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Summary

Summary

Nonlinear systems play a significant role in industrial applications, and among them, the
induction motor stands out for its exceptional performance when compared to other types of
motors. Consequently, there is a growing interest in developing nonlinear control methods to
further improve its performance. The initial part of this thesis focuses on two distinct control
techniques: vector control with rotor flux orientation and scalar control. These approaches aim to
achieve dynamic performance by utilizing proportional-integral (P1) controllers. In the following
section, a new nonlinear control approach based on Backstepping is introduced. This approach
effectively enhances the dynamic performance of the motor by leveraging the principles of
Lyapunov theory. Throughout this research, comprehensive simulation results are presented, along

with various insightful observations.

Keywords: Induction motor (IM), Vector control, Scalar control, Lyapunov theory,

Backstepping control.
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General Introduction

General Introduction

In the domain of industrial applications, direct current (DC) motors have gained widespread
utilization due to their straightforward structures, enabling easy control of flux and torque based
on current levels. Nonetheless, the maintenance expenses and energy consumption associated with
the rotating components of DC motors have directed researchers' attention toward alternating
current (AC) motors, particularly synchronous and asynchronous motors [1]. The induction motor,
renowned for its uncomplicated design, low maintenance requirements, satisfactory performance,
and cost-effectiveness, has emerged as the most commonly employed electric motor in various
industries. Nevertheless, this simplicity is accompanied by physical complexity arising from the
electromagnetic interactions among its constituents and the non-linear mathematical model.
Efficiently controlling the induction motor for variable speed drives presents a challenge as not all
variables can be directly measured, and parameters may exhibit variation during operation [2].

In contrast to DC motors that can adjust speed by altering the voltage, induction motors
necessitate variable frequency AC currents. One major impediment has been the inverter, which
impedes precise control of the motor-inverter system dynamics [1]. Consequently, the induction
motor has predominantly been employed at constant speeds, limiting its applicability in scenarios
requiring variable speed operation. However, advancements in power electronics and digital
electronics have facilitated the development of real-time control techniques that enable effective
regulation of flux and torque, thereby facilitating variable speed control [2].

To achieve variable speed operation in the induction motor, an external process must regulate the
supply voltage. Various control methods have been employed, including vector control, which can
achieve performance comparable to that of DC motors [3]. Although vector control remains
effective under changing conditions, accurate knowledge of motor parameters is crucial as control
dynamics depend on them. Conventional control methods utilizing proportional-integral (PI)
controllers, while still prevalent, may prove insufficient [3]. Therefore, state feedback control laws
have been devised. This study proposes the utilization of the Backstepping technique, a recursive
control method for studying dynamic stability, in conjunction with field-oriented control, a recent
technique for nonlinear systems. The control laws are designed based on the principle of field-
oriented control with rotor flux orientation. Initially, the state variables required for controlling the
induction motor are assumed to be measured by sensors and subsequently estimated using various

algorithms [4].
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The thesis follows the following structure: The first chapter presents the mathematical model of
the induction motor based on simplifying assumptions and the Park transformation. The second
chapter introduces the principles of scalar control and vector control using Pl-type controllers.
Subsequently, simulations and analysis of the results under different motor operating conditions
are conducted. The third chapter focuses on the theoretical exposition of the Backstepping
technique and its application to the induction motor in combination with direct field-oriented
control with rotor flux orientation. Simulation results demonstrating the robustness of the control
technique under various operating conditions are presented. Finally, the conclusion summarizes

the main findings of the study.

In the field of industrial applications, direct current (DC) motors have been widely used due to
their simple structures, which allow for easy control of flux and torque based on current. However,
the maintenance costs and energy consumption associated with the rotating parts of DC motors
have led researchers to focus on alternating current (AC) motors, specifically synchronous and
asynchronous motors [1]. The induction motor, known for its simple design, ease of maintenance,
performance, and affordability, has become the most commonly used electric motor in the industry.
However, this simplicity comes with physical complexity due to the electromagnetic interactions
between its components and the non-linear mathematical model. Controlling the induction motor
for variable speed drives is a challenge as not all variables can be directly measured, and parameters

may vary during operation [2].

Unlike DC motors, which can adjust speed by changing the voltage, induction motors require
variable frequency AC currents. One major obstacle has been the inverter, which hinders precise
control of the motor-inverter system dynamics [1]. As a result, the induction motor has primarily
been used at constant speeds, limiting its application in scenarios that require variable speed
operation. However, advancements in power electronics and digital electronics have enabled the
development of real-time control techniques that allow effective regulation of flux and torque,

facilitating variable speed control [2].

To achieve variable speed operation in the induction motor, an external process must control the
supply voltage. Various control methods have been applied, including vector control, which can
achieve performance comparable to that of DC motors [3]. Vector control remains effective during
changing conditions, but accurate knowledge of motor parameters is crucial as control dynamics
depend on them. Conventional control methods using proportional-integral (PI) controllers, while

2
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still commonly used, may be insufficient [3]. Therefore, state feedback control laws have been
developed. In this study, the Backstepping technique, a recursive control method for studying
dynamic stability, is proposed in combination with field-oriented control, a recent technique for
nonlinear systems. The control laws are designed based on the principle of field-oriented control
with rotor flux orientation. Initially, the state variables required for controlling the induction motor

are assumed to be measured by sensors and later estimated using various algorithms[4].

The structure of the thesis is as follows: The first chapter presents the mathematical model of the
induction motor based on simplifying assumptions and the Park transformation. The second
chapter introduces the principles of scalar control and vector control using Pl-type controllers.
Simulation and analysis of the results under different motor operating conditions are then
performed. The third chapter focuses on the theoretical presentation of the Backstepping technique
and applies it to the induction motor in combination with direct field-oriented control with rotor
flux orientation. Simulation results demonstrating the robustness of the control technique under
various operating conditions are presented. Finally, the conclusion summarizes the main findings

of the study.
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Chpater 1 Modeling of the Induction Machine

1.1 Introduction

The induction motor (IM) is the most commonly used machine in over 80% of applications. It
can be found in various applications today, including transportation (metros, trains, and ship
propulsion), industrial settings (such as machine tools), and household appliances. This motor is
preferred due to its primary benefit, which is its simple and sturdy structure that is easy to construct,
made possible by the absence of sliding electrical contacts. It is used in a wide range of power

applications, from just a few watts to several megawatts [2].

This chapter aims to introduce the modeling principle of the IM. The first section will focus on
modeling the IM, which involves establishing a mathematical model for the specific machine being
studied. The second section will involve transforming the three-phase system into a two-phase

system using Park'’s transformation.

1.2. Modeling of the IM

In order to simulate and control the operation of the IM (Induction Motor) during changing
conditions, it is necessary to have a model of the machine. This chapter provides an overview of
the key steps and results involved in the modeling process, which will be discussed in greater detail

later on. The specific IM being examined in our study is depicted in Figure (1.1).

Figure 1.1 Representation of the stator and rotor windings of an induction motor (IM).
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The stator of an electric motor consists of a ring of laminations with notches inside; carrying a
three-phase winding that resembles an alternator. This winding is typically connected to the power

source and serves as the primary winding.

On the other hand, the rotor is another ring of laminations, grooved on the outside, and
positioned concentrically with the stator. The rotor is separated from the stator by a narrow and
constant air gap. It contains a short-circuited polyphase winding, which acts as the secondary

winding. There are two main types of rotor structures commonly used:

Squirrel-cage rotor: This rotor assembly resembles a cylindrical cage, with metal crowns
connected at each end. Within the cage, there is a stack of sheets, and the motor's axis passes

through the center.

Wound rotor: Similar to the squirrel-cage rotor, this rotor is also made up of stacked sheets.
However, notches are made in the rotor to accommodate the winding. One end of the winding is
connected to the end of the shaft through rings, while the other end is connected together at the
midpoint of a star coupling. The brushes, also known as commutators, make contact with the rings,

which are connected to the starting device (resistor).

Conductor bars

7 /

End rings Rotor Stator

Figure 1.2 Stator and rotor configuration of an induction motor (IM).

Modeling the IM is crucial for simulating and understanding its behavior during transient states.
By developing a model, we can gain insights into how the motor operates and devise effective
control strategies. Throughout this chapter, we will delve into the various stages of the modeling
process, explaining each step thoroughly.

1.2.2 Simplifying Assumptions
To make the modeling of an induction motor (IM) more manageable, we can make several

simplifying assumptions. These assumptions are as follows:
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Constant air gap,

Neglected notch effect,

Sinusoidal spatial distribution of air gap magneto motive forces,
Unsaturated magnetic circuit with constant permeability,

Negligible ferromagnetic losses.

Overall, these simplifying assumptions allow us to create a simplified model of the induction

motor that is easier to analyze and understand. While they may not capture all the intricacies and

real-world behaviors of the motor, they provide a good starting point for studying its fundamental

characteristics and performance.
1.3 The IM model

1.3.1Electrical equations

For the stator:

d
[Vslasc = RslIslasc + dt [®s]anc (1.1)
For the rotor:
d
[Velasc = Rrllrlapc + PT: [PrlaBc (1.2)

1.3.2 Magnetic equations

The expressions for the totalized fluxes through the stator and rotor windings are written in

matrix form as follows:

[®s]asc = [Lss]ls]asc + [Lsrlascllrlasc (1.3)

[®rlasc = [LrrllIrlasc + [LrslaclIslasc (1.4)

Such as:

[Velupc = [Vsa VsgVsc]T  Stator voltage vector.

[Islage = Usalsglsc]” Stator current vector.
[Velage = [VraVrgVrcl® Rotor voltage vector.
[Ir)agc = Uralrplrcl” Rotor current vector.
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[@5]apc = [PsaPspPsc]”  Stator flux vector.
[@rlagc = [PraPrePrc]T  Rotor flux vector.
with:

[Lsr] = [LRS]T

/ ls mg ms\ / lR mR mR\

[Lss] = | ms g [Lrr] = lg R)

\ms mg ) \mR mg g

21 2m
/ cos(0) cos(8 + ?) cos(8 — ?)

| 21 2 |
[Lsr] = s | cos(6 — =) cos(6) cos(8 +—=3) |
21 21
cos(0 + ?) cos(8 — ?) cos(60)

Ly, : Stator inductance matrix.
L. Matrix of rotor inductors.
L,: Matrix of the inductances mutual of the stator rotor coupling.
ls, lz: Self-inductance of the stator and rotor phases.
mg: Mutual inductance between stator phases.
m,.. Mutual inductance between rotor phases.

1.3.3 Mechanical equations

The expression of the mechanical equation is given by:
T,—T, = d N+ f0
e~ Ti=]702+f (1.5)
J: moment of inertia of the rotor.
£ Viscous coefficient of friction.
T,: Electromagnetic torque.

T;: Load torque.
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1.4 Park's transformation

Park's transformation facilitates the conversion of a three-phase system to a two-phase system.
In this new reference frame, the parameters are represented differently [2]. This transformation is
viewed as a replacement for the transition from a three-phase system to a two-phase system, as

shown in Figure 1.3. As a result, we can obtain a system with constant coefficients.

> A

Figure 1.3 Representation of the three-phase model and its equivalent two-phase model for an induction
motor (IM).

2 4
cos(6) cos(6 — ?) cos(6 — ?)

Pl = 2| . p (0 2m (0 4r
[P] = 3 sin(8) sin( 3 ) sin( 3 )
1 1 1

V2 V2 V2

with:
0: Angle between the magnetic axis and the longitudinal axis.

Applying Park’s transformation to the electric and magnetic matrix models results in the

following section.

1.4.1. Electrical equations
If we assume that all monopolar quantities are zero, we can transition from the three-phase

system to the two-phase system (u, v) using the Park transformation.
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Vsu = Rslsy + TR WopsPsy

Vsv = Rslsy + dr + wopsPsu
APy (1.6)
0 = Rplpy + T (Wops — W) Pry
0 = Rplpy + T + (wops — W) Pry
1.4.2. Magnetic equations
Psy = Lslsy + MlIpy
Psy = Lslsy + MIgy
.7
@ry = Lrlgy + Mlsy
Pry = Lrlgy + Mlsy
with:
Lg¢ = lg — mg: Inductance cyclique propre du stator.
Lr = lg — mp: Inductance cyclique propre du rotor.
M = EmSR: Inductance cyclique mutuelle stator-rotor.
1.4.3. Mechanical equations
T,—T, = dn + 1
(1.8)

3Mp
Te =5— (¢RUISV - cpRVISU)
2 Lg

1.5. Choice of the reference two-phase frame

The model of the motor has been presented in a two-phase reference (U, V) with any orientation;
however, there are different possibilities for choosing a system reference axis and it usually
depends on the purposes of the application. The choice of the frame of reference practically brings
us back to the three possible cases

- Axis marker (a, f): the two-phase system linked to the stator fops = 0.
- Axis reference (d, q): the two-phase system linked to the rotating field fons =6s.
- Axis reference (x, y): the two-phase system linked to the rotor fons = 6.

6
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with:
0s: Electrical angle of rotation of the rotating field.
1.5.1. Reference frame linked to the stator (a, f)
do;
Wg = E =0 (19)

In addition, we replace the index “U” by “a” and “v” by “f”, we obtain:

A
p

Figurel.4 Representation of the real axes of the induction motor (IM) with respect to the reference frame
(o).

The equations of the IM in the frame (o, f) linked to the stator take the following form:

dds
Vsa = Rslsq + dta
ddgg
dDp, (1.10)
0= RRIR(X + 7 + a)r(DRﬁ
dPps
0= RRIR[? + 7 — a)r(DRa

This collection of data contains actual electric voltages and currents, which are suitable for
analyzing the beginning and ending phases of AC machinery.

1.5.2 Referential linked to the rotating field (d, q)

(1.11)

Sa
Figure 1.5 Representation of the model of induction motor in the reference frame (d.q).
7
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The equations of the IM in the frame (d, g) related to the rotating field take the following

form:

(1.12)

bgq = Lslsqg + Mlpy

(psq - LSIS(I + MIRq

(1.13)
Prq = Lrlgg + Mlgyq

(qu == lRIRq + MISq

By transferring from equation (1.13) the quantities: @gqPs, PraPrq In the system (1.12), the

model of the IM becomes:

VSd = O-LSISd - (L)So-lesq + (qu

LpTg

Vsq = O'lesq + wso-lesd + L_(l)s¢Rd
R

1 M ddPp, (1.14)
0 =T—R¢Ra—T—Rlsa W_chqu

1 M ddg,
0= T—R(qu — T—Rlsq + 7 + a)R(de

Using this frame of reference offers the benefit of having continuous variables in a state of

equilibrium, which can facilitate the process of regulating them @g,.

1.5.3 Reference frame linked to the rotor (X, y)

It results in the condition:

d
W, = EHr = w, (1.15)

we replace the index “U” by “X” and “v” by “y”
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Figure 1.6 Comparison of the real axes of the induction motor (IM) with the reference frame (x y).

The equations describing the IM in the rotor-related (x, y) frame can be expressed in the

following manner:

Vsx = Rslsx + = Psx — w, Pgy

dt
d
Vsy = Rglgy + a‘psy + w, Pgy
d (1.16)
Vex = 0 = Rplgx + E(DRX
d
Vry = 0 = Rglgy + a‘pmf

This setup is utilized for examining temporary processes in both synchronous and

asynchronous machines.
1.7 State Equation of IM

There exist multiple methods for placing the motor model in a particular state, with the specific
form being contingent upon factors such as the type of power source, the command quantities, the

chosen reference frame, and the system outputs along with its state variables.

In this investigation, we examine a voltage-controlled machine, wherein the motor's model must
take in the stator voltage components on the « and S axes as inputs. The state variables to be
considered shall be the stator currents and the rotor flux, since the stator currents are easily
measurable and enable the observation of the rotor flux. The mechanical speed and rotor flux are
the quantities that require regulation. Considering this selection, the system (I-14) can be expressed

in the following arrangement:

dl, (1 1 1 1-0 1
— = (ﬂ +TR—G) Ly + WRGCPR“ + i 0P + J_LSVS“
dlsg (1 1 1-g 1-g 1 (1.17)
a (rsa +TRU> B g CPra by Pre Vg
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ddg, M 1
dt = iISa - T_R(I)Ra — wPpp
dt = ilsﬁ - T_R(pRﬁ + a)qua
with:
Lg .
Tr = —: Rotor time constant.
R
Ls :
Ts = —: Stator time constant.
S
2
oc=1-— : Leakage coefficient.
sLr
X = AX + BU (1.18)
with:

[X]=[Isa Isp Pra Prp]" : State Vector.
[U] = [Vsa Vsg]T : Control Vector .
[A4] : System state evolution matrix.

[B] : Control System Matrix.

r 1 1—o0 1—o0 1—0
- (— ) 0 o
oTs oTy MoTyg Mo
1 1—-0 1—-0 1—-0
0 — ( ) — w
oTs oTy Mo MoTyg
[A] = M 0 1
Ta Ta @
) M 1
Th @ Th
— 1 O —
O'L_g
1
[Bl=| 0 —
oLg
0 0
) 0 |

While this model accurately depicts the motor's functioning, it accentuates the non-linearities
and the substantial interdependence between the state variables, leading to a complex control

scheme necessary for achieving optimal performance from the machine.
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1.8. Pulse Width Modulation Technique (PWM)

The PWM strategy is widely utilized to control induction motors and is commonly employed
in static converters. Multiple approaches have been devised to generate a sinusoidal voltage at the
output of the inverter, while keeping the harmonic content to a minimum. This strategy operates
by dividing the sampling period into intervals or modulation durations, and assigning specific time
durations to each voltage vector. Through precise control of the converter components’ on and off
times, the PWM strategy effectively reduces the harmonics present in the applied voltages of the
motor. This technique ensures smoother operation and improved performance of the induction

motor [5].
) Q»j
ED e R *%—'JT
> 1w +GE+JT

Figure 1.7 Simulation block diagram of the PWM (Pulse Width Modulation) technique.

1.9 Simulation results and interpretation

In the context of Simulink, a block for the induction motor in MATLAB refers to a
computational component or module that represents the behavior and characteristics of an
induction motor within a Simulink model. Simulink is a graphical programming environment
within MATLAB that allows for the simulation and modeling of dynamic systems, including
electrical machines like the induction motor.

The Simulink block for the induction motor typically encapsulates the mathematical equations
and algorithms that govern the motor's operation, such as the electrical, mechanical, and control
dynamics. It takes input signals, such as voltage and current, and produces output signals, such as
speed and torque, based on the defined motor model and associated parameters.

The block includes various configurable parameters, such as the motor's electrical and
mechanical parameters, control strategies, and simulation settings. Users can modify these
parameters to customize the behavior of the induction motor within their Simulink model, allowing

for the analysis and optimization of motor performance in different scenarios.
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Figure 1.8 Simulation block of the IM supplied with load voltage.

1.9.1 Simulation results

The simulation results provided by Figures (1.9, 1.10, 1.11) depict the changes in key
parameters of the induction motor, namely the rotor speed, electromagnetic torque, stator currents,

and rotor flux. The simulation was conducted for a no-load start followed by a load (T) =10N.n)
variation at time t = 0.8s.

Current "iabc" (A)

i |
$ ‘IM"WN'MWM"M"m'm‘l'i!l!nm,\.'mumw,l,Wm,‘,,,,,,,.,,.,.,,.‘..,lll"'i“"""“l'm

0 [1I1) TN
‘”‘m{mmmmwnuuujno:n,a|qr|;-»‘1|n«uu.cpl'p,'“mw'“l I
s

Current "iabc" (A)

-10 §

‘“WH‘IHWMIMwwmn,umww

0 0.2 0.4 0.6 0.8 1
Time (s)

Figurel.9 Stator currents in the abc frame of the induction motor (IM).
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Figure.1.10 Rotor speed of the induction motor (IM).
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Figure.1 .11 Electromagnetic torque of the induction motor (IM).

The simulation results show a clear pattern in the speed behavior. Initially, the speed increases
linearly and then approaches the synchronous speed of 157 rad/s. Additionally, the investigation
indicates that the electromagnetic torque reaches its highest value during the early phase, leading
to a significant current consumption. However, it gradually decreases to a steady level when there
is no load. Importantly, when a load of 10N.m is applied, the speed noticeably decreases, and a
stable level of electromagnetic torque is established, corresponding to the magnitude of the applied

load.
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1.11 Conclusion

The present section discusses a crucial aspect of analyzing induction motors, specifically
focusing on the Park model for motor modeling. This model provides a simplified portrayal of the
motor, reducing the intricacies associated with the three-phase model. However, it is important to
recognize that despite these simplifications, there is a significant interdependence between the

stator and rotor variables, which can create difficulties in motor control.

To address these challenges and enhance the motor's dynamic performance, the following
section will introduce scalar control and vector control techniques. These methods aim to improve

control effectiveness and optimize the overall motor performance.
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Introduction

The control of induction motors, specifically through scalar and field-oriented approaches, is a
crucial topic in the realm of industrial applications that require high torque performance and variable
speed. The combination of induction motors and static converters has become the preferred choice
for such applications. The growing popularity of this combination can be largely attributed to
significant advancements in power electronic components. These advancements have facilitated the
development of static converters that possess fast-switching capabilities and high power output. As
a result, these converters offer improved flexibility in power supply by allowing adjustable wave

amplitude and frequency [9].

Furthermore, the introduction of highly efficient digital signal processors (DSPs) has played a
major role in the widespread adoption of this technology. DSPs have made it possible to implement
sophisticated control laws at reduced costs. By utilizing the computational capabilities of DSPs,
complex control algorithms can be executed efficiently, enabling precise control of induction motors

and optimization of their performance [9].

This chapter aims to provide a comprehensive understanding of the fundamental principles and
techniques behind scalar and field-oriented control of induction motors. It will delve into the
underlying concepts required to achieve accurate torque control and variable speed operation. By
gaining knowledge of these control strategies, engineers and researchers can fully utilize the
potential of induction motors combined with static converters, effectively meeting the demanding

requirements of industrial applications.
1.1 Scalar control (V/f control)

Scalar control is a straightforward and traditional control technique for an IM that is suitable for
applications that only need average static or dynamic performance. This control mode is still popular
due to recent advancements in power electronics, and it is commonly used in various industrial

applications, such as pumping, air conditioning, and ventilation.

The scalar control method for an IM is a simple and old control technique that imposes the
voltage or current modulus and pulsation on the motor's armature terminals. This technique is
commonly used in applications that require average static or dynamic performance and is now
prevalent due to advances in power electronics. The scalar control technique has several variations,
which depend on whether it is applied to the current or voltage and the actuator topology (voltage
or current inverter). In voltage supply, the inverters provide independent voltages with respect to
the load, while in the current supply; the supplied currents are influenced by the load's nature,

resulting in various shapes and amplitudes.
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The method of controlling the speed involves adjusting the stator pulse emitted by the regulator.

This technique is based on the steady-state model of the motor [6].
2.3. Operating principle of scalar control

This is one of the initial control techniques that was designed for changing the speed of IM. The
focus of this method is only on the magnitude of the controlled variable and not its phase [7].

There are different scalar control methods that can be used based on whether the current or
voltage inverter is used, and they mainly depend on the actuator topology. Among the various
options, the voltage inverter is the most common for small and medium power applications. The
"V/f " control technique is frequently used, and it maintains a constant ratio between the voltage and
frequency. This implies that the flux is also constant, which is represented by the equation

"r = Vs /ws = Cts" The slip can be controlled to achieve torque control.

Assuming low slip and ignoring stator resistance voltage drop, the torque in a static state can be

calculated using the following equation:

P (Vs
T, = 3R—;(w—s) Wy (2.1)

with:
wg;: slip pulse.
wy : stator pulse.
V, : stator voltage.
R, : Rotor resistance reduced to stator
p : pair of the pole.

In the chapter on scalar control of induction motors, we begin by exploring an important equation
that establishes a relationship between torque and the square of the voltage-to-stator frequency ratio.
This equation highlights the direct proportionality between torque and the square of this ratio. When
the flux is maintained at a constant level, the control characteristic resembles that of a steady-state
DC machine, with the slip frequency taking on the role of the armature current [8].

To gain a better understanding of this concept, let's consider a simple function where the ratio of
voltage to stator frequency (V/f) is kept constant. In such a scenario, it becomes evident that the
maximum torque remains constant. This behavior can be visualized in the accompanying figure,

which provides a clear illustration of the relationship between torque and the constant V/f ratio [8].
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Figure 2.1 Speed-Torque characteristics of V/f Control.

By examining the torque characteristics and the influence of voltage and frequency ratios, we
can gain valuable insights into controlling and optimizing the performance of induction motors in
various applications. Therefore, maintaining a constant "V/f " ratio ensures a constant flux in the

machine.

—=cst=>

f

When the machine is operated at speeds higher than its rated speed, the voltage is kept at its

Temax = CSt 1<y (2.2)

4 { @ =cst
highest level, but the frequency is increased by reducing the "V/f" ratio. This adjustment leads to a

reduction in the machine's torque output.

Conversely, at low speeds, it is important to consider the voltage drop across the stator resistance,
as it becomes significant. To counteract this voltage drop, a compensation term VO is introduced.
This compensation term helps to compensate for the voltage decrease and ensure that the motor

operates effectively at low speeds.

Scalar control is a technique used to control the speed of induction motors by manipulating the
voltage and frequency supplied to the motor. By adjusting the voltage and frequency in a

coordinated manner, the motor's speed can be regulated across a wide range of operating conditions.

In scalar control, when the motor operates above its rated speed, the voltage is maintained at its
maximum value to provide sufficient power to drive the motor. However, the frequency is increased
while keeping the voltage constant, which reduces the V/f ratio. This reduction in the V/f ratio

results in a decrease in the torque produced by the motor.

At lower speeds, the voltage drop across the stator resistance becomes significant. To compensate

for this voltage drop and ensure proper motor operation, a compensation term VO is added. This
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compensation term effectively increases the voltage supplied to the motor, compensating for the

voltage drop and enabling the motor to operate efficiently at low speeds.

V,(volt)

Voltage drop
compensation

region

Defluxing zone

Vo

0 L f(Hz)

Figure 2.2 Scalar Law for the induction motor.

2.4. Advantages and disadvantages of scalar control
The advantages and disadvantages of scalar control for induction motors are:

2.4.1 The advantages
e The method allows for a large range of speed variation.
e The method provides increased stability.
e The ease of implementing the steady state control laws.
2.4.2 Disadvantages
e The control law has limitations, including instability in transient states of high amplitudes,
such as starting and reversing the direction of rotation.
e The control law also faces problems at low speeds due to the drop in "Rs Is".
e Itis based on the steady state model and has slow dynamics.
e The control law can only control magnitudes in amplitude, and not in phase.

2.5 Regulator calculation

The speed control loop with a Pl (Proportional-Integral) structure is a commonly employed
method for regulating the speed of a system. The placement pole technique is often utilized in the
design process of such control loops. It involves strategically determining the location of the poles
within the control system to achieve the desired performance and stability. By using this method,
engineers can systematically tune the parameters of the controller and optimize the overall speed

control loop.
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Figure 2.3 Speed control loop with a Pl (Proportional-Integral) structu

The PI and the speed transfer function are respectively given as

Ca(S) = Kpg TS5
_ (Kt/f)
M =Gps+1

with
TinS+1=({J/f)S+1

The open-loop transfer function C,, (S) is given by
KoKt
fTia$

Coor(S) =

re.

The closed loop transfer function C,, (S) is a first order of the following form:

CocL(S) =
fTig
S+1

KyoKt

with a time constant fixing the behavior in closed loop is
T; 1
TO_Q — f in < ] —
KpoKt — nof  we,

fng
Koo ="
Kpq

Tip = K, = Toang

K. = Kpa _fznrz
T Toang  JKE

,_3pv
~ Rif?
. Ls*Rr

ng: speed gain improvement coefficient
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Wee,: Speed gain cross_over frequency
2.6 Simulation of the scalar control of the IM
In this section, we conducted a simulation of an inducion motor operating with a PWM voltage

inverter and being controlled by scalar control. The simulation was performed in two different

operating modes: without a load and with a load.

Inverter/
PWM

—

Figure 2.4 Diagram of the scalar control implementation for the induction motor (IM).

2.6.1. Simulation results

In this section, we will simulate the scalar control of an induction motor (IM) that is powered by
a two-level inverter. It is important to mention that the simulation is performed under specific
conditions, which involve a variable reference speed ranging from 0 to 100 rad/s. Additionally, a

load torque of 10 Nm is applied at different time intervals throughout the simulation.

120

Ref-Speed
Rotor Speed

100

80

60 [

40

20

Ref-Speed , Rotor Speed (rad/s)

20 s . . . . s .
Time (s)

Figure 2.5 Diagram of speed simulation over time.
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Figure 2.6 Diagram of electromagnetic torque simulation over time

Stator Current
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Figure 2.7 Diagram of stator current simulation over time.

The machine initiates its operation without any load, starting from t=0 with a speed of 0 rad/s
and gradually increasing to a speed of 50 rad/s by t=1s. It follows the reference speed in a smooth
oscillating manner. Consequently, the machine generates a torque of 2 N.m, aided by a momentary
current during startup to achieve the required torque. Subsequently, it stabilizes at a current of 9 A.
However, due to the imprecise nature of scalar control at low and zero speeds, there is some

fluctuation in the system. Once the speed stabilizes at 50 rad/s, the torque is balanced.

When a load torque of 10 N.m is applied at t=2s, it is observed that the torque increases by the
same value (10 N.m). The current remains constant, and the speed experiences a slight decrease
before returning to the reference value. Between t=8 and t=10, the speed gradually decreases from
100 rad/s to 0 rad/s, matching the reference. During this period, the torque fluctuates and decreases
until it reaches 7 N.m, which signifies the braking process.
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In general, scalar control tends to be less accurate at low speeds and zero speeds.
I1. Field -Oriented control (FOC)

Vector control is a method of controlling an induction motor (IM) that has been around for a
while. However, it was not until advancements in microelectronics that it could be effectively
implemented and used. This is because vector control requires calculations such as Park transforms,

trigonometric evaluations, and integrations, which were difficult to perform in pure analog.

The goal of vector control is to control the IM in a similar way as a DC motor with separate
excitation. This is possible because the flux control (excitation current) and the torque control
(armature current) are naturally decoupled in a DC motor (DCM), leading to a very quick torque

response [3].

This chapter aims to provide an overview of the vector control method that is based on rotor flux
orientation. It will begin by explaining the principles of this method, followed by the application of
vector control to an IM model, where the machine's current, flux, and speed will be adjusted using
Pl-type regulators. Lastly, simulation results will be presented, along with robustness tests.

2.9 Principle of oriented flux vector control

To control the 1M, it is essential to control the torque, speed, and position. However, the most
fundamental control is that of the currents, which directly affects the torque. It is because the torque

can be expressed as a cross product of the currents or fluxes in the (d-q) frame.

PM ) ]
Tem = L_ (Pra lsq — Prq isq) (2.14)

The formula for the electromagneticr; torque in an IM is complex and does not have the natural
decoupling that is present in a direct current machine. This makes controlling the torque and flux
more difficult. However, vector control can solve this problem by decoupling the flux and torque.
By eliminating the second product (¢rq, lsq), we can make the coupler similar to that of a direct
current machine. This can be achieved by orienting the reference frame (d-q) in such a way that the
quadrature flux component is cancelled out. This means that the rotor flux is entirely carried on the
direct axis (d), and ¢rq = 0 and ¢rg = 1. The resulting torque equation becomes similar to that of a

direct current machine [3].

PM ]
Tem = L_ (q)rlsq) (2.15)
T
To adjust the flux, one can act on the i;; component of the stator current, and to adjust the torque,

one can act on the is,component. This creates two action variables similar to a DCM. One approach

is to maintain the i, component constant by setting the reference to impose a nominal flux in the
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motor. The current regulator for iz, is responsible for maintaining the current constant and equal to

the reference iz,.

According to [8], the orientation of the axes can be determined based on the flux directions in

the motor, including the rotor flux, stator flux, or magnetizing flux (air gap).
Rotor flux: ¢rq = @r et @q =0
Stator flux: @54 = @5 et @sq =0
Air gap flux : @,q = @, et @y =0

Assuming the axis is always aligned with the rotor flux vector, as illustrated in Eq.(2.16), the

following holds true:

Pra = Pr
2.16
Prq = 0 ( )
The result is expressed as the following torque equation:
PM ]
Tem = L_r (Prisq) (2.17)
The orientation of the rotor flux is depicted in the following figure:
d
A
< >
Figure 2.8 Rotor flux orientation.
2
By inserting the constant K = P AZ— into equation (2.18), we obtain:
Tem = Kisqlsq (2.18)

Equation (2.18) is similar to the torque equation of a direct current DC motor. Therefore, the
brush-collector system in a DC motor is substituted by the autopilot system in an IM to achieve
synchronization between the rotor-induced current frequency and the rotational frequency,

satisfying the following equation:
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ws =w+ w, = PO+ w,
0, = [ wydt

Two methods can be employed to achieve vector control of an IM: Direct FOC control, which

was created by F. Blaschke, and Indirect FOC control, which was developed by K. Hass [8] [3].
2.10 Direct FOC control

Direct field-oriented control (FOC) requires knowledge of the magnitude and phase of the rotor
flux at all times. One method to obtain this information is to measure the flux directly using sensors
placed in the air gap. However, this method is challenging due to the harsh operating environment
and the need for variable frequency filtering to remove noise caused by notches. Additionally, the

installation of flux sensors increases the manufacturing cost of the motor.

An alternative approach is to estimate or observe the flux from conventional measurements such
as currents, voltages, and speed. The use of such measurements can lead to a fully decoupled vector
control design, which offers several advantages over traditional FOC methods. For example, fully
decoupled vector control is more robust to noise and disturbances and can achieve higher

performance in speed and torque control [1].
Here are some additional details about the two methods of obtaining the rotor flux:

Direct measurement: This method involves placing sensors in the air gap between the stator
and rotor of the motor. The sensors measure the magnetic field strength, which can then be used to
calculate the magnitude and phase of the rotor flux. This method is accurate and reliable, but it is

also expensive and can be difficult to implement in some cases.

Estimation: This method uses conventional measurements such as currents, voltages, and speed
to estimate the magnitude and phase of the rotor flux. This method is less accurate than direct

measurement, but it is also less expensive and easier to implement.

The choice of which method to use depends on the specific application. For high-performance
applications where accuracy is critical, direct measurement is the preferred method. For lower-
performance applications where cost and complexity are more important, estimation can be a viable

option.
2.11 Indirect FOC control

Indirect vector control is a type of control that does not involve flux adjustment. It does not

require flux sensors, estimators, or observers. However, it requires the measurement of the rotor
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position since there is no knowledge of the modulus and phase of the rotor flux. Although this type
of control is simpler, it has lower performance than direct control due to its sensitivity to variations
in the rotor time constant. The advantage of this control is that it requires less computation in the

microprocessor.
2.12 Principle of direct vector control with oriented rotor flux

The implementation of the rotor flux vector control we use involves orienting the rotating frame
of axes (d, g) such that the d-axis aligns with the direction of the rotor flux vector ¢r. The flux ¢r is

then oriented along the d-axis.

( disd ., .

Vgq = oLs T + Rilsq — 0Lswgisq —
disq , , M
TS + Rilsq + 0Lswgisq + L—rgor

do .
\ Pr + T — = = Migq (2.19)

Mis,
¢, T,

Lr TT. (pr

Vsq = OLs

Wy

Tom = Pﬂgorisq
\ L,

The main goal of decoupling by compensation is to minimize the impact of input on multiple
outputs. This involves modeling the system as a collection of single-variable systems that evolve
independently, making the commands non-interactive. VVarious techniques can be employed for this

purpose, including:
2.13 Principle of decoupling by compensation

The goal is to minimize the impact of input on multiple outputs and represent the system as a
collection of single-variable systems that evolve independently, resulting in non-interacting

controls. There are various methods available to achieve this objective.

= Decoupling using a regulator.

= A decoupling by state feedback.

= A decoupling by compensation, in which we are interested.
2.14 The current feedback loop

The current servo loop for Isg and lsq is established using a Pl controller, which is responsible for

achieving satisfactory dynamics.
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Figure 2.9 Simplified stator current control loop (Isd and Isq).

2.15 The speed feedback loop

In this depiction, we have presented vector control as speed control on the load side. The

M
| +
! 9y /Ken
O'LSS + RS

Figure 2.10 Speed control loop.

control diagram is shown as follows:

e}

~
)
+
S

The controlled system includes an internal current loop, Isq, which is treated as a measurable
disturbance in this context. The Pl controller in the external speed loop is responsible for
establishing the desired dynamics for the rotation speed, with the control variable Isq serving as the
set point for the internal current loop. All of these controllers are depicted in the block diagram

shown in Figure 2.10.

A portion of the inherent noise resulting from the presence of the inverter is represented by a
first-order transfer function with a time constant of ziny, while the current sensor is represented by a
first-order transfer function with a time constant of zsen. It is assumed that these two-time constants
are significantly smaller compared to the time constant of the system, denoted as

L,
Tsys = <<Ls - L_r> /Rs>

One note :

As a result, the diagram illustrating the stator current control loop is transformed into:

lg + Pl current |Usa 1 lsg
controller g oLsS + Rg

Figure 2.11 Stator current control loop (Isd and Isq).
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By disregarding the time constant of the internal loop relative to the time constant of the external

loop, Figure 2.10 simplifies to:

ox + Pl speed | Tem 1 Q

_ controller " JS+f

Figure 2.12 Simplified speed control loop.

4

Ty is considered as disturbance
2.16 Regulator Calculations

The regulation loops utilize proportional-integral (PI) controllers, chosen due to the continuous
nature of the quantities being regulated. As discussed earlier, achieving ideal decoupling between
the d and g axes allows us to transform our multi-variable system into two separate mono-variable

systems. This enables independent analysis of the flux and torque control loops.

A Proportional Integral controller generates the control signal u(t) based on the measured

deviation signal ¢(t) from the set point, following the equation:

1

1
u(t) =K, | €(t) +FJ e(t)dt
‘o

The Laplace transfer function of the controller is given by:

7o~ (175) = % (C75)

This controller has a zero that depends on Ti and a fixed pole. It can only compensate for one

pole of the process, which makes it suitable for systems modeled by a first-order equation.

2.16.1 Current regulator

gy Pl current |Usd 1 lsq
A controller oLsS + Rg

\ 4

Figure 2.13 Current regulator.

The PI and the current transfer function are respectively given as
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o TuS+1
Gi(S) = KpiT (2.20)
1
R
I;TF = = > (2.21)
S
with
_ 0oL
TS+ 1= R S+1 (2.22)
The closed loop transfer function is a first order of the following form:
Ky,
RT;;S 1 1
Ge (S) = E il = =
CL( ) 1+ Kpi RSTii 41 TOS +1 (223)
RT;S  Kpi

with to time constant fixing the behaviour in closed loop is:

T — RSTL' < Tii O'LS _ 1
o Kpi ny  Remy Wee; (2:24)
Ty = -2 =Ton (2.25)

K;;
If the required control n;(Calculated according to the value of w,,), then the proportional gain
K,; can be obtained from Eq. (2.24), and the integral gain K;; can be obtained from Eq. (2.25) as

Proportional gain: K,,; = RsTu = RsTuRsmi = Rn;
p galn: Ky; Ty oL, sty (2.26)

2
Kpi _ Rsni _ Rs n;

Int | gain: K;; = = =
ntegral gain: K;; Ton; — Tom, oL, (2.27)
2.16.2 Speed regulator
ox + Pl speed | Tem 1 Q
h controller |OIS+f
Figure 2.14 Speed control loop with a PI structure.
The PI and the speed transfer function are respectively given as
. TpS+1
Co(S) = Kpq s (2.28)
1
OTF === = 7 ! (2.29)
JS+f FS+1

with
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J

TipS+1= ]—fS +1 (2.30)
The open-loop transfer function C,, (S) is given by
Kpa
Caor(S) = —=
201 (S) FT.0S (2.31)
The closed loop transfer function is a first order of the following form:
Ky 1
Cacr(S) = 2 =
B fTaS+Kpo  [Tin g | 4 (2:32)
Kpq

with to time constant fixing the behaviour in closed loop is:

fTia _ ] 1
Th, = < =
0n Kpﬂ n_{)f CUCC_Q (233)
Kpa
Tig = KZ_J = Toanp (2.34)
L

If the required control n,(Calculated according to the value of w..,), then the
proportional gain K,, can be obtained from Eq. (2.33), and the integral gain K;, can be
obtained from Eq. (2.34) as

Proportional gain: Ko = fng (2.35)

Kp.(l _ fznn

Int l gain: K;) = —— 2.36
ntegral gain: K;,, Tong i (2.36)
2.16.3 Flux regulator
* + Pl flux M Pr
Pr o o [ —
A controller TrS +1
Figure 2.15 Flux control loop with a PI structure.
The P1 and the flux transfer function are respectively given as
TipS + 1
Cy(S) = Kpy W (2.37)
TF =
o T s+ (2:38)
with
Ti(pS +1=TrS+1 (239)

The open-loop transfer function Cy, 0, (S) is given by
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KP‘P
C(POL(S) = TipS (2.40)

The closed loop transfer function is a first order of the following form:

C(pCL $) =

KP‘P

with to time constant fixing the behaviour in closed loop is:
Ty _Tip_ 1

i (2.41)
S 1

Top = <
% T KpoM T m, Wee, (2.42)
K
_ by _
Tip = Ky TopTy (2.43)

If the required control ng,(Calculated according to the value of Wee,,) then the

proportional gain K, can be obtained from Eq. (2.42), and the integral gain K;,, can be obtained

from Eq. (2.43) as

n

Proportional gain: K, = ﬁ(p (2.44)
_ neRr

Integral gain: K;, = MLy (2.45)

2.16.4 Methodology for Selecting the Bandwidth in PI Control

In the realm of PI control, the speed of system response is determined by the proportional gain,
Kpc, while the integral gain, Kic, plays a significant role in eliminating steady-state error. Generally,
increasing these gains enhances control performance. However, caution must be exercised as

excessively high gains can result in oscillations and system instability.

To determine the gains of a PI controller, it is imperative to select an appropriate bandwidth,
denoted as wcc, for the desired output control system. The selection of the bandwidth involves

finding a delicate balance between achieving a fast response and avoiding instability.

The bandwidth, wcc, of a PI controller is restricted by two factors: the switching frequency of
the power electronic converter employed for the controller's output and the sampling period of the
digital controller for feedback. The output control bandwidth is limited by the inability of the motor
output to change at a rate faster than the switching frequency. As a general guideline, when the
output is sampled twice per switching period, the maximum available bandwidth can be up to 1/10
of the switching frequency. In the case of sampling once per switching period, the maximum
available bandwidth can be up to 1/20 of the switching frequency. It is advisable to restrict the
bandwidth to 1/25 of the sampling frequency in the latter scenario [1].
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These considerations ensure a suitable trade-off between control performance and system
stability within the PI controller. The selection of appropriate values for Kpc, Kic, and wcc is crucial

to achieving the desired control performance in motor control systems.

Bode Diagram
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Figure 2.16 Bode diagram for system frequency.

In the context of selecting the bandwidth for PI control, the diagram provides valuable insights into the
frequency domain response of the system elements. The diagram reveals the gain cross-over frequency, o,
where a change in direction occurs at -45 degrees, which serves as a determining factor for the bandwidth.

Considering the specific parameters of the system, we have a sampling time of 20000Hz, which is twice
as large as the switching time of 1000Hz. As a result, the bandwidth of the current at 1000Hz is ten times
smaller, while the bandwidth of the flux at 200Hz is five times smaller than its subsequent value.
Furthermore, the speed exhibits a bandwidth that is 5 times smaller than the flux at 40Hz. These relationships
and variations in bandwidth values provide important insights into the behavior of the system elements within

the specified frequency ranges.

2.17 Simulation of the vector control of the IM (direct and Indirect)

In this research, we conducted a simulation of an IM operating with a PWM voltage inverter and
being controlled by vectors. The simulation encompassed two different modes of operation: one

without any load and another with a load.
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Figure 2.18 Indirect Field-Oriented Control (FOC) implementation for the induction motor (IM).

v

Inverter/
PWM

qu N
ABC
b5
dq
4— N—
4—
ABC

L
=4

v

Figure 2.19 Direct Field-Oriented Control (FOC) implementation for the induction motor (1M).

2.18 Simulation results

In this section, we will conduct a simulation of the direct vector control and indirect vector
control of an induction motor (IM) powered by a two-level inverter. It is important to note that the
simulation is performed under the specified conditions, which include a reference flux of 1Wb and
a reference speed that varies from 0 to 100 rad/s. Additionally, a load torque of 10 Nm is applied at

different time intervals during the simulation.

32



Chapter 2 Scalar and Field-Oriented Control of Induction Motor

Indirect FOC results

ib
ic

| i
| If
A8 1A

Stator Current "iabc" (A)

Time (s)

Figure.2.20 Diagram of current simulation over time.
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Figure 2.21 Diagram of electromagnetic torque simulation over time.
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Figure 2.22 Diagram of rotor speed simulation over time.
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Figure 2.23 Diagram of rotor flux simulation over time.

The machine initiates its operation without any load, starting from time t = 0 with a speed of 0
rad/s. It smoothly increases the speed, following the reference, until t = 1s, reaching 50 rad/s. As a
result, the machine generates a torque of 2 N.m, and a momentary current is generated during
startup to enable the machine to develop the required torque. Subsequently, the machine stabilizes

at a current of 4 A.

Once the speed stabilizes at 50 rad/s, the torque is cancelled. However, at t = 2s, a load torque
of 10 N.m is applied. It is observed that both the torque and the electric current increase by the
value of the applied load torque, specifically 10 Nm and 1.7 A respectively, in order to meet the
load torque requirement. The speed experiences a slight decrease but returns to the reference

value.
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Between t =8 and t = 10, the speed gradually decreases from 100 rad/s to 0 rad/s, aligning with
the reference. During this period, the torque decreases to 8.5 Nm while maintaining the same
value of the applied load torque of 10 N.m, resulting in a "braking" effect. While the flux initially
shows a gradual increase, it eventually aligns with the reference value. However, the absence of a

controller causes the flux to fluctuate whenever there is a change in velocity.

Direct FOC results

In this section, we conducted a simulation of direct control on an IM transmission (asynchronous
machine system) powered by a two-level inverter. The simulation was carried out under specific
conditions, including a reference flux of 1Wb and a velocity that will be modeled according to the

table provided. The following tests were performed to evaluate the performance of the system:
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Figure 2.24 Diagram of current simulation over time.
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Figure 2.25 Diagram of rotor flux simulation over time.
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Figure 2.26 Diagram of rotor speed simulation over time.
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Figure 2.27 Diagram of electromagnetic torque simulation over time.

The machine initiates its operation without any load, starting from time t = 0 and a speed of 0
rad/s. In a smooth and incremental manner, the speed gradually increases until t = 1s, reaching a
value of 50 rad/s, accurately following the reference speed. Consequently, the machine generates a
torque of 2 N.m, and during the startup phase, a momentary current is generated to ensure the

machine produces the required torque. Subsequently, the machine stabilizes at a current of 4.5 A.

Following the stabilization of the speed at 50 rad/s, the torque is nullified. However, at t = 2s, a
load torque of 10 Nm is applied. It is observed that both the torque and the electric current increase
by the value of the applied load torque, namely 10 Nm and 1.5 A respectively, in order to meet the
load torque requirement. The speed experiences a slight decrease but then returns to the reference

speed.

36



Chapter 2 Scalar and Field-Oriented Control of Induction Motor

Betweent=8and t =10, the speed decreases from 100 rad/s to 0 rad/s, aligning with the reference
speed. During this period, the torque decreases to 8.5 Nm while maintaining the same value of the
applied load torque, resulting in a "braking" effect. It is noteworthy that during the initial phase, the
flux briefly overshoots, but unlike in indirect control, it consistently aligns with the reference
throughout the entire simulation period. This precise control over the flux is attributed to the Pl

controller.

In terms of performance, the direct vector control technique outperformed the indirect vector

control technique, exhibiting a faster response time..
2. 20 Conclusion

In summary, the adoption of sophisticated control techniques like Field-Oriented Control (FOC)
has demonstrated significant benefits in managing current, speed, and torque compared to
conventional approaches such as Scalar control. FOC facilitates more accurate and effective

regulation of the induction motor, resulting in enhanced performance and energy utilization.

Through the utilization of FOC, the motor system can attain superior current regulation by
minimizing irregularities and ensuring smoother operation. Moreover, FOC improves speed control,
enabling better alignment with the desired speed reference and enhancing the overall dynamics of
the system. Furthermore, FOC optimizes torque generation, resulting in higher torque density and

improved overall efficiency of the motor.
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3.1 Introduction

Backstepping control, a prominent technique in the realm of nonlinear control theory, addresses
the limitations posed by imperfect process models that hinder the full linearization of systems
through feedback control. Unlike their perfectly linearizable counterparts, these systems possess
partial linearizability due to inherent imperfections in their process models. Over the past two
decades, substantial advancements have been made in nonlinear control theory to overcome these
challenges, resulting in the development of various techniques employed in the design and
implementation phases of control models for nonlinear systems. Among these techniques, the
Backstepping Theory stands out as a well-established approach that employs the recursive design
of control laws based on the principles of Lyapunov theory. Presently, nonlinear systems are
characterized by enhanced structure and development, owing in part to the application of these

techniques.
3.2 Lyapunov’'s Theory and Stability

In order for a controlled system to work properly, it needs to eventually reach a specific state.
This can be described as the desired equilibrium. When analyzing a dynamic system, stability is the
most important aspect to look into. Stability can be understood in different ways in control theory,
like the stability of a specific point or how the input and output are connected. The study of stability
has made great progress, especially with the introduction of Lyapunov's stability theory, which helps
determine the stability of linear dynamic models. [11]

3.2.1 Stability in the sense of Lyapunov

The two Lyapunov methods hold significant importance as analytical techniques. The first
method, referred to as the linearization method, focuses on assessing the stability of a nonlinear
system in the vicinity of its equilibrium point by utilizing a linear approximation. By employing
tools from linear control systems, this approach enables effective analysis. The second method,
more comprehensive in nature, utilizes the energy principle to examine stability. According to this
method, a physical system is considered stable if its total mechanical energy decreases over time.
Lyapunov developed a function with properties akin to energy, facilitating more convenient stability

analysis [11].

A. Lyapunov’s first method
Lyapunov's first method, which is also called the local stability theorem, enables us to decide on
the linearization of a system's dynamics around a point of equilibrium. This theorem gives

theoretical validity to the linearization technique and states the following:
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- If the linearized system is asymptotically stable, the system is also asymptotically stable.

- If the linearized system is unstable, the system is also unstable.

- If the linearized system is stable without being asymptotically stable, we cannot make a
definitive statement. This is the critical case of Lyapunov, and the stability or instability, in

this case, depends on the higher-order terms that were neglected in the approximation.

B. Lyapunov's second method

Lyapunov's approach is to use a scalar function V, also known as an Energy function, to
investigate the stability of the system by analyzing its changes (sign of V) along the system's
trajectory.
3.2.2 Lyapunov candidate function

Lyapunov's candidate is a function V' (x) which has two essential properties:

- There are two qualities that are important to consider when analysing the stability of an
equilibrium point using Lyapunov's method. The first quality is the extremum of the function
at the equilibrium point, which can be a maximum or a minimum. The equilibrium point is
considered stable if this extremum is a minimum. To ensure the presence of a minimum at
the equilibrium point, the function must be positive for any value other than the origin and
can only be zero at the origin.

- The second characteristic of Lyapunov's candidate function is that it tends to decrease or stay
constant during the evolution of a stable system. Therefore, for the function to be considered

a Lyapunov candidate, its derivative must also be negative [11].

V(x) = (d—V)T f(x) <0 (3.1)
dx

3.3 Backstepping control design
3.3.1 Principle

In the past years, there have been significant advancements in the area of nonlinear system
control, and one of the latest developments is the backstepping technique. This technique provides
a systematic synthesis method for nonlinear systems that have a triangular shape. The technique
decomposes the entire control system, which is typically high order and multivariable, into a cascade

of first-order control subsystems. A virtual control law is then calculated for each subsystem.

In the past few years, significant progress has been made in the field of controlling nonlinear
systems, and the backstepping technique is one of the recent developments in this area. It suggests
a systematic synthesis method designed for the class of nonlinear systems that have a triangular
shape. This technique involves decomposing the entire control system, which is usually
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multivariable (MIMO) and high order, into a cascade of first-order control subsystems. For each
subsystem, a virtual control law is calculated, which will be used as a reference for the next
subsystem until the control law for the entire system is obtained (as shown in Figure 3.1). Moreover,
this technique has the advantage of holding the useful nonlinearities for the control's performance
and robustness, unlike linearization methods. The determination of the control laws resulting from

this approach is based on the use of Control Lyapunov Functions (CLF) [4].

u

A
X3

~

&

+ e

Figure 3.1 General procedure of backstepping control design.

3.3.2 General method of recursive synthesis by Backstepping

The recursive synthesis technique known as Backstepping is a widely used approach in
engineering and control systems. It provides a general method for systematically designing
controllers that can handle complex and nonlinear systems. By breaking down the control problem
into a series of smaller, more manageable sub-problems, Backstepping enables engineers to
progressively build a controller that can achieve desired system behavior. This approach is
particularly valuable when dealing with systems that exhibit nonlinearities, uncertainties, or
disturbances. By employing recursive strategies and feedback loops, Backstepping allows for the
synthesis of controllers that can effectively handle a wide range of challenging control tasks. This

approach is suitable for systems with a triangular structure, as illustrated in the diagram below:

):(1 = f1(x1) + go(x1)x2
X, = f2(x1,%2) + g1 (1, X2)%3 (3.2)

Xn = fu(x1, X)) + Gn (X1, 0, Xp)U
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with :
x = [x1,%3,%,]" €E R, u ER

To demonstrate the recursive process of the Backstepping technique, let us assume that the

desired reference signal for the output y = x; is y,.r. Since the system is of order n, the approach

will involve n steps to implement.
Step 1

The Backstepping method is initiated by considering the first equation of the system (3.2), and

treating x, as an intermediate virtual command. The first reference value is denoted as:

(xl)d = Qo = Yref (33)
This leads to the following regulation error:
€1 =X1— Qo (3.4)
Thus, the derivative of the first desired reference can be expressed as:
él = 561 - do
. (3.5)
= f1(x1) + go(x1)x2 —
The first step in analyzing such a system is to create the Lyapunov function V1, which takes the
form of a quadratic equation.

1 2
i=se (3.6)
The time derivative of V; is given by:
I’/1 =e.6

= ey [fi (1) + o)z — do) @.7)

Choosing the appropriate value of x can make V; negative, ensuring stability for the dynamics
of equation (3.5). In order to achieve this, we can set x, equal to a, which satisfies the condition:

fi(x1) + go(x1)x2 — a1 = —kq€q (3.8)
where k; > 0 is a design constant.

Therefore, the expression for the control law of system (3.5) is:

a; = [—kie1 + do — f1(x1)] (3.9)

Jo(x1)
which implies

V,=—kie?<0 (3.10)
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Step 2

A new desired reference will now be chosen as the control variable for the previous

subsystem (3.5).

(xX2)a = a1 (3.11)
The resulting regulation error is:
82 ES xz - al (312)
6, =Xy —
2o _ (3.13)
= f2(x1,x3) + g1 (1, X2)x3 — a4
It derives it:
The extended Lyapunov function for the system (3.13) is given by:
1
Vz = V1 + 5622
(3.14)
1 2 2
=3 [er + €3]
whose derivative is:
V, =V, +e,é
2 1 262 (3.15)

= —kief + e [fo(x1,%2) + g1 (X1, %) %3 — 4]
The choice of (x3) which stabilizes the dynamics of the system (3.13) and will make V, negative
is:
X3 = a such that:
f2(x1,x2) + g1 (%1, %2)x3 — dy = —kye; (3.16)

Where k, > 0 is a design constant:

Therefore, the control law for system (3.13) can be expressed as:

1
a =———[—kye, +d; — fo(x, x 3.17
1 91(951;952)[ 262 1~ f2(x1,x2)] ( )
with:
_ Go(x)[—kiéy + dp — f1(x)] — [—kieq + do — f1(x1)]1g0 (x1)
a; = 5 (3.18)
9o (x1)

This choice leads to:

VZ = _klelz - kzezz S 0 (319)
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Stepn

In a similar manner, for this step, the new reference to be followed will be:
(Xn)a = ap-1 (3.20)
hence the regulation error:

€n = Xp — Op-1 (3.21)

Its derivative is:

: (3.22)
= fu(Xy, 0, X)) + G (g, 0, XU — Ay
For the system (3.22), the extended Lyapunov function is:
1
VTL :V1+V2+”'+EE%
1 (3.23)
=S [e? +--el]
2
Its derivative is:
Vo =Vi+ -+ enéy,
2 . (3.24)
= —kiey + -+ ep[fn(xy, o, xn) + gn(Xy, - Xp)U — dp_q]
The control law derived in the final step should meet the following requirements:
Ja (1, x0) + gn(X, o XU — @pq = —kpey (3.25)
Or kn>0 is a constant conception.
Therefore, the control law for the complete system can be expressed as:
1 :
W= ) [—knen + dn1 = fru (X1, xn)] (3.26)
This ensures that the time derivative of the extended Lyapunov function is negative:
Vo = —kief — - — kner <0 (3.27)
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3.3.3 Application of the Backstepping techniquer for Controlling the IM

The application of the Backstepping technique to the IM is based on the following steps:

- We will compute the initial virtual control input for a subsystem by using the error signal
and the adaptation dynamics, which will serve as a reference signal for the subsequent state
in the second stage. e; = (Yrer — ¥).

- find a Lyapunov function for which the derivative is negative.

- Repeat the previous steps until reaching the nth stage, which corresponds to the order of the
system. At this stage, we will have generated the control law that ensures the overall stability

of the system, and we will apply it to

digq ) ] MR, 1
dt = —Ylsq + Wslsq + oL.L, ——rg +— oL, Usq
disq ) ) M 1
dt = —Visq — Wslsg — O'LSL W Pra +— oL, Usq
dpra _ ¢ra M (3.28)
. T, T,
dQ _PM ) T, f_Q

E_]Tr(prdlsq_T_j

with:
(g MR\ 1
V=TT )50,
MZ
o=1-
LsLy

u = [Usq  Usq]": The entrance to the induction machine.
y=x; =[Q ¢.]" :Its controlled output.

x, = [Isa Isq]": Stator current vector.

x = [X1 Xz]: The state vector.

Our goal is to force the output y = x; to follow their references, £2,..¢, Grres respectively.

The first step

The aim of this step is to eliminate the speed and flux regulators. The errors e1 and e are defined,

representing the difference between the actual values of the speed and the flux magnitude,
44



Chapter 3 CONTROL OF IM USING BACKSTEPPING TECHNIQUE

respectively, and their respective reference values. The tracking errors for the rotor speed and flux

are defined as:

e = .Q«,-ef -
e = ¢r.,, — b (3.29)
Let us consider the positive definite energy function V1 given by:
1 2 1 2
V1 ES Eel + Eez (330)
Its derivative is:
I}'1 =e16; +e6; = 91(-Qref - -Q) +e (d)rref - ¢r) (3.31)
. f o1 M 1
Vi=¢e (-Qref JL, ¢rlsq += ] -0+ ] Tl) te; <¢7‘ref T, —Iq + ;(pr) (3.32)

If we substitute Isgwith Isq,,, . and Isgwith I then the dynamics of the energy function can

dref’
be expressed as:

. PM o1 M 1
Vl -Qref d)r Sqre +=-0+— Tl te; d)rre Isdre +— ¢r (3-33)
JLy A | T, %

To make V;negative, we make a suitable choice of the new virtual inputs Isa, ., and Isq,,. In the

following way:

_ JLr fo.1
- 1 3.34
Isq,y = M(Kzez + b + qur) (3.34)

This means that Ky and K> are constants that are positive without any possibility of being zero

or negative.

Figures (3.2) and (3.3) represent the block diagrams for calculating the currents Lsa,,, and Isqref

respectively.

2)
Ar*”
(1)

ehr

Ar

Figure 3.2 Block diagram for calculating (Isaref)
45



Chapter 3 CONTROL OF IM USING BACKSTEPPING TECHNIQUE

{{
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Figure 3.3 Block diagram for calculating the (Isqref).

The second step

We define the Lyapunov function candidate V(x) for our system, with the purpose of calculating
the control voltages. Other errors related to the stator current components and their references are
defined.

1 2 1 2
V(ix) =V(x)+ Sestes (3.35)
Such as:
€3 = IS‘Iref - Isq
€4 = Isdref —Isq (3.36)

Therefore, the derivative of the candidate Lyapunov function will be:

V(x) = Vl(x) +e363 +es8, = Vl (x) +e3 (jsqref - isq) t ey (jsdref - jsd) (3.37)

. _ ) PM 1
V(x) = Vl(x) + €3 (IS(Iref + wSISd + VISq + -Q¢r - E US(])
S

oLgL,
' M 1 (3.38)
t ey (Isdref + Vlsd - wslsq - O'LSL,«T,« ¢r - O'LS Usd)
The control law we select is:
. PM
Usqref = oLs(Kzez + ISQref + wslsg +ylsq + UL—L.qur)
' o (3.39)
Usdref = oLs(Ksey + Isdref +yilsq — wslsq - md)r)
SHr*r

K4 and K3 are strictly positive constants.

The diagrams depicted in figures (3.5) and (3.4) illustrate the process of determining the

currents Usgq, . and Usq,.,, cOrrespondingly.

dref
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Figure 3.5 Block diagram for calculate Usgret.

The negative derivative of the Lyapunov function implies stability of the machine under the

Backstepping control.
3.4 Simulation of Backstepping control of the IM

In this study, we simulated an induction motor that runs on a PWM voltage inverter and is under
Backstepping control. The simulation was carried out in two operating modes: with no load and
with a load.
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Figure 3.6 Diagram depicting the block structure of the Backstepping control applied to the induction motor
(IM).

3.4.1. Simulation results

In this section, we will simulate the direct vector control based on backstepping for an induction

motor (IM) using a two-level inverter. The simulation is performed under the following conditions:

- Reference flux of 1Wb
- Reference speed ranging from 0 to 100 rad/s

- Load torque of 10 Nm applied at different time intervals

The results of the simulation will be used to compare the performance of the two control methods.
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Figure 3.8 Diagram of stator flux simulation over time.
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Figure 3.10 Diagram of electromagnetic torque

simulation over time.
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Figure 3.7 Diagram of stator current simulation.
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Figure 3.9 Diagram of rotor speed simulation over

time.

The machine initiates its operation at t = 0 with no load, starting from a speed value of 0 rad/s. It

gradually increases its speed in a smooth manner until t = 1s, reaching a speed of 50 rad/s, following

the reference accurately. As a result, the machine generates a torque of 2 N.m, and a momentary

current of 26 A is produced during motor startup to enable the machine to generate the required

torque. Subsequently, the machine stabilizes at a current of 4.5 A.

Att=2s,aloadtorque of T =

10 Nm is applied. It is observed that both the torque and the electric

current increase by the value of the applied load torque, i.e., 10 Nm and 1.5 A respectively, in order

to meet the load torque requirement.

Between t = 8 and t = 10, the speed decreases from 100 rad/s to 0 rad/s, matching the reference

speed. During this period, the torque decreases to 8.5 Nm while maintaining the same value of the

applied load torque, resulting in a "braking" effect.
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One note that the backstepping control technique exhibited significantly superior performance
compared to the other control techniques investigated in this research, regardless of the specific
circumstances. These superior results were particularly noticeable during transient stages and when

a load was introduced.
3.5 Conclusion

In conclusion, this chapter has introduced the concept of stability in the sense of Lyapunov and
discussed the direct method, proposed by Lyapunov. Additionally, the Backstepping control
technique, which is based on the direct method of Lyapunov, was presented as a systematic and

straightforward approach for synthesizing control laws and ensuring the stability of a system.

The application of the Backstepping control technique to the asynchronous machine
demonstrated its effectiveness in stabilizing the machine. By carefully selecting an appropriate
Lyapunov function and following a step-by-step process, the control laws were established to

maintain stability throughout the operation of the machine.

Furthermore, based on the obtained results, it can be concluded that the Backstepping control
technique outperformed other classical control techniques, particularly during transient stages and
when subjected to load conditions. This suggests that the Backstepping control technique offers
superior performance and robustness in controlling the induction motor, making it a favorable

choice for such applications.
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Conclusion general

In conclusion, the techniques discussed in this thesis, including scalar control, field-oriented
control (FOC), and Backstepping control, have shown their significance and effectiveness in the

context of induction motor control.

The first chapter focused on the modelling of the motor using the Park model, which offers a
simplified representation while acknowledging the coupling between stator and rotor variables. This
chapter sets the foundation for subsequent chapters, where advanced control techniques are

introduced to overcome the challenges associated with motor control.

The second chapter emphasized the advantages of FOC over traditional scalar control methods.
FOC enables precise control over current, speed, and torque, resulting in improved performance and
energy efficiency. It achieves better current control with reduced harmonics and smoother operation.
The speed regulation is enhanced, leading to improved tracking of reference speed and system
dynamics. Additionally, FOC optimizes torque production, increasing torque density and overall

motor efficiency.

The third chapter introduced the concept of stability in the sense of Lyapunov and presented the
Backstepping control technique as a systematic approach for synthesizing control laws and ensuring
stability. The application of Backstepping control to the induction motor demonstrated its
effectiveness in stabilizing the machine, particularly during transient stages and varying load
conditions. The results indicated that Backstepping control outperformed classical control

techniques, highlighting its superior performance and robustness.

Overall, this thesis concludes that the combination of the Park model, FOC, and Backstepping
control offers a comprehensive approach for induction motor control, providing improved
performance, energy efficiency, and stability. These techniques can be advantageous for various

applications involving induction motors..
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ANNEX

Notations and Symbols

S, R
A BetC

Hobs

T T~

Ts, Tp

(a B)
da q)
(u v)

Indices corresponding to the stator and the rotor

Indices corresponding to the three phases A, B and C

Angled observation of the PARK matrix

Rotor electrical angle

Stator electrical angle

Voltage

Current

Stator resistance

Rotor resistance

Stator self-inductance

Rotor self-inductance

Stator and rotor cycle inductance per phase

Coefficient of mutual inductance between two phases of the stator and rotor
Maximum mutual inductance between a stator phase and a rotor phase
Cyclic mutual inductance

Electromagnetic torque.

Load torque

Moment of Inertia of the Rotating Part

Viscous coefficient of friction

mechanical speed

Number of pole pairs

Stator and rotor time constant

Blondell's dispersion coefficient

Axes corresponding to the frame of reference linked to the stator.
Axes corresponding to the reference frame linked to the rotating field
Two-phase system axes

Observer Gain

Operator derived from LAPLACE

PARK matrix

Matrix of stator inductors

Rotor inductors matrix

Matrix of the mutual inductances of the stator rotor coupling.
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Kp, Ki
Ti

Reference flux

Reference speed

System State Evolution Matrix
Control System Matrix

Order Matrix

Proportionality and Integration Coeffi

Time constant
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The parameters of the machine used

Nameplate
V=220/380V
F=50Hz

P=2

Electrical parameters

Rs=4.85Q

Rr=3.805Q
Ls=0.274H
L=0.274H

M=0.258H

Mechanical Parameters

J=0.031 kgm2
F=0.008 S
Sample time
T.=0.3e

Reference speed

ANNEX

ANNEX

T () 0 1 4 6 8 10 12 14 16

Speed (rad/s)| 0 50 50 100 100 0 0 25 25
Applied load torque

T(s) 0 2 201 |3 301 |7 7.01 |16

Load torque (N.m) |0 0 10 10 0 0 10 10




