “Traore D, De Leon J, Glumineau A, Loron L (2007) Speed
sensorless field-oriented control of induction motor with interconnected observers: experimental
tests on low frequencies benchmark. IET control theory applications, 1-6(10):1681-1692, DOI
10.1049/iet-cta.2009.0648” with permission from IET.

3 This chapter includes excerpts of “Traore D, De Leon J, Glumineau A (2010) Sensorless induction
motor adaptive observer-backstepping controller: experimental robustness tests on low frequencies
benchmark. IET Control Theory Applications 4(10):1989-2002, DOI 10.1049/iet-cta.2009.0648”
with permission from IET.

4 This chapter includes excerpts of [86], (2008) IEEE. Reprinted, with permission, from “Traore
D, Plestan F, Glumineau A, de Leon J (2008) Sensorless induction motor: High-order sliding
mode controller and adaptive interconnected observer. IEEE Transactions on Industrial Electronics,
55(11):3818-3827".
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Chapter 6
Sensorless Output Feedback Control

for SPMSM and IPMSM

Abstract In this chapter, the observers previously designed in Chap. 3 are associated
with the control strategies proposed in Chap. 4, in order to achieve the SPMSM and
the IPMSM sensorless controls. These observer-control schemes assume that only
the currents and the voltages are available from measurements. Furthermore, these
schemes are tested on the benchmarks specified in Chap. 1, Sect. 1.6. The first part of
this chapter is devoted to the observer-control scheme where the control is designed
using the backstepping techniques, and in the second part, the controller is designed
using high order sliding mode techniques. For the backstepping control case, an
observer-controller scheme applied to the SPMSM is constituted by a backstepping
controller combined with an adaptive interconnected observer. Next, for the IPMSM,
an adaptive interconnected observer combined with an integral backstepping con-
troller is introduced. For both control-observer schemes, sufficient conditions are
obtained to ensure the tracking stability of the closed-loop systems. For the high
order sliding mode control case, first for the SPMSM, a sliding mode observer is
associated with a quasi continuous high order sliding mode controller. Next, for the
IPMSM, an observer-control scheme constituted of an adaptive observer combined
with a finite time convergence high order sliding mode controller, by following a Max-
imum Torque Per Ampere (MTPA) strategy, is analyzed. Thanks to the benchmark
trajectories previously introduced in Chap. 1, Sect. 1.6, significant simulation results
illustrate the robustness and performance of all these observer-controller schemes.

6.1 Robust Adaptive Backstepping Sensorless Control

6.1.1 SPMSM Case

In this section, we present on how to implement a robust sensorless speed observer-
controller scheme for a Surface Permanent Magnet Synchronous Motor (SPMSM).
This observer-controller strategy combines an adaptive high gain interconnected
observer (see Sect.3.2) with a nonlinear backstepping controller (see Sect.4.1.1).
Furthermore, the advantages of the proposed scheme are shown.

© Springer International Publishing Switzerland 2015 163
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In the proposed scheme, the adaptive high gain interconnected observer only
requires the supply of the electrical measurements, the stator currents and the stator
voltages, and provides the estimation of the rotor speed, the stator resistance, and the
load torque as well. In this section, the stability of the whole closed-loop system is
analyzed, taking into account that the rotor speed and the load torque are replaced in
the control law by their estimated values. The tracking dynamics convergence of the
complete scheme is analyzed using the Lyapunov theory, and sufficient conditions
are given to ensure the stability of the closed-loop system.

This observer-controller scheme is implemented to control the motor with load
(see Fig. 6.1) and tested via simulation on an industrial benchmark in order to illustrate
its performance. The trajectories of the benchmark were chosen to test the motor
under unobservability conditions. Some robustness tests are carried out to show the
robustness of the observer-controller scheme.

To analyze the stability of the closed-loop system, consider the following
Lyapunov function candidate:

Voc = Vo + V¢ (61)
which is composed of the Lyapunov function V, associated with the backstepping
controller (Chap.4, Sect.4.1.1), and V,, for the adaptive interconnected observer, as
shown in Chap. 3, Sect. 3.2, which are given by

V, = elTleq + Egsxzﬁz + 63TSTE3,

1.2, 1.2,1.2 62)
VC = 352] + 527 + 523-
Int. Back.
Controller ™ Inverter
Qs u,, Vg, i
Stepl Step2 c
. v 0
K3 Q lsq sb J Lsp
st %) usq Vselo 'i’sc
abc E
6
d
Obs. 1 4
Z=[ iy RJ | |t —
j ‘a |2 3
Obs. 2 o
Zy=[ 1_,, Qr sd Load
T Edl z abc
Load torque i Torque
— estimation Currents
Interconnected Observers measurement

Fig. 6.1 Adaptive high gain observer and backstepping controller for SPMSM
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Notice that the time derivative of V,, associated with the observer (see [22]) is
given by .
Vo < =6V, 4+ pto/V,. (6.3)

On the other hand, taking the time derivative of V,. and replacing the state esti-
mates (X) provided by the adaptive interconnected observer in the control inputs vy,
and vy design, we obtain

Voe = —w122 + 22021 + Bo + Kvsq()?)}

Ry . R B (64)
+z23{——isq + p‘leq + vsa (X)}.
Lg L

Adding the terms Zvy,(X) and Fvy(X) in (6.4), and after straightforward
computations, it follows that

Voe < —wiz] — w223 — w3zd + K|22]v5g (X) — vyq (X))

1 —~
+ L_|Z3||Usa'(X) — vya (X)].

s

On the practical domain D (see Definition 3.6 in Chap. 3) itis easy to see that the
terms |vgq (X) —vgq (X)] and |v5q(X) — v54(X)| satisfy the Lipschitz conditions, i.e.,
Jsg (X) = vig (O] < Lulller s, + lealls, | + lleslls, }

0sa(X) = v5a(X)] < Lafller s, + lleals, , + leslls, )

T

(6.5)

where L; and L, are the associated Lipschitz constants. Using the following
inequalities:

51‘1 2 1 2
. < = —_
lzjl lells,,, < =~ lleills, |+ 573

2¢1
§i2 2 1,
2itlels,, = 5 lels,, + 3¢, % 6.6)
E 1 5,
Izjllleslls,, = =1 3|| + EZ

for j = 2, 3; it follows that the time derivative of V,,. satisfies

Voo < =0Vo + ud/Vo + 01 lenlls,  +92llealls,

(6.7)
+03 N33, — Y4z} — 0523 — D633

where

L1 K L1 K L
9 = ( 12 ) (&1 + &1, 9, = (1T + f) {&2 + &),
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LK Ly

92 = —— — 9y =
3 (2 +2LS){§23+§33}, 4 = wi,

9 LK I 1 + 1 + 1 } 9 Lo I 1 + 1 + 1 }
s=uy——— {1 —+—+—1t, UVg=w3— —+ —+ 1.
2 (&1 & &3 2Ly &1 &2 633

Taking 9 = max (91, V2, 93) and d¢ = min(y4, Vs, J¢), the inequality (6.7)
can be expressed as

Voe < —(6 —00)Vo + ph/ Vo — (23 + 25 + 22) (6.8)

and choosing = min(d — ¥, ¥¢), we obtain

Voc < —0Voe + papy/ Voc. (6.9)

It is easy to see that after the following change of variable v, = 24/V,¢, and
taking the time derivative of v,., we obtain

Voe < —NVoe + Y L. (6.10)

From the solution of (6.10), i.e.,
Voc = Uoc‘(IO)ein(titO) + @ (1 - ein(tit())) , (6.11)
n

and applying Corollary 3.1 (Chap. 3), the estimation and tracking errors of the closed-
loop system converge toward a ball By, of radius hye with hye = ‘/’,—]“ This ensures
the strong uniform practical stability of the closed-loop system.

The performance of the closed-loop error system is summarized in the following
theorem.

Theorem 6.1 The adaptive high gain interconnected observer (3.110) combined
with the backstepping controller (Summary 4.1.1) is a sensorless adaptive observer-
controller for the extended model of the SPMSM (1.119), where the estimation errors
and the tracking error dynamics are strongly uniformly practically stable.

6.1.1.1 Simulation Results

Now, the observer-controller scheme is applied to control the SPMSM and tested in
simulation, using the Simulink/MatLab software, in order to show the performance
of this strategy.

The parameters of the SPMSM are given in Table 6.1.

The observer gains are tuned to satisfy the convergence conditions, as in [86].
The controller gains are chosen with respect to the open-loop time constants of the
mechanical and the electrical dynamics.
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Table 6.1 SPMS motor

parameters

Summary 6.1.1 Tuning parameters

167
Current 9.67A Torque 9Nm
Speed 3,000 rpm v, 0.1814 Wb
R 0.450hm L 3.425mH
0.00679 kg m? fo 0.0034kgm?/s
3

Adaptive Interconnected Observer
w = 80, k = 0.05, k.1 = 0.001, ko = 0.1, p; = 2,500,
px = 6,000, pg = 100, ke = 0.01, a = 0.1.

Backstepping Controller
wi = 1,000rad/s, wp = 1,000rad/s and w3 = 1,500rad/s.

The SPMSM model controlled by the observer-controller scheme has been tested
according to a sensorless industrial benchmark introduced in Chap. 1 (see Sect. 1.6).
The rotor speed and the load torque references are plotted: see Fig.6.2.

In this section, nominal case means that the controller and the observer are
designed by using the same parameters as the motor model parameters but the initial
conditions can be selected arbitrarily in the operation domain Dg. In Fig.6.3a is
displayed the rotor speed and its reference for the nominal case, and the motor is
loaded following the benchmark trajectories.

(a)

300

150

Speed (rad/sec)

100

50

10 12

Load torque (Nm)
(o))

6 8 10 12
Time (s)

Fig. 6.2 Reference trajectories of the sensorless industrial benchmark. a Speed reference. b Load

torque
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Fig. 6.3 Tracking control. a Reference speed and measured speed. b Speed error
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Fig. 6.4 Nominal case. a Estimated speed. b Speed estimation error

The rotor speed tracking is very efficient as displayed by Fig. 6.3b, which shows
the speed error (speed reference-measured speed). The measured rotor speed is used
in simulations only for comparison purpose. Of course, only the estimated rotor
speed is supplied to the controller. In addition, Fig. 6.4a shows the estimated and the
measured speeds. The speed error is shown in Fig. 6.4b. From simulation results, it is
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Fig. 6.5 Resistance estimation. a Estimated resistance. b Resistance estimation error
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Fig. 6.6 Load torque estimation. a Estimated and applied load torques. b Load torque estimation
error

clear that the observer has good performance. Figures 6.5 and 6.6 display the stator
resistance and load torque estimation, respectively, for the nominal case.

Now, in order to illustrate the robustness of the sensorless control scheme, the
influence of parameter deviations is investigated. Parameter deviations are inten-
tionally introduced in the observer-controller scheme. First, a resistance variation of
450 % with full load torque application is carried out. The results for this case are
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Fig. 6.8 Case +50% R;. a Estimated and real resistances. b Resistance estimation error

displayed in Figs.6.7, 6.8 and 6.9 showing the speed, resistance, and load torque
estimation, respectively.

Figure 6.10 shows the estimated speed for a variation of —50 % introduced in the
resistance value with fully loaded motor. Furthermore, the resistance and load torque
estimation are exhibited in Figs.6.11 and 6.12, respectively. The results reveal the
efficiency of the proposed observer-controller scheme.



6.1 Robust Adaptive Backstepping Sensorless Control 171

(a) (b)
10 T T T T T T 0.06
8 ( L SR A A S I S
(] S B NS T S B oo i
Z Z S
: 2 L
B Qb ) ofp—
L Q
= =
Z = (’
o o . . . . . .
o B YRR PR = -0.02}----- 3 BRI EREETERREE meeeeteeeed -1~
o— 1 Times] R B B SRR 8 i
Tlobs )
2 3 3 i : ; : -0.06 ; ; : ; : ;
0o 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
Time (s) Time (s)

Fig. 6.9 Load torque estimation, case +50 % Rj. a Estimated and applied load torques. b Load
torque estimation error
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Fig. 6.10 Case —50% R;. a Estimated and real speeds. b Speed estimation error

Conclusions

A robust sensorless speed observer-control scheme for a surface PMSM has been
designed by combining an adaptive high gain interconnected observer that estimates
the rotor speed and the position, and that identifies the stator resistance and the load
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Fig. 6.12 Load torque estimation, case —50 % R;. a Estimated and applied load torques. b Load
torque estimation error

torque simultaneously, with a backstepping controller forcing the rotor speed and
the stator currents to track the desired references. Sufficient conditions have been
given to ensure the practical stability of the estimation and the tracking errors. The
closed-loop system has been tested by simulation on an industrial benchmark, where
the proposed controller-observer scheme shows good performance in spite of the
uncertainties and the unknown load torque.
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6.1.2 IPMSM Case

In this section, a sensorless speed control for the IPMSM is designed by com-
bining an adaptive interconnected observer, proposed in Sect.3.2.2, and a robust
backstepping controller with integral actions, introduced in Sect.4.1.2. The total
observer-controller-system scheme is shown in Fig.6.13.

The stability of the closed-loop system with the observer-controller scheme is
analyzed and sufficient conditions are given to guarantee the practical stability. The
performance of the proposed scheme under parametric uncertainties, the unknown
load torque and at low speed, are illustrated via simulation results. Furthermore, a
comparative study is considered where the proposed integral backstepping control
is compared with the classical backstepping controller.

Stability Analysis of Observer-Controller in Spite of Uncertain Parameters
and Unknown Load Torque

We start the stability analysis of the system in closed-loop with the observer-controller
scheme, by considering the following candidate Lyapunov function:

Ve = Vo + Ve (6.12)

where V. is the Lyapunov function of the controlled system defined as

Ve=Va+V,
_ l 2 + 2 + 2] + 2 + ” (6.13)
= 5 ) Z q Z q 2y 24
Int. Back.
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Q * usd i vsa 'L sa
Stepl Step2 c
- v .
Sk Q lsq sb J Tsp
zS d e usq Vscla 1 sc
abc E
0&
Zy, Zy —
d
Obs. 1 i
Zi=[ iy RJ" | | tsa —
(1)bs ; Hsa e
Z,=[ ’l;d, Q]T %5a Load
1 T 3 abc
Load torque s Torque
L— estimation Currents
Interconnected Observers measurement

Fig. 6.13 Adaptive interconnected observer and integral backstepping controller


http://dx.doi.org/10.1007/978-3-319-14586-0_3
http://dx.doi.org/10.1007/978-3-319-14586-0_4

174 6 Sensorless Output Feedback Control for SPMSM and IPMSM

and V,, is the Lyapunov function associated to the observer dynamics given by
V, = 6{5161 + 6;5263 + 6§S363. (6.14)
The time derivative of V,, is given by

Vo < =0Vo 4 o/ Vo, (6.15)

for suitable positive constants coefficients 4, x, 1, (see [38]).
Taking into account that the control laws are function of the estimates provided
by the observer, the time derivative of V. is

Ve = —koil +z @—i—&i +oEgi v pLton
¢T TRete T |y T e Py St TP TS

1 = : . . .
— L—vsq(X)—i-k;(zs*q —isq) + kg G5, — zsq)} + zpky Gy — isq)
q

RS. LqQ 1 X\ k/ / /
+2z4 fdlsd—Pfd lsq_fdvsd( )i tkglza + 2y Hza — 24}

(6.16)
Adding the terms £vy, (X) and Fv,4(X) in the above equation, it follows that

. 1 “~
Ve = —kazg — (kg = kghzg = kzg = 724 {vsq(X) = 5y (X))
q

X (6.17)
— {kg — k)23 — K22 — L—dZd{vsdob — va(X)}.
Introducing the following inequalities:

& 2
lzjl letlls, < = ||e1||s1 + 25 |21

f 2
lzjl llez2lls, = = lle2lls, + le,

& (6.18)
zjl leslly, < ||ea||sg + —lz;I?

25
05 (X) = v5g (X)| < Li{llerlls, + lezlls, + l€alls; )
vsa(X) = v5a(X)| < Laflleilly, + lezlls, + l€sls,)

V&1, §j2, &3 € 101[;for j = g, d; where Ly and L are the Lipschitz constants.
Taking the time derivative of (6.12), and substituting (6.15)—(6.18) yields

Voo < =0V + 11hon/ Vo + 91 et + V2 lle2llZ, + 93 lleslZ,
(6.19)
— Vazg, — U5z — Vo2 — V725 — I8}
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where
9 = Li&g +L2§d1 9y — L&y Loéan
T or, 2Ly T o, 2Ly
L&z La&as

U3 = , U4 = kg,
3 2L, + 2L, 4 2

L 1 1 1

!/ /

195:{kq—kq}——[a+£q—2+£q—3], U6 = ky,

L (1 1 1
97 = ka ki) = 3 [ +—+—], 9g = k).
’ d a1 &a2 &3 a

By selecting o9 = max (¥, Y2, ¥3) and d¢ = min(I4, U5, Vg, 97, U3), then
the inequality (6.19) becomes

Voc =< _(6 - 190)‘/0 + /“/)0\/ Vo — ﬁC(Z%} + Zg + Z;z + Zg + 2212) (6.20)
Choosing n = min(é — Yo, 9¢), from (6.20) it is obtained that
Voe < =0Voe + 110/ Vo (6.21)

Define the following change in variable v, = 24/ V., and taking the time derivative
of v,., we obtain )
Voe < —NVoe + Yot

whose solution is given as
Voo < Vpeltp)e 1010 4 220 w”“ (1 — =) (6.22)

Following the same procedure as the proof given for the observer (see Sect. 3.2.2),
the strongly uniformly practical stability of the observer-controller scheme can be
ensured. Hence, the estimation and tracking errors of the closed-loop system converge

toward a ball By, _ of radius h,e with by = 7/%)#.

n
Then, the above result can be summarized in the following theorem.

Theorem 6.2 Consider the IPMSM dynamic model (1.70) with a reference signal
2* assumed to be differentiable and bounded. Then, by using the estimates provided
by the adaptive interconnected observer (3.84) and (3.85) for the integral back-
stepping controller designed in Sect.4.1.2, the closed-loop system tracking error is
strongly uniformly practically stable.

Simulation Results

The performance of the proposed IPMSM sensorless controller is investigated thanks
to simulations. Simulations are carried out following the observer-controller scheme
shown in Fig. 6.13.


http://dx.doi.org/10.1007/978-3-319-14586-0_3
http://dx.doi.org/10.1007/978-3-319-14586-0_1
http://dx.doi.org/10.1007/978-3-319-14586-0_3
http://dx.doi.org/10.1007/978-3-319-14586-0_3
http://dx.doi.org/10.1007/978-3-319-14586-0_4
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Table 6.2 IPMSM nominal Current 6A Torque 53Nm
parameters

Speed 3,000 rpm v, 0.341 Wb

Ry 3.250hm P 3

Ly 18mH L, 34mH

J 0.00417kgm? | f, 0.0034kgm?s~!

Table 6.2 gives the nominal parameters of the IPMSM that are used for the
simulation tests. The simulation has been carried out using Matlab/Simulink soft-
ware. The motor is tested according to industrial test trajectories (see Chap. 1 for
more details).

As usual for industrial applications, the stator resistance as well as the stator
inductance is known with some uncertainties with respect to their nominal values.
Soitis important to study their deviation effects with respect to the sensorless control
scheme performance. The gain tuning design is given below (for more details see
Appendix A.2 of [38]).

Summary 6.2.1 Tuning parameters
Controller
ko =120, kg = 12, k; = 150, k; =10, kg = 100, k), = 8.
Observer
p1 =900, pp = 800, p3 = 15, w = 80, k.1 = 0.1,
ke =0.01,a =0.1.

Observer initial conditions

2= 10rad/s, ém = 0.6rad, f} = 0 Nm, Iés = 2 ohm.

The IPMSM nominal parameter values are given in Table 6.2.

The simulation results of the IPMSM sensorless control are given in Figs.6.14,
6.15,6.16, 6.17, 6.18, 6.19 and 6.20 for the nominal parameters case: the controller
and the observer are designed using the same parameters as the motor model para-
meters. The motor is initially running under no-load condition. Full-load torque is
applied in the time intervals from t = 1.5 t0 2.5s, and from # = 7 to 15s.

Figure 6.14a shows the reference and the measured rotor speeds. The speed error
due to the perturbation is very small and quickly converges to zero after the transients
that are induced by the load torque application (see Fig. 6.14b).

Figure 6.15a shows the estimated and measured speeds. The speed error is dis-
played in Fig. 6.15b. These responses are detailed in Fig. 6.16. The estimated speed
tracks the actual speed very well. Figure6.17 gives the measured and estimated
positions. By Figs.6.18 and 6.19, the resistance and load torque estimations are


http://dx.doi.org/10.1007/978-3-319-14586-0_1
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Fig. 6.15 Speed tracking: nominal case. a Real and estimated speeds, b speed error

respectively displayed. Figure 6.18 shows the estimation of the stator resistance with
a voluntary quick change from 1.9 to 3.25 Q. The estimated resistance converges
very well to the actual value. The torque estimation is displayed by Fig.6.20. It is
clear that the observer has good performance for these estimations.
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Fig. 6.17 Measured and estimated positions w.r.t. time (s): nominal case

Now, in order to illustrate the robustness of the sensorless control scheme,
the influence of parameter deviations is investigated. Parameter deviations are
intentionally introduced in the observer-controller scheme. First, Figs.6.21, 6.22
and 6.23 show the responses for a 450 % variation of the stator resistance value.

Secondly, the robustness with respect to the inductances is tested. Figures 6.24,
6.25 and 6.26 show the responses for a +20% change of the (d, ¢) axes stator
inductances.

Figures 6.27 and 6.28 show the responses for a +25 % deviation of the rotor inertia
J. A zoom s given on the speed error to display that, for uncertain case, only practical

stability is obtained (no asymptotic stability). However, the response on the speed
tracking is satisfactory.
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For all these cases, the robustness and the efficiency of the proposed sensorless
control under parameter variations and the load torque variation clearly has been
illustrated.

Finally, to compare the performance of a Classical Backstepping Controller (CBC)
with respect to the new Integral Backstepping Controller (IBC), it is shown in
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Fig. 6.21 Speed tracking: robustness w.r.t. +50% R, deviation. a Real and estimated speeds,
b speed error

Fig.6.29 the speed errors for a +20 % Ly — L, deviation, and in Fig. 6.30 the speed
errors for a —20% L4 — L, deviation. These two latter figures clearly show the ben-
efits of the integral backstepping algorithm with respect to the classical backstepping
control.



6.1 Robust Adaptive Backstepping Sensorless Control 181

(a) (b)
5 1
0.5
- £
g S 0
= ~
= i
= e
8 ! 5
g I g 05
2 I R =
~ I ‘A
2}
- : : ©o
25 e PP Feeeeeeennd
DN S S S 15 feeeeeeee A e
15 ; ; D) ; ;
0 5 10 15 0 5 10 15
Time (s) Time (s)
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Conclusions

A robust sensorless control for the salient-pole IPMSM combining a robust back-
stepping controller plus an integral action with an adaptive interconnected observer
has been presented. Based on Lyapunov stability analysis, sufficient conditions have
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Fig. 6.26 Torque estimation: robustness w.r.t. +20% L, — L, deviation. a Real and estimated
torques, b torque error
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Fig. 6.29 Speed errors w.r.t. —20% L, — L, deviation with: a backstepping control, b integral
backstepping control

been obtained to ensure the practical stability of the system in closed-loop with the
proposed observer-controller.

Notice that the tuning of the observer-controller is simple and easy. The com-
putational effort is not important, and for all the cases tested by simulation, it can
be concluded that this control strategy is robust under parametric uncertainties and
unknown load torque.
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6.2 Robust Adaptive High Order Sliding Mode Control

6.2.1 SPMSM Case

This section deals with the sensorless Surface Permanent Magnet Synchronous
Motor (SPMSM) control by using a super-twisting algorithm observer (designed in
Sect. 3.3.2) combined with the high order sliding mode control designed in Sect. 4.2.1.
The advantage of these algorithms is based on the attractive property of the sliding
mode technique: the robustness. Moreover, thanks to the finite time convergence of
the super-twisting algorithm, the estimation of non-measurable variables can be done
before to apply the control action to the motor. Thus, the separation principle is easy
to satisfy in this case. Furthermore, the super-twisting observer is implemented to
estimate the speed and the position of the motor from the stator currents and voltages,
which are available from measurements. The observer-controller scheme is shown
in Fig.6.31.

Using an industrial benchmark for the SPMSM, introduced in Chap. 1, simulation
results are shown to illustrate the performance of the proposed scheme. The results
are obtained in presence of parameter uncertainties on stator resistance and on stator
inductance.

Convergence of the Observer-Controller Scheme

Since the observer has a finite-time convergence, as established in [19], there is no
difficulty to prove the convergence of the observer-controller scheme. Then, it is
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Fig. 6.31 Super-twisting observer and quasi-continu HOSM controller

only necessary to tune the gains of the observer such that the observer converges
sufficiently fast in finite-time and once the observer convergence is ensured, the
controller can be then started, i.e., the observer-controller scheme can be successfully
applied without stability problem.

Simulation Results

The proposed observer-controller scheme has been simulated in closed-loop with the
SPMS motor to evaluate the robustness performance. The parameters of the SPMSM
are given in Table 6.1 (Sect.6.1.1). This motor is coupled to another synchronous
machine that is torque controlled. The motor is tested according to an industrial
benchmark (see Chap. 1 for more details). Of course the measured speed is used only
for comparison purpose. The stator resistance and the stator inductance are varied
from their nominal values, and then the resulting effects are studied.

Better performance of the proposed scheme is achieved, when the parameters of
the controller and of the observer are chosen as follows:

Summary 6.2.1 Tuning parameters
Controller: oy =9 %10%, ap =3 %10°
Observer: a1, = 10, a12 =10, az1 =500, a2 = 500.

Figure 6.32a shows the measured speed £2 and the estimated speed as well as the
speed error for the nominal case in Fig. 6.32b. It can be seen that the estimation error
is very small showing the speed estimation quality.


http://dx.doi.org/10.1007/978-3-319-14586-0_1
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Fig. 6.33 a Measured and reference speeds. b Tracking speed error

Figure 6.33a displays the measured and the reference speeds, whereas the tracking

error is plotted in Fig.6.33b. This result attests the good tracking of the observer-
controller scheme.

Figure 6.34 shows the control inputs (vsy, vs4) applied to the motor.
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Fig. 6.35 a Reference and estimated speeds for +50 % R;. b Speed error

Robustness tests

Now, in order to test the robustness of the proposed scheme, variations of +50 and
—50 % in the stator resistance value are introduced in the observer-controller scheme
parameters. In Figs.6.35 and 6.36 are plotted the corresponding responses.
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The following test results consider stator inductance variations of +20 % given
in Fig.6.37 and of —20 % variation which is plotted in Fig. 6.38 .

Finally, the results considering a +50 % variation of the total inertia are shown in
Fig.6.39.

All these tests clearly show the robustness of the proposed observer-controller
scheme.
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Conclusion

A sensorless robust control of a surface permanent magnet synchronous motor is
achieved via a super-twisting sliding mode observer which estimates the rotor posi-
tion and the rotor speed of the SPMSM. Furthermore, the controller is designed
applying higher order sliding mode techniques, to achieve a robust and precise
control. Moreover, the system in closed-loop with the observer-based controller has
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been tested by using a specific industrial benchmark. Significant robustness tests are
implemented and simulation results illustrate the efficiency of the proposed
sensorless observer-controller scheme.

6.2.2 IPMSM Case

In Sect.4.2.3, a high order sliding mode control with finite time convergence, fixed a
priori, has been designed assuming the perfect knowledge of the state of the system.

For sensorless purpose, the controller is now designed by replacing the state
variables by their estimates provided by the observer designed in Sect.3.2.2. Then,
in order to guarantee the correct behavior of the system in closed-loop with the
observer-controller scheme, an analysis of stability is necessary. Sufficient conditions
ensuring the stability of the closed-loop system are obtained (see also Lemma 2.1 in
[80]), which can be summarized as follows (see [37] for details):

Lemma 6.1 Consider the IPMSM model (1.70) in closed-loop with the high order
sliding mode controller given in Summary 4.2.3 with gains defined by (4.68), (4.70),
and using the estimations given by the interconnected observer (3.84) and (3.85).
Then, there exist €, Kg i, K; ;i and Ag i, i ;.i, for i = 1,2; such that the rotor
speed and the current tracking errors satisfy

1
|2 — 27| < PP 2(K9,1€* +Kp2)
£2,

. .
sd = Iy < i 1€+ Kigy2). .
|i ivyl (Ki 1€+ K; ,2) (6.23)

- )\isd’l

Remark 6.1 Two cases can be distinguished:

(1) Nominal case (no parameter variations) and unloaded drive, an asymptotic
stability result of the closed-loop system is obtained under the action of the
controller using the estimates provided by the observer. More precisely, the esti-
mated and tracking errors tend to zero.

(2) Uncertain case (with parameter variations and bounded load torque). Then, a
strong uniform practical stability condition of the closed-loop system is obtained,
i.e., the convergence of the tracking error to a ball whose radius depends on the
bounds of the parameter uncertainties and of the observer and controller gains.

Simulation Results

The sensorless control diagram of the observer-controller scheme with the MTPA
strategy for the IPMSM is shown in Fig.6.40. The proposed sensorless scheme
has been tested by using Matlab/Simulink software following the specification of
the industrial benchmark defined in Chap. 1. The trajectories of this benchmark are
chosen to test the motor under different operation conditions, including when the
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motor works in the non-observable condition. At initial time, the speed and the load
torque values are zero. Then, the reference speed is carried to 100 rad/s, and in the time
interval from 1.5 to 2.5s the load torque is applied. This first step allows to test the
performance and the robustness of the observer at low speed. Following the possible
acceleration on the setup, from 4 to 65, the speed is carried out to 314rad/s and
remains constant until 10s with the load torque applied from 7s. This second step is
defined to test the observer during a great speed transient and to check its robustness
at high speed. Then, the motor is driven to reach zero speed from 13 to 15s when
the load torque is applied. The system in closed-loop with the controller-observer
scheme is then tested at zero speed. The motor parameters used in this simulation
are given in Table 6.2 (Sect.6.1.2).

Summary 6.2.1 Tuning parameters
Observer
p1 =900, po = 800, p;, = 15, @ = 80,
ke1 = 0.1, kep = 0.01, « = 0.1, Ky, = 40.
Controller the convergence time ¢y is fixed to 50 ms

Fort < 50 ms
Ce = 0.32, wyp = 250rad/s, wy;, = 32rad/s, a =5.10*

For ¢t > 50 ms
Co =0.35, wye =325rad/s, wpi;, = 85rad/s, a = 6.10°
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The stator resistance can vary from its nominal value, and then its effect is studied.

First, for the nominal case, Fig. 6.41a shows the estimated and measured speeds.
The speed error owing to the torque perturbation is very small and quickly converges
to zero (see Fig. 6.41b). For the nominal case, the measured and observed positions
are given at the beginning of the test (Fig.6.42) and at the end (Fig. 6.43). When the
speed is equal to zero (with non-identical initial conditions for the observer and the
motor) the estimated and real resistances and the load torque estimation are given by
Figs.6.44 and 6.45, respectively. The sensorless control is capable of non-persistent
zero-speed operation with full load torque with very small errors. The inputs voltages
and d — g currents are shown in Fig. 6.46. The current i, increases with the increase of
the load torque. The d-axis current tracks its reference designed by using the MTPA
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Fig. 6.41 Nominal case, a observed and measured speeds, b speed estimation error
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Fig. 6.43 Nominal case, observed and real position at zero speed

strategy. The MTPA strategy shares the load torque rejection to the two axis currents
(d and q). The amount of the developed torque using MTPA strategy depends on the
saliency of the IPMSM.

Next, in order to illustrate the robustness of the sensorless control scheme, resis-
tance deviations are intentionally introduced. First, Figs.6.47 and 6.48 show the
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Fig. 6.45 Nominal case, a estimated and real load torque, b load torque estimation error

tracking and estimation responses for a +50 % variation of the nominal value of the

stator resistance.

The case when a —50 % deviation is introduced in the stator resistance is displayed
in Fig.6.49.

The robustness and the efficiency of the proposed sensorless control under para-

meter variations and load torque clearly appear.
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Fig. 6.47 Robustness w.r.t. +50 % Ry, a observed and measured speeds, b speed estimation error

Conclusion

An adaptive interconnected observer combined with a high order sliding mode con-
troller for sensorless control of the IPMSM has been introduced. The adaptive inter-
connected observer simultaneously estimates the state variables (the position and
the speed), an unknown parameter (the stator resistance) and a disturbance (the load
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Fig. 6.49 Robustness w.r.t. —50% Ry, a observed and measured speeds, b speed estimation error

torque). A stability analysis of the closed-loop system has been given, where sufficient
conditions have been obtained to guarantee the strong uniform practical stability of
the estimation error. The whole system is tested by using a specific industrial bench-
mark. Significant robustness tests are implemented and simulation results illustrate
the efficiency of the proposed sensorless observer-controller scheme.
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6.3 Conclusions

Robust observer-control schemes for the SPMSM and the IPMSM have been pre-
sented in this chapter. Sufficient conditions to guarantee the closed-loop stability of
these schemes are given.

The robustness of the proposed observer schemes have been presented and tested
on an industrial benchmark. From the obtained responses, the efficiency of these
schemes shows the advantages of these sensorless control strategies.

6.4 Bibliographical Notes

For the SPMSM sensorless control purpose, different approaches based mainly on
electromotrive force [14, 69, 73], adaptive observers [12, 25], and extended Kalman
filter [10, 52] have been studied to estimate both the speed and the position of the
PMSM.

When analyzing all these results, it is clear that previous results have rarely eval-
uated robustness of the closed-loop system with respect to parameter variations,
while this is a key point to get a robust performance for sensorless control. More-
over, these studies never investigate the robustness of the observer-controller scheme
when the observability of the SPMSM is lost. The published observers have been
tested with classical vector control using a proportional-integral controller. From
this point of view, more adapted nonlinear robust controls as high order sliding mode
and backstepping [72, 76] could be more efficient. But all of them use the speed
measurement. In [48], an angular velocity observer is proposed to estimate the speed
but the measurement of the position is required.

For the PMSM case, the drawbacks mentioned above were treated in [21]!, where
it is proposed a robust sensorless observer-based control scheme such that the motor
speed tracks a desired reference by using only the measurement of the motor currents
and voltages. The observer-controller scheme combines a backstepping controller
and an adaptive interconnected observer. The proposed scheme is verified according
to the framework of a specific industrial benchmark. A good sensorless tracking is
obtained in spite of uncertainties in the stator resistance, which usually is bad known
while the nominal (unknown) load torque is applied.

The same approach for the IPMSM case is given in [38]“, where a sensorless
speed control for the IPMSM is designed by combining an adaptive interconnected
observer and a robust backstepping controller with integral actions.

]2

! This chapter includes excerpts of [21], originally published in the proceedings of IFAC world
Congress, Milano, Italy, IFAC-PapersOnLine IFAC 2011.

2 This chapter includes excerpts reprinted from Journal of the Franklin Institute, 349(5):1734-1757,
Hamida M, Glumineau A, De Leon J (2012) Robust integral backstepping control for sensorless
IPM synchronous motor controller. Copyright (2012), with permission from Elsevier.
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In [20]3, another Observer-Controller scheme deals with the sensorless SPMSM
control problem by using a super-twisting based observer combined with a high order
sliding mode control.

In [37]%, the case of the IPMSM is treated by combining an adaptative intercon-
nected observer with a high order sliding mode control. An analysis of stability is
given based on previous results Lemma6.1 (see also Lemma 2.1 in [80]).

For some of these algorithms, the initial value of the rotor position can be neces-
sary. This problem has been treated in [10, 50, 51].

3 This chapter includes excerpts of [20], Copyright (2010) IEEE. Reprinted, with permission, from
“Ezzat M, De Leon J, Gonzalez N, Glumineau A, Observer-controller scheme using high order
sliding mode techniques for sensorless speed control of permanent magnet synchronous motor. In:
Decision and Control (CDC), 49th IEEE Conference on Decision Control, Atlanta, USA”.

4 This chapter, includes excerpts of [37], originally published in the proceedings of IFAC Power
Plant and Power System Control conference (PPPSC), Toulouse, France, IFAC-PapersOnLine IFAC
2012.



Chapter 7
Sensorless Output Feedback Control
for Induction Motor

Abstract In this chapter, the IM sensorless control problem is considered, where
observer-control schemes are combinations of the observers designed in Chap. 3,
with the control strategies proposed in Chap.5. These observer-controller schemes
take into account that the mechanical variables are not measurable (rotor position,
rotor speed, and load torque), and only the currents and the voltages are available
by measurement. For the induction motor, first an observer-controller scheme is
constituted by combining an adaptive interconnected observer with a backstepping
controller. The observer is designed to estimate the rotor speed, the fluxes, the load
torque, and simultaneously to identify a sensitive parameter: the rotor resistance.
The controller is designed to track the reference trajectories of the rotor speed and
of the flux modulus. Finally, an observer-controller constituted by an adaptive inter-
connected observer combined with a high order sliding mode controller is designed.
Sufficient conditions are given to ensure the stability of the closed-loop system.
Furthermore, the tracking errors convergence of these schemes is analyzed in pres-
ence of parametric uncertainties, and a strong uniform practical stability condition is
obtained. All these control strategies are experimentally tested on a motor setup using
the control benchmark trajectories introduced in Chap. 1 (Sect. 1.6), with parametric
uncertainties robustness tests and a non-measured load torque. For all the cases, the
Field-Oriented Control (FOC) strategy will be the basis of the control algorithms.

7.1 Classical Sensorless Field-Oriented Control

7.1.1 Trajectory Tracking for Sensorless Field-Oriented
Control

For the IM sensorless control problem, the speed and the flux are not measurable.
Moreover, the load torque is assumed to be an unknown bounded perturbation.
Denote £2* and ¢* the smooth bounded reference signals of the rotor speed £2

and the rotor flux modulus |/ fd + ¢2_, respectively. Following the strategy of the
Field-Oriented Control [7] (i.e., ¢4 = 0,), the resulting electromagnetic torque is

© Springer International Publishing Switzerland 2015 201
A. Glumineau and J. de Le6n Morales, Sensorless AC Electric Motor Control,
Advances in Industrial Control, DOI 10.1007/978-3-319-14586-0_7
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given by
pM;,

T, =
e L,

(brd ixq (7.1)

which is proportional to the product of ¢,4 and isz,. Notice that by holding constant
the magnitude of the rotor flux in (7.1), there is a linear relationship between the
variable is, and the electromagnetic torque 7.

For the FOC strategy, an important step is to estimate the stator frequency w; and
the (d, g) frame angular position. For flux-oriented field control design, the stator
frequency is given by

. M, .
ws = p=pR+a—igy
¢rd

(see [70]). Then, a robust observer of the (d, ¢g) frame angular position is designed
as

. A
A

M isg — i
p=ps —i—aA—Srisq — kwxu
Drd B1¢ra

with 81 = M, /(cLsL,) and k,,, > 0.

Thus, to apply the FOC strategy, it is necessary to replace the speed and the flux
measurements by their estimations in the controllers: i.e., in the control equations i},
(5.7),and i ;fq (5.12). Then, the new controllers, in terms of the estimated variables,
are

(7.2)

t
isq(t) = Ki¢rd/0 (9" — Sra) (DT + Kpg,, (8" — dra)

I 1
"+ ——¢" (7.3)

+
aM;, My,

t
i () = L (Ki:z/ (2% = 2)(dT + Kpo(2* — §))
Kr 0

1 (.. =~ T
+—— (2" e+ ). (7.4)

morg

Remark 7.1 Notice that in order to avoid a singularity in (7.4), the observer must
be initialized with a rotor flux value different from zero, so that controller (7.4) is
well defined. This condition represents a physical condition for the induction motor:
no rotor flux implies no torque (see [17]). Moreover, the flux controller (7.3) allows
to guarantee that ¢4 reaches its reference ¢*. Before the motor is fluxed, (i.e.,
bra < ¢*), the speed reference is kept to 0 without load torque. As soon as the motor
is fluxed, there is no more singularity for the controller (7.4) for all # > 0.
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The stator current is*d(@d), which is expressed in terms of ¢4, is replaced by its
estimate is*d(qgrd) (7.3), and similarly i §q(9, ¢ra), which depends on §2 and ¢,4, is

replaced by its estimate i S*q (Q, q@rd) (7.4).
The reduced model of the induction motor (5.4) can be rewritten in closed-loop

as follows:
(‘Q) _ mﬁbrdl.;kq([},q;rd)_cﬂ_% s
Prd —adrq + LlMSriS*a,(d)rd)

Now, adding the terms +m ¢, 4i ;“q (82, ¢rq) and £aMy, i}, (¢rq) in reduced model
(7.5), it follows that

{ D = mraily (2. 6ra) = 2~ +moraliZy(Q. bra) 5, (2.6:0) 5 o

bra = —adra + aMyi*;(ra) + aM, it (bra) — i, (dra)].

Define the rotor flux and the speed tracking errors as ey = ¢* — ¢4 and
e = 2 — 2%, whose dynamics are given by
(6 = (—a —aMyKpy,,) ep — aMs Kig,, fot ep(T)dT
—aMy, (Ki¢rd Jo co(dr + Kpo‘,dﬁo)

K € Ki €
29 :—ﬂ(l—i— A(b )eg— Q(l—i—A—(/}) fote_Q(T)dT
J ¢rd J ¢rd

K
+ 2pe 1+ f¢ ] —c)esz
J d)rd
Ki .
+£(1+f—"’) I eq(ydr + =2 (9*+c9+eﬁ)
J ¢rd ¢rd J

(7.7)

where the rotor flux and speed estimation errors are expressed by €4, = ¢rg — dA)rd
andep = 2 — Q.
Now, by using the following change of coordinates:

xe = (J ea(n)dr, eq)" (7.8)

Xo = (f(; es(T)dT, e¢)T , (7.9

then, Eq. (7.7) becomes

[ Xo = AsXo + Boly(eo) (7.10)
X2 =Agxae + Bolo(en)
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where

: 0 1 . Kie Kpo
Ao = . th - d - - )
2 (Ozl:2 OQQ) with a1 7 and a4 7

= 0 1 .
AG) = (O[]O a2¢) , with aly = —aMerIO‘rd andaw = —a— MSVKP¢rd’

0
o)

t
I'y(ep) = —aMy, |:Kp¢rde¢ + K1¢/ EO(T)dT] ,
0
I'o =T(e) + I2(ep) + I3(eq, €4), Where
Ki d K
Mi(eg) = —= / e(T)dT + [ﬂ —0]69,
7 Jo J
‘ . K Kig (es\ [
ofey) = == [@ 4 e+ T - P22 e - 22 (22 )/ eq(rdr,
rd J J (brd J ¢rd 0

es TK Ki !
I3(e0, €p) = Ai[ﬂm ke / EQ(T)dT]~
¢rd J J 0

Then, the rotor flux and speed trackings and the estimation error dynamics are
given as

[ Xo = Aoxo + Bols(es)

Xe =Aoxe + Balo(ea)

6 =[a@-sirefen - Bica
+g1(u, y, X2) + Agi(u, y, X2, X1) — g1(u, y, Z2, Z1) (7.11)
+[A1(X2) + AA|(X2) — Al(Z2)]1X1 — (B2C2 + KCj Cr)er

€ =[A2(Z1) - S2_1C2TC2]62 + [A2(X1) + AAx (X)) — A2(ZD] X2
+92(u, y, X1, X2) + Aga(u, y, X1, X2) — q2(u, y, Z1, Z3).

To show how the stator currents and rotor speed trackings are achieved by using
the estimates provided by the observer, define the candidate Lyapunov function for
the overall error dynamics (7.11)

Voe =Vo+ V¢
=l Siep + el Shen + x£ Pyxs + X5 Paxe, (7.12)
h _ T T _ 2 _ T ‘ T h
where V, = € S1€1 + ¢; S = ||6||S(;' and V., = Xy PoXo + XgPoXo are the

Lyapunov functions of the estimated errors and of the tracking errors, respectively.
Defining 6, = (1 —¢)J, and taking the time derivative of V,, after straightforward
computations the following inequality is satisfied:
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Vo <—(1-— §)6Vo = _60Vo~

Now, computing the time derivative of V. (7.12) along the dynamics of system
(7.11), yields

Voc < —6,V, + XZ;(P¢A¢ + A£P¢)X¢ + ng P¢B¢F¢(€¢)
+ X6 (PoAg + AL Po)xa +2xG PeBala(eo).

After some computations, it follows that

Voe = =0 llells, = x5 Qoxo + 211 x| p, llells,

—x50axe +2b Ixalp, lels,

where the nonlinear terms I'y(ey) and I'(eq) satisfy the following inequalities
| Fsten)|| < i llells, . 1T (e)ll < L2 llells, . where I and I are positive constants.
By using the following inequalities:

”6”50 ”be“Po — 2 ||X¢||P0+ E ” ”SG’

2
lell?, .

52 2 1
el Ixalry < 5 el + 5

V&1, & €]0, 1[, and by substituting the above inequalities in Vac, it follows that

. l l
Voe < (5 - é) Iell3, = (a5 = 1) [ xs 3, = (12 = &) Ixel,

Let us define the following constants:
l
= (1 —1€) >0, V=g —h&) >0, V3= (6— —1——2) >0

Then, it follows that
Voc =< _19V00~

where ¥ = min(9;, 97, U3).

Hence, the estimation and the tracking errors of the overall system converges
asymptotically to zero with arbitrary rate of convergence 1J. This proves that controller
(7.4) is well defined for all t > 0.

Then, with the assumption of persistent inputs the system is not in the unobserv-
ability area, we can establish the following result about the stability of the closed-loop
system under parametric uncertainties.

Lemma 7.1 Consider: (a) System (1.119) that satisfies conditions given in Remark
3.17 and for which an interconnected observer (3.110) can be designed; (b) System


http://dx.doi.org/10.1007/978-3-319-14586-0_1
http://dx.doi.org/10.1007/978-3-319-14586-0_3
http://dx.doi.org/10.1007/978-3-319-14586-0_3

206 7 Sensorless Output Feedback Control for Induction Motor

(5.4) controlled by (7.3) and (7.4). Then, by using estimations provided by the inter-
connected observer (3.110), the speed and flux tracking errors converge asymptoti-
cally to zero.

Remark 7.2 For the case of non-persistent inputs, a complementary analysis is nec-
essary that is detailed in Appendix “Appendix: Stability of the Observer-Controller
Scheme”.

7.1.2 Experimental Results

Experimental results of the above observer-controller are now given. To test robust-
ness conditions, we take a 4+30 % variation of R, for the design of the observer-
controller. For the experiment, only the stator currents are measured. The speed and
the flux amplitude are provided by the observer. The experimental results for the
nominal case, i.e., when the parameters (except stator resistance) are known, are
shown in Fig.7.1.

These figures show the good performance of both system “observer + controller”
for the trajectory tracking problem and for the perturbation rejection. In terms of
tracking trajectory, we note that the estimated rotor speed (see Fig.7.1b) converges
to the measured speed (Fig. 7.1a) near and under unobservable conditions. The same
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Fig. 7.1 Experimental result in nominal case
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conclusion is obtained for the estimated flux (Fig. 7.1f) with respect to the reference
flux (see Fig.7.1e). The estimated load torque (Fig.7.1d) converges to the measured
load torque (Fig.7.1c), except under unobservable conditions (from 7 to 9s). Never-
theless, it appears a small static error when the rotor speed increases (from 3 to 65).
In terms of perturbation rejection, we have noted that the load torque is well rejected
excepted at the time when it is applied: see Fig.7.1a-b, e—f at time 1.5 and 5, and
when it is removed (Fig.7.1a-b, e—f at time 2.55s).

The robustness of the observer-controller scheme is confirmed by the results
obtained in presence of rotor resistance variations, i.e. a variation of +50 % on the
rotor resistance is introduced for the observer-controller scheme design, see Fig.7.2.
It is obtained similar experimental results for the rotor resistance at the nominal case
under observable conditions. We can see that a static error appears when the motor is
under unobservable condition: during the time interval from 7 to 95, see Fig. 7.2a-b.
However, the static error increases a little when the load torque is applied at time
1.5 and 5's, see Fig.7.2a-b. In conclusion, the increase in the rotor resistance value
slightly affects the performance of the speed trajectories tracking.

A second test is made with a —50 % variation on the rotor resistance value. The
experimental results are given in Fig.7.3. For the speed, flux, and load torque esti-
mation, the conclusion is the same as for the +50 % variation case ( see Fig.7.2). But
for this robustness test, the control induces noise. This can be seen on the measured
torque (see Fig.7.3c).
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Fig. 7.2 Experimental result with rotor resistance variation: +50 %
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Fig. 7.3 Experimental result with rotor resistance variation: —50 %

A new robustness test is made by introducing a variation of +10 % on rotor self-
inductance value. The results of this test are shown in Fig. 7.4. By analyzing Fig. 7.4,
we can see that the rotor self-inductance variation does not affect the performances
of both “control + observer” scheme. Nevertheless, a small oscillation appears at
the time when the load torque is applied (see Fig.7.4a-b).

A last robustness test is to introduce a +10 % variation of the stator self-inductance
value. The results of this test are shown in Fig.7.5. Comparing this result with the
rotor self-inductance variation case yields the same conclusion except the oscillations
that become important at time 5s when the load torque is applied: see Fig.7.5a-b.

7.1.3 Conclusion

In this section, the field-oriented control of the IM without mechanical sensors (posi-
tion, speed, and load torque sensors) is investigated. An interconnected observer
provides a good estimation of the load torque even when nominal load is applied.
Furthermore, a control strategy composed of a field-oriented control plus a high-gain
PI controller achieves a good speed and flux tracking for IM without mechanical sen-
sors. Moreover, the proposed “observer + controller” scheme has been tested and
evaluated on experimental setup with a significant “Sensorless Control Benchmark.”
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Fig. 7.5 Experimental result with stator self-inductance variation: +10 %
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The trajectories of this benchmark are defined in the operation region where the
speed and the torque are in opposite directions (generator mode).

The stability of the system in closed-loop with the “controller + observer” scheme
has been proved by the Lyapunov theory, where sufficient conditions have been
obtained.

Finally, the robustness of the “controller 4 observer” scheme is confirmed by the
good performances under parameter variations.

7.2 Robust Adaptive Observer-Backstepping Sensorless
Control

7.2.1 Sensorless Observer-Controller Scheme Stability
Analysis

To implement the controller (5.7)—(5.12), it is necessary to replace the rotor speed,
flux measurements, load torque, stator resistance, and the stator frequency by their
estimated values. Then, the speed, flux controllers, and reference control inputs are
expressed as follows:

[ L 1 7. ~ T .
(@ T 0. RO = — [+ e+ 5+ (Ka + Kp)(@ =)
maoyrq

KoK (2" — .(})dt]

A~ 1 . A N
5y Gra R = |8+ abra + (Ko + K@y = dra)
Sr

+K oK Ji (g = Do ]

, (7.13)
Usg = mil[Kw:q —isq) + Ki{ Kig Jo (i3 = isq)dt

—abdrg + bpR2dra +F(Ry)isg + Gsisa + i;;,]
mil[Kid(i:d —isa) + K[y Kia Jo 3y = isa)d1

—abérd - prérq +7(Ry)isa — Wslsq + l::d]'

(7.14)

Usd

where

s o lisg —isg)
wsng_i_a,\_srlsq_u

bady (7.15)
brd B1éra

is the estimation of wy, 1 = U%’i and k,, is a positive constant. The closed-loop

system with the controls (7.13) and (7.14) is given by
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A~ oA T;
[Q}z o r / (7.16)

ra o
' —adrq + aMsrl_;kd (Pra) — AFliJmi
To analyze the closed-loop system stability, first by expressing (7.16) in terms of

the speed and flux tracking error dynamics, respectively, z and zy,,, it follows that
system (7.16) can be rewritten in the following form:

20 =—Kozo + Ai(eg, €r;, €4, €r,) — Al'g
(7.17)

Z@r(l = _K0Z¢)d - A2(€¢’ GRS) - AF(D'd

where e = 2 — 2, e, =T — T, €4 = ¢ra — dra, €r, = Ry — Ry, are the
estimation errors, and

Ai(eq. €1y €. €r,) = mralis, (2. Ti, dra. Ry) — i7, (2. Th. dra. R)}

Aa(ep, €r,) = aMy i (dra, R)—i*;(dra, Ry)}, AT, and ATq are the uncertain
terms.

Notice that Aq(eg, €7;, €g,, €4) is Lipschitz with respect to €g, €7;, €g, , €4, and
Az (€4, €g,) is Lipschitz with respect to €4, and eg,. Then the stability of the closed-
loop system (7.17) associated to the observer dynamics can be established by the
following theorem.

Theorem 7.1 Consider system (7.16) with the reference signals $2* and ¢ ; assumed
to be differentiable and bounded. Then the closed-loop system given by system (7.16)
with the speed, flux, and current tracking laws (7.13) and (7.14) using the estimates
provided by the adaptive interconnected observer (3.110), has strongly uniformly
practically stable tracking errors.

The proof follows a similar procedure as Proposition 5.2 in Chap. 5.

7.2.2 Experimental Results

The proposed observer-controller scheme shown in Fig. 7.6 has been tested using a
1.5kW induction motor (see the setup characteristics in Sect. 1.6).
The parameters of the observer-controller scheme are chosen as follows.
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Summary 7.2.2 Tuning parameters

Observer
a=>5w=10,k=0.16,k; =450, K2 = 0.5
01 = 5000, 6 = 7000 and 63 = 10~
Controller
Ko = 2005, K = 0.001s~", K, = 11005~
K}, =0012s"" Kig =550s"", K[, =205~ K[} = 34s7"
Kig =1200s™", K], =10s"", K/, =35s7", K, = 90rad.m*s’ kg” A*

The identified parameters of the IM were previously obtained offline and they are
assumed to be close to the real values of the IM. It is clear that they are not exactly
the actual values. However in the sequel, these identified parameters are used for the
so-called nominal system and they will be used to start the performance test of the
proposed scheme.

The proposed observer and controller are implemented using the stator resistance
R0 = 1.9Q as the initial value of stator resistance estimation in the observer.

The experimental test is achieved by a significant benchmark (see Chap. 1,
Sect. 1.6 for details); the time-varying reference trajectories are defined such that, at
initial time, the rotor speed and load torque values are zero until the flux reaches its
nominal value.

Int. Back.
0 Controller ;
% v nverter .
Usd dq o %5a
Stepl Step2 C
. v
¢* Q lsd sb J zsb
> u v 0
rd ¢rd lsq sq sc|G Tec
abc E .
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1
d
Obs. 1 4
=i O.T)T i .
ZI [ lsd ) Q5 T‘l] sd
1 ! 'u—sq 2/3
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Zy=[i ¢ .6JF | | i
2 [1lsq,¢Id9¢rJ sd e —~
7 0a
Stator pulsation 54
— estimation Currents Torque
Interconnected Observers measurement

Fig. 7.6 Adaptive interconnected observer and integral backstepping control scheme
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Figures7.7 and 7.8 show the responses obtained from the experimental results
by considering the nominal case with identified parameters. Notice the good perfor-
mance of the proposed scheme, where the control action maintains the rotor speed and
load torque close to the desired references even though in presence of the disturbance
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Fig. 7.7 Experimental results in nominal case
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(load torque). It is worth mentioning that on the experimental setup, the load torque
is measured as a reference to compare with the estimated value provided by the
observer.

In terms of trajectory tracking, notice that the estimated rotor speed (Fig.7.7b)
converges to the measured speed (Fig.7.7a) near and under conditions of unobserv-
ability. A similar conclusion is obtained for the estimated flux (Fig. 7.7f) with respect
to the reference flux (Fig. 7.7e). The estimated load torque (Fig. 7.7d) converges to the
measured load torque (Fig.7.7¢), under conditions of observability and at very low
frequency (conditions of unobservability) from 7 to 9s. Nevertheless, a small static
error appears when the rotor speed increases (from 4 to 6s). In terms of disturbance
rejection, it is noted that the load torque is well rejected except at its application
times (1.5 and 5), see Fig.7.7h, j, and when it is removed (2.5 s) (Fig.7.7h, j).

A comparison with the results obtained by a field-oriented control based on PI con-
trollers and a non-adaptive observer, developed in [85], on the same setup and with the
same experimental conditions is now developed. It has been shown that this observer
is sensitive with respect to variation of the stator resistance. This problem clearly
appears for the estimation of the flux, and more particularly, at low speed. This is an
important point when a sensorless field-oriented control strategy is implemented.

Now, using an adaptive observer, the robustness with respect to the variation of
the stator resistance is more confident. This can be seen in Fig. 7.9 which shows the
responses of the stator resistance estimation (Fig.7.10). This is also clear for the flux
and speed tracking, by comparing the results obtained in the nominal case by our
observer-controller with a FOC/IP controller (see respectively Figs.7.7 and 7.8) and
for the case of a rotor resistance variation: —50 % (see Figs.7.10 and 7.11).

In addition, in Fig.7.12 is shown the responses obtained when a rotor resistance
variation of —50 and 450 % is considered for the observer-controller test. The robust-
ness of the observer-controller scheme with respect to this parameter changes is
clearly shown. From these responses, one concludes that the rotor resistance changes
do not affect the performance of the speed trajectories tracking, when the conditions
of observability are verified for the IM. When the motor is under conditions of
unobservability, from 7 to 9s, only a relatively small steady-state error comes out
(Figs.7.10a, b and 7.12a, b). Moreover, large peaks appear in the responses when
the load torque is applied at time 1.5 and 5 (Fig.7.10h, j and Fig.7.12h, j).

The last experiment first introduces a variation of +10% on the rotor self-
inductance, and in the second experiment, a variation of 410 % on the stator self-
inductance value. This amplitude is realistic with the uncertainties on inductance
values for electric motors. The responses of the system under the observer-controller
action are, respectively, shown in Figs.7.13 and 7.14 where one can see that the rotor
and the stator self-inductance variation do not affect the performances of the system
in closed-loop with the observer-controller algorithm. Nevertheless, small oscilla-
tions appear when the load torque is applied at time 5s: Figs.7.13a, b and 7.14a, b.
Finally, in all cases one can see that the speed and the flux track in the desired ref-
erences despite different changes in the parameters. This shows that the proposed
scheme is robust under the parametric uncertainties and the load torque disturbance.
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Fig. 7.8 FOC/IP controller: Experimental results in nominal case

7.2.3 Conclusions

A field-oriented controller combined with an integral backstepping technique is
designed for the IM drive without mechanical sensors.
The major contributions of this study are summarized as follows:

(1) An adaptive interconnected observer to estimate the speed, fluxes, and load
torque, whose performances are tested under disturbances and parametric uncer-
tainties.
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3)
“4)

)

A field-oriented control combined with a robust integral backstepping technique
to achieve a good speed and flux tracking for the IM without mechanical sensor
under different operating conditions, particularly at low speed. These results are
obtained thanks to an improved backstepping design using integral terms that
eliminate the static errors in inner and outer loops to increase the robustness of
the scheme.

Sufficient conditions to guarantee the practical stability based on Lyapunov the-
ory for the observer and for the “observer-controller” schemes.

The successful application of the observer-controller scheme on an experimen-
tal setup with a significant sensorless control benchmark dealing with the low
frequencies case.

The robustness of the observer-controller scheme under significant parameters
variations and unknown perturbation are shown for different operation condi-
tions.

7.3 Robust Adaptive High Order Sliding Mode Control

In this section, the control of the IM without mechanical sensors (position, speed and
load torque sensors) is designed by associating the adaptive interconnected observer,
introduced in Chap.3 (Sect.3.4), with the HOSM controller, introduced in Chap.5
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(Sect. 5.3). The stability of the system in closed-loop with the controller + observer
scheme is proved. Finally, the robustness of this scheme is evaluated experimentally
showing its performances under parameter variations.

7.3.1 Analysis of the Closed-Loop System

As introduced previously, the position, speed, flux measurements and the stator resis-
tance values are replaced by their estimated values in the control algorithm.
Next, define the new sliding variable as

A

U&Zé\)rd—qﬁ*, O’_(Z:.Q—.Q*.

Then the control input (5.38) given by

| @Nom
Usd _ (~Nom\— _ o] Vsd
bl [ L} +[H e
with g™ gNom and @No™  the estimated values of wg om, oNom and plo
by observer (3.110)).

By using the same design procedure as for control (5.31)—(5.38), the switching

variables dynamics read as

" (given

@ =Y § — v 2
JRE) at f"[zxsq] @ | T d,[usq} (7.19)
2 A
P2
o1

T
with [ia i5]" = [—agsign(s;) — agsign(Sp)]
From (7.19) and the definition of switching vector (5.50), it yields
N T
[S(;) SQ] =G+ G — [x(;) XQ] . (7.20)

By using the same design procedure introduced in Theorem 4.2. (Appendix
“Appendix: A HOSM Algorithm”), there exist gains a4 and «; such that the switch-
ing surfaces satisfy the following inequalities

8.8, < UPARAE SaSa < —nglSal.

Hence, the estimation and the tracking errors of the closed-loop system asymp-
totically converge to zero in finite-time.
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Remark 7.3 When the control inputs are not persistent, the IM tracks indistinguish-
able trajectories, and by using the same methodology given in [85], the strong uniform
practical stability is proved.

7.3.2 Experimental Results

Experimental results obtained using the observer-control scheme are displayed to
show the performance of the proposed approach under different operation conditions.
The observer parameters, satisfying the convergence conditions, are chosen as

Summary 7.3.2 Tuning parameters
Observer
a =50, w =10, k = 0.16, k.1 = 250, k2 = 0.5, k,,, = 60
01 = 5000, #; = 7000 and 63 = 102

To optimize the behavior and the performance of the controlled induction motor,
and owing to technical reasons, two groups of tuning parameters have been chosen:
the first has been chosen to induce the reaching of the motor flux, the second to
reject the disturbance, (i.e., the load torque) and to ensure high level accuracy for the
trajectory tracking.

Then, the sliding mode controller parameters are chosen such that the time of
convergence is set at ty = 0.3s and

Summary 7.3.2 bis Tuning parameters
Controller the convergence time ¢ is fixed to 0.3 s
Fort <0.3s, (¢ =0.32 (o =0.32, wye = 250rad/s,
wniy = 321ad/s, a =5.10
Fort > 0.3s. (= 0.35, wyy = 447r1ad/s, as = 15 x 10,
Co =0.7, wp =200rad/s, ag = 8.10°.

For experimental implementation of the observer-control scheme, we assume that
only the stator currents are measured. Rotor speed and flux amplitude are provided
by observer (3.110), whereas the flux angle is provided by estimator (7.15). The
stator resistance observer is initialized as Rso = 1.9 ohm. The initial value of ¢, in
the observer is ¢,40 = 0.1 Wb. The experimental sampling time 7 equals 200 ps.


http://dx.doi.org/10.1007/978-3-319-14586-0_3

224 7 Sensorless Output Feedback Control for Induction Motor

The aim of Fig.7.15 is to show the control laws actions to drive the flux. The
measured and estimated speeds are displayed in Fig.7.15-Top. It can be viewed in
this figure that the estimated speed reaches the measured speed at the convergence
time 7¢. Figure7.15-Middle displays the desired and the estimated flux. It can be
viewed in Fig.7.15-Bottom that the flux tracking error converges to Oin the a priori
defined time of convergence 7. This result confirms the good performance of the
control law in the sense of tracking quality.

The experimental results' for the nominal case using the identified parameters
(except stator resistance) are shown in Fig.7.16. These figures show the good per-
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Fig. 7.15 Top Measured speed £2 and its estimated versus time; Middle Reference flux and its
estimated versus time; Botfom Flux tracking error versus time

! For each figure, each line is refereed to a, c: measured speed and load torque, e: reference flux, b,
d, f, g: estimated speed, load torque, flux, and stator resistance, h, i, j: speed, load torque, and flux
estimation error.
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Fig. 7.16 Experimental result in nominal case

formance of the complete system observer-controller for the trajectory tracking and
the disturbance rejection. In terms of trajectory tracking, we note that the estimated
motor speed (Fig. 7.16b) converges to the measured speed (Fig. 7.16a) near and under
conditions of unobservability. The same conclusion is obtained for the estimated flux
(Fig.7.16f) with respect to the reference flux (Fig.7.16e). The estimated load torque
(Fig.7.16d) converges to the measured load torque (Fig.7.16c), under conditions of
observability and at very low frequency (conditions of unobservability) from 7 to
9s. Nevertheless, a small static error appears when the motor speed increases (from
4 t0 6). In terms of disturbance rejection, we have noted that the load torque is well
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rejected except at the time interval (1.5 and 5s) when it is applied (see Fig.7.16h
and j); and when it is removed at time 2.5 s (see Fig.7.16h and j). In Fig. 7.16g, it can
be viewed that the stator resistance estimation remains almost constant despite the
noise and transient dynamics of speed and load torque. This test shows the capability
of the proposed controller to guarantee flux and speed tracking for slowly varying
speed reference with excitation frequency close to zero (in the time interval from 7

to 95s).
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Fig. 7.17 Experimental result with rotor resistance variation: +50 %
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The robustness of the observer-controller scheme is confirmed from the result
obtained under rotor resistance variations: +50 and —50 % around the nominal value
(see Figs.7.17 and 7.18). These figures display similar experimental results as for the
rotor resistance nominal case under conditions of observability. In conclusion, we can
say that the variation in the rotor resistance value does not affect the performance
of the speed trajectory tracking, when the observability conditions of the IM are
satisfied. When the motor is under unobservable condition (from 7 to 9s), a static
error appears: see Figs.7.17a, b and 7.18a, b. The static error transient increases
when the load torque is applied at time 1.5 and 5s: Figs.7.17h, j and 7.18h, j.

Last robustness tests are made by taking into account variations of +10 % of
the nominal value of the rotor/stator self-inductance. The results of these tests are
shown in Figs.7.19 and 7.20. By analyzing these figures, we can see that the rotor
and stator self-inductance variation does not significantly affect the performances of
the observer+controller scheme. Nevertheless, a small oscillation appears when the
load torque is applied at time 5s (see Figs.7.19a, b and 7.20a, b).

7.3.3 Conclusions

In this section is presented a study investigating the performance of an HOSM control
of the IM without mechanical sensors: position, speed, and load torque sensors. The
major contributions of this study are summarized as follows:

(1) The design of an adaptive interconnected observer that well estimates the rotor
speed, rotor fluxes, and load torque even when an external load disturbance is
applied.

(2) The successful development of a field-oriented control using an HOSM controller
to achieve a robust speed and flux tracking for the IM under observable and
unobservable conditions. The proposed HOSM controller ensures a finite time
convergence, high accuracy (higher than “standard” SM), and robustness.

(3) The strong uniform practical stability based on the Lyapunov theory has been
considered for the observer convergence. Stability of the observer-controller
scheme has been also proved where sufficient conditions have been obtained
ensuring that the tracking and the estimation errors tend to a ball of radius
expressed in terms of the controller-observer parameters and system uncertain-
ties.

(4) The successful application of the observer-controller scheme on an experimental
setup with a significant sensorless control benchmark. The robustness of the
observer and the controller is confirmed by significant parameter variations tests.
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Fig. 7.19 Experimental result with rotor self-inductance variation: +10 %



rad/s

Sensorless Output Feedback Control for Induction Motor

Nm

Wb

ohm

rad/s

g
=
DD1 T T T T T T T T T T
j
R R O~
R 1 1 1 1
El,El‘ll:I 1 5 3

1
7
Time (s)
Fig. 7.20 Experimental result with stator self-inductance variation: +10 %




7.4 Conclusions 231

7.4 Conclusions

In this chapter, two observer-controller schemes have been presented to solve the
tracking problem of the sensorless induction motor. One of these schemes is based on
a backstepping control technique using the estimates given by an adaptive intercon-
nected observer. A stability analysis of the closed-loop system has been developed,
and sufficient conditions have been given to guarantee the strong uniform practical
stability of the tracking error. The advantage of applying this observer-controller
scheme is the simplicity to tune the control and observer gains. No important com-
putational effort is necessary to implement such a control scheme.

On the other hand, a high order sliding mode controller combined with an adaptive
interconnected observer has been studied. Thanks to the finite time convergence of the
controller, which can be fixed in advance, and its attractive robustness properties, the
proposed scheme becomes an interesting alternative to control induction machines.

Several experimental tests have been realized to show the real performance of both
of the induction motor sensorless controllers. From the experimental results, we can
conclude that the scheme constituted by the backstepping controller combined with
the adaptive interconnected observer has shown better performance compared to the
high order sliding mode control plus the adaptive interconnected observer. Simplicity
to tune, less computational effort, and high quality of the responses have been the
remarkable advantages of this scheme. Nevertheless, the HOSM controller is slightly
more robust under parametric uncertainties than the integral backstepping controller.

7.5 Bibliographical Notes

As introduced in Chap. 5, for the sensorless control of the induction motor, the knowl-
edge of the rotor speed is crucial for control applications, and generally a sensor is
used. However, the minimization of the number of sensors contributes to simplify
the installation and decreases the cost of both control and maintenance.
Consequently, there is considerable interest in IM control without mechanical
sensors. A major difficulty is the estimation of the state variable at low frequencies. In
[44], the authors have demonstrated that the main conditions to lose the observability
of the IM are: the excitation voltages frequency is zero and the rotor speed is constant.
A more complete analysis of the IM observability is given in Chap.?2 of this book.
Another difficulty is to ensure the robustness against parameter variations. In the
literature, several approaches have been proposed to estimate the rotor velocity,
and/or the load torque, and/or some sensitive parameters from the measurements: the
stator currents and voltages, and then to design sensorless controls, see for example:
[26, 27, 29, 32, 35, 36, 49, 64, 67, 70, 71, 82]. Almost all the IM sensorless control
papers do not validate the sensorless controls on significant trajectories and with
robustness tests. It is essential to check the sensorless control when the observability
property is lost to validate if the algorithms are robust with respect to this singularity.
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Of course, this test has to be done with nominal torque and completed with robustness
test with respect to parameters variation as the stator resistance variation [43] and the
inductance variation. Regarding the observer developed in [85], it has been shown
that the observer is sensitive with respect to a variation in the stator resistance. For
example, in [84] an industrial sensorless drive was tested and did not succeed to
track the significant test trajectories (see [34]) introduced in Chap. 1. This sensitivity
problem clearly appears for the observation of flux and more particularly at low speed.
This is an important point when a sensorless field- is implemented. By using the
adaptive observer, the robustness with respect to the variation of the stator resistance
is more confident.

The classical sensorless field-oriented control has been tested for the trajectory
tracking control on significant references in [85]>. A best result is obtained using a
robust adaptive observer-backstepping sensorless control in [88]° and [89]*. In [89]
an observer-controller stability analysis is given, with sufficient conditions to ensure
that the tracking dynamics are strongly uniformly practically stable (see [59]). More
precisely, the tracking errors converge to a ball whose radius can be reduced by tuning
the gains of the observer-controller scheme. Furthermore, experimental results using
this scheme are given.

Another approach is proposed in [86]° where a robust adaptive high order sliding
mode control combined with an adaptive interconnected observer is implemented
in the IM. One of the most interesting characteristics of this approach is that the
convergence time of the controller can be a priori fixed. Experimental results are
also given where the robustness and the performance are shown.

Appendix: Stability of the Observer-Controller Scheme

Recall that the main goal of this chapter is to synthesize a robust sensorless control of
induction motor, assuming that the speed and the flux are not available by measure-
ment, and the load torque is considered as an unknown input. In order to implement
the above control law it is necessary to replace speed and flux, the stator resistance,

2 This chapter includes excerpts from “Traore D, De Leon J, Glumineau A, Loron L (2007) Speed
sensorless field-oriented control of induction motor with interconnected observers: experimental
tests at low frequencies benchmark. IET Control Theory Applications, 1-6(10):16811692, DOI
10.1049/iet-cta.2009.0648” with permission from IET.

3 This chapter includes excerpts of “Traore D, De Leon J, Glumineau A (2010) Sensorless induction
motor adaptive observer-backstepping controller: experimental robustness tests on low frequencies
benchmark. IET Control Theory Applications 4(10):19892002, DOI 10.1049/iet-cta.2009.0648”
with permission from IET.

4 This chapter, includes excerpts of [89], originally published in the IFAC journal: Automatica,
48:682687, IFAC-PapersOnLine IFAC 2012.

5 This chapter includes excerpts of [86], (2008) IEEE. Reprinted, with permission, from “Traore
D, Plestan F, Glumineau A, de Leon J (2008) Sensorless induction motor: High-order sliding-
mode controller and adaptive interconnected observer. IEEE Transactions on Industrial Electronics,
55(11):38183827”.
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and the stator frequency by their estimated values provided by the observer. To
achieve this goal, one rewrites the speed and flux controllers (5.19), and the control
inputs (5.28) as functions of the estimate variables as follows:

it = L2+ @+ Lt (Ko + KL)(@F — ©)+ KoKl [L(2* — 9)dr]

Sq maorq . R N ~
i;kd = aM,, [¢* +agra + (Kqﬁ + Ké)(d)* — ¢ra) + K¢K;5 f()t((ZS* — ¢ra)dr]
(7.21)
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usa= g Kia iy = isa) + Kii(Kia = Kig) Jo (g = isa)dt +2a My (&"—0ra)
K[, Jo (¢ — dra)dt —bagrg + (71 +miR)isq — Dsisg + i%y]
(7.22)

with @; is the estimation of the stator pulsation defined in (7.15). The reduced model
of the induction motor (5.4) in closed-loop with the controls (7.22) is given by

|: 'Q i| _ m(brdijq((}a Qgrd) _ C{Z - ? . (7.23)
Prd —adrq + aMsrl;kd (&ra)

Remark 7.4 1In order to avoid a singularity problem in (7.21), the observer is initial-
ized using a flux initial condition different from zero, such that controller (7.21) is
well-defined. This condition is actually a physical condition of IM: no flux implies
no torque (see [66] for more details). Moreover, the flux controller (7.21) allows to
guarantee that ¢4 quickly reaches its reference ¢*. Before the motor is fluxed, (i.e.,
¢rd = ¢*) the speed reference is kept to zero.

Here, it will be demonstrated that the singularities of controller (7.21) are avoided
forall ¢ > 0.

The speed and flux tracking error dynamics (5.18) can be rewritten in the following
form:

io =—Kozo — (Ko + Ko — 0)Boyer + 6} BL, T'(zo) + G — I'(e)
. (7.24)
29 = —Kpzg — (K + K(//) —a)Byer — I'(€4.)

where the estimation errors are

€ =52 — %2, Eoqurd_(bra’a
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and the nonlinear terms:

1| . . T . t .
F(z_o)=a) [Q*+c9+Jl+(KQ+K’Q)(Q*—9)+K_QK[Q/O(9*—9)51;},
rd
t

t
I'(eo) =_1<91<;2/ eQdt, I'(ey) =—K65K0’>/ epdt,
0 - 7Jo

Bo, =By, =[010], Bo, =[0-10]
Then, one can establish the following lemma.

Lemma 7.2 Consider system (1.108), and assuming that the reference signals i ;kq,
iy, $2% and ¢* are differentiable and bounded, and conditions given in Remark 3.17
hold. Then, system (1.108) in closed-loop with the speed, flux, and current tracking
laws (7.21) and (7.22), using the estimates provided by an adaptive interconnected
observer (3.110), is strongly uniformly practically stable.

The proof follows the same procedure as the control analysis given in Chap. 5.
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Chapter 8
Conclusions

Thanks to the considerable progress in technological developments, the applicability
of recent control techniques for AC machines is now possible according to the
requirements of manufacturers. This book has aimed to introduce some recent results
in control and observation theories applied to the control of AC machines for a
wide range of operations. Special attention has been paid to the sensorless AC
machines case, in particular, by the application of nonlinear observers and robust
control strategies.

It is clear that intensive research activity in AC machines control has been carried
out recently. In this book, has been treated specific topics on control and observation
theories. They have significant qualities thanks to their robustness in the presence of
uncertainties and disturbances and thanks to their convergence property.

As an initial step, the observation problem for nonlinear systems was presented as
well as the analysis of AC machines observability property. This topic attracts more
attention in the sensorless case because the AC machines observability property
fails at low speed. Taking into account that the observability for some classes of
nonlinear system can depend on the input, some definitions have been introduced
and used to determine whether the system is observable. This property is important
for these systems because for the observer design, the convergence requires that
the inputs satisfy the persistent condition: the inputs sufficiently excite the system
to keep the observability property. Once the observability of the AC machines is
verified, the study of an observer design can start. When a solution exists and if the
observability depends on the system inputs, its convergence is ensured provided the
input s persistent. Several structures for which an observer can be designed have been
presented for the AC machines. In this way, Chap. 3 is devoted to the introduction of
the different structures for which the mathematical models of the AC machines can
be transformed into a form that allows the design of an observer.

The estimation of the non-measurable components of the state and the identifica-
tion of some important unknown parameters or disturbances can be simultaneously
done online by using the proposed adaptive interconnected observers. Mainly three
kinds of observers have been studied: Luenberger like type, Kalman like type, and
Sliding Mode Observer. Furthermore, the observers can be classified in terms of
© Springer International Publishing Switzerland 2015 235
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their convergence: those with asymptotic convergence (interconnected observer and
adaptive interconnected observer) and those with a finite-time convergence (slid-
ing mode and super-twisting observers). Both classes of observers have interesting
robust properties and advantages in their implementation. However, some consider-
ations were taken into account in their selection. For instance: the tuning simplicity,
computational effort, performance, and robustness under perturbations are aspects
that play an important role to select the appropriate strategy.

For the industrial motion applications, the control of AC machines is one of the
main goals for researchers and engineers due to the advantages of these machines:
low cost, ruggedness, and versatility. However, they are complex to control, and some
parameters are not well known.

Thanks to recent results in control design and to technological developments, it
is possible to improve AC machines control and their performances. Recent results
in control design are given in Chap. 4 for the PMSM and in Chap. 5 for the induction
motor. Robust nonlinear techniques are introduced to design controllers that achieve
the desired control objectives. One of the proposed techniques is the backstepping
control (with or without additional integral terms). Its simplicity to tune and to imple-
ment allows to easily apply such controllers in this framework. The other presented
control approach is the high order sliding mode control with finite-time convergence
property and robust performance in presence of uncertainties.

Then, the design of the observer-controller schemes were described based on the
main characteristics of each controller and each observer. The focus was to illustrate
the performance of the proposed observer-controller schemes based on nonlinear
observers and robust controllers applied to the AC machines control. In the framework
of significant benchmarks and thus for a wide range of operation, according to the
simulation and the experimental results, it was shown satisfactory performances
for the speed tracking control algorithms associated with nonlinear observers. The
experimental results obtained for the induction motor under parametric uncertainties
and external disturbances have shown that the rotor speed control robustly tracks
the desired reference under variation of the load torque and variation of the machine
parameters.

Given the wide field of research in electrical machines, a lot of developments exist
from a theoretical or practical point of view. Novel technologies must be integrated
and more powerful control strategies must be implemented to answer to the new chal-
lenging problems for industrial applications. One of the most interesting prospects of
research for AC machine control development could be to increase the applicability
of these machines even if faults appear. Fault diagnosis methods can be used. These
algorithms can be seen as natural extensions of the observation scheme developed in
this book. Next, a prospect could be to adapt the control to the detected fault in order
to carry on the machine control with limited but safe objectives. A direct application
can be the electric traction system in automotive or aeronautic areas.
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