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Abstract

Abstract: This project concerns the observation and control of the induction motor without speed
sensor using an interconnected high gain observer, the main goal of this work is to construct, test
and evaluate the performance of the mentioned observer associated with the sensorless field
oriented control of induction motor. The concerned observer proposed to design the system in two
subsystems one as estimator and the second as observer. The results obtained illustrate the good
performance in term of robustness, despite the problems of unobservability when the motor runs at
low speed.

Résumeé: Ce projet concerne l'observation et la commande du moteur a induction sans capteur de
vitesse a 1’aide d’observateur interconnecté a grand gain. L’objectif principal est de construire, de
tester et d'évaluer les performances de 1’observateur mentioné, associés au commande sans capteur
du moteur a induction. L’observateur concerné basé sur la décomposition du systeme en deux sous-
systémes, 1’un fonctione comme un estimateur et 1’autre comme un observateur. Les résultats
obtenus illustrent la bonne performance en terme de robustesse, malgré les problemes

d’inobservabilité lorsque le moteur tourne a basse vitesse.
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General introduction

GENERAL INTRODUCTION:

Sensorless field oriented control of induction motors has become popular due to
reliability and maintanence concerns. Precise speed and torque for an induction
motor can be monitored based on dynamic characteristics of the induction motor
by using the field oriented control theory and high performance digital signal
processor. The indirect field oriented control of an induction motor requires precise
speed information; therefore a speed sensor is usually used on the shaft of the
motor for measuring the motor speed. However, a speed sensor increases the cost
and requires a connection line between the control system and the motor, which
may lead to unstable operation of the control system due to interference from the
signal line. In addition, an exact servo motor control performance is needed in a
system in some cases where the attachment of a speed sensor is impossible. The
sensorless field oriented control that can precisely control an induction motor
without a speed sensor has been taken great interest, and results of studies have
given various speed estimation algorithms and sensorless control methods. The
role of an observer is to monitor the dynamics of the state as basic information in
the system to increase the robustness of the control and improve its performance.

This master project is organized as follows:

> The first chapter is concerned to give an overview on sensorless speed control
where we will present some well known types of observers as well as some
sensorless speed control techniques.

> In the first part of the second chapter, we will present the mathematical model
of induction motor in different frames using park and Clark transformations to
make it possible developing a field oriented control associated with the
observer for IM then validating the results using MATLAB SIMULINK.
While in the second part we will show the principal of field oriented control for
IM and its main advantages then we will finish this section by applying some

tests to check the reliability of the control system.
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> In the third chapter we will present the interconnected high gain observer for
sensorless speed control of IM. Then using MATLAB SIMULINK we will test
how the observer works and how much it is robust to motor parameters’
variations and then we will finish this section by testing the whole sensorless

speed control for IM.
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Chapter I : Overview on Sensorless Control

I-1 Introduction:

The implementation of control system is often based on the assumption that all states
are available for online measurement; however, in practice, some of them may not be
measurable due to a lack of appropriate estimating devices or the high price of
sensors [1]. As a consequence, measuring the missing states or variables is expensive
and time consuming due to the significant technical standard requirements and the
high cost of installation of these devices. For these reasons, devices called observers
have been developed to reconstruct the state vector in order to estimate the missing
variables and, at the same time, to reduce the usage of high-priced sensors.
Luenberger [2,3,4] and Kalman [5] introduced the basic concepts of state observers
and Kalman Filter based observers in the 1960s. However, over the years, research in
the design of observers has become popular but challenging due to the requirements
of high accuracy, low cost and good prediction performances. In fact, many observers
today are simply modifications and extended versions of the classical Luenberger
observer and Kalman filter. In recent years, various types of observers have been
developed to accurately estimate state variables in linear and nonlinear processes.
They have been widely used both theoretically and practically through simulations
and real plant testing.

In this chapter we will present the history of state observers through looking over
their principle development stages.

I-2 A survey of observers for nonlinear systems:

I-2-1 Definitions:

a. Estimator: The estimators, used in open loop, are based on the use of a copy
of the model of a representation of the motor, the dynamics of an estimator
depend on clean modes of the motor. Such an approach leads to the
implementation of simple and fast algorithms, but sensitive to modeling errors
and parametric variations during operation. Indeed, there is no feedback with

real quantities to take into account these errors or disturbances.
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b. Observer: An observer is a closed-loop estimator with independent system
dynamics. It provides an estimate of an internal physical quantity of a given
system, based solely on information concerning the inputs and outputs of the
physical system with the input feedback of the error between the estimated
outputs and the actual outputs, using a gain matrix to thus adjust the

convergence dynamics of the error.

I-2-2 Luenberger observer:

The most obvious approach to estimate the state of a known system
{ x(t) = Ax(t) + Bu(t) (I-1)

y() = Cx(t)

Is to create a copy:
{ x(t) = AZ(t) + Bu(b) (1-2)
y() = Cx(t)

Whose state provides an estimate X(t) of the original system’s state x(t). (We know
the input u(t), so we can apply it to the copy as well as to the original system.). The
simplicity of this method has a downside, however, if the initial state of the copy
matches that of the original system exactly, i.e  X(0) = x(0), the copy will provide
the exact value of the state of the initial system.

Luenberger Observer possesses a relatively simple design that makes it an attractive
general design technique.

Observer error is defined as

e = x—2X (1-3)

Differentiating equation (1-5)

6 = x—X (1-4)

and substituting equations (I-1), (I-2) into (1-4) we get

é =Ax+Bu—[AX+Bu+L(y—9)] (1-5)
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or
é =A(x—%) — LC(x — %)] (1-6)
e = (A—LCe (I-7)

Solution of equation (1-7) is given by

e(t) = e?7LCe(0)
The eigen-values of the matrix A—LC can be made arbitrary by appropriate choice of
the observer gain L, when the pair [A,C] is observable (i.e. observability condition
holds). So the observer error e > 0 when t = oo.
Note:
The given system is observable if and only if the n x n matrix,
[CT ATCT ...(AT)™=D CT] is of rank n. This matrix is called the observability
matrix.
I-2-3 The Kalman filter:
Within the significant toolbox of mathematical tools that can be used for stochastic
estimation from noisy sensor measurements, one of the most well-known and often-
used tools is what is known as the Kalman filter. The Kalman filter is named after
Rudolph E. Kalman, who in 1960 published his famous paper describing a recursive
solution to the discrete-data linear filtering problem [5].
The Kalman filter is a set of mathematical equations that provides an efficient
computational means to estimate the state of a process, in a way that minimizes the
mean of the squared error.The filter is very powerful in several aspects: it supports
estimations of past, present, and even future states, and it can do so even when the
precise nature of the modeled system is unknown.
I-2-4 The Extended Kalman Filter (EKF):
The Kalman filter addresses the general problem of trying to estimate the state of a
discrete-time controlled process that is governed by a linear stochastic difference
equation. But what happens if the process to be estimated and (or) the measurement
relationship to the process is non-linear? Some of the most interesting and successful

applications of Kalman filtering have been such situations. A Kalman filter that
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linearizes about the current mean and covariance is referred to as an extended
Kalman filter or EKF [5].The basic approach for an EKF is to linearize the original
nonlinear system and then implement a Kalman filter setup on the linearized system.
Owing to the inherent flaws of linearization (basically taking only the first term of the
Taylor series), EKFs are not optimal estimators, unlike Kalman filter.

That being said, EKF is one of the most widely used and practical estimator for
nonlinear systems.

I-2-5 High gain observer:

A special role is played by the high-gain observers in which the error trajectory has
an exponential decay rate that can be imposed arbitrarily fast by acting on a design
parameter, appearing in the observer structure, typically known as high-gain
parameter [6].

Historical overview:

The use of high-gain observers in feedback control appeared first in the context of
linear feedback as a tool for robust observer design. In their celebrated work on loop
transfer recovery [7], Doyle and Stein used high-gain observers to recover, with
observers, frequency-domain loop properties achieved by state feedback. The
investigation of high-gain observers in the context of robust linear control continued
in the 1980s [8]. The use of high-gain observers in nonlinear feedback control started
to appear in the late 1980s [9],Soon afterwards the technique was developed
independently by two schools of researchers a French school lead by Gauthier,
Hammouri [10], and others and a U.S. school lead by Khalil at Michigan State
University. The work of Gauthier and others in the French school focused on deriving
global results under global Lipschitz conditions. The work of Khalil and co-workers

took a different turn after it was demonstrated by Esfandiari and Khalil [11].
I-3 Sensorless speed control:

Accurate speed information is always necessary to realize high performance and

high-precision speed control of induction motor drives. Conventionally, a direct
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speed sensor, such as an encoder, is usually mounted to the motor shaft to measure its
speed. The use of such direct speed sensors implies additional electronics, extra
wiring, extra space, frequent maintenance and careful mounting which detracts from
the inherent robustness and reliability of the drive. Also, it adds an extra cost and the
drive system becomes expensive. For these reasons, the development of alternative
indirect methods becomes an important research topic [12]. Therefore, there is a great
interest in the research community to develop a high performance induction motor
drive that does not require a direct speed sensor for its operation; in other words, to
develop a sensorless speed induction motor drive. Many advantages are expected
from sensorless speed induction motor drives such as reduced hardware complexity,
low cost, reduced size, elimination of direct sensor wiring, better noise immunity,
increased reliability, and less maintenance requirements. Speed-sensorless motor
drives are also preferred in hostile environments and high-speed applications [13].
The positive features of speed sensorless systems introduces them as a preferable
choice for the next generation of commercial motor drives, not only for induction
machines but also include other electrical machines, such as switched reluctance

motors (SRM) and permanent-magnet synchronous motors (PMSM) [14].
I-4 Speed estimation schemes of sensorless induction motor drives:

Recently, serious attempts to eliminate direct speed sensor of induction motor
drives are reported. All these attempts employ motor terminal variables and its
parameters in some way or another to estimate the speed. The question always arises
IS to which extent the method is successful without deteriorating the dynamic
performance of the drive. Several methods have been recently, proposed for speed

estimation of high performance induction motor drives.
I-4-1 Non Adaptive (Open Loop) Method:
a. Direct Calculation method:
In direct calculating method, value of rotor angle and speed are calculated directly

this is done by converting the three phase varying quantities into two phase (d-q)
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reference frame. The voltage and current values are then calculated along both axis
(i.e, d and g axis). This method is direct, simple and easy having quick dynamic
response, because of this reason no observer is required. Although due to
measurement noise, any stator current deviation will leads to calculation error in rotor
angle and speed values. The massive problem of this method is parameter uncertainty

of motor.
b. Method based on calculation of stator inductance:

The methods based on inductance calculation utilize the value of stator inductance
for the mechanical values estimation like rotor position and its speed. This method
can only be used for the motors whose salient values are large such as switched
reluctance and interior motors. Stator inductance depends on rotor position and
therefore position of rotor can be known by tracking the inductance value and rate of
change of current [15]. A B Kulkarni described a method in which rotor position of
motor is calculated by stator phase current and voltage [16]. This scheme is very
useful for high saliency motor even at starting i.e. null speed where the motional
EMF becomes zero. It is an open loop method, cannot be guaranteed about estimation

correctness [17].
c. Back EMF integration:

The back EMF induced in motor is directly proportional to speed of rotor or its
angle and therefore the back EMF can effectively estimates the rotor values. [18] In
ref. [19], authors propose the determination of back EMF which is independent from
voltage probes that makes the method cheaper with added advantage of increased
systems reliability. Reference values are preferred over measured voltage. Due to the
integrator drift problem calculation of back EMF is not done by the total flux linkage
integration of the stator phase circuits. As this method is direct, it is very fast,
straightforward and hence doesn’t require complex observer which makes it simple,

robust, cost effective and accurate at higher frequencies. At low speed such as
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starting, the method gives poor accuracy, one of its major problems is the back EMF

calculation as it is not easy to obtain.
I-4-2 Adaptive (Close Loop) Methods:

Close loop method is also called adaptive method which adapts the varying
situation and behaves according to it. They do this by comparing the outputs of two
different systems, real and mathematically modelled system. The main objective of
these methods is to minimize the error between both systems. Some close loop

methods are presented below:
a. Extended Kalman Filter:

The Kalman and Extended Kalman Filters (EKF) are stochastic type filters in
which Kalman filter is used for linear system and EKF for nonlinear systems. These
filters are works on least squarse variance estimation to calculate the state of
dynamics nonlinear system. EKF is different from Luenberger observer on the basis
of the selection of the gain matrix. The evaluation of EKF is very much dependent to
the errors of flux linkage. However, EKF application has a major drawback, which is
to be solved yet and that is the poor performance at lower speeds (-5 HZ).
This method is insensitive to measurement noises and parameter inaccuracy.

Computational time is also reduced by this method.
b. Model Reference Adaptive System (MRAS):

Unlike EKF, MRAS method compares a reference model value with an adjustable
model value such as to reduce the error up to zero level. The Model Reference
Adaptive System is based on a criterion known as Popov’s stability, is a very
favourable technique, involved in calculation of speed and rotor resistance [20]. As
the name suggests this system adapts the situation and adjusts the controlling
parameters. An error vector represents the difference between the reference and

adaptive model. Dynamic error will be expressed as the distinction between real and

Page : 9



Chapter I : Overview on Sensorless Control

estimated value. As a consequence, the evaluated parameter vector will finally settle

to its true value. High speed of adaptation is advantage of this system [21].
c. Sliding Mode Observer (SMO):

When two or more functions or control laws are chosen such that they move
towards a common boundary and then slides on that boundary or surface known as
sliding surface. The combined effect of both functions makes the system slide on the
sliding surface. Sliding mode controller (SMC) can be designed by following steps, a
surface has to be defined first. Then, control laws or functions need to be defined so as
to have convergence of the systems towards the surface defined in above step. These
functions make the system slide on that surface hence the name the sliding mode.
Most of the discussed techniques suffer due to the variation occurred in motor
parameters. Also, it is known that in a nonlinear system any variations of the
operating point will lead to high errors in conventional linear estimators as they are
not adaptive. SMO provides a better solution for estimating rotor position and its
speed information. This observer has good robustness and can be easily implemented.
In SMO, a sliding hyper-plane is chosen with the help of an error vector [22]-[23].
This hyper-plane is then utilized by making the system slide over it until it reaches
minimum error. This technique assures zero error for the estimations of rotor values
due to its robustness. In this method reconstructed back EMF is used for the
estimation purpose. SMO is a demanding and popular technique due to its robustness
property towards parameter variation. But the drawback of this technique is the poor
performance at standstill or low speeds, because the value of back EMF is very low at
low speeds. Another problem in this method is conflict between good steady state
result and fast convergence rate. To ensure accurate speed and rotor angle values, the
convergence rate will be compromised. The gain coefficient should be chosen such

that to ensure good speed estimation results with better convergence [24].
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I-4-3 Saliency and Signal Injection based Method:

Rotor voltage or back-EMF voltage is dependent on rotor speed so, the
performance of rotor angle estimation is critically dependent on this. At lower speeds
the value of this voltage becomes negligible which creates a problem in the
estimation of rotor speed and its position. To overcome these problems non ideal
property methods can be used [25]. To improve the performances better estimation of
rotor value in the low speed range, different type of methods and techniques are

discussed for sensorless speed control.
a. High Frequency (HF) injection method:

In this method high frequency signal is given as an excitation to the motor with a
fundamental frequency signal. The magnitude of stator voltage and stator current are
kept low in comparison to the fundamental values to reduce the extra losses
introduced due to this signal. By injecting HF signal the current derivatives becomes
large and hence the variation in inductance becomes prominent even at low speeds or
at standstill. This method utilizes the saliency of the rotor and a magnetic pole [26]
the advantage of this method is that it is insensitive to parameter inaccuracy and rotor

position estimation error.
b. Low Frequency (LF) injection methods:

This method is also used for evaluating the rotor parameters in low speed range.
This method does not have much effect of saliency of the rotor and hence can be used
for non-salient motors, which is an added advantage. In LF injection method, a low
frequency signal is superimposed on the reference d axis. This added signal will
introduce ripples in back-EMF, and these ripples are utilized to estimate rotor speed
and position. Originally this method was used for the speed estimation at low speeds
for SMPM motor. Unlike HF injection method, in this method saliency is not
necessary condition for estimation of rotor speed. The estimation process depends on
the motor inertia (J). Another drawback of this estimator is slow dynamic response
[27].
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I-5 Speed estimation at low speed:

The key problem in sensorless field oriented control of alternating current (AC)
drives is the accurate dynamic estimation of the stator flux vector during wide speed
range operation using only terminal variables (currents and voltages). The main
difficulty consists on state estimation at very low speeds where the fundamental
excitation is low and the observer performances tend to be poor. The reasons are the
observer sensitivity to model parameter variations, not modeled nonlinearities and
disturbances, limited accuracy of acquisition signals, drifts and DC offsets. The main
sources of poor speed estimation at low speed depends on three main problems [28 -
29]:

I-5-1 Data Acquisition Errors:

Data acquisition errors become significant at low speeds. That is because current
sensors convert the machine currents to voltage signals which are subsequently
digitized by A/D converters. Parasitic DC offset components are superimposed to
analogous signals and appear as AC- components of fundamental frequency after
their transformation to synchronous coordinates. They act as disturbances to the
current control system, thus generating a torque ripple. The effect of unbalanced

gains of the current acquisition channels is also another problem [30].
I-5-2 Voltage Distortion due to the pulse width modulation (PWM) Inverter:

The task of the power inverter is to produce the desired voltage on the stator
winding using PWM controlled switches. Since the switching times of the existing
transistors are not infinitely short, the necessary blanking time to avoid short
circuiting the dc link during commutations must be introduced, which is also known
as dead time. This small time delay is the most important cause of the inverter
nonlinearity and introduces a magnitude and phase error in the output voltage vector.
In addition to the dead time, there is also the finite voltage drop across the switch

during the ON state, which introduces an additional error in the magnitude of the
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output voltage. Taking the inverter model into consideration enables a more accurate

estimation of the stator flux linkage vector [30 - 31].
I-5-3 Stator Resistance Drop:

In the upper speed range, the resistive voltage drop is small as compared with the
stator voltage; hence the stator flux vector and speed estimation can be made with
good accuracy. At low speeds the stator frequency is also low. The stator voltage
reduces almost in direct proportion, while the resistive voltage drop maintains its
order of magnitude and becomes significant at low speed. The resistive voltage drop
greatly influence the estimation accuracy of the stator flux vector and hence the speed
estimation. On the other hand, considerable variations of the stator resistance are
encountered when the motor temperature changes at varying load. These variations
need to be tracked to maintain stability of flux estimation at low speed [29, 30].
Several methods to improve the low-frequency performance of the voltage model
have been proposed. For example, the stator voltage and current can be measured
more accurately, the voltage drop of the inverter can be compensated, and the stator
resistance can be identified with an adaptive scheme, or the integrator itself can be
modified to a low-pass filter [29 - 31].

-6 Conclusion:

The invention of state observer has made a real revolution in the world of control
system by leading to minimize the use of mechanical sensors in industry, this made
designing and developing observers a very interesting approach for researchers. In
this chapter we have outlined the history of state observer as well as the most popular
sensorless speed control techniques. In the next chapter we are going to present the

modeling and control of IM based on field oriented technique.
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Chapter Il: Modeling and Control of Induction Motor

I1-1 Introduction:

The induction motor is used today in many applications, including
transportation (metro, trains, propulsion of ships), industry (machine tools), and
home appliances. This large choice is due to the main advantage which lies in
the absence of sliding electrical contacts, which leads to a simple and robust
structure easy to build. It is used in a range of application power from few
Watts to several Mega Watts [32].

The control of AC motors is one of the most classical and challenging topics
of electrical engineering. In the present scenario with highly development of
renewable wind energy utilization and electric vehicles, this topic continuously
gains highest interest for industrial and academic communities. In addition, the
fast improving calculation capability of modern microprocessors offer the
possibility to consider more intelligent and powerful control strategies. In the
field of high performance speed control techniques, two methods have been
dominating the market since the last decades. One of them is field oriented
control (FOC). FOC is a linear strategy, which uses linear controllers and a
pulse width modulator (PWM) to generate the voltages applied to the motors.
Due to its high performance at both steady and transient states, FOC has been
widely applied in power electronics. However, it has cascaded structure with
normally external speed proportional-integral (PI) controller and inner current
PI controllers containing many parameters to be tuned.

In this chapter we are going to represent the induction motor mathematically
in the form of different state models according to the choice of the frame and

then simulate the FOC of IM and discuss the results.
I1-2 Induction motor:
Modeling:
The induction motor comprises of a stator and a rotor, consisting of a stack

of silicon steel sheets and having notches in which the windings are placed.
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The stator is fixed, there are windings connected to the source, the objective
being to obtain a distribution of magneto-motive forces and the most sinusoidal
flux possible in the gap. The rotor is mounted on an axis of rotation. Depending
on whether the rotor windings are accessible from the outside or are
permanently closed on themselves, are defined two types of rotor: wound or
squirrel cage, however, the last structure is often taken during the modelization
as electrically equivalent to that of a wound rotor whose windings are short-

circuited.
11-2-1 Simplifying assumptions:

Electrical machines are very complex systems, to take into account in their
mathematical modeling all the physical phenomena that they contain. It is then
essential to admit some simplifying conventional assumptions, which all the
same do not alter the authenticity of the model of the motor on the framework
of this project.

The induction motor considered will have the following assumptions:

= Symmetrical two poles, three phases windings.

= The slotting effects are neglected.

= The permeability of the iron parts is infinite.

= The flux density is radial in the air gap.

= [ron losses are neglected.

= The stator and the rotor windings are simplified as a single, multi-turn full

pitch coil situated on the two sides of the air gap.
11-2-2 Mathematical model of induction motor:
a. Three-phase equations:

The stator consists of three windings distributed in space, and separated by
an electrical angle of 120 °, the same for the rotor that is squirrel cage or
formed of three coils.

The figure 1.1 illustrates the arrangement of the stator and rotor windings:
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Fig.11-1: Spatial representation of IM windings
The stator voltages will be formulated in this section from the motor natural
frame, which is the stationary reference frame fixed to the stator. In a similar
way, the rotor voltages will be formulated to the rotating frame fixed to the

rotor.

In the stationary reference frame, the equations can be expressed as follows:

d[\Psabc]

[Vsabc]: [Rs ] [Isabc] + T (”'1)
[/
WVsane ] = Vsp
Ve

Similar expressions can be obtained for the rotor:

d [quabc]

Veabe)=[ R T lranc] + T (11-2)
el 0
Veabe | = |Ven| =10
el Lo

The rotor voltage equals 0 in the case of a squirrel cage.
The instantaneous stator and rotor fluxes linkage values per phase can be

expressed as:
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{[qjsabc] = [Lss][lsabc] + [Msr][lrabc]
(11-3)
[lprabc] = [er] [Irabc] + [Mrs] [Isabc]

The magnitudes, [ ], [Lapels [Wsapel, [Wranel, are vectors of dimension 3x1

defined as follows:

IS(I Ira
[Isabc]= L, [Irabc]: Ly
ISC ITC
Y W, 1 0 0 1 0 0
[Weape] | Wb | [Wrape]l = [Pro [RyJ=Rs |0 1 0 [R,J=R, |10 1 0
Wy W, 0 0 1 0 0 1
Is ms ms Ir mr mr
[Le]=|ms Is ms [L,]= |mr Ur mr
ms ms s mr mr lr
l[ cos(8)  cos(f - 4?”) cos(f - 2?”)]'
[Msr]:M|cos(6+2;”) cos( 6) cos(e—%”)| L [Mrsl=[M]'
[cos(@—z?n) cos(9+2?ﬂ) cos( 6) J

b. Two-phase equations:

The two-phase model of IM is a transformation of the three-phase reference
into a two-phase reference, which is in fact only a basic change in physical
quantities (voltages, fluxes and currents), it leads to relations independent of
the angle 0 and the order reduction of the equations of the machine. The most
well-known transformation for electrical engineers is Park (1929). [33]

Figure 11-2 shows the direct axis d and the quadrature axis q of the Park

referencial
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Sb
4 d
m sl
ra
. Sa
>
Ic
86 v
Fig.11-2: dg axes with respect to abc axes
0,=0,+ 6 (11-4)
The transform matrix of Park [T] is defined as follows:
1/2 1/2 1/2

4T

[T]=§ cos(fi)  cos(Bi —%ﬂ) cos( 8i - 3)
—sin(0i) —sin( 0 —%ﬂ) —sin(61)
We have chosen (2/3), for the unchanged values of amplitudes of the
voltage, currents and fluxes
0i is the angle between the axis d and the reference axis in the three-phase
system.

The direct transformation is then:

‘0 1/2 1/2 1/2

X

2 | cos(fi)  cos(Bi - 2—”) cos( 0i - 4—”) .
xd = g 3 3 Xb (”'5)
xq Xc

—sin(0i) —sin( 0 —2?”) —sin(6i)
Where x represents the considered variables of the machine that are voltages,
currents or fluxes.

The variable x, represents the homopolar component, added to make the
transformation reversible; it is zero when the neutral is not connected. The
inverse Park transform is necessary in order to return to the three-phase

quantities, it is defined by:
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1 cos(6i) —sin(6i)
Xa 2 |1 bi 2 in( i 2 Xo
Xp |- cos( l‘;) =sin( l‘;) Xq (11-6)
Xe 1 cos(6i - 4?”) —sin( 6i — 4?”) %q

Symbolized by the vector stator flux, the rotating field is the field created by
the stator winding and which turns, in steady state, with the speed of

synchronism. If we choose to fix the dg mark to the rotating field then we have:

dd—is=a)s-)a)sl=a)s—a)=ws—pﬂ (1-7)

Where: ws :is the stator pulsation
@ : is the rotor pulsation

Wg :1s the pulsation of the sliding

Q: the mechanical speed, it is connected to the rotor pulsation by:

The electrical equations of the IM in a Park reference linked to the rotating
field are:
At the stator:
Vsq = Rglgq + dZ}gd - Wslpsq
(11-8)
_ . d¥sq
Usq = Rslsg + -1+ Wiy

At the rotor:

Veg = 0= Rpipg + dz:d - (ws - pQ) quq

(11-9)
Vg =0 = Rpig + S0+ (w5 - pQ)¥q

dt
With the fluxes equations as below:
For the stator:

Weqg = Lsisqg + Miyy
(l1-10)
Lpsq = Lsisq + Mirq

For the rotor:
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Wiqg = Lylpg + Migy
(11-12)
Lprq = Lrirq + Misq

With

L, - stator cyclic inductance

L, - rotor cyclic inductance

M = Cyclic mutual inductance between stator and rotor.

The electromagnetic torque Te can take several forms:

3 . .
( T, = 3 p (Lpsdlsq - Lpsq isq)

3 , :
T, = > p (quqlrd - Lp?‘dqu) (1-12)

3 . .
T, = 3 Ly (qud lsq _Lprdlsq)
\Te = K; (qudirq - LIJ1‘qisq)

where

N

3L
K, = p2im
t PZLr

p: The number of pairs of poles.
The mechanical rotation speed is deduced from the fundamental law of

general mechanics (the sum of the torques to the shaft is equivalent to the
inertial torque), so it is written:
JE =TTy £, 0 (11-13)
Where:
J: Moment of inertia

T, : Load torque

f,: Friction coefficient
Now we will rewrite the equations of the motor in state model, taking the

stator currents isd, isq and the rotor fluxes ¥, , ¥, as state variables.
We replace the rotor currents and stator fluxes from the equations I1-10 and

-11
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lrg = L_rlprd - L Isa
The rotor currents: ) y (11-14)
irg = - ¥rq = Tisq
Lpsd :(Ls_ L2>lsd+ %‘Prd
The stator fluxes: (11-15)
b4 M2 M
sd =(LS—E>isq+ Elprq
(digy 1 R+RrM2 w4 1 (RrM)lp N 1 (M) v 4 1
dt oL \sT Tz Jsa T Ostsa T e \Tz ) Tra T o\ )@ e T 5L
digg _ 1 r +RrM2 _ 1 (M) v+ 1 (RTM)I{J N 1
dr  Ostsa T\ T T Jlsa T oo\ )@ e T Tz ) Tra T 5
av,, R.M R,
= (g — — Wpq + D Y II—-16
dt Lr lsa Lr rd Wgy rq ( )
d¥,, R.M R,
L dt = L, lsq wg Yrg L_Tlprq
2
o=1- 2= |sthe dispersion coefficient.

s

This transformation is also called Clarke transformation, which is in fact a

special case of Park transformation, when 6s = 0, dq axis are now called aff

axis.

- The direct transformation is then as follows:

Xo 12 1)2 1/2 X,

Xel=2/3| 1 -1/2 -1/2 Xp (1-17)
Xp 0 V3/2 —3/2] lXc

Where, X represents the voltages, currents or fluxes.

- The inverse transform is of the form:

X, 12 1 0 X

Xpl= 23 (12 -12 V32| |*a (11-18)
X 12 -12 -3j2] P

From the previous definitions, the electrical equations of the motor are

rewritten as follows:
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Vsq = Rglsq + dl:%
For the stator:

. (11-19)
vsﬁ = Rsisﬁ + sB

dt

{Lpsa = Lglgq + Miy,

(11-20)
q’sﬁ - Lsisﬁ + Ml?‘ﬁ

— — ; avy

+ w Wy
For the rotor:

(11-21)

dLPTﬂ
at w ¥rp
{ Wiq = Lylyg + Migq
quﬁ = Lrllrﬁ + Mlsﬁ
Now we will rewrite the equations of the motor in state model, taking the

stator currents i, isp and the rotor fluxes ¥, , ¥,z as state variables

(digg 1 R, 1M2 N 1 (M)lKP - 1 (M) w4 L
at = o \Bstr et T\ Y WX T G, Vsa
digg 1 R, 1M2 1 (M) w +1 (M)lLP N 1
Jae T o, T oL, \L)C e T \L )T, BT op, Vs
ay R.M R
dt”"_ z fgq — Trlprd+ w51 Wrq (11 — 22)
r T
d¥,s R.M R,
L dt = L, lsg — Wgp Lprd_L_rqu
nﬁ
d
q
)
»
Fig.11-3 position of the landmarks
The transformation is then as follows:
Xd Xo
=[P(6)] (11-24)
Xq xB
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And conversely

Xo Xd
=[P(-8)] (11-25)

X Xq
With: [P(8)] :[—CgiSn(?S)) i;’;%‘;; (11-26)

11-2-3 Simulation results:

Simulation of the IM model is performed using Matlab/Simulink.

The simulation will be done in the frame (d, q) for a nominal load test after a
no-load start. Supply voltages are assumed to be perfectly sinusoidal with equal

and constant amplitudes.

-I speed
a3
To Workspace3
ves - Viesse To Worlapace2 Clock To Workspace1
Cem 46
=
Isd dia ingl
Wsq Veq sd
Isq _sq ia ib
ttttt de park o 1S L
-
irap [ooote tep
Cr

Subsystemn

Fig.l1-4 induction motor simulation diagram
The IM motor parameters:
F=50 Hz, Rs=4.85 ohm, Rr=3.805 ohm, Ls=0.274 H, Lr=0.274 H
p=2, M=0.258 H, f=0.008 N.s/rad, j=0.031 Kgm?

a. No-load test

160
140

120 /
100 /

rad/s
T —

Time (s

. )
Fig.11-5 speed rotor

Page : 23



Chapter Il: Modeling and Control of Induction Motor

Time (s)
Fig.l11-6 electromagnetic torque

current (A)

it 11
Jl | ﬂ“ | m
(o

il
L R

| ‘ “‘\“h\\”‘
ik A
v”!vu

Y

\
|
|
|
i

QRSN L A

20

Tim(le (s)

Fig.l1-7 satatoric currents (Is(a,b,c))
Fig.l1-5 shows that the speed increases linearly then stabilizes at a value almost
identical to the speed of synchronism.
Fig.l1-6 shows that the electromagnetic torque reaches a maximum value at the
startup, and then it decreases to its final value in the case of no-load.
Fig.11-7 shows that the current reaches a maximum value at the startup (start
peak), and then decreases to its nominal value.
b. Load test: load applied at timet=1.5s5./ TL =5 N.m

1 2 3 4 6 7 8 9 10

Timtsa (s)

Fig.11-8 electromagnetic torque (blue) and load torque (red)
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rad/s

Timz (s)

Fig.11-9 speed rotor

current(A)

(Al mm Il
Ui 'n WH “‘}‘V!M ﬂ |

\
“ Moty ol hm‘ﬂ l LM‘ MIWM it MM kan
A Wl r U' l] ”l’ll”[ W

IR

Time(s)

Fig.11-10 stator currents (Is(a,b,c)) (no load)
Fig.11-8 and Fig.11-9 show the results for load test, in transient mode the
torque and the speed behaves as the test case at no-load, At the moment
when the load is applied (t=1.5s & T, =5 N.m) it is noted that the speed
decreases, and the electromagnetic torque is stabilized at the value that
corresponds to the load considered.

Fig.11-10 shows the currents which are the same as no load test except
5 N.m)

when we applied the load they increase (t=1.5s 2 T, =

11-3- Field oriented control (FOC):

11-3-1 Principle of the field oriented control
The principle of the FOC is that the torque and the flux of the motor are

controlled separately in similarity to the separately excited DC motor, where

the stator currents are transformed into a rotating reference system aligned with
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the rotor flux vector, stator or gap, to produce components along the d axis
(flux control) and along the g axis (torque control).

11-3-2 Types of FOC:

a. Direct field oriented control (DFOC):

This type of control requires knowledge of the module and the phase of the
flux (rotor in our case) at any time. A first method is to directly measure the
flow of the machine using sensors positioned in the air gap and to deduce the
amplitude and phase.

The sensors are subjected to extreme conditions (temperature, vibration, etc.)
Moreover this measurement is tainted by noise depending on the speed caused
by the notches, which requires the variable frequency filtering, this measure
allows to design a completely decoupled field oriented control (flow and
torque) against the installation of flow sensors that increases the cost of
manufacturing, for this reason we introduce the estimate (open loop) or
observation (closed loop) of the flux from classical measurements (currents,
voltages, speed) [34]. As part of this project the indirect field oriented control
will be processed.

b. Indirect rotor field oriented control (IRFOC):

Indirect rotor field oriented control does not do flux tuning, flux sensors,
estimators and observers are not required. We therefore have no knowledge of
the modulus and the phase of the rotor flux, this requires a measurement of the
rotor position. This control is simpler but obviously at lower performance
compared to the direct control, this is due to the sensitivity of this type of
control for changes in the rotor time constant. The advantage is that this control
requires little computing time in the microprocessor [35].

In the case of indirect control, the flow is not regulated (neither measured
nor estimated). This is given by the setpoint and oriented from the angle 0s

which is obtained from the stator pulsation ws. The latter is the sum of the rotor
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pulsation wsl estimated and the mechanical pulse P.Q measured. So this
method eliminates the need to use a sensor or an observer of the gap flux.

11-3-3 Equations of IRFOC:

Remembering that the equations of stator and rotor voltage in Reference

linked to the rotating field are the following: 11-8 and 11-9

ay
d

Vsq = Rslsqg + id - Wslpsq

At the stator:
d¥sq
Tdr

Vsq = Rsisq + + wsWyy

Vrq =0 = Rpipg + 54— (w5 - pQ) Wrg

dt

At the rotor:

Vrg =0 = Rpipg + dz:q + (wg - pQ)¥,q
The implementation of field oriented control is based on the orientation of the
rotating axis dqg, such that the axis d coincides with the direction of yr
The orientation of the magnetic flux along the direct axis leads to the

cancellation of its quadrature component, we then have:

Y =0
(1-27)
VYoq = ¥,
The equations of the rotor voltages become:
Vya = 0= RT'iT'd + %
(11-28)
Vrg =0 = Rpiyg + (ws- pQ)Y,
And the stator fluxes:
. M
Wsq = Lsoigq + L_Lprd
" (11-29)

Wsq = Lol

So the stator voltages become:
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disgq M % — ]
>4+ T WsLs0igg

Vsa = Rsisd + LSO'

y (11-30)
. dig ,
Vsq = Rgigq + Lo —1+ Ws Y.q + Weleoigy

Estimation of wg and 6 :

In the IRFOC, the stator pulsation is determined indirectly from the
measurement of the mechanical speed and the following relation [36]:

M
W= T + lp:’d (11-31)
From I1-7 we obtain
_ M | isq -
we=pQ + L + .. (11-32)

So 6, is writing as below:

0= [ wy.dt (11-33)

Expression of electromagnetic torque:

The new equation of electromagnetic torque is:

To = kWraisg (11-34)

Note that the speed given by the expression in (11-13) remains unchanged.
The equation of IM becomes:

di R.L? R.L
Vey = 0 Lg did 4 (RS n rLzm > isq — 0 Lswsisy — ( r m) Y
Tr

di R.L% \ | , R, L
Vsq = 0 Lg diq_l_ <R5+ %>15q+ost515d+ ( d m)qu

r

Mg, (11.35)
= pQ+ — +
s P Lr qud
ds)
E = Te - TL —f.Q

Tem = ktqudisq
We see in these equations that vy and vsq depend on currents of the two axes

chosen as states variables iy and isq, SO they influence flux and torque. It is

therefore essential decoupling the coupled terms [37] [38].
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11-3-4 Decoupling by compensation:

Different decoupling techniques exist, decoupling by state feedback, static
decoupling or compensation decoupling, which we will present now [38].

The purpose of the compensation is decoupling the axes d and g. This
decoupling makes it possible to write the equations of the motor and the control

part in a simple way and thus to easily calculate the coefficients of the

regulators. Considering a long dynamic of low speed flux (_djzd:

0) compared to the currents [39] [40].

s Is the operator of Laplace:
So the voltage equation becomes:

Vsqg = (Rg + sLs0)isq — WsLsOigg

y (11-36)
Vsq = (Rs +sLs0)igq + WSL—r Y.q+ Weleoigy
The new control variable is written as below:
Viqa = (Rs+5Ls0)isq = Vsq + WsLsO-isq = Vsq t €sq
(11-37)

. — M . _
Visq = (Rs +5Ls0)isq = Vsq — (WSL— Y.q+ WSLSO'lSd) = Vsq + €gq
T

With: * refer to the control variable or reference

.......................................

Vad * I

.......................................

-

Fig.11-11 the new control variable

The voltages vsq, v54 are then reconstituted from the voltages v*¢4, 754
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Onduleur

MAS

Fig.11-12 reconstitution of the voltages vgq, vgq

11-3-5 Simulation of FOC for IM:

150 ref

Vagd

OM el

BENCHMARK ﬁa

| PH ref
5

——F
DECOUPLAGE

¥l

Discrate,
powergui
:
130 ]
Gr
[5QF
Ved IRD
Va
IRQ
PHSD
Vb
PHSO
PHRD =
+p (o
PARK INY

Fig.I1-13 block diagram of the FOC in MATLAB Simulink.
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a. No load test :

0 1 2 3 4 5 6 7 8 9 10
Time (s)

Fig.l1-14 Electromagnetic torque
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Fig.11-15 Rotor speed (blue) with reference speed (green)
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Time ()
F=111.16 Statoric Currents (Is(a,b,c))

Page : 31


Ms
Note
regime transitoire n'apparait pas ? 

Ms
Note
le resultat n'est pas correcte !

je vous recommande de supprimer.

Ms
Note
stator current


Chapter Il: Modeling and Control of Induction Motor

b.Test with load: t=3s, T, =8 N.m

160

140 /
120 ——omega reel

[ ——omega reference

100

rad/s

Time (s)
Fig.11-17 rotor speed (bule) and the reference speed (green)

40

3% Tem

—

30

2%

2

15 \
10

Time (s)
Fig.l11-18 Electromagnetic torque (blue) and load torque (green)
Simulation results show that for load application (Fig.11.8), the quantities such

as speed, torque, fluxes and currents are influenced by this load but the system is
perfectly controlled.
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¢ -Reversing the direction of rotation : (speed from +157 rad/s to -157

rad/s)

rad/s

-100 \
-150

-200

200 [

— omega reel
150
/ — omege reference

100

50

50

Time (s)

Fig.11-19 Rotor speed (blue) with Reference speed (green)

40

I\
[

-40

-60

-80
0 1 2 3 4 5 6 7 8 9 10

Time (s)

Fig.11-20 Electromagnetic torque (speed inversely)

Following this test of inverting the direction of rotation (+157 rad / s at -157 rad / s)
with a load, results show that the response in speed follows perfectly the instruction
with the same time of response and a null error. The torque follows the load value
imposed with certain peaks when switching from one direction of rotating to another.

The coupling between the flux and the torque is intact during this test.
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11-4 Conclusion:

In this chapter we have started by describing our motor and its components,
and then we have proposed simplification hypotheses which have helped to
build several mathematical models for the motor.

In the second part we have chosen the field oriented control as a control
technique for our induction motor, we have presented its basic concepts. This
control ensures the necessary decoupling, allowing to separate the control of
the flux and that of the torque. Simulation results have shown the robustness
of the IRFOC control against the variations of motor parameters and rotor
speed. In order to overcome the disadvantages of sensors, in the next chapter

we will present sensorless speed control system.
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[11-1 Introduction:

The industry world is interested in reducing the number of sensors because of the
complexity and high cost of their installation (additional wiring, maintenance), the
cost of the sensor itself being just one element among others. Most of the control
techniques of induction motor as the field oriented control requires the measurement
not only of stator currents (possibly stator voltages) but also of mechanical speed.
Moreover, the load torque is a measurable disturbance but the price of the sensor
makes this measurement unrealistic. The control without mechanical sensors (speed,
position and load torque) has become a major concern. There are several nonlinear
techniques in the literature based on the motor model for determining the mechanical
variables of the induction motor. In general, using the state model of the induction
model, the mechanical speed can be estimated (using state observer) from stator
voltages and currents [41] and [42].

It is well known that there are no systematic methods for designing observers for a
given nonlinear system. However, several observation methods are available
depending on specific characteristics of the nonlinear system studied. In particular the
nonlinear system considered can be seen as an interconnection between several
subsystems, where each subsystem satisfying certain conditions, an observer can be
synthesized [43][44].

In this chapter we will present and construct an interconnected high gain observer and
then connect it to the field oriented control of induction motor using MATLAB
SIMULINK.

I111-2 Observability study of induction motor without mechanical sensor:

The observability problem of induction motor without mechanical sensors has
been studied by several authors [46.47]. In [48] are presented some cases in
which the induction motor is observable and unobservable. The problem was to
characterize the condition in which the states of induction motor can be observed
only from measurable variables (currents and voltages). It follows that when the

fluxes ¥, ¥,z and the speed Q are constant even when we use high derivatives of
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currents, the induction motor observability can not established. Hence, this is
sufficient and necessary condition for lost of observability.
This operating case matches the following physical interpretation.

1- When the fluxes are constant (¥, = ¥, = 0), or equivalently, the
excitation stator pulsation is zero (ws = 0), it implies that pQ +
(R, T,/p¥*,q) = ws = 0 or T,= —KQ and K= p?¥?2,,/ R,.
2- If the speed of the motor is constant, then T,=(fQ + T;) = —KQ
The last equation defines the unobservability curve in the map (T, Q) with
M= p*¥*q/ R )+ f
Then, taking into account this observability problem, in the next section, the design

of the interconnected high gain observer to estimate the mechanical and flux

variables LI

Q

[
>

Fig.l111-1 Unobservab I'|I¥3|/ curve in the map
of the induction motor without mechanical sensors will be presented.
111-3 Methodology:

It is well know that there is no general method to design an observer for
general nonlinear control systems. However, the nonlinear system maybe seen
as an interconnection between several subsystems. The idea to construct the
interconnected observers is to design an observer for the whole system, from
the separate synthesis of observers for each subsystem, assuming that, for each
of these separate observers, the state of the other subsystem is available.

I11-4 Interconnected high gain observer:

If a system does not completely satisfy any of the known properties it may

satisfies some of them partly, In other words it may be seen as an interconnection

between several subsystems where each of these subsystems satisfies some
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required properties for an observer to be designable. The idea is then to design an
observer for the whole system from separate designs for each subsystem and
consequently the problem becomes analogous to some extent to the so called
separation principle for observer based control, in that case a controller is
designed assuming that all states are available and separately an observer is
designed assuming that the control is known for linear systems, the achieved
controller based on the estimates of the states given by the achieved observer is
proved to be still stabilizing, however, this is no longer guaranteed for general
nonlinear systems.

I11-5 Interconnected high gain observer for induction motor:

The given nonlinear system represented by:

X=A(uy) + gy X)
{ R (111-1)

Where X € R" constitutes the state vector, u € R™ is the control input, y € R” is the
measured output and the matrix A(u,y) is bounded.

Systems of form (I11-1) belong to the class of nonlinear state affine systems with a
nonlinear term g(X, u, y). This term is in the triangular form in order not to destroy
the observability property of the system. A particular case is when the term g depends
only on the inputs and outputs, that is, g(u, y), then it is called an input— output
injection.

From now on, this class of nonlinear systems will be considered in order to design an
observer using the property of inputs’ persistency [45].

The model of the induction motor (IM,g) can be described by:

(Wi = —aWy — PAWg + aMgri

Vg = —a¥p + pQW,, + aM isg

IMag { bsa = b(a¥rq + PAW.g) — Visq + Mylisy (11-2)

isg = b(a‘PrB - pQ\Pm) — Visg + MU

| Q= m(W,qisp — Prpise) — cQ— % T,
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111-6 Advantages of the high gain observer:
The advantages of HGO in comparison to other observers can be summarized as
follows:

1

High gain observers are relatively simple to design as you do not need to
solve complex differential equations nor use complicated formulas.
Determining a suitable value for the gain is typically done through

experimentation.

he

For large class of nonlinear systems, they can provide global or semi-global

stability results for large class of systems. This means that their use can
provide stability guaranteed for any arbitrarily chosen initial conditions.

3- They can be relatively fast.

4- They can be robust to modeling uncertainty and external disturbances.

5- For nonlinear systems represented in the normal form, it was shown that
when high gain observers are used in output feedback control they can
recover the performance of the state feedback controller, in other
words, assuming that all the states are measured, you can design a controller
that satisfies some performance specifications such as some desired
overshoot and settling time. Then, when the states are provided by the high-
gain observer, the output feedback controller can provide a very similar
performance to the state feedback case.

I11-7 Disadvantages of the high gain observer:

The disadvantages of high gain observer can be summarized as follows:

1- They are sensitive to measurement noise. Although there have been some results
in the literature that tackled this problem, solving this problem still deserves more
research.

2- They suffer from the peaking phenomenon, where, due to the high gain, there is
an initial sharp spike in the response of the state estimates. This phenomenon can
cause instability for some types of systems. One practical solution to this problem

IS to use saturation outside the operating range of the system states.
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I11-8 Application:
Here, a HGO interconnected to an estimator (E) is designed for the class of
state affine system (Il11-3). The model of induction motor (I11-2) can be

rewritten in an interconnected compact form as

S {x1 = A1,60 (WY, X2)Xy :r g1(wy X2, Xy) (111-3)
y1 = C1Xy
And
5 {XZ =A; X, J:gz(u, y, X1, Xz) (111-4)
y2 = C2X;
1
AlHGO (wy,X2) =10 0 - T

0 0 0
—Yige + ab W, o + myug,
g1(Wy Xz, Xp) = | m(Wrqisp — Prpisa) — cQ

0
-y 0 ab
A2 = ( 0 —a 0 >
—ab 0 —a
—bpQW¥,o + myug

gz(u, v, X1, Xz) = —pQ¥, g + aMgisy
PQY¥,q + a(Mg + b) isg

Where X; = (%11,%12, %13)TWith &1 = g, 2= Q X3 =T

C,=1 o0 0);

Xy = (X21,X22,X23) " With xp1 = Isg Xo2 = Wro  X23 = Wip

C;=(1 0 0);

u = [ugq, usp]” and y= [iy, isg]’. We assume that Ty, is a constant and

unknown torque.
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_Note that the dimension of the first subsystem is equal to 3 it is due to that
the load torque is now considered as a variable to be estimated by the
observer.

Objective:

By using only the stator currents measurements of induction motor, the goal is
then to design a HGO for subsystem (I11-3) in order to reconstruct the
mechanical variables ( £,T;) and an estimator (E) for (I11-4) to estimate the
magnetic variables (¥;.q, ¥rg).

_Defining the auxiliary signal vi = [u, y, X;]", and in order to design an
observer for (111-3), the following assumptions were introduced:

1. The signals v; are bounded and assumed to be regularly persistent [43] in
order to guarantee the observability property of the subsystem.

2. Ai(u, y, X5, X;) is globally Lipschitz w.r.t X, and uniformly Lipschitz w.r.t
(u.y).

3. g1 (uy, Xy, X;) is globally Lipschitz with respect to X, and uniformly
Lipschitz w.r.t (u.y).

4. g, (u, y,X;, Xo) is globally Lipschitz with respect to X;and uniformly
Lipschitz w.r.t (u.y).

Notice that the regularly persistent property of the input is necessary in order
to guarantee the observer convergence. Furthermore, the regular persistency
of the input is such that the input excites the system sufficiently in order to
guarantee the observability of the system, and hence the convergence of the
observer.

Assuming that the above assumptions are verified, an observer for subsystem
(111-3) is given by:

Zl = Alm;o(u' y, Zz)z1 + 81(11, Y Z1;22) + S_ch(}ﬁ - 90
Ojg: S= —0S— Acho(u’ y,Z,)S — SAT  (u, y,Z,) + C;F C, (111-5)

1HGo

}A’1 = C1Z4
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Where Z; = (Z11,Z12,2,3)T WithZ,; =1y, Z;, = Q and Z;3 = T, are the
estimated states. Noting that S™1CT is the gain of the observer (111-5) and
S > 0 and the parameter 6 is a positive constant.
The estimator (E) for subsystem (I11-4) is given by the following equation
E: {Zz = Az{z + gz(u: Y:zp Zz) (111-6)
V2 = CZ;

Assumption: The initial conditions are known such that estimator (I111-6) of
(111-4) is well initialized. The induction motor parameters are known with a
certain precisions such that the errors between @, and ‘T’rs given by (111-6)
and their real values given by (I11-4) are supposed to be sufficiently bounded.
How to estimate the gain ?
There is no mathematical method to estimate the gain of the observer, how large or
how small is dependent on each project. The gain may be considered as large in one
case but actually small in other cases. We may have to do a lot of experiments to
identify the proper values of the gain for our project. The rule of thumb is that the
gain tends to be larger when there is less noise in measurements, and smaller when
more noise in measurements compared to input disturbances.
111-9 Simulation results:
It is necessary to start by noting that:

1- In order to overcome the singularity problem in the observer simulation we

added a very small value to the denominators of the elements of the inverse
matrix S~ 1.

2- 0 is chosen to be equal to 1000.
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Fig.I11-2 block diagram of induction motor model linked to the interconnected
high gain observer using MATLAB SIMULINK

=

LY

HighGan Otmerver2

Fig.111-3 the block of the interconnected high gain observer

- As it is shown in the Fig.I11-3 we only need the stator voltages u,, usg and the

stator current i, as inputs to the observer to estimate the speed (w_obs).

- ‘FRD est’ refers to W, 4 estimated by the observer.
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The results for nominal parameters of induction motor

Ob speed
IM speed

rad/s

Fig.111-4 IM and observer speed
Fig I11-4 shows that speed given by the observer converges very well to the

nominal speed and it is almost identical to the IM speed.

14

12

1

/ _— Flux'd M
a 08 / —— Fludabs ]
0.6 /

04

02

Time(s)
Fig.111-5 IM and observer flux
Fig I11-5 shows that flux estimated by the observer is identical to that of
induction motor with a very small error.
I11-9-1 Robustness analysis to variation of parameters of IM

a. Stator resistance variation (+30% of Rs) (with no load):
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Rs=7.2750 ohm

160

ol |

120

Ob speed
IM speed

100

80

rad/s

60

—1
—
—
—_—

20

0 1 2 3 4 5 6 7 8 9 10
Time (s)

Fig.I111-6 IM and observer rotor speed (with +30% of Rs)

08 — ﬂuxrd M
0
; —fuxdobs

0 05 1 15 2 25 3
Time ()

Fig.111-7 IM and observer Flux (with +30% of Rs)
The figures (111-6) and (I11-7) above show the results (speed and flux) after
+30% of stator resistance, its clear that these results are quiet similar to those
ones on the nominal parameters. We conclude that changing the stator
resistance has no effect on the speed and the flux observation.
b. Stator inductance variation (+15% of Ls) (with no load):

Now we will show the results for +15% of Ls with no load.
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Ls=0.3151H

160

|
o |
o |
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0 1 2 3 4 5 6 7 8 9 10
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Fig.111-8 IM and observer speed with +15% of Ls
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Fig.111-9 IM and observer flux with +15% of Ls
The figures (I111-8) and (I11-9) show the speed and the flux results respectively
for +15% of Ls, the main clear effect is that the speed and flux become slower
to achieve their nominal values, in the other side the observer tracked very
well the induction motor quantities except a small error for the flux.
We conclude that changing Ls affect the estimation of the flux in the transient

mode.
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c. Test reversing the direction of rotation (with no load):

-20

\ Ob speed
-40 \ 1 — IM speed
-60

\
|
o |

\
\

1 2 3 4 5 6 7 8 9 10
Time (s)

Fig.111-10 IM and observer speed (test reversing the direction of rotation)

Fig.I111-10 shows that the observerd speed converges to the reference speed of
the IM.
d. Test with load for nominal parameters:

We have applied a load torque.

160

140 [

120

— Ob speed
IM speed

100

rad/s

80

60

e — |
—_ !
|

40

20

0 1 2 3 4 5 6 7 8 9 10
Time (s)

Fig.l111-11 IM and observer speed with load
Fig.111-11 shows that the speed estimated by the observer tracks very well the IM

speed even when we applied a load torque twice at t=2s, and t=5s, they both decrease

as a known consequence of applying a load to the IM.
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14 T
—— M flux d

obs ﬂuxrd
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0.4

0.2

0 1 2 3 4 Tlm; (S) 6 7 8 9 10
Fig.111-12 IM and observed flux with load
Fig.111-12 shows that our observer works properly, the observed flux is identical to
the IM flux with a very small error even when we applied a load torque at t=2s, and
t=5s.

111-9-2 Sensorless speed field oriented control of 1M:

Usa

OhA_ret

)y
e

BERCHMARE 1] DECOUPLAGE

PARK [NV

b HighGainDbserneri

Wihile Nomsat

Fig.111-13 sensorless speed field oriented control of IM using MATLAB SIMULINK
a. Test with no load for nominal parameters:
— : IM speed

— : Estimated speed
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% 60

W(rad/s)

-10

Time(s)
Fig.111-14 IM speed and estimated speed

Motor speed and estimated speed are shown in Fig.l11-14 as can be seen from
these experimental results, the motor speed tracks satisfactorily the actual
speed. In addition we see the fast response of the observer which is due to the
high gain that takes the poles of the observing system far to the left of the
complex plane, this happens under observable conditions (speed greater enough
than 0). Nevertheless, it exists a static error appears when applying a low speed
that belongs to the unobservability conditions which is exactly at zero speed
and zero load torque applied.

b. Test of robustness to parameters variation:

b-1.+30% of Rs
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Fig.111-15 IM speed and estimated speed (+%30 of Rs)
Fig.111-15 shows results of robustness test of sensorless speed field oriented
control to Rs variations, it is clear that the observed speed tracks very well the
speed of IM.
b-2.-5% of Ls

@60

50
40
30
20
10

(o]

-10 ! . . . : . :

[0} 1 2 3 4 5 6 7 8
Fig.111-16 IM speed and estimated speed (-%5 of Ls)

Fig.I11-16 shows the results of robustness test of sensorless speed field oriented

control to Ls variations, it is clear that speed error between induction motor and

observer is obvious in this test. From Fig.I11-15 and Fig.I11-16 we can conclude
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that our sensorless speed FOC of IM is robust to Rs variations but not very

robust to Ls varations.

111-10 Conclusion:

In this chapter we have presented a sensorless field oriented control based on an
interconnected high gain observer, we have started by the observability study of
induction motor and then we have presented and constructed the interconnected HGO
using MATLB SIMULINK and finally we have finished by simulation results that

have validated the reliability of the whole sensorless speed control system.
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General conclusion:

The work, within the framework of this project, has made it possible to elaborate the
study of the indirect rotor field oriented control of the induction motor without speed
Sensor.

For this, we have used the interconnected high gain observer in sensorless speed
control of induction motor. This observer is capable of suitably replacing the speed
sensor in the indirect rotor field oriented control strategy. This is to reduce the cost
and increase the performance of the control of induction motor by eliminating the
speed sensor.

To achieve these goals, in the first chapter we have started by defining the state
observer and presenting some well know observers (Luenberger observer, Kalman
filter and high gain observer), and we have ended by presenting different types of
Sensorless speed control techniques.

In the second chapter, in the first part we have modeled the induction motor in two
frames dq and off using MATLAB SIMULINK, in the second part we have presented
the two types of field oriented control and the principles of indirect rotor field
oriented control which is based on separating the flux and the electromagnetic torque
and we have ended by associating the IM model with IRFOC, the results obtained
from MATLAB SIMULINK have shown the good performance of IRFOC for IM.

In the third chapter we have presented the chosen interconnected high gain observer
and its equations. After constructing and testing its reliability we have used the
interconnected high gain observer in IRFOC of induction motor, the simulation
results obtained from MATLAB SIMULINK have validated the good performance of
sensorless speed FOC for IM. We have ended this chapter by testing the robustness of
the sensorless control system to motor parameters' variations which has been robust
to stator resistance variation but not very robust to stator inductance variation.

This project has allowed us to experiment interconnected high gain observer and to

validate its advantages and disadvantages.
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Scope for Future work:

1- The first future work that can be proposed is to implement a sensorless speed
control for real induction motor.

2- The estimation of the motor parameters maybe an interesting future work for
improving the overal performance of the sensorless speed control system.

3- A comparative study can be made with other types of observers to check their

suitability for the induction motor.
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