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Abstract

This thesis presents the study and design of an intelligent speed controller for electric motors,
focusing on the separately excited DC motor, the single-phase induction motor, and the three-phase
induction motor. Each machine is mathematically modeled and simulated using MATLAB/Simulink
under different operating conditions.

Classical PI/PID controllers are first applied for speed regulation, then ANFIS-based intelligent
controllers are introduced to improve performance and robustness. The results show that the ANFIS
controllers provide better speed tracking, reduced overshoot, shorter settling time, and improved
robustness against load and parameter variations.

Keywords: variable speed drive, DC motor, induction motor, V/f control, vector control, ANFIS.
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Résumé

Ce mémoire présente 1’étude et la conception d’un controleur intelligent de vitesse pour les moteurs
¢électriques, en se concentrant sur le moteur a courant continu a excitation séparée, le moteur
asynchrone monophasé et le moteur asynchrone triphasé. Chaque machine est modélisée
mathématiquement puis simulée sous MATLAB/Simulink dans différentes conditions de
fonctionnement.

Des contrdleurs classiques PI/PID sont d’abord utilisés pour la régulation de vitesse, puis des
controleurs intelligents basés sur I’ANFIS sont introduits afin d’améliorer les performances et la
robustesse du systeme. Les résultats montrent que les contréleurs ANFIS assurent un meilleur suivi
de vitesse, une réduction du dépassement, un temps de réponse plus court et une meilleure robustesse
face aux variations de charge et de parametres.

Mots-clés : variateur de vitesse, moteur a courant continu, moteur asynchrone, commande V/f,
commande vectorielle, ANFIS.
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General Introduction

Electrical machines are a major component in present industrial systems and many daily life
applications. They are very common because they can change electrical energy to mechanical
motion efficiently, quickly and with high controllability. Electric motors are used in many fields,
from heavy industrial applications such as conveyor belts and rolling mills to domestic and
consumer equipment such as washing machines and printers. Their importance has increased
further in recent years with the development of electric vehicles, locomotives and other systems
related to sustainable energy [1].

In electric drive systems, the motor is not employed alone. Typically, a complete drive
consists of a power source, power electronic converters, an electric motor, a mechanical load,
sensors and a controller. The controller's role is to control the electrical quantities supplied to the
motor to get the desired mechanical behaviour, mainly speed and torque. Thus, speed control is one
of the most important tasks in electric motor drives, particularly when the motor has to operate
under varying load conditions or over a wide speed range [2].

The speed of an electric motor is controlled by varying the electrical power supplied to the
armature and if necessary the field excitation. This can be done in DC motor drives by DC-DC
converters and PWM control. In AC motor drives like induction motors and permanent magnet
motors, inverters are utilized to generate variable frequency and variable amplitude voltages. These
converters provide the control of the motor in the constant torque region and also in the high speed
region where flux weakening techniques may be required [3].

Designing control systems for motors using classical control methods such as PI and IP
controllers is common because of their simple structure and practical implementation. However,
their performance is highly sensitive to the motor parameters, operating conditions and controller
tuning. Classical control can lead to overshoot, slow response, and reduced robustness in some
cases when the load or the machine parameters change. Therefore, there is a great interest in the
development of more advanced control strategies that can improve the dynamic response and make
the drive system more reliable under different operating conditions [4].
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Like the wind turbines, the electric motor also needs for its control a clear mathematical
model of the motor and its converter. The model is generally formulated from electrical equations,
electromechanical conversion equations, and mechanical equations. Clarke and Park
transformations are useful for AC machines because they transform three-phase AC quantities into
equivalent quantities in a rotating dq reference frame. This reduces the complexity of the
GENERAL INTRODUCTION 2 control problem and enables one to treat AC motors in the same
manner as DC motors where torque and flux can be controlled independently [2].

The purpose of this thesis, “Study and Design of an Intelligent Speed Controller for an
Electric Motor,” is to investigate the principles of electric motor speed control and to design a
control system capable of improving the speed response of the motor. The work is based on the
general structure of the electric drive systems, mathematical modeling of the electric machines and
development of appropriate control strategies. Special focus is put on the relation between the
motor model and the controller structure, because a good model is needed to achieve good control
performance.

The methodology followed in this work consists first of presenting the basic principles of
electric motors and their control systems. Then, mathematical models of representative electric
machines are studied including DC motors and AC motors. Power electronic converters like
choppers and inverters are considered as they act as the interface between the power source and
the motor. Then the control structure is designed using principles of feedback control, PWM
generation, current control, speed control and flux weakening when high-speed operation is
required. The performance of the proposed control system is evaluated by means of numerical
simulation using models that can be implemented in MATLAB/Simulink.

The thesis is organized in several chapters. The first chapter covers the general theory of
electric machines and basic principles of motor drives. Chapter 2 describes the modeling of the
main components of the drive: motor, converter and mechanical load. The following chapter is
dedicated to the design of the speed control system and to the control strategy to be used for torque
and flux regulation. The results obtained under different operating conditions such as normal speed
operation and high speed operation with flux weakening are shown and discussed in the simulation
chapter. Finally, thesis ends with a general conclusion summarizing the main results and suggesting
possible future improvements for advanced motor control .
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CHAPTERI1 FUNDAMENTALS OF ELECTRICAL MACHINES AND THEIR CONTROL METHODS

L. INTRODUCTION

Electric motors are an essential component of modern industrial systems, converting electrical energy
into the mechanical motion required for many processes. Their application ranges from simple
domestic appliances to complex industrial drives where speed, torque, reliability and energy
efficiency are important performance requirements.

Electric motors operate on a simple principle. When electricity flows through a conductor in a
magnetic field, there is an interaction between the magnetic field and the electrical current. This
interaction creates a mechanical force on the conductor which results in rotation. This principle is
valid for both direct current and alternating current machines.

Control methods are required in motor drive systems for speed control, enhanced dynamic response,
and stable operation under different load conditions. The PI and PID controllers are among the most
established control approaches and are still widely adopted due to their straightforward design and
satisfactory performance in most linear operating conditions. But nonlinear or uncertain operating
conditions are increasingly addressed by intelligent control methods that enhance robustness and
adaptability.

1.1 Overview of Electric Motors

Electric motors are electromechanical devices whose primary function is the conversion of electrical
energy into mechanical energy, specifically in the form of rotational motion. It is the process of
converting electrical energy to mechanical energy. This is done by using a magnetic field to interact
with conductors that have electrical current flowing through them. This interaction produces a
mechanical force.

Electric motors are essential for industrial and household systems due to the high energy efficiency,
operational reliability, and ease of speed regulation. These are key components in systems like pumps,
fans and manufacturing machinery.

Electric motors are generally classified into two main groups depending on the type of power supply:
direct current motors (DC) and alternating current motors (AC). They differ in technical
characteristics and have their own scope of industrial or domestic applications.

1.1.1 Classification of Electric Motors

There are two main types of electric motors . DC motors and AC motors.

» DC motors use direct current power . There are a few types of DC motors , including brushed
and brushless . The major application of these are in drive systems requiring accurate and easy
adjustable speed regulation.

» AC motors run on alternating current. They are mainly classified into Single phase and Three
phase motors:

e Single phase motors are widely used in low power domestic appliances while three-
phase motors are preferred in industrial drives due to their higher efficiency and better
output power.
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e Among AC motors , the most popular are induction motors , particularly squirrel cage
motors , owing to their ruggedness and low maintenance . Synchronous motors are
used for constant speed applications [2].

I.1.2 Industrial Applications

This combination of efficiency, reliability and continuous duty has made electric motors a staple in a
diverse range of industrial applications.

Typical applications include pumps, ventilation fans, air compressors and material handling
conveyors. In manufacturing, electric motors are the heart of automated production lines, making sure
the processes keep running smoothly and around the clock.

Heavy-duty applications in the oil and gas, mining and transportation industries also depend heavily
on electric motors.

There are several factors to consider when selecting a motor such as power requirements, speed
control, efficiency and load conditions.

1.2 DC Motor Fundamentals

A DC motor is an electromechanical device that converts DC electrical power into mechanical
rotational output. This type of motor is widely used in applications requiring accurate speed regulation
and good torque response. The choice of a particular DC motor configuration depends on the means
of excitation and the performance required. These configurations are separately excited, shunt, series
and compound D.C. motors. Each type has specific characteristics suitable for specific industrial
applications [3].

1.2.1 Structure of DC Motor

The DC motor is mainly made up of stationary magnetic part called stator and a rotating part called
rotor. The main magnetic field is produced by the stator, and the rotor contains the armature winding
where the electromechanical energy conversion takes place.

The commutator and brushes enable the direction of the current in the armature conductors to be
reversed as the armature rotates. This ensures the developed electromagnetic torque is in the same
direction which allows the motor to rotate continuously [6].
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Commutator.

Pole g /

Pole Shoe

Yoke Or Body

Sha

Stand Or Legs
Armature Winding

Field Winding

Fig. I.1: Structure of a DC Motor [6].

1.2.2 Operating Principle

A DC motor works on the principle that a mechanical force is exerted on a current carrying conductor
placed in a magnetic field. By using Fleming's left hand rule, the direction of this force can be found.
This rule states that the field, the current and the force are at right angles to each other.

As the existing passes through the armature conductors, electromagnetic forces are generated on the
conductors underneath the magnetic poles. These forces create an electromagnetic torque which turns
the rotor. The commutator switches the current direction at the right moment, keeping the torque
continuous in the same rotational direction.

Fig. 1.2: Operating principle of a DC motor showing the torque production mechanism [14].
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1.2.3 Advantages and Limitations

The major advantage that the dc motors have over the other motors is that they can be controlled over
a wide range of speeds, simply by varying the armature voltage. They can also produce a high starting
torque, so they are well suited to drives that need rapid acceleration or precise speed control.

These advantages are not without several disadvantages of DC motors. The brush-commutator
assembly is a source of mechanical wear, with periodic servicing, which limits the reliability of DC
motors in harsh, dusty or hazardous atmospheres. Therefore, AC motors are often used in modern
industrial applications that require robustness and low maintenance.

1.3 Mathematical Modeling of DC Motor

The mathematical modeling of the DC motor gives a formal description of the electrical dynamics
and mechanical behavior of the motor in a form of a system of governing equations. This model is a
necessary tool for performance analysis and forms the basis for designing suitable control strategies.

This model is derived from the Kirchhoff voltage law for the electrical circuits and the Newton’s
second law of motion for the mechanical part. The back electromotive force and the electromagnetic
torque are included explicitly, since they are the coupling between electrical and mechanical
subsystems [7].

1.3.1 Modeling of the Separately Excited DC Motor

The separately excited DC motor is fed by two independent voltage source . The field circuit is fed
by the excitation voltage and the armature circuit is fed by the armature voltage . This arrangement
permits the magnetic excitation and the armature current to be controlled independently of each other.

In this work, the mathematical model of the separately excited dc motor is obtained from the field
circuit equation, armature circuit equation, electromagnetic torque equation and the mechanical
equation of motion. The model is then implemented in MATLAB/Simulink to analyze the response
of motor speed and electromagnetic torque.

1.3.1.1 Electrical equations

For the field circuit, the voltage equation is written as:

dle
Uf = Rf[f + Lfa (I 1)

For the armature circuit, the applied voltage is equal to the resistive voltage drop, the inductive voltage
drop, and the back electromotive force. Therefore:

dI,

U, =Rl +L, It

+e (L.2)

The back electromotive force is proportional to the excitation current and the rotor speed:

e = Mfdlf.Qr (13)
7
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where (Uy) is the field voltage, (U,) is the armature voltage, (I¢) is the field current, (I,) is the armature
current, (R¢) and (R,) are the field and armature resistances, (L¢) and (L,) are the field and armature
inductances, (Mgq) is the mutual inductance between the field and armature circuits, (e) is the back
electromotive force, and (£1,) is the mechanical angular speed.

1.3.1.2 Electromagnetic torque

The electromagnetic torque developed by the separately excited DC motor is directly proportional to
the field current and the armature current. It is of the form:

Cem = Mgqlfla (L4)
where (Cqpy,) is the electromagnetic torque.
1.3.1.3 Mechanical equation

The formula for the mechanical behavior of the separately excited DC motor is derived from the
Newton’s law of rotational motion. The difference between electromagnetic torque and load torque
is used to accelerate the rotor and overcome the viscous friction.

The mechanical equation is written as:

dQ,
dt

J = Cem — Cr — fQ, (I- 5)

where (J) is the moment of inertia, (€1,.) is the mechanical angular speed, (Ceyy ) is the electromagnetic
torque, (C,) is the load torque, and (f) is the viscous friction coefficient.

By dividing both sides by (J), the angular acceleration is obtained as:

dQ, 1
dt = T(Cem -G — fﬂr) (I' 6)

In some parts of the simulation model, the electrical angular speed is denoted by 5. The relation
between the electrical angular speed and the mechanical rotor speed is:

Q, = PQ,
Therefore, the mechanical rotor speed can be expressed as:

Q, =Q,/P L7
where (P) is the number of pole pairs.

This relation explains the use of the gain (P/J) in the Simulink model. The electromagnetic torque and
load torque are first used to obtain the angular acceleration. Then, an integrator block is used to
calculate the rotor speed. The output of this integrator gives the mechanical rotor speed (W;), while
the electrical speed can be obtained from (Q4=P- (),.).
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1.3.1.4 Complete state-space form of the DC motor model

For a separately excited DC motor, the electrical equations can be expressed in matrix form by taking field
current and armature current as state variables. This form is useful for simulation as it separates the voltage
inputs, the resistive voltage drops and the speed dependent coupling term.

Definition of the state and input vectors

Definition of the matrices

I
The current vector is: [I] = If]
a

The voltage vector is: [U] = Uf]

= u,

) .. L 0
The inductance matrix is:  [L] = [Of L
a
R 0
The resistance matrix is: [R{] = Of R ]
a

0 0
The speed-coupling matrix is:  [R,] = [Mfd 0]

Compact matrix equation

Using these definitions, the electrical model is written as:
Up = Rl + Ly
= Relp + Ly

L,dl,
Ua = Rala + T + .QerdIf (I 8)

Cem = Mgl,. It
The electrical model can then be written in matrix form as:

d[1]

[L]5 = [U] = [R4][1] = Q,[R][1] (1.9)

Expanded matrix form

In expanded form, the same equation is:

Le O[] [Ug R¢ 0 ] [If]
[0 La] [Ia] _[Ua]'[QTMfd Ra] 1 (1.10)
This matrix can be divided into two parts: a constant resistance matrix and a speed-dependent

coupling matrix. This separation is useful since the back electromotive force term is dependent on the
rotor speed. Thus the global electrical resistance matrix can be expressed as:
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R¢ 01 0 O] [Rf O
I ot [V & P (LD
The mechanical behavior of the motor is modeled by using Newton’s second law on the rotating shaft.

The load torque works against the electromagnetic torque generated by the motor. Thus, the change
of the rotor speed can be expressed as:

In the Simulink implementation, the mechanical equation is expressed in terms of the electrical
angular speed Qs = P-Qr, which introduces the factor P in the integrator gain. The equation governing
the electrical speed is therefore:

dQs, P

raai (Mgqlfla — Cr — £02;) (1.12)
where the mechanical rotor speed is recovered as Qr = Qs/P.

1.3.1.5 MATLAB/Simulink implementation and simulation results

The mathematical model developed earlier was implemented in MATLAB/Simulink and used to
study the dynamic behavior of the separately excited DC motor. The model is built on the basis of
the electrical matrix equation, electromagnetic torque and mechanical motion equation.

@
Clock

Ua To Workspace

]
:
uf ! s u()"u(2y M
Fen

L1 Integrator

Add
R1

R2

Product
.

Wr

P
[l <=k Qv
S

Integratort . Display

+ Wr
.
To Workspace1 p{ Cem

Cr

1051 To Workspace2

Display1

Fig. 1.3: MATLAB/Simulink model of the separately excited DC motor.

Fig. 1.3 shows the MATLAB/Simulink implementation of the separately excited DC motor. The
model uses the voltage inputs (U,) and (Uy¢), the resistance and inductance matrices, and the coupling
term related to the rotor speed ({,-). The current vector is obtained using the inverse inductance matrix
and an integrator block. The electromagnetic torque is then calculated from the field current and
armature current, while the mechanical part gives the rotor speed.

10
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Electromagnetic Torque Cem
T T T

Time (s)
Fig. 1.4: Electromagnetic torque response of the separately excited DC motor.

Figure 1.4 shows the electromagnetic torque response of the motor. At the beginning of the simulation, the
torque reaches a high transient value due to the starting conditions. After this short transient period, it decreases
and stays close to zero during no-load operation. Att= 15 s, a load torque of Cr =5 N-m is applied. As a result,
the electromagnetic torque increases rapidly to compensate for the applied mechanical load. After a brief
transient, it stabilizes at approximately 5 N-m, which is equal to the applied load torque, showing that the
motor has reached a new steady-state operating point while remaining stable.

Rotor Speed Wr
T T

T T T T T T T
—_—wr
200 1
150 1
@
E=]
e
= 100 ¥ i
50 | 1
ok i
1 1 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8 9 10
Time (s)

Fig. 1.5: Rotor speed response of the separately excited DC motor.
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Fig. .5 shows rotor speed response. The velocity increases rapidly in the starting period and reaches
a steady-state value. When the load torque is applied at t=5 s, a speed drop happens, then the motor
stabilizes again. This kind of behavior confirms that the model predicts the dynamic response of the
separately excited DC motor correctly. Simulation results demonstrate that the mathematical model
is capable to accurately describe the main operating behavior of the separately excited DC motor,
including starting transient, electromagnetic torque production, application of load torque and
variation of rotor speed.

1.4 Induction Motor Fundamentals

Induction motors are one of the most widely used electrical machines in industry due to their rugged
and simple construction, reliable performance over a long period and absence of any brush or
commutator mechanism , which reduces servicing needs considerably and makes them suitable for
prolonged operation. Fig. Figure 1.6 shows the construction of an induction motor. The torque of the
induction motor is produced by the principle of electromagnetic induction. When an alternating
voltage is applied to the stator winding a rotating magnetic field at synchronous speed is set up. This
rotating field sweeps over the short circuited rotor conductors and induces a voltage and hence a
circulating current in the rotor.The interaction between the rotating magnetic field and the induced
rotor current creates an electromagnetic torque that rotates the rotor. However , the rotor speed is
always slightly less than the synchronous speed . This difference is called slip.

Fig. 1.6: Construction of an Induction Motor [13]

1.4.1 Structure of Induction Motor

Induction motor has two main parts; the stator and the rotor. The fixed part of the machine is called
the stator. It contains the three phase winding set which is connected to the AC power supply and is
the source of the rotating magnetic field that turns the motor. The rotor is the moving part of the
machine. The rotor is mounted concentrically inside the stator bore. The winding or bar structure is
designed to respond to the stator’s rotating field and develop the electromagnetic torque which rotates
the mechanical load.

12
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Induction motor rotors are generally classified into two main types, as shown in Fig. 1.7:

e Wound Rotor 9 Cage Rotor

Fig. 1.7: Types of Rotor: (A) Wound Rotor (B) Squirrel Cage Rotor

The most commonly used is the squirrel cage rotor. Its construction is simple and rugged. It consists
of a laminated cylindrical core with aluminium or copper conducting bars. These bars are short-
circuited at both ends by end rings and thus form a closed circuit. The wound rotor (aka slip-ring
rotor) has three-phase windings similar to the stator. These windings are connected through slip rings,
so that an external resistance can be added in the rotor circuit. This increases the starting torque and
provides better control of the motor speed but increases the complexity and cost [9].

1.4.2 Operating Principle

The induction motor is based on the principle of electromagnetic induction. A magnetic field is
produced when the stator is connected to a balanced three-phase supply which rotates continuously
in the machine at synchronous speed. This field passes the conductors of the rotor and induces an
EMF in them by electromagnetic induction. This induced EMF causes a circulating current to flow
in the rotor circuit . The rotor bars are shorted electrically through the end rings. The synchronous
speed of the rotating magnetic field is a function of supply frequency and number of poles and is
given by:

N = — (L13)

Where N is the synchronous speed (rpm), f is the supply frequency (Hz), and P is the number of pole
pairs. Note that some references express this formula using the total number of poles; here P denotes
pole pairs, consistent with the convention adopted throughout this work.

Therefore, a magnetic field is also created in the rotor. The electromagnetic torque is generated by
interaction of the stator rotating magnetic field and the rotor magnetic field, which causes the rotor to
rotate in the same direction as the stator field.The rotor runs at a speed that is slightly less than the
synchronous speed of the rotating field. slip is the difference in speed and it is a necessary condition
for the induction process to happen. If the rotor achieved synchronous speed there would be no
relative motion between the stator field and the rotor conductors. Under this condition no EMF would
be induced and no rotor current would circulate and the torque production would cease completely.
This physical limitation explains why the induction motor is always operated below synchronous
speed in practice [10].

13
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1.4.3 Classification of Induction Motors

Induction motor can be classified on several criteria depending upon their construction and operating
characteristics.

Induction motors are classified into squirrel cage and wound rotors according to the rotor construction
as described in Section 1.4.1.

Another important classification concerns the number of phases of the power supply:
» Single-Phase Induction Motor

Single phase induction motor is driven by single phase AC supply. Widely used in household and
light duty applications like fans, washing machines and small pumps These motors provide a compact
and low cost design but their efficiency and starting torque are inherently less than three phase
induction motors.

> Three-Phase Induction Motor

The workhorse of industry is the three-phase induction motor, driven by a balanced three-phase
supply. It provides higher efficiency, better steady state operation and higher starting torque than
single phase designs. It is the most used type of induction motor in industry, due to its reliability and
robustness.

1.4.4 Modeling of the Permanent Capacitor Single-Phase Induction Motor (MAMCP)
1.4.4.1 Operating Principle

The single phase induction motor works on a different principle than the three phase induction motor.
The main winding (MW) is fed directly from a single phase network and therefore itself cannot create
a rotating magnetic field. But it produces a pulsating magnetic field which can be mathematically
divided into two rotating fields of equal amplitude, rotating at the same speed but in opposite
directions, one in the forward direction, in line with the rotor rotation, and the other in the reverse
direction.

In the motor configuration studied here, both the main winding (MW) and the auxiliary winding (AW)
are placed along two orthogonal axes. The rotor winding consists of two identical short-circuited
windings, offset 90 electrical degrees from each other, as in the conventional three-phase
asynchronous motor. This representation allows the motor to be analyzed in a unified electromagnetic
framework.

Fgf cThe reference frame adopted for the study of the electromagnetic processes within the machine
is the stationary a-f system, fixed to the stator. In this frame, it is assumed that the magnetomotive
force (M.M.F.) developed by each stator phase has a sinusoidal spatial distribution along the rotor
circumference. This assumption simplifies the mathematical formulation while preserving the

14
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essential dynamic behavior of the machine, and forms the basis for the state-space model developed

in the following section [21].

oL
ige
= e
1~
ﬁ__\ s
A
f———:‘—_'
R i
(C‘_Q Ui =0
B_{ PR RRY NN
DL 1],
Tlsﬁ 1y 6)

Ugp U, =0
Fig. 1.8: Representation of the induction machine with capacitor in the o3 reference frame [21].

1.4.4.2 Voltage Equation System

The voltage equation system of the single-phase induction motor in the stationary a-f reference frame

is given by [20]
dw.
Usa = I'salsa + Tsa
d¥Wsg
USB = I'SBISB + dt
d¥,
Urg = 0 = reglia + T + 'quJrB (.14)
d¥.g
UrB =0 = rrBIrB + dt Qs"prot
dUc : .
0=-Igp+ CT (capacitor equation)
Where:

Isq, T'sg : main and auxiliary winding resistances
I'rq, I'rg : TOtoOr resistances (referred to the stator)

Q=P - (),.: synchronous electrical angular frequency (stator angular frequency)

U : voltage across the series capacitor C of the auxiliary winding

1.4.4.3 Flux equations

The flux equations of the machine are expressed as follows[20]:
15
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Wsa = Lso " lIsq + Mg+ Lig
Wsg = Lsp - Isp+ Mg+ I (I.15)
Yo = Lig® g + My - Lo
Wrg = Lg - g+ Mg+ Igp
where :
Ls«, Lsp : Stator winding self-inductances of the main and auxiliary windings
Ly« Lrg: Rotor inductances referred to the main winding turns
M, : Magnetizing inductance of the M.W
Mg: Magnetizing inductance of the auxiliary winding

By substituting the flux equations into the voltage equations, we obtain:

dI dI
Usq = r'soc'Isot'i']-‘soc'ﬁ'i' a'ﬁ
dlgg dl g
USB:rSB.ISB-i_LSB.F-I_MB'T-I_UC (116)
B dl. dl,,
Ur(x = rra'lra+Lra'T+Ma'F+Qs 'LrB 'IrB+'QS'MB 'ISB
dl,g dlyg
UrB =rrB'IrB+LrB'T+MB' dt — Qg Lyg " Lrqg = Qs - Mg - L5
du,
0= _ISB +C- It

The last equation represents the voltage across the capacitor connected in series with the auxiliary

winding. This capacitor serves as a starting device. This system of equations can be written in the
form

d[1]

[U] = [R]- [+ [Leg] - - (1.17)

Where: [U] is the voltage vector in the a-3 reference frame

16
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U Isq 0 0 0 07 rlsq
Usp 0 Isp 0 0 1] |Isp
U F 0 (1/a) - Mg - Qg I'ro (1/a) - Lig - Qs 0]x| Ira
U | |—a- M, - Qg 0 —a - Lyg - O I'ep 0| |Lp
0 0 -1 0 0 ol LU
L, 0 Mg 0 07 leq™™
+|M, 0 Lo 0 0]x|lq (1.18)
0 Mg 0 Lg 0] |Ip
| 0 0 0 0 cJ U.

With : [X]* = d[X]/dt
where the transformation coefficient a is defined by:

_ NaKba
Nprb

where :

Np : Actual number of turns of the main winding
N,: Actual number of turns of the auxiliary winding
Kpp: Winding factor of the main winding

Kpa : Winding factor of the auxiliary winding
Where :

C : Capacitance of the capacitor in series with the auxiliary winding .
1.4.4.4 Electromagnetic Torque :

The electromagnetic torque for the induction machine is given by
Ce (O(B) =P [Ma a- (Isa+ Ira) : IrB - (MB/a) ’ (ISB + IrB) ' Ira] (I- 19)

The factor a appears asymmetrically in the two axis terms because the two stator axes are referred to diff:
1.4.4.5 Mechanical Equation of Motion

dqQ,
< = Cem — Cr — O (1.20)

J

1.4.4.6 Simulation and Results

Based on the state-space formulation derived in the previous section, the mathematical model of
single phase induction motor was implemented in MATLAB/Simulink. The simulation was
performed for 10 s, with a load torque Cr =1 N-m applied at t =5 s.

17
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The Simulink model shown in Fig. 1.9 implements the state-space equations using matrix gain blocks,
an integrator, and a nonlinear torque function (Fcn block). The input voltages Usa and Usb are
generated by two sinusoidal sources, with the auxiliary winding connected through a capacitor. The
rotor speed is fed back through a gain block to compute the speed-dependent coupling terms, and the
results are logged to the MATLAB workspace using "To Workspace" blocks.

Input voltages
u‘ 1

Time to workspace1

State vector distribution Measured variables vector

Usa

isa ~
g * " (© >t
Main winding voltage U_s Clv;ck Time to workspace
Usb
lq isb »l Time to workspace2

Auxiliary winding voltage U_aux

State vector x = [idsigs idrigr uc] Ce-¢r

. R I e
0 . i

Subtract Matrix gain B = inv(L) Integrator Fen Ce

A4

Constant1

Resistance matrix R1

q N @ T E 1
+ Uc — | Speed feedback dynamics
.

> Load torque Cr Js

Electrical coupling sum

Input vector

Gain3

X State variables
T : '
Feedback gain Time to workspace3
Speed coupling product speed1

Time to workspaced

Fig. 1.9: Simulink model of the single-phase induction motor

> Rotor Speed Response

The response of the motor rotor speed is given in 1.10. The motor goes from standstill to a steady
state speed of about 156.1 rad/sec (= 1491 RPM) in about 1 sec. The speed response is smooth and
has no appreciable overshoot which is a feature of an open loop single phase induction motor under
no load conditions. After the load torque is applied at t=5 s, a small and short speed drop is observed,
after which the speed goes back to its previous value, which confirms the self-regulating behavior
intrinsic to the motor.
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Fig. 1.10: Rotor speed response of the single-phase induction motor

» Electromagnetic Torque Response

As shown in Fig. 1.11, the electromagnetic torque presents large oscillations during the starting
transient (0 - 1 s) with a maximum value of about 62 N-m. This behaviour is normal at motor start up
where the slip is large and the rotor currents produce large pulsating torques. At steady state, the
torque approaches a small positive value close to zero for no-load conditions as the motor comes to
steady state. Att =35 s the application of the load torque causes a short negative dip before settling to
around 2 N-m, which is the torque needed to overcome the applied load.
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Fig. I.11: Electromagnetic torque response of the single-phase induction motor

The simulation results validate the state-space model and its ability to reproduce accurately the
expected dynamic behaviour of the single-phase induction motor. The model gives a good basis for
the speed controller design presented in the following sections.

1.4.5 Modeling of the Three-Phase Induction Machine — Mathematical Model

The mathematical model of the three-phase induction motor is needed to study its dynamic behavior
and to prepare its implementation in MATLAB/Simulink. In this work the machine is modeled in the
rotating dq reference frame. This model allows the transformation of the three-phase variables into
two equivalent components: the direct-axis component d and the quadrature-axis component q.

This representation allows to simplify the analysis of the machine and to study the main electrical
and mechanical quantities such as the stator voltages, the stator currents, the rotor speed, the
electromagnetic torque and the load torque.

The rotor windings of a squirrel-cage induction motor are short-circuited. Thus the rotor voltages are
zero. The dq model is derived from the voltage equations, flux equations, electromagnetic torque
equation and mechanical equation.

1.4.5.1 Electrical voltage equations in the dq reference frame

The stator and rotor voltage equations in the dq reference frame are given by [21]:

Lpds
ugs = Rglgs + T - -qu"qs
dw,,
uqs = RSIqS + T + 'Qslpds (I 21)
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dWy,

Ugr = 0= erdr + T - 'le"pqr
A%y,

IJ.qr =0= erqr + T + lepdr

with: wg =2nf and Qg = Qs PQ,

where :

l{st

Wys

l{Jdr

: stator flux linkage along the d-axis
: stator flux linkage along the g-axis
: rotor flux linkage along the d-axis

: rotor flux linkage along the g-axis

: stator current, d-axis component
. stator current, g-axis component
: rotor current, d-axis component

: rotor current, g-axis component

wgs = 2nf is the stator supply angular frequency, (), is the slip angular frequency, P is the

number of pole pairs, and f is the supply frequency.

1.4.5.2 Flux equations

The flux equations of the machine are expressed as follows:

with:

Wis = Lglgs + M,
lpqs = leqs + Mlqr (1.22)
Wyar = Lelgr + Mg

Wy = Lelgr + Mlgg

Lg = Li, + Mg
L, =L +M,
3
M :EMsr
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Where :
e L, : total stator inductance
e L, : total rotor inductance
e M : mutual (magnetizing) inductance between stator and rotor
e L, : stator leakage inductance

e L, :rotor leakage inductance

—_—

e M;: stator magnetizing inductance

e M,: rotor magnetizing inductance

e M;,,: maximum mutual inductance between one stator phase and one rotor phase
1.4.5.3 Introduction of flux equations into voltage equations

By introducing the flux equations (1.22) into the voltage equations (I.21), the following system is
obtained:

dlg dlg
ugs = Rglgs + Lg d—ts +M dtr — Qg(Lslgs + Mlg,)
dlgs dlgr
Ugs = Rlgs + Ls— =+ M—= + Q5 (Lglgs + Mlar) (1.23)
dlg dlg
Ugr = 0 = R,Ig, + er—tr + Md_ts — Qg(Lylgr + Mlgs)
dlgr  dlg
Ugr = 0 = Relgr + Ly — =+ M—=+ Qg (Lilgr + M)

This system represents the electrical behavior of the three-phase induction motor in the dq reference
frame.

1.4.5.4 Matrix form of the dq model

The previous system can be written in matrix form by separating the derivative terms and the algebraic
terms:

[u] = [L]—— + R[I] (1. 24)

The complete matrix form is written as follows:

Ugs Ls 0 M 0 Ids d/dt Rs _QSLS 0 _QSM Ids
Ugs | _ 0 Ly 0 M Igs QLg Rs QM 0 Igs
ol Im o 1. ol¥li,] 1o -oM R L[| @2
0 0 M 0 L, Iqr QM 0 QgLr R, Igr

By using the operator S = d/dt, the developed matrix form becomes:
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ug] Rs+LsS —QLg  M:S  —OM 7 g
ugs| | OLs  R+LS QM M-S | |l
ol M-S -0M R+L-S -0l ¥, (1.26)
0 QM M-S QL. Re+LsS| |l

This matrix form is useful for the simulation of the machine because it expresses the model using the
currents as state variables.

1.4.5.5 Relation between the angle and the angular speed

The angle 0 defining the position of the dq reference frame with respect to the stator is related to the
angular speed Qg by the following equation:

0= [Q.dt+ 6, (1.27)

where 0 is the initial angle.
1.4.5.6 Electromagnetic torque and mechanical equation

The electromagnetic torque of the machine can be expressed as:

Cem = l:)(Lpdslqs - LpqsIds) (1.28)
For rotor-flux-oriented control, an equivalent expression can also be written as:

L
Cem = PL_m (Lpdrlqs - qurlds) (1.29)
r

For the Simulink implementation in this chapter, expression (1.28) is used, as it directly involves the
stator flux linkages computed from the dq model.

The mechanical equation of the motor is given by:

dq,
= Cem — Cr — O (1.30)

J

where J is the moment of inertia, Cp, 1s the electromagnetic torque, C; is the load torque, f is the
viscous friction coefficient, and (), is the mechanical rotor speed.

1.4.5.7 State-space representation

For simulation purposes, the dq model can be expressed in state-space form. By choosing the current
components as state variables, the nonlinear model can be written as:

dx
< = A(Q)X +BU (1.31)

where X is the state vector, U is the input voltage vector, A({),) is the state matrix depending on the
rotor speed, and B is the input matrix.

This model is suitable for MATLAB/Simulink implementation because it allows the dynamic
behavior of the machine to be studied during starting, steady-state operation, and load variation.
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1.4.5.8 MATLAB/Simulink implementation and simulation results

The previously described mathematical model was implemented in MATLAB/Simulink to study the
dynamic behavior of the three phase induction motor.

In this simulation, a load torque step was applied in order to study the behavior of the motor under
mechanical load variation. The load torque Cr was initially equal to 0 N.m. Att=35s, it was increased
to 8 N.m. This variation allows the effect of the applied load on the electromagnetic torque Cem and
on the rotor speed response to be observed.
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Fig. 1.12: MATLAB/Simulink model of the three-phase induction motor.

Figure 1.12. Global model in MATLAB/Simulink for the simulation of the three-phase induction
motor . The model is composed of the dq machine model, transformation blocks, inverter stage,
estimator and output blocks for observing the main variables.
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Fig. 1.13: Three-phase stator voltages Vabc.

Fig. 1.13 depicts the three phase stator voltages applied to the motor. The sinusoidal voltages Va, Vb
and Vc are displaced from each other by 120 electrical degrees. The zoomed view reveals that the
supply voltage is balanced.
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Fig. 1.14: Three-phase stator currents Ia, Ib, and Ic with zoom around 5 s.
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Fig. 1.14 shows the three-phase stator currents. At the beginning of the simulation, a transient current
appears due to the starting condition of the motor. After this transient period, the currents become
more stable. Around 5 s, a variation appears due to the change in the operating condition.

Electromagnetic Torque and Load Torque
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Fig. 1.15: Electromagnetic torque Cem and load torque Cr.

Fig. 1.15 illustrates the electromagnetic torque and the load torque. At startup, the electromagnetic
torque presents a high transient value in order to accelerate the motor. After the starting period, the
torque decreases. Att =5 s, the load torque is applied, and the electromagnetic torque increases to
balance the mechanical load.
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Fig. 1.16: Rotor speed response of the three-phase induction motor.
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Fig. 1.16 shows the rotor speed response. The speed increases rapidly during the starting period and
then reaches steady-state operation. When the load torque is applied at t = 5 s, a small speed drop
appears before the motor stabilizes again.

These simulation results confirm that the dq model correctly represents the main dynamic phenomena
of the three-phase induction motor, including starting transient, steady-state operation, load torque
application, torque variation, and speed response. Therefore, this model provides a suitable theoretical
and simulation basis for the control studies developed in the following chapters.

I.5 Speed Control Methods of Electric Motors

Modern industrial and domestic drive systems have a critical requirement of accurate control of the
motor speed. The method of controlling the speed of the motor depends on the type of motor and the
performance required.

There are various speed control techniques and they can be classified based on the motor type and
the control approach. One common classification of these methods is inverter control and phase
control. These methods are extensively used to various motor systems for effective and flexible speed
regulation..

Output Control Phase Inverter Control

Method Control
[ 1 | 1
Single Phase
Classification Ingduction gl(':ui}[ﬂ‘zss o 3t?ha?\?[ .
of Motor Motor otor nduction Motor
AC Speed
Products Coml;)rol Brushless I?C Inverter Unit
Motor Motor Unit

Fig. 1.17: Classification of speed control methods of electric motors [11]

1.5.1 DC Motor Control

The linear characteristics of the DC motor make its speed control quite simple. The speed of a DC
motor can be controlled by changing any of the following:

e Armature voltage control: The speed is proportional to the applied armature voltage.
e Field flux control: The speed of the motor can be controlled by varying the field current.

e Armature resistance control: Speed can be decreased by adding resistance in armature
circuit.

These methods are very popular due to their simplicity and efficiency in applications where accurate
speed control is required.

27



CHAPTERIT FUNDAMENTALS OF ELECTRICAL MACHINES AND THEIR CONTROL METHODS

The relationship between armature voltage and speed of a DC shunt motor is illustrated in Fig. 1.18.

Graph of Armature Voltage v/s Speed
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Fig. 1.18: Experimental relationship between armature voltage and speed of a DC shunt motor [12]

1.5.2 Induction Motor Control

Speed control of induction motor is more difficult than that of DC motor owing to its nonlinear
characteristics and dependency on several parameters. The speed of rotation of an induction motor is
mainly determined by the supply frequency, the number of pole pairs and the slip value.

Their low cost and maintenance requirements, robustness and effective speed control techniques are
essential to improve their performance and adaptability under different operating conditions.

The speed control methods of induction motors can be classified as stator side control methods and
rotor side control methods.

a) Stator Side Control Methods
These methods control the motor speed by modifying the stator supply parameters.

o Stator voltage control:
The speed control is obtained by changing the amplitude of stator supply voltage. Lower
voltage means lower torque and therefore lower speed. It is a simple method but not that
efficient and is mainly for low power applications.

e Frequency control (V/f control):

This is the most widely used method in the modern applications. The inverter varies the
frequency of the supply. The voltage is varied in proportion to maintain the V/f ratio. The
air-gap flux remains at its rated value, thus ensuring stable operation over the entire speed
range.

o Pole changing method:
Speed control is achieved by changing the connection of the stator winding to change the
number of effective poles. This method provides discrete speed levels rather than continuous

control.
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b) Rotor Side Control Methods
These methods are mainly applied to wound rotor (slip ring) induction motors.

o Rotor resistance control:
Slip rings are used to add extra resistance to the rotor circuit. Increasing resistance increases
slip and decreases speed. The starting torque is improved with this method, but the power
losses are greater.

o Cascade control method:
In this method two induction motors are connected for speed control. It is used very rarely
because of its complexity and cost.

1.6 Classical Control Methods

Classical control methods are widely used in electric motor drive systems due to their simplicity,
reliability and ease of implementation. These methods are based on linear control theory and are
commonly used in closed-loop systems to control the motor speed by minimizing the error between
the reference and the actual value.

Proportional integral (PI) and Proportional Integral Derivative (PID) are the most popular classical
controllers used in industrial applications for DC and induction motor control.

1.6.1 PI Controller

The Proportional-Integral (PI) controller is one of the most common control strategies used in motor
speed control systems. It employs both proportional and integral actions to give fast response and
zero steady state error.

The proportional part acts on the instantaneous error and makes the transient response faster . The
integral part acts on the steady state offset by integrating the error over time.

The output of the PI controller is given by:
u(t) = Kpe(t) + Kif e(t)dt (1.32)

Where:
e Kp: proportional gain
e Kj: integral gain
e e(t): error signal

In many motor control applications, the PI controller is preferred because it provides a good trade-off
between performance and simplicity without the complexity of derivative action.

1.6.2 PID Controller

The Proportional-Integral-Derivative (PID) controller is an extension of the PI controller, which adds
a derivative term to improve the dynamic response of the system.
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The derivative term is a damping term which acts on the rate of change of error to reduce the overshoot
and improve the stability of the closed loop.

The PID controller is described by:

u(® = Kpe(t) + K; f e(t)dt + Ky dz(tt) (1.33)

Where:
e Kjy: derivative gain
The PID controller provides better dynamic performance but is more complex to tune.

1.7 Intelligent Control

Intelligent control methods were developed to overcome the limitations of classical control
techniques especially in nonlinear, complex systems or systems subject to uncertainties and parameter
variations. Classical controllers need an accurate analytical model of the plant, intelligent methods
do not. Instead, they evolve adaptive strategies using artificial intelligence tools, which can maintain
performance across a wide range of operating conditions.

These methods are widely used for the control of electric motors where the behavior of the system
can change because of load changes, disturbances and nonlinear characteristics. Intelligent controllers
are more flexible and robust than conventional PI and PID controllers.

1.7.1 Fuzzy Logic Control

Fuzzy Logic Control (FLC) is one of the most widely used intelligent control techniques. It’s not
based on exact mathematical equations but on human reasoning and the rules of language.

In a fuzzy control system, input variables like error and change of error are converted into fuzzy
values using membership functions. A set of if-then rules are then used to determine the control
action. In the last step the fuzzy output is translated into a crisp control signal

Fuzzy logic controllers are particularly well suited for motor control problems as they handle
nonlinearities and uncertainties well without requiring an exact model of the system.

As shown in Fig. 1.19 [16] The FLC structure includes four functional blocks: the fuzzification
interface, the rule base, the inference engine and the defuzzification module.

——3| Fuzzification Rule base Defuzzification \— 3
Crisp Crisp
inputs — - ;— 2 - outputs
Inference l
Input SUBUS Output
fuzzy set fuzzy set

Fig. 1.19: Structure of a Fuzzy Logic Controller [16]
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The fuzzification block converts the numerical inputs to fuzzy sets, and then the inference engine
evaluates the applicable rules in order to produce a fuzzy output. This fuzzy result is then fed to the
defuzzification block to get the final crisp control signal to be sent to the plant.

1.7.2 Advantages of Intelligent Control
Intelligent control techniques offer several advantages over conventional control techniques such as:
e Ability to handle non-linear and complex systems
e reduced reliance on precise mathematical models
o High robustness against disturbances and parameter variations
o Better adaptability to changing operating conditions

However, these methods are usually more computationally intensive and more complex in design and
implementation.

1.8 Conclusion

classical and intelligent control techniques. Classical controllers such as PI and PID are popular
because of their simplicity and effectiveness in many industrial applications . However, their
performance may be limited to nonlinear systems and uncertainties.

To overcome these drawbacks, intelligent control techniques such as fuzzy logic control have been
proposed. These methods are more adaptive and robust and are suitable for modern control
applications.

In the next chapter we will be interested in the practical implementation and analysis of the chosen
control strategy.
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II. INTRODUCTION

An electric drive system, also commonly referred to as a motor control system, is an integrated
assembly designed to convert electrical energy into mechanical energy with a high degree of
precision. A typical configuration consists of a power source, one or more power electronic
converters, an electric motor with a mechanical load connected to its shaft, a sensing system, and a
central controller. The fundamental objective of the system is to regulate mechanical quantities, such
as rotational speed and torque, by processing data from sensors and intervening through control
signals often in the form of pulse-width-modulation (PWM). This chapter explores the comprehensive
architecture of these systems, detailing the functional stages and modeling methodologies required to
achieve stable and high-performance operation across various motor types [1].

I1.1 General Overview of Variable Speed Drives

Variable speed drives (VSDs) are essential power electronic systems designed to control the rotational
speed and torque of electric motors by adjusting the electrical power parameters supplied to them.
These systems are of crucial importance in matching the motor performance to the specific
requirements of a mechanical load, thus improving the process control and achieving a significant
energy optimization in modern industrial automation. The fundamental principle of a VSD involves
converting the fixed frequency and voltage of a power source into variable values, allowing for
smooth acceleration and deceleration. This capability improves efficiency and extends the operational
life of mechanical components by reducing physical stresses and preventing high inrush currents
during startup. Consequently, VSD technology is indispensable across a wide range of applications,
from simple conveyor belts and pumps to high-precision robotic manufacturing lines [11].

I1.2 Classification of Variable Speed Drives

Variable speed drives (VSDs) are classified according to two main criteria: the type of electrical
machine being controlled and the power conversion technique employed. They are broadly divided
into two categories: direct current (DC) drives and alternating current (AC) drives. DC drives were
historically dominant in industrial applications due to their simple and well-established control
methods, while AC drives have progressively replaced them thanks to advances in power electronics
and digital control. The selection of a drive type depends on several factors, including the required
speed and torque performance, the available power supply, and the constraints of the application
environment.

I1.2.1 DC Variable Speed Drives

DC variable speed drives are specifically designed to manage the speed and torque of DC motors,
which include series-wound, shunt-wound, and compound-wound configurations. These drives
operate by adjusting either the armature voltage or the field excitation current to achieve the desired
rotational speed. Although AC technology has become more dominant, DC drives are still widely
utilized in applications requiring high starting torque and superior speed-torque characteristics, such
as in steel mills, mines, and electric traction systems.

The fundamental speed of a DC motor is determined by the following mathematical relationship:
Uy — kR,

N=-2 a-a 1.1
<o (Il.1)
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Where:
e N:Rotational speed.
e U,:Applied armature voltage.

o I,R,;:Voltage drop across the armature circuit resistance.

@: Magnetic flux per pole.
o K: A constant related to the motor's construction (number of poles, conductors, etc.).

This equation indicates that the speed is directly proportional to the back electromotive force
(EMF), where e = U, — [,R, , and inversely proportional to the magnetic flux per pole. This
dependency allows for two primary methods of speed control: armature voltage control (for speeds
below the rated value) and flux control (for speeds above the rated value by weakening the field
current). Structurally, the architecture of these drives is often represented by an electrical equivalent
circuit that separates the stator field and rotor armature components to facilitate precise modeling and
control.

I1.2.2 AC Variable Speed Drives

AC variable speed drives, commonly referred to as Variable Frequency Drives (VFDs), are the
most widely used systems in modern industrial automation, primarily because of the robustness and
cost-effectiveness of three-phase induction motors. These drives control the motor's speed and
torque by modulating both the frequency and the voltage of the alternating current supplied to the
stator windings. This allows for efficient operation across a vast range of industrial loads, from fans
and pumps to complex conveyor systems.

The rotational speed of an induction motor is intrinsically linked to the supply frequency and the
motor’s physical construction. The synchronous speed (Ns) of the rotating magnetic field is defined
by the following mathematical relationship:

60. f
Ns = —— (11.2)

Where:
e Ns : Synchronous speed in revolutions per minute (RPM).
o f: Supply frequency in Hertz (Hz).
e P: Number of pole pairs.

In practice, the rotor speed (N) is always slightly less than the synchronous speed due to slip (s),
which is necessary for torque production through electromagnetic induction. The actual speed is
expressed as:

N=Ns-(1-5) (I.3)

Modern AC drives often utilize scalar control (V/f control) to maintain a constant magnetic flux.
The origin of this relationship is found in the fundamental Electromotive Force (EMF) equation of
an AC machine:

El = 4’.4’4 ) f' Nl - CDm (II. 4)
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Where E; is the induced voltage, N, is the number of stator turns per phase, and @, is the maximum
magnetic flux per pole. By neglecting the relatively small voltage drop across the stator resistance
and leakage reactance, the applied stator voltage V; is approximately equal to the induced EMF (V;
~ E,). Consequently, the relationship becomes:

Vi
D, x 3 (II.5)
To maintain a constant flux density and prevent the motor's magnetic field from reaching saturation
at lower frequencies, the applied voltage must be varied in direct proportion to the frequency
(Vi /f=constant). This ensures that the motor develops a constant rated torque throughout its base
operating range.

For high-precision tasks, Vector Control or Field Oriented Control (FOC) is employed to
overcome the nonlinear dependencies of induction motors. The mathematical origin of this control
lies in the Clarke-Park transformations, which convert the three-phase stationary current vectors
(a,b,c) into a two-dimensional rotating reference frame (d—q). In this rotating frame, the tasks of flux
and torque generation are decoupled into two independent DC quantities:

e Direct-axis current (I4): Used to produce and control the magnetization flux, acting similarly
to the field current of a DC motor.

¢ Quadrature-axis current (Iq): This current is responsible for generating and controlling the
electromagnetic torque independently.

By aligning the d-axis with the rotor flux, the induction motor is controlled like a separately excited
DC machine. This enabling architecture allows for high dynamic performance, full torque at zero
speed, and precision that was traditionally only possible with DC drive systems.

I1.2.3 Conventional and Intelligent Variable Speed Drives

Variable Speed Drives can be broadly classified into two categories according to the complexity and
adaptability of their control logic: conventional systems and intelligent systems.

Conventional drives usually rely on standard linear control strategies, mainly Proportional-
Integral (PI) or PID controllers. These systems are very effective in stable processes where the
system parameters remain almost constant. However, their performance strongly depends on the
availability of an accurate mathematical model of the motor. Since they are designed to operate in a
linear way, they may lose precision when dealing with non-linearities or sudden parameter changes,
which are common in industrial environments.

In contrast, intelligent drives use advanced computational algorithms such as Fuzzy Logic or
Artificial Neural Networks to control the motor’s behavior. The main advantage of these systems is
their high robustness. Unlike conventional methods, they do not need an exact mathematical
representation of the machine to work effectively. Instead, they can keep good stability and
performance even when the system is affected by unpredictable load disturbances or variations in
motor parameters during operation.

The advantage of intelligent control becomes especially clear in the dynamic response of the
system. While a conventional PI controller may produce speed overshoot and oscillations before
reaching the steady state, an intelligent controller, such as one based on Fuzzy Logic, can usually

reach the target speed faster and with little or no overshoot, giving a smoother transition.
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This behavior is illustrated in Fig. II.1, where the fuzzy control response is faster and presents zero

overshoot compared with the linear control response [19].
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Fig. I1.1: Speed Response Comparison Between Linear and Fuzzy Control [19].
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I1.3 Global Structure of an Intelligent Electric Drive System

An intelligent electric drive system is designed to convert electrical energy into controlled mechanical
motion. As shown in Fig. I1.2, its general structure includes a power source, power converter, electric
motor, mechanical load, and motor controller. These elements work together through electrical and
mechanical connections, supported by measurement and feedback signals.

The power source supplies the required electrical energy, while the converter adjusts it according to
the motor needs. The electric motor then transforms this controlled electrical energy into mechanical

power to drive the load.
The motor controller is the main control unit of the system. It receives feedback signals such as

voltage u, current i, speed (1, , and position 0 , then generates PWM signals to control the converter.
This closed-loop operation improves the accuracy, stability, and dynamic performance of the drive
system.

Protection functions may also be integrated into the controller or converter to protect the system

against faults such as overcurrent, overvoltage, and overheating.

Power | Converter(s)
Source
L
f Qo Legend:
u goaw 0 0
1 g Measurement
1
== Electrical Connection
» Motor [
Controller < === Mechanical Connection
== P Pulses

Fig. I1.2: Global structure of an intelligent electric drive system [1].
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I1.3.1 Power Stage

The power stage represents the physical foundation of the electric drive system. Its main function is
to process and deliver the required electrical energy to the motor. This energy may come from
different sources, such as the three-phase AC grid or a DC source, including batteries or the output
of a rectifier.

Depending on the type of motor used, the power stage relies on specific power electronic converters,
such as DC/DC choppers or DC/AC inverters, to convert the electrical energy into the suitable form
required by the motor. These static converters are designed to handle high power levels while
maintaining the efficiency needed in industrial applications.

I1.3.2 Control Stage

The control stage is the part responsible for managing the behavior of the electric motor. Its main role
is to make the motor follow the desired operating conditions, such as speed, torque, or position. To
do this, the controller receives reference values and compares them with the actual values measured
by the sensors.

According to the error between the desired and measured values, the controller generates suitable
control signals for the power converter. These signals allow the converter to adjust the electrical
energy supplied to the motor, which helps improve the system response, stability, and accuracy.

Different control strategies can be used in this stage. Classical controllers, such as PI or PID
controllers, are commonly used because they are simple and effective in many applications. However,
in intelligent electric drive systems, more advanced methods such as fuzzy logic control can also be
applied. Fuzzy control is useful because it can deal with nonlinear behavior and does not always
require an exact mathematical model of the motor.

Therefore, the control stage represents the decision-making part of the drive system. It links the
reference command, the feedback information, and the power converter in order to obtain a controlled
and efficient motor operation.

I1.3.3 Measurement and Feedback Stage

The measurement and feedback stage is necessary for the drive system to operate accurately in closed-
loop control. Its main role is to observe the real state of the system and send this information back to
the controller. For this purpose, different sensors are used to measure important electrical and
mechanical quantities.

On the electrical side, the system can measure variables such as the input voltage (u) and the motor
current (i). These measurements help the controller evaluate the electrical conditions of the converter
and the motor. On the mechanical side, the motor speed ({2,) and the shaft position (8) are measured
to know how the motor is actually moving.

The feedback signals are then compared with the reference values required by the system. If there is
a difference between the desired and actual behavior, the controller adjusts its control signals to
correct the error. In this way, the measurement and feedback stage improves the accuracy, stability,
and dynamic response of the electric drive system.
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I1.3.4 Protection Stage

The protection stage plays an important role in maintaining the safety and reliability of the electric
drive system. Its main function is to continuously monitor the system and detect abnormal operating
conditions that may affect the motor or the power converter.

This stage generally includes protection circuits capable of identifying faults such as short circuits,
overcurrents, undervoltage, and overheating. When a fault is detected, the protection stage can
quickly activate protective actions, such as stopping the power converter, in order to prevent hardware
damage or motor burnout.

In modern electric drive systems, many of these protection functions are integrated directly into
intelligent power modules. This helps simplify the overall system design while improving its safety
and reliability.

I1.4 Study of Power Converters

Power converters, also called static converters, are important elements in electric drive systems. Their
main role is to adapt the electrical energy coming from the source to the requirements of the motor.
In other words, they control electrical quantities such as voltage, current, and frequency in order to
obtain the desired motor speed, torque, and direction of rotation.

There are several types of power converters depending on the nature of the input and output energy.
For example, a rectifier is used to convert AC voltage into DC voltage, while an inverter converts DC
voltage into AC voltage with controlled frequency and amplitude. A DC/DC chopper is used to
regulate the value of a DC voltage, especially in DC motor drives or battery-supplied systems.

These converters are based on fast semiconductor switches such as MOSFETs, IGBTs, and diodes.
By switching rapidly, they allow precise control of the power delivered to the motor while reducing
energy losses. Therefore, power converters improve the efficiency, flexibility, and dynamic
performance of intelligent electric drive systems.

11.4.1 Rectifiers

In an intelligent electric drive system, rectifiers serve as the primary interface when the system is
energized by an alternating current (AC) grid. Their fundamental role is the conversion of AC voltage
into a stable direct current (DC) output, which typically feeds the DC link or directly supplies the
armature of a DC motor. These converters are classified based on their topology into single-phase or
three-phase units, and further into uncontrolled (diode-based) or controlled (thyristor-based)
configurations. While simple diode bridges provide a fixed DC voltage, controlled rectifiers allow
for precise regulation of the output power by electronically delaying the firing pulses to the
semiconductor switches.

The output voltage of a controlled rectifier is determined by the firing angle (a), which represents the
time delay between the natural commutation point and the moment the thyristor is triggered into
conduction. In industrial applications involving high-power drives, the three-phase bridge
configuration is highly preferred because it provides a more continuous current flow, exhibits lower
harmonic distortion, and ensures a symmetrical load on the AC supply lines.

For a three-phase fully controlled converter, the average output DC voltage (V) can be calculated
using the following relationship:
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3V
V0= Lm

COS (I.6)

Where:
e Vi, is the peak value of the line-to-line AC voltage.
e o is the thyristor firing angle.

By adjusting the firing angle a between 0° and 90°, the converter operates in rectifier mode, where
power is transferred from the AC source to the DC motor. When the firing angle becomes greater
than 90°, the average output voltage becomes negative, and the converter may operate in inverter
mode. In this case, the motor can work as a generator during regenerative braking, allowing energy
to be returned from the motor to the AC supply, provided that the drive conditions allow reverse
power flow.

As shown in Fig. 11.3, the three-phase fully controlled rectifier consists of six thyristors T11 to T16
connected in a bridge configuration. This arrangement allows full control of the average DC output
voltage delivered to the motor by varying the firing angle a.
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Fig. I1.3: Three-phase fully controlled rectifier supplying a DC motor drive [17].
11.4.2 DC-DC Converters

DC-DC converters, widely known as choppers, are static power electronic circuits used to convert a
constant DC input voltage into a controlled variable DC output voltage. In an intelligent electric drive
system, these converters play an important role in regulating the electrical power supplied to the
motor. In this sense, they can be considered the DC equivalent of a transformer in AC systems, since
they adapt the voltage level according to the needs of the load [17].

The operation of DC-DC converters is mainly based on high-speed semiconductor switches, such as
MOSFETs, IGBTs, or GTOs. These switches are controlled using Pulse Width Modulation (PWM),
which adjusts the output voltage by changing the ON time of the switch. As shown in Fig. I1.4, when
the switch is ON, the input DC voltage is applied to the load, and when it is OFF, the load is
disconnected from the source, producing a pulsed output voltage.

By varying the duty cycle, the converter “chops” the constant input voltage into pulses and controls
their average value. This average value determines the DC output voltage applied to the motor,
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making DC-DC converters useful for controlling the armature voltage, motor speed, and dynamic
response of DC motor drives.

Modern DC-DC converters may use hard-switching or soft-switching techniques. Soft-switching
converters help reduce switching losses, electrical stress, and electromagnetic interference.
Depending on the application, they can also be designed for single-quadrant or multi-quadrant
operation, allowing direction control and regenerative braking.

The basic operation of a DC-DC converter is governed by the duty cycle, usually denoted by a, which
represents the ratio between the switch ON time ton and the total switching period T:

tOH
=— 1.7
a=-2 L7

where t,, is the time during which the switch remains ON, and T is the total switching period.
For a basic step-down converter, also called a Buck chopper, the average output voltage is given by:
Vo = aV, (1.8)

where Vi, is the input DC voltage, V, is the average output DC voltage, and a is the duty cycle.
Therefore, by increasing the duty cycle, the average output voltage increases. In contrast, reducing
the duty cycle decreases the voltage supplied to the motor.
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Fig. 11.4: Basic DC-DC chopper circuit and switching operation [12].
11.4.2.1 Mathematical Modeling of the Series Chopper (Buck Converter)

To analyze and control the series chopper (buck converter), we first establish its mathematical model
based on the state-space representation. The state vector is defined by the energy-storing elements in
the circuit:

I
[X]= VLC] (1.9)

where [}, is the current flowing through the inductor and V. is the voltage across the capacitor, which
also represents the output voltage .

Assuming the converter operates in continuous conduction mode and neglecting the series resistance
of the inductor, the average state equation of the system is given by:

%x(t) =A-x(t) +B-u(t (1. 10)
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y(t) = C-x(t) (IL.11)

The state matrix A, the input matrix B, and the output matrix C are defined as follows:

1
0 —-= E
_ L I = Lo
a=|, 1| B= 5] c_[o . (1. 12)
C RC

In this model, o represents the duty cycle, while E is the input DC voltage. Therefore, the input
voltage applied to the motor is given by u=E - a. From these matrices, the differential equations of
the system can be developed as follows:

dl, _Ea—V. (1. 13)
dt L '
av. I, V.

—c=L_ 1L 14
dt C R-C (I.14)

Extended Third-Order Model (Loaded Chopper) When an additional inductive load is connected
(or when using a second-order output filter), the system extends to a third-order state-space model.
The state vector is expanded to include the load current (I,), leading to the following state matrix

equation:
—0 1 0
I L I oE
L 1 1 L T
—| V. l=1= 0 —— V, II.15
dt IC C C IC Tl o ( )
ch 1 Rch ch 0
0 —_ —_—
| Len Lep

11.4.2.2 Simulink Implementation (Unloaded and Loaded)

To validate the theoretical mathematical modeling, the system is simulated using MATLAB
/Simulink based on the state-space equations.

» Unloaded Chopper (Open-Loop)

The simulation is carried out over a total duration of 10 seconds. The duty cycle is initially set to a=1
for the first 5 seconds, corresponding to an effective input voltage of u=a-E=240 V, then stepped
down to a=0.5, which reduces the input voltage to u=120 V, in order to observe the system's dynamic
response to a sudden change in the operating point.
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Fig. IL.5: Simulink block diagram of the open-loop chopper (Unloaded).

This diagram implements the state-space model using an integrator block. The input voltage (E) is
scaled by matrix B and multiplied by the duty cycle (o), while the feedback term A - X is added to
form the state derivative. The resulting state variables I}, and V. are exported to the MATLAB
workspace for visualization.

The corresponding simulation results representing the waveforms of the output voltage V. (t) and the
inductor current Iy (t) under unloaded conditions are illustrated below:
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Fig. I1.6: Waveform of the inductor current Iy (t) for the unloaded chopper.
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Output Voltage Vc(t) vs Input Voltage o - E
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Fig. I1.7: Waveform of the output voltage V.(t) for the unloaded chopper.
» Loaded Chopper — Rch =50 Q

To investigate the effect of the load resistance on the system behavior, the simulation
is carried out with Ry, = 50 Q. Both open-loop (no regulation) and closed-loop (PI
regulation) configurations are tested under the same operating conditions, and the
results are compared below.

Output Voltage V_(t) - No Regulation vs Pl Regulation
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Fig. I1.8: Output voltage Vc(t) — No Regulation vs PI Regulation (R¢p = 50 Q).

At light load, both responses are nearly identical. The voltage settles at V¢ = a-E, confirming that the
system is naturally well-behaved at high resistance..
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Load Current |, (t) - No Regulation vs Pl Regulation
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Fig. I1.9: Load current Ich(t) — No Regulation vs PI Regulation (R¢, = 50 Q).

The load current follows Iech = V/Ren, settling at 4.8 A then 2.4 A with minimal difference between
the two configurations.

» Loaded Chopper — Ry =5 Q

The simulation is repeated with Rep = 5 Q, representing a heavier load condition. The duty cycle is
stepped froma=1toa=0.5att=5s.
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Output Voltage Vc(t) - No Regulation vs Pl Regulation
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Fig. I1.10: Output voltage Vc(t) — No Regulation vs PI Regulation (Rep, = 5 Q).

Both responses settle at the same steady-state values of 240 V and 120 V. However, after the duty
cycle step at t = 5 s, the open-loop voltage drops abruptly while the PI-regulated response transitions
more smoothly, demonstrating better dynamic performance under heavy load.
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Fig. I1.11: Load current Ich(t) — No Regulation vs PI Regulation (Rcp, =5 Q).
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The steady-state load current reaches Ich = V/Ren = 48 A then 24 A. The PI controller reduces the
transient at t = 5 s and ensures a smoother settling compared to the open-loop case, confirming its
effectiveness under demanding load conditions.

11.4.3 Inverters

Inverters, or DC-AC converters, are power electronic converters used to transform a DC voltage into
an AC voltage with controlled amplitude and frequency. Depending on the application, inverters can
be classified into single-phase inverters and three-phase inverters. Single-phase inverters generate
one alternating voltage and are generally used in low-power or domestic applications. Three-phase
inverters, on the other hand, generate three AC voltages shifted by 120°, which makes them more
suitable for industrial electric drives and AC motor control.

In electric drive systems, especially for asynchronous machines, the three-phase voltage source
inverter is the most commonly used structure. As shown in Fig. 11.12, it consists of a DC voltage
source Vg and six semiconductor switches S1 to S6 , arranged in three inverter legs. Each leg is
connected to one motor phase and produces one phase voltage: Van, Vin , and Ven. The anti-parallel
diodes connected across the switches allow the circulation of the inductive motor current during
switching transitions.

The motor phases are represented by their resistance R, inductance L, and back electromotive forces
ea, eb, and ec. The inverter switches are controlled in a complementary way, meaning that the two
switches of the same leg must not be turned on at the same time in order to avoid a short circuit across
the DC link. By applying a suitable switching strategy, the inverter can generate the required three-
phase voltage system for motor operation.

To obtain output currents close to sinusoidal waveforms, Pulse Width Modulation (PWM) is
usually used. PWM controls the duty cycle of the switches in order to synthesize the desired AC
voltages at the motor terminals. By varying the output frequency, the inverter controls the speed of
the motor. In scalar control, the V/f ratio is often kept constant, while in advanced control methods
such as Field Oriented Control (FOC), the inverter follows the reference voltage vectors generated
by the control algorithm.
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Fig. I1.12: Single-phase and three-phase voltage source inverter topologies for AC load and

machine supply.
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I1.4.3.1 Single-Phase Inverter
The single-phase H-bridge inverter feeds a single-phase load, generally through an LC output filter.
Taking the inductor current and the capacitor voltage as state variables (xi1 and x2), the system is
described by the two general state equations:

diy,

= Vv = Ve — L (IL.16)

dv
—C _ iL — fioad (I1.17)

dt

where L is the filter inductance, C the filter capacitance, ir the filter inductor current, V. the capacitor
(output) voltage, ri the internal resistance of the filter inductor, V;,,, the inverter output voltage, and
ijoaq the load current.

They express, respectively, Kirchhoff’s voltage law along the inductor loop and the current balance
at the output node.

Depending on the load connected at the inverter output, the state-space model takes one of the
following forms:

» No-load operation:

dx, -1, - 1
dt| _ | L L -
‘ ‘ I C R e i
— = 0 0
dt C

where x1 and x> are the state variables of the system, namely the filter inductor current and the
capacitor voltage, respectively.

> Resistive load R:

Xm —rL —

T _ T Ty, [F

d<,| ~ |1 -1 [xz] + (L[ Vinv (I1.19)
TS e 0

dt C RC

where R is the load resistance.

» RL load — the filter inductor and its series resistance are denoted L¢ and ry, and the load
inductor Ly:

g1 [ -1
nic IR L S

dt Le  Le < 1

dxz e P e (11.20)
—| =1 = —|[|*2 inv :
dt C Cllx] |0

dxs o L R

'dt‘ L Lch Lch_

where Lrand rrare the inductance and internal resistance of the filter inductor, Lch the load inductance,
R the load resistance, and x3 the third state variable (the load current).
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The voltage delivered by the bridge is linked to the switch control through the switching function:
Vinv = S(t) Vgc (IL.21)
S(t) = 2PWM(t) — 1 (11.22)
where S(t) is the switching state derived from the PWM signal, with PWM(t) € {0, 1}.
11.4.3.1.1 Simulink Implementation

To validate the theoretical mathematical modeling, the system is simulated using MATLAB/Simulink
based on the state-space equations derived in Section 11.4.3.1.

> No-Load Inverter

The simulation is carried out over a total duration of 5 seconds. The reference voltage amplitude is
initially set to 60 V RMS for the first 2.5 seconds, corresponding to a peak reference of
Vier=6072-sin(100xt) V , then stepped up to 220 V RMS at t = 2.5 s, in order to observe the system's
dynamic response to a sudden change in the operating point.
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Fig. I1.13: Simulink block diagram of the closed-loop single-phase inverter (No-Load).

This diagram implements the H-bridge inverter model using a Universal Bridge block
(MOSFET/Diodes, 2 arms) supplied by a DC voltage source of V4. =400 V. The PWM signal is
generated by comparing the sinusoidal reference with a triangular carrier at 5000 Hz. The output LC
filter parameters are L = 1 mH and r = 0.3 Q. A double closed-loop PI control strategy is used,
consisting of an outer voltage loop (Kp = 10, Ki = 100) and an inner current loop (Kp = 6.28, Ki =
3947.8), with no load connected at the output. The output voltage Vc(t) and the inductor current Ir(t)
are exported to the MATLAB workspace for visualization.

The corresponding simulation results representing the waveforms of the output voltage V(t) and the
inductor current I (t) under no-load conditions are illustrated below:
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This diagram implements the H-bridge inverter model using a Universal Bridge block
(MOSFET/Diodes, 2 arms) supplied by a DC voltage source of V4. = 400 V. The PWM signal is
generated by comparing the sinusoidal reference with a triangular carrier at 5000 Hz. The output LC
filter parameters are L = 1 mH and r = 0.3 Q, with no load connected at the output. A double closed-
loop PI control strategy is applied, consisting of an outer voltage loop (Kp = 10, Ki = 100) and an
inner current loop (Kp = 6.28, Ki = 3947.8). The output voltage V¢(t) and the inductor current I.(t)
are exported to the MATLAB workspace for visualization.

The corresponding simulation results representing the waveforms of the output voltage V¢(t) and the
inductor current Ir(t) under no-load conditions are illustrated below:
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Fig. I1.14: Waveform of the inductor current Ir.(t) — No-Load Inverter.
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Fig. I1.15: Output voltage Vc(t) under no-load condition with zoom around 5 s.
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> Loaded Inverter — R=50 Q

To investigate the effect of the resistive load on the system behavior, the simulation is carried out
with R = 50 Q connected at the inverter output. A double closed-loop PI control strategy is applied
under the same operating conditions, and the results are presented below.
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Fig. I1.16: Simulink block diagram of the closed-loop single-phase inverter (R = 50 Q).

This diagram implements the H-bridge inverter model using a Universal Bridge block
(MOSFET/Diodes, 2 arms) supplied by a DC voltage source of Vgc = 400 V. The PWM signal is
generated by comparing the sinusoidal reference with a triangular carrier at 5000 Hz. The output LC
filter parameters are L = 1 mH and r = 0.3 Q, with a resistive load of R = 50 € connected at the output.
The double PI controller consists of an outer voltage loop (Kp = 10, Ki = 100) and an inner current
loop (Kp = 6.28, Ki =3947.8). The output voltage Vc(t) and the load current Ir.ad(t) are exported to
the MATLAB workspace for visualization.

The corresponding simulation results are illustrated below:
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Load Current IL(t) - Load R =50 Ohm
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Fig. I1.17: Load current ILoad(t) — Loaded Inverter (R = 50 Q).

The load current follows ILoad = Vc / R, with a peak amplitude of approximately 1.7 A during the first
5 seconds, then stepping up to approximately 6.2 A after t = 5 s. The transition is smooth and well-
controlled, confirming the effectiveness of the double PI regulation strategy under resistive loading
conditions.
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Fig. I1.18: Output voltage VC(t) — Loaded Inverter (R =50 Q).

The output voltage is well-regulated, with a peak amplitude of approximately 85 V (corresponding to
60 V RMS) during the first 5 seconds. At t =5 s, following the reference step to 220 V RMS, the
voltage transitions smoothly to a peak of approximately 311 V, with a very short transient period
visible in the zoom window. The double PI controller ensures accurate tracking of the sinusoidal
reference under load.
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11.4.3.2 Three-Phase Inverter

The three-phase voltage source inverter is generally supplied by a DC-link voltage obtained from a
rectifier and filtered by an LC filter. Before describing the inverter switching stage, the DC-link
voltage produced by the diode rectifier can be expressed, by neglecting commutation overlap, as the
difference between the maximum and minimum values of the three-phase input voltages:

Ureq(t) = Max[V,, Vi, V] — Min[V,, Vi, V,] (11.23)
where Ureq is the rectifier output voltage, and Va, Vb and Vc are the three-phase input voltages.

The DC-to-AC conversion is described by the transformation matrix T, which relates the load phase
voltages to the inverter leg voltages for a balanced star-connected load:

3—1 -1 2

1[2 -1 -1
T=-|-1 2 -1 (11.24)
where T is the inverter transformation matrix.

For example, the voltage of phase a is obtained as:

Van = Veo (I1.25)

where Va, is the phase voltage of phase a of the load, and V.o, Vo and V¢, are the inverter pole (leg)
voltages.

the leg voltages being referenced to the fictitious midpoint of the DC bus. The DC voltage is smoothed
by a second-order LC filter, whose transfer function and cut-off frequency are:

1
FO) = T Lo (I11.26)
P 2

= e 11.27)

where F(s) is the filter transfer function, Lt and Cr the inductance and capacitance of the LC filter, s
the Laplace variable, and f. the filter cut-off frequency.

which attenuates the voltage ripple delivered by the rectifier.
11.4.3.2.1 Simulink Implementation

To validate the theoretical operation of the three-phase voltage source inverter, the system is
simulated using MATLAB/Simulink. The objective of this simulation is to observe the behavior of
the inverter output voltages and currents under different operating conditions. In this part, the inverter
is studied without closed-loop regulation, meaning that no feedback controller is used. The switching
signals are generated directly using sinusoidal pulse width modulation (SPWM).

The three-phase inverter is implemented using a Universal Bridge block supplied by a DC voltage

source. The SPWM technique is based on comparing three sinusoidal reference signals with a high-

frequency triangular carrier. The three reference signals have the same frequency and amplitude, and
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they are phase-shifted by 120° with respect to each other. This allows the inverter to generate a
balanced three-phase voltage system.

> No-Load Three-Phase Inverter

In the first simulation case, the three-phase inverter is tested under no-load conditions. This test is
performed in order to verify the correct generation of the three-phase output voltages before
connecting a load to the inverter. The simulation is carried out over a total duration of 10 seconds.
During the first 5 seconds, the inverter operates at the initial reference voltage level. Att=5s, a step
change is applied to the reference voltage amplitude in order to observe the dynamic response of the

inverter.
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Fig. I1.19: Simulink block diagram of the three-phase inverter under no-load condition.

This diagram represents the three-phase voltage source inverter operating without load. The inverter
is supplied by a DC voltage source and controlled using sinusoidal PWM signals. The three sinusoidal
reference voltages are balanced and shifted by 120° from each other, then compared with a triangular
carrier signal to generate the switching pulses. Since no load is connected at the output, the main
objective of this simulation is to verify the balance and phase displacement of the output voltages.
The three-phase output voltages Va(t), Vb(t), and Vc(t) are exported to the MATLAB workspace for
visualization.

The corresponding simulation results representing the three-phase output voltages under no-load
conditions are illustrated below.
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Fig. 11.20: Three-phase output voltages Va, Vb, and V¢ under no-load condition.

The zoomed view shows the phase displacement between the three output voltages. However, after
the reference step at t = 5 s, the voltage waveforms present noticeable distortion and a significant
increase in amplitude. This behavior is mainly due to the open-loop operation of the inverter, where
no feedback regulation is used to correct the output voltage.
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Fig. I1.21: Three-phase output currents la, Ib, and Ic under no-load condition.

Under no-load conditions, the three-phase output currents Ia, Ib, and Ic remain equal to zero because
no load is connected to the inverter output.
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> Loaded Three-Phase Inverter — R =50 Q

In the second simulation case, a balanced three-phase resistive load is connected to the inverter output
in order to study the behavior of the system under loaded conditions. The load resistance is set to R
=50 Q for each phase. The simulation is carried out over a total duration of 10 seconds. The reference
voltage amplitude is initially set to 60 V RMS, then increased to 220 V RMS at t = 2 s using a Step
block. This test allows the observation of the inverter response when the reference voltage changes
under load operation.

Fig. I1.22: Simulink block diagram of the three-phase inverter under load condition R = 50 Q.

The Simulink model represents a three-phase voltage source inverter supplied by a DC voltage source
and controlled using sinusoidal PWM. The three reference signals are sinusoidal waveforms shifted
by 120° from each other and compared with a triangular carrier signal to generate the switching
pulses. A balanced three-phase resistive load of R = 50 Q is connected to the inverter output. Since
no closed-loop regulation is used, the inverter operates in open-loop mode. The three-phase output
voltages Va(t), Vb(t), and Vc(t), as well as the load currents Ia(t), Ib(t), and Ic(t), are exported to the
MATLAB workspace for visualization.

The corresponding simulation results are presented below.
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Three-Phase Voltages Va, Vb, and Vc - Load
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Fig. I1.23: Three-phase output voltages Va, Vb, and Vc under load condition R = 50 Q with zoom
around 5 s.

The obtained waveforms show the three-phase output voltages under load condition. Before t=5s,
the voltage amplitude remains relatively low. After the reference step, a clear increase in voltage
amplitude is observed, accompanied by noticeable switching ripples due to the open-loop SPWM
operation. The zoomed view around 5 s highlights the transient response during the reference voltage
change.
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Fig. I1.24: Three-phase load currents Ia, Ib, and Ic under load condition R = 50 QQ with zoom
around 5 s.
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The obtained waveforms show the three-phase load currents under R = 50 Q. Before t = 5 s, the
current amplitude is relatively low. After the reference voltage step, the current amplitude increases
clearly due to the increase in the output voltage. The zoomed view around 5 s highlights the transient
response of the load currents during the reference change. The presence of switching ripples is due to
the open-loop SPWM operation of the inverter.

11.4.4 Pulse Width Modulation

Pulse Width Modulation, usually called PWM, is one of the most widely used control techniques in
power electronic converters. Its main idea is to control the output voltage by switching the power
devices ON and OFF at high frequency. Instead of using a continuously variable voltage, the
converter applies a series of pulses with constant amplitude, while the width of these pulses is changed
according to the required output value.

In an electric drive system, PWM represents the link between the control stage and the power
converter. The controller calculates the required control signal, then the PWM block transforms this
command into gate signals used to control the switches of the converter. In this way, the motor
receives a controlled voltage while the power switches operate mainly in ON/OFF mode, which
improves the efficiency of the system.

The basic parameter of PWM is the duty cycle. It represents the ratio between the ON time of the
switch and the total switching period. It can be written as:

t t
0= =" (11. 28)
T ton + toff

where o is the duty cycle, t,, is the ON time, t¢ is the OFF time, and T is the switching period.
For a simple switching converter, the average output voltage can be expressed approximately as:
Vavg = o+ Vg (IL. 29)

This relation shows that increasing the duty cycle increases the average output voltage, while
decreasing it reduces the average output voltage. As shown in Fig. I1.25, narrow pulses produce a
lower average voltage, while wider pulses produce a higher average voltage.
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Fig. 11.25: Effect of duty cycle on the average output voltage [12].
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Therefore, PWM allows smooth voltage control without using dissipative elements such as series
resistors.
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In a three-phase inverter, PWM is used to control the six power switches. A common method consists
of comparing a reference signal with a high-frequency triangular carrier signal. When the reference
signal is greater than the carrier signal, the corresponding switch is turned ON, and when it becomes
lower, the switch is turned OFF. As illustrated in Fig. I1.26, this comparison process generates a
sequence of switching pulses that controls the inverter operation.
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Fig. I1.26: Principle of PWM signal generation using a carrier comparison method [1].

By changing the reference signal, the inverter can generate controlled output voltages for the three
motor phases. In AC motor drives, the objective is not only to obtain an average voltage, but also to
produce a waveform that is close to a sinusoidal voltage. This is achieved by varying the duty cycle
during each electrical period. The pulses become wider near the peak of the sinusoidal reference and
narrower near the zero-crossing. Due to the inductance of the motor windings, the high-frequency
switching components are naturally smoothed, and the motor current becomes closer to a sinusoidal
waveform.

Thus, PWM is an essential technique in modern electric drives. It allows efficient control of the
converter, reduces power losses, and makes it possible to adjust the voltage and frequency applied to
the motor according to the required operating conditions.

IL.5 Control System

After studying the power converters used in electric drive systems, it is necessary to explain how
these converters are controlled. The control system represents the decision-making part of the
intelligent electric drive system. Its main role is to make the motor follow the required operating
conditions, such as speed, torque, or position.

As previously shown in Fig. II.2, the motor controller receives different feedback signals from the
system, such as the input voltage u, the motor current i, the mechanical speed (., and the rotor
position 8. These measured values are compared with the desired reference values in order to
determine the error between the required and actual behavior of the motor.

After this comparison, the controller generates suitable control signals for the power converter. In
most modern electric drives, these signals are sent in the form of PWM pulses, which control the
switching devices of the converter. In this way, the converter can adjust the voltage, current, or
frequency according to the motor type and control strategy. according to the required operating
condition.

Through this control action, the system can improve speed regulation, torque response, accuracy, and
stability. The controller can also contribute to protection by monitoring abnormal conditions such as
overcurrent, overvoltage, or overheating, and by reducing or stopping the converter operation when
necessary.
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I1.5.1 Open-Loop Control

Open-loop control is the simplest control mode used in electric drive systems. In this type of control,
the controller sends commands to the power converter without using feedback from the actual motor
output. In other words, the system does not measure the real speed, torque, or position of the motor,
and therefore it cannot automatically correct the error between the desired and actual values.

As shown in Fig. I1.27, the open-loop structure consists of a reference input, a controller, and a plant
or process. The controller generates the actuating signal, which is applied to the system in order to
obtain the required output. Since there is no feedback path, the controller does not know whether the
motor has really reached the desired operating condition.

Reference Actuating Plant / Controlled
Controller > >
Input Input Process Output

A4

Fig. I1.27: Basic block diagram of an open-loop control system [18].

The main advantage of open-loop control is its simplicity. It is easy to implement, requires fewer
components, and has a relatively low cost because feedback sensors are not needed. For this reason,
open-loop control can be used in applications where high precision is not required.

However, this control mode has important limitations. Its accuracy is generally low, especially when
the load changes or when the system is affected by disturbances. Since the controller does not receive
feedback, it cannot compensate automatically for variations in speed or torque. As a result, the motor
performance may deviate from the desired value.

A common example of open-loop control in electric drives is the V/f control of an induction motor.
In this method, the inverter applies a predefined voltage and frequency to the motor without speed
feedback. If the load increases, the actual motor speed may decrease, but the controller continues to
send the same command because no feedback is available.

I1.5.2 Closed-Loop Control

To address the limitations inherent in open-loop systems most notably the reduction in motor speed
under varying mechanical loads modern high-performance electric drives predominantly adopt
closed-loop control strategies. In this configuration, as illustrated in Fig. 11.28, the control action is
not independent but is continuously determined by the system output. The system therefore operates
as a dynamic feedback cycle, constantly monitoring the actual motor performance and applying real-
time corrections to maintain the desired operating conditions.

Reference Error Error Controller Actuating Plant / Controlled
Input Detector Signal Input | Process Output -
AFeedback
Signal
Feedback [

Fig. 11.28: Basic block diagram of a closed-loop control system [18].
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The fundamental characteristic of this architecture is the feedback mechanism. A variety of sensors
are employed to acquire real-time data from the drive system; for example, incremental encoders or
tachometers are used to measure rotational speed, while Hall-effect sensors are utilized to monitor
motor current. As shown in the block diagram, these feedback signals are transmitted to an error
detection unit, where the measured output is compared with the reference input (setpoint provided by
the user). The resulting difference constitutes the error signal.

Once the error is determined, the controller processes it to generate the appropriate corrective action
by adjusting the actuator input, such as modifying the PWM signals supplied to the power converter.
For instance, if an increased load causes a drop in motor speed, the controller immediately detects the
deviation and responds by increasing the voltage or frequency through the converter, thereby
restoring the motor speed to its reference value.

Closed-loop control systems offer significant advantages in terms of accuracy and robustness. They
are capable of automatically compensating for:

e External disturbances, such as sudden variations in mechanical load.

e Internal parameter variations, such as changes in motor winding resistance due to temperature
rise.

As a result, this feedback-based architecture provides considerably improved stability and reliability
compared to open-loop systems. Although closed-loop control introduces additional complexity and
higher implementation costs due to the requirement for sensing devices and advanced processing
units, its superior performance makes it the preferred standard in modern intelligent motor drive
applications.

I1.5.3 Speed and Current Control

After studying open-loop and closed-loop control systems, it is important to explain how these
principles are applied to the two main controlled variables in an electric drive: speed and current. In
high-performance drive systems, these variables are commonly controlled using a cascaded structure,
composed of a fast inner current loop and a slower outer speed loop.

The current control loop is directly related to torque production. In DC motors, the electromagnetic
torque is proportional to the armature current, while in vector-controlled AC motors it is mainly
linked to the torque-producing current component. Therefore, controlling the current allows the drive
to control the torque developed by the motor. In addition, this loop plays an important protective role,
since motor current can rise quickly during overloads, transients, or stall conditions. By limiting the
current reference to a safe value, the controller protects the motor windings and the power electronic
converter.

The speed control loop works at a higher level. Its main purpose is to maintain the motor speed close
to the desired reference, even when the load torque changes. The reference speed is compared with
the measured speed, obtained for example from an encoder or tachometer. The resulting speed error
is processed by a PI controller, which generates the current reference for the inner loop. If the motor
speed decreases because of an increased load, the controller increases the current reference, allowing
the motor to produce more torque and recover its speed.

In general, the cascaded control process starts by comparing the desired and measured speeds. The
speed controller then produces a current reference, which is compared with the measured current. The
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current controller generates the voltage command, which is finally converted into PWM signals for
the power converter. This structure gives the drive a fast torque response, accurate speed regulation,
and better protection against abnormal operating conditions. The overall cascaded speed and current
control structure of an electric drive is illustrated in Fig. I1.29.

Slower Outer Speed Loop Fast Inner Current Loop
A I
i Nl =y
Load Torque T},
Speed Speed Current Voltage
Error ce i* *
Reference 0* + Reference i* + Command v
€y PI Speed Ly Current PI Current e ];,WMI Motor
Controller Limiter Controller g - (PMSM /IM)
s oy ¢ Converter
7y

Protection against
overload / stall current

[ Measured Current | |[¢——

4[ Measured Speed }

Fig. I11.29: Cascaded speed and current control structure of an electric drive.

I1.5.4 Intelligent Control Strategy

After discussing the cascaded speed and current control loops, it is important to introduce the role of
intelligent control in modern electric drive systems. Classical controllers, such as PI and PID
controllers, are widely used because they are simple, reliable, and easy to implement. They provide
satisfactory performance in many applications, especially when the system parameters are well
known and the operating conditions remain relatively constant. However, their performance may
decrease when the drive operates under variable load conditions, parameter changes, or nonlinear
effects, which are frequently encountered in practical industrial environments.

In real industrial applications, the behavior of the motor is not always perfectly predictable. For
example, the load torque may change suddenly, the winding resistance may vary with temperature,
and nonlinear phenomena such as friction, magnetic saturation, or converter switching effects may
appear. These factors make the drive system more complex and may reduce the effectiveness of fixed-
parameter classical controllers. In such cases, a controller designed only on the basis of a simplified
mathematical model may not always ensure the best dynamic response, especially when fast
adaptation and robustness are required.

For this reason, intelligent control strategies are introduced to improve the robustness, adaptability,
and overall performance of the electric drive. Instead of depending only on an exact mathematical
model, these methods can use expert knowledge, data, learning capability, or adaptive mechanisms
to make better control decisions. Their main objective is to maintain good speed regulation, reduce
overshoot, improve response time, and increase the stability of the system under changing operating
conditions. In this way, intelligent control makes the drive more suitable for real applications where
disturbances and uncertainties are unavoidable.
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Among the most widely used intelligent control methods, fuzzy logic control is one of the most
common. It is based on linguistic rules such as “IF the speed error is high, THEN increase the control
action.” This approach is especially useful for systems that are difficult to model accurately or that
exhibit significant nonlinear behavior. Artificial neural networks can also be used because they are
able to learn complex relationships between inputs and outputs from data, which allows them to adapt
to system variations. In addition, adaptive and hybrid controllers, such as Fuzzy-PI or Fuzzy-PID
controllers, combine the simplicity of classical control with the flexibility and intelligence of
advanced techniques, thus providing better performance than conventional regulators alone.

In an intelligent electric drive, sensors remain essential because they provide real-time information
about important variables such as speed, current, voltage, and sometimes temperature. These
measured signals are processed by a digital controller, such as a DSP, microcontroller, or industrial
control unit. Based on this information, the intelligent algorithm evaluates the operating state of the
drive and adjusts the control commands sent to the power converter. As a result, the drive becomes
more capable of responding effectively to disturbances, load variations, and parameter changes, while
maintaining stable and accurate operation.

Therefore, intelligent control can be considered an important improvement in electric drive systems.
It does not completely replace classical control, but rather enhances it by making the system more
flexible, stable, and suitable for complex industrial applications. The general structure of this
intelligent control approach, including the interaction between the reference input, the intelligent
controller, the digital control unit, the sensors, the power converter, and the motor drive, is illustrated
in Fig. I1.30.
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Fig. I1.30: General structure of an intelligent control strategy for an electric drive system.

I1.6 Sensors and Protection Systems

To implement the control strategies detailed in the previous section, the system requires a continuous
flow of information about its current state. Sensors and protection systems fulfill this role by acting
as the feedback and safety interface of the intelligent electric drive.

As shown in Fig. I1.31, sensors collect the main measured signals, such as speed, current, voltage,
and temperature, and send them back to the digital controller. This feedback allows the controller to
monitor the motor operation and adjust the power converter according to the required speed or torque
reference.
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Sensors are used to measure critical parameters and provide the controller with the necessary
information to regulate the motor operation with high precision. At the same time, protection systems
are integrated to maintain safe and reliable operation by detecting and reacting to abnormal
conditions, such as voltage surges, overcurrents, or overheating, which could cause hardware damage
if not handled in time.

By combining accurate measurement with fault detection, these systems allow the drive to operate in
a more reliable and intelligent way.

Load disturbance

Mechanical Output

Motor / Electric Drive Speed v, Torque T

Reference Input ,  Digital Controller
Speed / Torque (PI/ Intelligent Control) PWM I Power Converter

A
A
Sensors
Measured signals: , i, v, T Speed sensor
Current sensor Feedback interface
Voltage sensor
current limit Temperature sensor
trip
safe shutdown l
Functions ( :
Protection System
State measurement alarm (
Monitorin trip Overcurrent .
Fault detegclion safe shutdown | Overvoltage Safety interface
Safe operation Overtemperature
Improved reliability Fault detection / shutdown

Fig. I1.31: Main sensor positions and measurement feedback paths in an intelligent electric drive
system.

I1.6.1 Current and Voltage Sensors

In order to achieve the intelligent behavior described in the previous section, the system must
continuously acquire electrical data to close the control loops and ensure safe operation. Current and
voltage sensors are the main components used for this feedback process. They convert high-power
electrical quantities into low-level signals that can be interpreted by the digital signal processor (DSP)
or the controller for real-time adjustment.

As shown in Fig. I1.32, current and voltage sensors are placed at key points of the drive system, such
as the DC-link, the converter output, and the motor phase lines. Their measured signals are sent back
to the digital controller, which uses them to regulate the power converter and protect the system
during operation.

Current sensors play an important role in motor torque regulation and drive protection. In modern
drive systems, sensors such as Hall effect transducers or Rogowski coils are used to measure the
phase currents with good accuracy. This information is essential because the torque developed by the
motor is directly related to the current level.

In addition, current sensors contribute to overcurrent protection. They allow the system to detect short
circuits or overloads and send a fault signal to stop the converter or limit the current before hardware
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damage occurs. They also help supervise the static converter by monitoring the current flowing
through the power semiconductor switches.

Voltage sensors are also important, especially for monitoring the DC-link voltage and the converter
output voltage. Measuring the DC bus voltage helps ensure the stability of the power stage and
protects the system against abnormal voltage conditions, such as overvoltage or undervoltage.

By providing accurate information about supply and terminal voltages, voltage sensors help the
controller manage the PWM signals correctly. Together, current and voltage sensors provide the
electrical feedback needed for reliable, safe, and high-performance operation of the intelligent electric
drive.
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Fig. I1.32: Current and voltage sensing in an intelligent electric drive system.
I1.6.2 Electrical Protection

In addition to the monitoring and control functions provided by the sensors described in the previous
subsections, an intelligent drive must include electrical protection systems to ensure safe and reliable
operation. These systems protect the motor, the power electronic converter, and the control hardware
from damage when the drive is exposed to electrical stress or fault conditions.

As shown in Fig. I1.33, the protection system receives measured signals from the current and voltage
sensors, including the DC-link voltage. These signals are continuously monitored and compared with
predefined safety limits. When an abnormal condition is detected, a fault signal is sent to the DSP or
digital controller.

The protection system is designed to detect several electrical faults that may occur in industrial
environments. The most common faults include short circuits, overloads, overcurrent, overvoltage,
and undervoltage. Short circuits are especially dangerous because they can quickly damage the power
semiconductor switches. Overloads and voltage problems can also affect the performance of the drive
and may cause damage to the motor windings or converter components.

Once a fault is detected, the DSP or controller determines the appropriate response. It can limit the
current, stop the PWM command signals, or shut down the power converter completely. This fast
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reaction helps isolate the fault, protect the internal components, and keep the electric drive within a
safe operating range.
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Fig. I1.33: Electrical protection system in an intelligent electric drive.
11.6.3 Fault Detection

Fault detection in an intelligent electric drive refers to the ability of the system to identify abnormal
operating conditions and possible damage states. This function is very important in modern industrial
drives, where reliability and safety are required during continuous operation.

As shown in Fig. I1.34, the system uses real-time feedback from current, voltage, speed, and position
sensors. By analyzing these measured signals, the controller can distinguish between normal
variations during operation and real faults that may affect the motor or the power converter.

In practice, dedicated protection logic circuits are used to detect critical faults such as short circuits,
overloads, high temperature, and undervoltage. These signals are compared with predefined safety
limits or reference values. Then, the fault information is sent to the Digital Signal Processor (DSP),
which evaluates the protection state and determines the type of abnormal condition.

Once a fault is detected, the drive can react according to the fault type. It may generate an alarm, send
the fault information to a higher-level control system, limit the current, stop the PWM signals, or shut
down the converter. These actions help isolate the fault and protect the internal components.

In this way, fault detection is not limited to simple measurement. It allows the intelligent drive to
diagnose its operating condition and react quickly to protect the motor, the converter, and the control
hardware.

65



CHAPTER I ARCHITECTURE OF AN ELECTRIC DRIVE SYSTEM

Abnormal operating conditions

overload, short circuit,
overheating, undervoltage

Reference Input DSP / Digital Controller PWM / Power " o Mechanical Qfltput
oring. diaerbsis otor / Electric Drive Speed w, Position 6,
Speed / Torque monitoring, diagnosis, Converter
| fault evaluation Torque T
A 1\
Sensors |
L Current sensor 1
Measured signals: Voltage sensor. |
i,v,w, 0 -

current limiting ‘f 7$edisensor |
stop PWM

safe shutdown Position sensor \
\ )

current limiting

stop PWM I

safe shutdown

Fault Detection / Protection Logic |
———— ] Fau}t signgl/ « Threshold comparison :’ comparison |
Fault Response | | digwss Signal analysis L-? with safety E
* Alarm generation * Fault identification \‘. rllf:‘::ﬁe E
N  Send fault information to o Fault classification \ values |
Main roles higher-level control system | \_* Protection state evaluation R 2

 Continuous monitoring  Current limiting
fault

* Early fault diagnosis * Stop PWM - 2
« Fast protective action « Converter shutdown m» Higher-level (FRETT= e \
3 S Control System Legend |
« Safe operation = | . |
N 8 | = Signal flow / feedback |
* Improved reliability 1 |
| —> Fault response / protection action )

Fig. I1.34: Fault detection and response process in an intelligent electric drive system.
I1.7 Conclusion

In this chapter, we studied the general architecture of an intelligent electric drive system. By dividing
the system into its main stages, namely power conversion, control, measurement, and protection, it
becomes easier to understand how electrical energy is converted into controlled mechanical motion.

Power converters, such as rectifiers, DC-DC choppers, and inverters, play an important role in this
architecture. They regulate the electrical energy supplied to the motor, mainly through Pulse Width
Modulation (PWM). This allows the drive to adapt its output according to the required speed, torque,
and load conditions.

The intelligent behavior of the drive is mainly achieved through the integration of closed-loop control,
sensing, and protection systems. The control stage allows the system to regulate speed and current,
while intelligent control strategies, such as fuzzy logic, can improve the response under nonlinear
conditions and load disturbances.

Sensors also represent an essential part of the system. Current, voltage, speed, and temperature
sensors provide the real-time information required for feedback control, monitoring, and fault
detection. In addition, electrical protection systems help protect the motor, converter, and control
hardware against abnormal conditions such as overcurrent, overvoltage, overheating, and short
circuits.

Finally, this chapter provides the basic framework for the next part of the thesis. Understanding the
role of each component and the interaction between power, control, sensing, and protection stages is
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necessary before moving to the detailed modeling, simulation, and analysis of the intelligent electric
drive system.
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CHAPTER III MODELING AND SIMULATION OF MOTOR SPEED CONTROL SYSTEMS

I11.1 Introduction:

Electric motor speed control is essential in industrial applications requiring accuracy, stability,
and energy efficiency. DC motors offer simple speed regulation require more maintenance, while AC
motors, especially three-phase induction motors, are widely used due to their robustness and
reliability. Power electronic converters enable flexible voltage and frequency control for variable-
speed operation. This chapter uses MATLAB/Simulink to model and simulate speed control systems
for DC, single-phase AC, and three-phase induction motors, presenting their principles, models,
control strategies, results, and comparison.

II1.2 Speed Control of a DC Motor:
II1.2.1 Operating Principle of the DC Motor:
A. Construction and Basic Operation:

A DC motor is an electromechanical device that converts direct current electrical energy into
mechanical rotational energy. Its operation is based on the interaction between an electric current and
a magnetic field. When a current-carrying conductor is placed inside a magnetic field, it is subjected
to a mechanical force. This force produces a torque that causes the rotor to rotate.

The basic electromagnetic force acting on a conductor is expressed as: F=B - [ - |

where F is the electromagnetic force [N], B is the magnetic flux density [T], I is the current flowing
through the conductor [A], and 1 is the active length of the conductor inside the magnetic field [m].

B. Electromagnetic Torque and Back-EMF:

When the armature conductors carry current in the magnetic field produced by the stator,
electromagnetic forces are created. The combined effect of these forces produces the electromagnetic
torque of the motor. In the general case, the electromagnetic torque is proportional to the magnetic
flux and the armature current:

Cem = K1 @I,

Since the field current is kept constant in a separately excited DC motor, the magnetic flux is also
considered constant. Therefore, the torque equation can be simplified as:

Cem = K7l

where Cqpis the electromagnetic torque [N.m], Kt is the torque constant [N.m/A], and I, is
the armature current [A].

During rotation, the armature conductors cut the magnetic flux lines. According to Faraday’s
law, a voltage is induced in the armature winding. This induced voltage acts in the opposite direction
to the applied armature voltage and is called the back electromotive force, or back-EMF. In the
general case, the back-EMF is proportional to the magnetic flux and the angular speed of the motor:

€p = KeCDQ.r
Under constant magnetic flux, this relation becomes:

€p = KeQr
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Under constant field flux, the back-EMF constant K, and the torque constant K are numerically
equal in SI units. Therefore, the following relation is used throughout this chapter:

Ke =Ky =K
C. Speed Control Methods

The speed of a DC motor can be controlled by acting on the quantities that appear in its voltage
equation. In steady-state operation, the derivative term of the armature current is neglected, and the
motor speed can be expressed as:

_ Ua — Raly
r — Ke

This expression shows that the motor speed depends mainly on the armature voltage U, , the armature
voltage drop R,I,, and the back-EMF constant K.

In this work, armature voltage control is adopted. The armature voltage is adjusted using a DC-DC
chopper controlled by a PWM signal. By changing the PWM duty cycle, the average voltage applied
to the armature is modified, which allows the motor speed to be controlled.

I11.2.2 DC Machine Parameter Identification

In order to build an accurate model of the DC machine, the electrical and mechanical parameters
of the machine must be identified experimentally. This section presents the tests carried out to
determine the armature and field resistances, the armature and field inductances, the mutual
inductance, the electromotive force constant, the friction torque, and the moment of inertia of the
system.

I11.2.2.1 Armature and Field Resistance (DC Current Test)

The armature resistance R, and the field resistance Rrare obtained by applying a DC voltage to
each winding and measuring the corresponding current. The resistances are then calculated as
follows:

Ua Uf

R, = R =
Laqm) Leemy

where U, and Ur are the DC voltages applied to the armature and field windings respectively, and lam)
and Ifn) are the corresponding nominal currents.

I11.2.2.2 Armature and Field Inductance (AC Current Test)

The inductances are determined by supplying each winding with an AC voltage and measuring
the resulting impedance. Knowing the resistance obtained from the DC test, the inductance is deduced

1 1 ,
Laza' Zaz_Ra2 sza' ZfZ_sz

where Z, and Z¢ are the armature and field impedances respectively, and w is the angular frequency
of the supply.

as follows:
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I11.2.2.3 Mutual Inductance and No-Load Characteristic

The mutual inductance between the field winding and the armature winding is identified by
coupling the DC machine (M) to a generator (G) mounted on the same shaft, with the field winding
of the generator supplied independently and the induced voltage E measured at its armature terminals.

To trace the no-load characteristic, the following procedure is followed:
1. The rotational speed Q is set to a fixed value.
2. The field current I is increased progressively from zero to its nominal value.
3. For each value of I, the induced voltage E at the armature terminals is recorded.
4. The relation between E and I is expressed as:
E=1Ip)=M-Q-I¢

The slope S of the linear part of this characteristic is equal to M- Q, from which the mutual inductance
is obtained as:

M_s
Q

In the linear region, the electromotive force can also be expressed as:
E=Ko¢-Q, with o=M:It
From this relation, the mutual inductance can be deduced as:

M_E
T Q

I11.2.2.4 Electromotive Force Constant K¢

The electromotive force constant K¢ is determined from the no-load test. Since:
E=Ko¢-Q

the constant K¢ is obtained as:

Ko =

2| m

I11.2.2.5 Friction Torque and Mechanical Losses

The mechanical losses are represented by a friction torque expressed as:

Ce=1Q+C;s

where f is the viscous friction coefficient and Cs is the static (dry) friction torque.
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From the no-load test, the electromagnetic torque can be written as:

Cem = K(P'IO = fQ + Cs

The slope of the curve Cem(£2) corresponds to the viscous friction coefficient f, while the intersection
of this curve with the vertical axis corresponds to the static friction torque Cs. The viscous friction
coefficient is therefore obtained as:

f_chIO—CS_ACem
N Q T AQ

111.2.2.6 Determination of the Moment of Inertia J

The moment of inertia J of the motor—load assembly is determined experimentally by means of
a deceleration (run-down) test, carried out according to the following procedure:

1. The motor is driven up to its nominal speed Q.
2. At the instant t = 0 s, the armature supply is interrupted, so that I, = 0.
3. The speed curve is recorded during the natural deceleration of the machine.

During this free deceleration phase, the electromagnetic torque is zero (Cem = 0), and the fundamental
equation of motion reduces to:

do
< = Cem —f = C = —(f2 + C)

Since the mechanical losses (friction torque) are responsible for the deceleration, the moment of
inertia can be estimated from the deceleration time and the corresponding loss torque as:

Cperteststop _ K(1)10tstop
QN QN

where Chperes 15 the total loss torque, tswp 1s the time required for the machine to come to a complete
stop, and Qx is the nominal angular speed from which the deceleration test is started.

111.2.3 Mathematical Model of the DC Motor

The mathematical model of a separately excited DC motor is constructed from two coupled
sets of equations: the electrical equation of the armature circuit and the mechanical equation of the
rotor shaft. These two equations are linked through the back-EMF and the electromagnetic torque,
forming an electromechanical system whose dynamic behaviour can be fully described by four
fundamental equations [7].
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A. Electrical Equation of the Armature Circuit

Applying Kirchhoff's voltage law to the armature circuit, the instantaneous voltage balance is written
as [1], [7]:

Va(t) = Raia () + %ﬁm) +ep(d) (111. 1)

Where:
e V,(t) : armature supply voltage (V)
e R,: armature winding resistance (£2)
e i,(t): armature current (A)
e L, :armature winding inductance (H)
e ep(t) : back-electromotive force (V)

The armature equivalent circuit is shown in Fig. III. 1. It consists of the armature resistance R,, the
armature inductance L, and the back-EMF source e},, which opposes the applied armature voltage.

I L R Armature
a
+ el ,,a s o 9 ,/ resistance R,

V -+
o Back-EMF
Armature — E
“b

voltage V,

l

— O

Fig. II1.1: Equivalent armature circuit of a separately excited DC motor.
B. Back-EMF and Electromagnetic Torque:

In a separately excited DC motor, the field current is supplied independently and maintained
constant during normal operation. Under this condition, the magnetic flux @ is constant, and the motor
equations simplify considerably. The back-EMF induced in the rotating armature is proportional to
the rotor angular speed [1], [7]:

ep(t) = Ko (1) (111. 2)
Where:
e K., : back-EMF constant (V-s/rad)
e Q.(t) : rotor angular speed (rad/s)

The electromagnetic torque produced by the interaction between the armature current and the
magnetic flux is given by [1], [7]:

Cem (1) = Ktia(t) (111. 3)
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Where:
o Cop(t) : electromagnetic torque (N-m)
e K, : motor torque constant (N-m/A)

It should be noted that under constant magnetic flux, the two motor constants K. and K, are
numerically equal in the SI system (K, = K; = K). This equality is a well-established result in DC
machine theory and holds throughout this chapter.

C. Mechanical Equation:

Applying Newton's second law of rotation to the motor shaft, the torque balance between the
electromagnetic torque, the load torque, the inertial torque, and the friction torque gives [7]:

dQ,(t)
dt

J + fQ.(t) = Con(t) — C(B) (I11. 4)
Where:

e ] :total moment of inertia of the rotor and load (kg-m?)

o f: viscous friction coefficient (N-m-s/rad)

e C.(t): load torque (N-m)

Equation (II1.4) assumes that only viscous (linear) friction acts on the shaft. This is the standard
assumption used in DC motor control modeling.

D. Transfer Functions in the Laplace Domain:

To enable the design of the speed controller and the construction of the Simulink block diagram,
equations (III.1) and (I1I.4) are transformed into the Laplace domain, assuming zero initial conditions.

> Electrical subsystem:

Taking the Laplace transform of equation (III.1) and rearranging:

_ Va(s) —ep(s)

I,(s) = T (1. 5)

Equation (II1.5) describes a first-order system. Defining the armature electrical time constant t, as:
T, = — (I1I. 6)

Equation (IIL.5) is rewritten in standard first-order transfer function form:

1
Lo (&) "
Vo(s) —ep(s) 1+1,s '
» Mechanical subsystem:
Taking the Laplace transform of equation (II1.4) and rearranging:
Cem(s) — Ci(s
0c(s) = am(S) = GxlS) (111 8)

Js+f
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Defining the mechanical time constant Tye as:

J
Timec =7 (111.9)

Equation (I11.8) is rewritten in standard first-order form:

1
o) ()
Cem(s) — Ci(s) 1+ Tmec S

(111. 10)

Equations (II1.5) through (II1.10) form the complete transfer function model of the separately excited
DC motor. The armature and mechanical subsystems are each represented as first-order systems,
characterised respectively by the electrical time constant 1, and the mechanical time constant
Tmec - T his model serves as the direct basis for the closed-loop control design in Section II1.2.3 and
for the Simulink implementation in Section I11.2.4.

I11.2.4 Closed-Loop Speed Control Strategy:

The mathematical model developed in Section I11.2.2 shows that the speed of the DC motor
is mainly affected by the armature voltage and the load torque. In open-loop operation, any variation
in the load torque may produce a speed deviation, and the system cannot automatically correct this
error. For this reason, a closed-loop speed control strategy is adopted in order to improve speed
regulation and disturbance rejection.

In the proposed closed-loop system, the measured motor speed Q,.(t) is continuously compared with
the reference speed Q¢¢(t). The resulting error is processed by a Proportional-Integral (PI) controller.
The output of the controller is then used to adjust the duty cycle of the PWM signal, which controls
the DC-DC chopper supplying the motor armature. In this way, the armature voltage is automatically
regulated according to the speed error.

A. Speed Error and PI Controller

At each instant, the speed error signal is computed as the difference between the reference
speed and the measured motor speed:

e(t) = Qper(t) — Q. (D) (11L.11)
Where:
o e(t) : speed error (rad/s)
o Qur(t) : reference angular speed (rad/s)
e Q.(t) : measured motor angular speed (rad/s)

This error is fed to a Proportional-Integral (PI) controller. The PI controller was selected because it
provides zero steady-state error for step reference inputs without the noise amplification problems
associated with derivative action. The control output in the time domain is expressed as [7]:

t

u(t) = Kpe(t) + KiJ e(t)dt (II1. 12)
0

Where:

e u(t) : PI controller output (dimensionless, duty cycle)
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e K, : proportional gain

o K, : integral gain

Taking the Laplace transform of equation (II1.12), the transfer function of the PI controller is written
as:

Kj
C(s) = K, + (1. 13)

or equivalently:

KpS + Ki

C(s) = (111 14)

Equation (III.13) shows that the PI controller introduces one integrator pole at the origin, which
ensures zero steady-state error in response to a step speed reference, and one zero at s = —Ki/K,, which
contributes to the damping of the closed-loop transient response.

B. Duty Cycle Limitation and PWM Generation

The output u(t) of the PI controller directly represents the duty cycle a of the PWM signal.
Since the duty cycle must remain physically meaningful, its value is bounded by a saturation block:

0<a<1 (111 15)

When u(t) exceeds 1, the output is clamped to 1 (maximum armature voltage). When it falls below 0,
the output is clamped to 0 (zero armature voltage). This saturation block ensures that the duty cycle
remains within its physically valid range [0, 1].

The bounded duty cycle a is then used by the PWM generator to produce a high-frequency switching
signal. This PWM signal is applied to the gate of an IGBT transistor, which acts as the controlled
switch of the DC-DC chopper [17].

C. DC-DC Chopper and Armature Voltage Control

The DC-DC chopper is a step-down (Buck) converter that converts the fixed DC supply voltage Vy.
into a variable armature voltage V,, controlled by the duty cycle a. In continuous conduction mode,
the average armature voltage delivered to the motor is [17]:

V, =a- Vg (IIL. 16)
Where:
e V,:average armature voltage applied to the motor (V)
e a: duty cycle of the PWM signal (dimensionless, 0 <a < 1)
e V. : fixed DC supply voltage (V)

Equation (III.16) shows that increasing the duty cycle (o) increases the average armature voltage,
which raises the motor speed. In the same way, decreasing (a) reduces the armature voltage and
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lowers the speed. Therefore, the DC-DC chopper behaves as a variable DC voltage source controlled
by the PI controller output.

Under steady-state conditions, the derivative term of the armature current is neglected. By combining
the armature voltage equation with the chopper output voltage, the motor speed can be related to the
duty cycle as follows:

. (XVdC — Rala

Q
r Ke

(1. 17)
This equation shows that the motor speed can be controlled through the duty cycle (a). Thus, the PI
controller indirectly controls the motor speed by adjusting the average armature voltage supplied by
the chopper.

D. Complete Closed-Loop Control System

Figure II1.2 presents the block diagram of the closed-loop PI speed control system for the separately
excited DC motor. The system is composed of a reference speed input, a comparator, a PI controller,
a saturation block, a PWM generator, a DC-DC chopper, the DC motor, and a speed sensor used for
feedback.

The reference speed Q,q¢(t) is first compared with the measured motor speed (.(t). The difference
between these two signals represents the speed error e(t) .This error is applied to the PI controller,
which generates the control signal required to reduce the difference between the reference speed and
the actual speed. Before being sent to the PWM generator, the controller output is limited by the
saturation block in order to keep the duty cycle within its physical range.

The PWM generator converts the controller output into a duty cycle a, which drives the power switch
of the DC-DC chopper. The chopper then adjusts the average armature voltage U, applied to the
motor according to the relation shown in the figure. By increasing or decreasing the duty cycle, the
armature voltage changes, and consequently the motor speed is regulated.

The motor produces an electromagnetic torque and rotates at the speed €.(t). This speed is measured
by the speed sensor and fed back to the comparator, which closes the control loop. The load torque
C, acts as a disturbance on the mechanical part of the motor. When the load torque changes, the
controller automatically modifies the duty cycle and the armature voltage to reduce the speed error
and maintain the motor speed close to its reference value.
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Fig. I11.2: Block diagram of the closed-loop PI speed control system for the separately excited DC
motor.

E. Calculation of PI Controller Gains:

To calculate the PI controller gains, the mechanical model previously developed in Section I11.2.2 is
used. Starting from the mechanical torque balance equation given in (I11.4):

dQ, ()
dt

For the nominal controller design, the load torque C,.(t) is considered as an external disturbance and

J + fQ.(t) = Cem (D) — Cr ()
is neglected during the gain calculation. Therefore, equation (II1.4) becomes:
da,(H
dt
Using the electromagnetic torque relation given in (I11.3):
Cem = KTIa(t)

and applying the Laplace transform under zero initial conditions, the mechanical equation can be

J + f-Qr(t) = Cem )

written as:

Js + DO (s) = Krla(s)

Thus, the simplified mechanical transfer function used for the PI controller design is obtained as:

Qr(s) _ KT
I,(S) Js+f

G (s) = (1. 18)
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where Kt is the torque constant, ] is the total moment of inertia, and f is the viscous friction
coefficient.

The mechanical time constant of the motor is calculated as:

Tmec = 1f (I1I. 19)
Using the motor parameters:
J] = 0.05kg. m?
f=0.01N.m.s/rad
the mechanical time constant becomes:
0.05
Tmec = 507 = 5s

Starting from the PI controller transfer function previously obtained in equation (II1.13):
Kj
GC (S) = Kp + ?

this expression can be rewritten by factoring out the proportional gain (Kp):

K;
Ge(s) = K, <1 + K—g)

p

By introducing the integral time constant (T;,), defined as:

K
T, = —&
K;
we obtain:
K; B 1
Kp Th

Therefore, the PI controller can be written in the following standard form:

C(s) = K, (1 + Tis) (111. 20)

In order to cancel the mechanical pole of the motor, the integral time constant of the PI controller is
chosen equal to the mechanical time constant:

Tn:TmeczleSS
The armature electrical time constant is calculated from the armature inductance and resistance:
La
T, = R_a
Using: L, = 0.016H,R, = 0.78Q
0.016
T, = 078 - 0.0205 s
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For the controller design, the desired closed-loop time constant is chosen to be approximately ten
times the armature electrical time constant: tcp, = 10T,

Therefore: t¢, = 10 X 0.0205 = 0.205s = 0.2 s
Using the simplified mechanical transfer function obtained in (II1.18):

Kr

G (s) = ]s—-l-f

and the PI controller written in the standard form given in (I11.20):

C(s) = K, (1 + %)

the open-loop transfer function is obtained by multiplying the controller by the mechanical model:

L(s) = C(s)Gm(s)

Therefore:

L(s) = K (1+ 1) Kt
5= T,s/Js + B

Since the integral time constant is selected equal to the mechanical time constant:

Ty = Tmec = g
the zero introduced by the PI controller cancels the mechanical pole of the motor. After this
simplification, the open-loop transfer function becomes:

K, Kt
L(s) = —
() ===
The corresponding closed-loop transfer function can be written as:
KpKr KoKt
Q) L) T 7]
Qrer(s) 1+ L(s) 1+ KDKT s+ KDKT
Js J
This expression represents a first-order system. Its closed-loop time constant is therefore:
TeL = )
CL K Kr

By rearranging this equation, the proportional gain is obtained as:

J

K. =
P Krter

(1. 21)

The torque constant (Kr) is obtained from the field-armature mutual inductance and the field current.
Since the field voltage is (Ug = 150, V) and the field resistance is (R = 150(2), the field current is:
Us 150

[=—=—=1A
f7 R 150
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Therefore:
Kt = Lglf = 1.234 X 1 = 1.234N.m/A

This relation follows from DC machine theory, where the torque constant Kt is determined by the
field-armature mutual inductance and the field current. In ST units, Kt in N. m/A is numerically equal

to Lo¢lg.
Using ] = 0.05kg. m? , K¢ = 1.234N.m/A and t¢, = 0.2's
0.05
P=1234x02 " 0.2026
The integral gain is obtained from:
K; = o (111. 22)
Ty
or equivalently:
K; = f (1. 23)
KrteL
Thus:
001 _ 40405

Ki=——
' 1.234%0.2

Therefore, the final PI controller gains used in the Simulink model are:

K, = 0.2026
K; = 0.0405

In the Simulink PI Controller block, the controller type is selected as PI, with the derivative gain set
to zero. Therefore, the entered parameters are: P = 0.2026, 1=0.0405, D=0

Since the PI controller output represents the PWM duty cycle a, it must be limited between 0 and 1:
0<a<1

This saturation ensures that the duty cycle remains physically valid for the PWM signal. In addition,
an anti-windup mechanism is used in the Simulink controller to prevent integrator saturation during
large speed reference changes.

II1.2.5 Simulation Model in MATLAB/Simulink:

To validate the closed-loop speed control strategy developed in the previous section, a
simulation model was built in MATLAB/Simulink. The model represents a separately excited DC
motor supplied by a DC-DC chopper and controlled using a PI speed controller. The complete
Simulink model is shown in Fig. IIL.3.

81



CHAPTER III MODELING AND SIMULATION OF MOTOR SPEED CONTROL SYSTEMS

1257

Display2

\ Speed w (rad
PWM]S E . o [ o, LN
/ . T
From1 Mo L > " " >i e
<Electrical torque Te (nm)>
oo e ESVg iy gy o alan o . ,|D
IGBT/Diode Series RLG Branch af+ 155.1
olFm 900 ~F 8 i o v ;-( RMS 155 »J Scopes
Voltage Measurement RMS Display
Display! DC Machine Scape
isplay Voltage Measurement1
20 4 v il =L DG Voltage Source DC Voltage Source1 N N[
i .
I A B =i| [— e

- £ Current Measurement Scapef
»oK :I (] + Diods
o>
in :
.

wa b v Pits) o) > Pils) .

From Gaint PID Controller PID Controller!

o —
s W

Fig. I11.3: MATLAB/Simulink model of the closed-loop DC motor speed control system.

The Simulink model is composed of two main parts: the control circuit and the power circuit.
The control system is organized in a cascade structure consisting of an outer speed control loop and
an inner current control loop.

The reference speed is generated using a Step block named Speed Ref. In this simulation, the
reference speed is initially set to 800 rpm and changes to 1200 rpm at (t = 5,s). The measured motor
speed is fed back and compared with the reference speed through a summing junction to generate the
speed error.

The speed error is processed by the first PI controller (speed controller), which generates the reference
armature current. This current reference is then compared with the measured armature current in a
second summing junction. The resulting current error is applied to a second PI controller (current
controller).

The output of the current controller determines the duty-cycle command of the chopper. This signal
is compared with a triangular carrier waveform generated by a Repeating Sequence block through a
Relational Operator block. The comparison produces the PWM pulses used to drive the gate of the
IGBT switch in the power converter.

The power circuit consists of a DC voltage source, an IGBT switch with a freewheeling diode, and a
separately excited DC motor. The PWM-controlled chopper regulates the average armature voltage
supplied to the motor, thereby controlling its speed according to the reference command.
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II1.2.6 Simulation Results and Discussion:
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Fig. I11.4: Motor speed response for a reference speed change from 800 rpm to 1200 rpm.

Fig. II1.4 illustrates the speed response of the separately excited DC motor obtained through
MATLAB/Simulink simulation. The reference speed is initially set to 800 rpm. Starting from rest,
the motor accelerates rapidly and reaches the desired speed with a very small transient deviation.
After the transient period, the measured speed closely follows the reference and remains stable around
the commanded value.

At t =S5 s, the reference speed is increased from 800 rpm to 1200 rpm. The motor responds quickly
to this change and accelerates smoothly toward the new operating point. The measured speed tracks
the reference accurately and settles at the desired value within a short time, with negligible overshoot
and no noticeable steady-state error.

The close agreement between the measured speed and the reference speed demonstrates the
effectiveness of the PI speed controller. By adjusting the PWM duty cycle of the DC-DC chopper,
the controller regulates the armature voltage and ensures accurate speed tracking over the entire
operating range. These results confirm the good dynamic performance and stability of the closed-
loop speed control system.
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Electromagnetic Torque Response
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Fig. II1.5: Electromagnetic torque response under a load torque change from 9 N-m to 4 N-m.

The electromagnetic torque response of the separately excited DC motor is shown in Fig. IIL5.
Initially, the load torque is set to 9 N-m, and the motor develops the required electromagnetic torque
to balance the applied load and maintain the reference speed. At t =5 s, the load torque is reduced
from 9 N-m to 4 N-m. As a result, the electromagnetic torque decreases rapidly and reaches a new
steady-state value corresponding to the reduced load condition.

The transient response is short and well damped, indicating that the control system effectively
compensates for load variations. The zoomed section highlights the small torque ripple produced by
the PWM switching process. Despite these high-frequency oscillations, the average electromagnetic
torque remains close to the required value, ensuring stable motor operation.

These results demonstrate the ability of the PI-controlled DC drive to maintain satisfactory dynamic
performance and quickly adapt to sudden changes in load torque while preserving speed regulation
and system stability.
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Robustness Test: ANFIS vs Pl Controller - Ra and Rf Variation at 50%
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Fig. I11.9: Speed responses — Perturbed conditions (Ra=1.17 ohms, Rf=225 ohms)

Fig. I1L.5.c illustrates the speed responses of the PI controller and the ANFIS-based controller under
electrical parameter variations. The reference speed changes from 800 rad/s to 1200 rad/s at t=5t =
5t=5 s. It can be observed that the ANFIS controller tracks the reference speed almost perfectly,
maintaining a negligible steady-state error and achieving a final speed very close to the desired value.
In contrast, the conventional PI controller exhibits a noticeable steady-state error, resulting in a lower
actual speed than the reference.

These results demonstrate that the ANFIS controller is more robust to electrical parameter variations,
such as changes in stator and rotor resistances. The adaptive learning capability of ANFIS enables it
to compensate for parameter uncertainties and maintain the desired dynamic performance. On the
other hand, the fixed-gain PI controller is more sensitive to parameter changes, leading to degraded
tracking accuracy and reduced performance.

Therefore, the ANFIS-based control strategy provides superior robustness, better reference tracking,
and improved adaptability compared to the conventional PI controller when the motor electrical
parameters vary.
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II1.3 Speed Control of a Single-Phase AC Motor:
II1.3.1 Operating Principle of the Single-Phase AC Motor:

A single-phase AC motor is widely used in low-power applications because it can operate
from a simple single-phase supply. It is commonly found in domestic appliances, small pumps, fans,
compressors, and other systems where a three-phase supply is not available. In this type of motor, the
stator is supplied by a single-phase alternating voltage, which produces an alternating magnetic field
in the air gap.

Unlike a three-phase induction motor, the magnetic field produced by a single-phase winding
is not naturally rotating at starting. It is mainly a pulsating magnetic field. This means that the field
changes its magnitude and direction with time, but it does not create a strong starting torque by itself.
For this reason, a single-phase induction motor is generally not self-starting. When the rotor is initially
at rest, the forward and backward magnetic field effects are balanced, and the resulting starting torque
is approximately zero.

Capacitor | ] Centrifugal Switch
| o

Rotor

—— *——

Input  Main Input Vi

Power  Windi Power ain

Winding Winding
[ .
Start Winding
Single-Phase AC Induction Motor Single-Phase AC Induction Motor
without Start Mechanism with Start Mechanism

Fig. II1.10: Single-phase AC induction motor without and with starting mechanism[8].

As shown in Fig. I11.6, the motor without a starting mechanism contains only the main winding
supplied by the single-phase input power. In this condition, the motor cannot produce a sufficient
starting torque by itself. The second diagram shows the addition of a start winding, a capacitor, and
a centrifugal switch. This auxiliary circuit helps create a phase shift between the main winding current
and the start winding current, which produces a rotating magnetic field component at starting.

To start the motor, an auxiliary starting method is required. This can be done by adding an
auxiliary winding with a capacitor, a shaded pole arrangement, or another starting circuit. The purpose
of the starting method is to create a phase shift between two stator currents. This phase shift produces
a rotating magnetic field component, which gives the rotor an initial starting torque. Once the motor
starts rotating, the interaction between the stator magnetic field and the induced rotor currents
produces electromagnetic torque, allowing the motor to continue running.

During operation, the rotor speed remains slightly lower than the synchronous speed. This
difference is necessary because the rotor must cut the magnetic field in order to induce current and
produce torque. Therefore, the motor operates with a certain slip, which depends on the load and the
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supply conditions. When the mechanical load increases, the rotor speed decreases slightly, and the
slip increases to produce the required torque.

In this work, the single-phase AC motor is considered from the point of view of speed control. The
main control method studied is based on varying the RMS value of the supply voltage while keeping
the supply frequency constant. This method affects the developed torque and the final operating speed
of the motor, especially for fan-type or low-power loads.

I11.3.2 Basic Speed Equation and Slip:

The speed of the rotating magnetic field produced in the stator of an induction motor is called
the synchronous speed. It depends only on the supply frequency and the number of magnetic poles of
the motor. The synchronous speed is given by:

Ny = —— (111 24)

where N is the synchronous speed [rpm], f is the supply frequency [Hz], and P is the number of
magnetic pole pairs of the motor.

For example, a four-pole motor supplied at 50 Hz rotates its magnetic field at 1500 rpm, while a two-
pole motor at the same frequency gives 3000 rpm.

As explained in Section II1.3.1, the rotor of a single-phase induction motor cannot reach the
synchronous speed. The actual rotor speed N is always slightly lower. The difference between the
synchronous speed and the actual rotor speed, expressed as a fraction of the synchronous speed, is
called the slip and is denoted s :

(111. 25)

where s is the slip (dimensionless), Ng is the synchronous speed [rpm], and N, is the actual rotor
speed [rpm].

The slip is often expressed as a percentage for clarity:

s_Nr

s(%) =

x 100 (111. 26)

S

From equation (II1.25), the actual rotor speed can be expressed directly as a function of synchronous
speed and slip:

N, = (1 —s)Ng (IIL. 27)
where N is the actual rotor speed [rpm], s is the slip, and N is the synchronous speed [rpm].

Under normal full-load operation, the slip of a single-phase induction motor is typically between 1%
and 5%, meaning the rotor runs very close to the synchronous speed. At standstill, s = 1 (rotor speed
is zero). At synchronous speed, s =0, which is a theoretical condition that is never reached in practice,
because zero slip means zero induced EMF, zero rotor current, and therefore zero torque.

When angular speed is preferred over rpm — for example in Simulink simulations — the synchronous
speed in rad/s is obtained from:
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q, = 2N 111 28
s — 60 ( " )
The rotor angular speed correspondingly becomes:

Q. =(1-15s)Q (111. 29)

where (), is the actual rotor angular speed [rad/s], s is the slip, and ()4 is the synchronous angular
speed [rad/s].

These equations form the foundation for understanding how the speed of a single-phase induction
motor varies with load conditions and supply parameters. They are also essential for the voltage-
based speed control method presented in the next section.

I11.3.3 Voltage-Based Speed Control Method:

The voltage-based speed control method is one of the simplest methods used to control the
speed of a single-phase induction motor. In this method, the supply frequency remains constant, while
the RMS value of the stator voltage is varied. Since the synchronous speed depends only on the supply
frequency and the number of poles, changing the voltage does not directly change the synchronous
speed. Instead, it changes the electromagnetic torque developed by the motor, which affects the slip
and consequently the rotor speed.

From the previous section, the rotor speed is related to the synchronous speed and slip. By combining
the synchronous speed equation with the slip relation, the motor speed can be written as follows:

60 - f
N, =——(1-5s) (111. 30)

where N, is the motor speed [rpm)], f is the supply frequency [Hz], P is the number of pole pairs, and
s is the slip.

This relation is obtained by substituting the synchronous speed equation Ng = % into the rotor

speed equation N. = (1 — s)Ng. In voltage-based speed control, the frequency (f) and the number of
poles pairs (P) are kept constant. Therefore, the speed variation is mainly caused by the change in
slip.

The effect of the stator voltage on the electromagnetic torque is important in this method. For an
induction motor supplied at constant frequency, the electromagnetic torque is approximately
proportional to the square of the applied stator voltage.

Cem X V2 (IIL. 31)
where Cep, is the electromagnetic torque [N.m] and V; is the effective RMS stator voltage [V].

This relation shows that reducing the stator voltage reduces the available electromagnetic torque
strongly. For example, if the applied voltage is decreased, the torque capability decreases
approximately with the square of the voltage. As a result, for the same load torque, the slip increases
and the motor speed decreases. However, if the voltage is reduced too much, the motor may not
produce enough torque to drive the load, which can lead to stalling.

In practice, the stator voltage of a single-phase induction motor can be adjusted using an AC voltage
controller. This controller may be based on a TRIAC or two anti-parallel thyristors. By changing the
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firing angle of the power switch, the RMS voltage applied to the motor is modified. In a simplified
form, the effective stator voltage can be expressed as:

V, = aV, (111. 32)

where V; is the effective RMS voltage applied to the motor stator [V], V,, is the rated supply voltage
[V], and « is the voltage reduction factor, with 0 < a < 1.

This equation gives a simplified representation of the voltage control principle. In practice, the exact
RMS voltage depends on the TRIAC firing angle, but the factor « is used here to represent the voltage
reduction level. When a decreases, the effective stator voltage Vs decreases, which reduces the
electromagnetic torque according to equation (II1.31). As a result, the slip increases and the motor
speed decreases according to equation (I11.30).

The main advantage of voltage-based speed control is its simplicity, since it does not require
changing the supply frequency. However, its speed range is limited because reducing the voltage also
reduces the available torque. Therefore, this method is mainly suitable for low-power applications
such as fans and pumps. In closed-loop operation, the measured speed is compared with the reference
speed, and the controller adjusts the effective stator voltage to reduce the speed error.

111.3.3.1 Simulation Model in MATLAB/Simulink:

The simulation model was developed in MATLAB/Simulink to study the voltage-based speed
control of a single-phase induction motor. In this model, the motor speed is controlled by changing
only the effective stator voltage, while the supply frequency remains constant. The voltage is
generated through a single-phase IGBT inverter controlled by PWM signals.

The reference speed is applied using a Step block, changing from 80 to 100 rad/s att=15 s, in
order to test the motor dynamic response. The measured speed is compared with the reference speed,
and the error is processed by a PI controller to adjust the PWM control signal.

Fig. 1I1.7 shows the complete Simulink model used for this voltage-based control system.
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Fig. I11.11: MATLAB/Simulink model of the single-phase AC motor speed control system.

I11.3.3.2 Simulation Results and Discussion:

Fig. II1.8 shows the speed response of the single-phase AC motor using the voltage-based control
method. The reference speed is first set to 80 rad/s, and the measured speed increases rapidly until it
reaches the reference value with a short transient period. After that, the motor speed remains almost
stable around the desired value.

Att=35s, the reference speed changes from 80 to 100 rad/s. This sudden change produces a temporary
disturbance in the measured speed, but the controller corrects the error and the motor speed quickly
follows the new reference. The response shows that the voltage-based control method can regulate
the motor speed, although a small transient variation appears during the change of reference speed.
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120 Speed Response of the Single-Phase AC Motor
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Fig. I11.12: Speed response of the single-phase AC motor using voltage-based control.
I11.3.4 Scalar Control Method Based on V/f Variation:

The scalar control method based on V/f variation is a more developed speed control technique
compared with the simple voltage-based method. In voltage-based control, only the stator voltage is
changed while the supply frequency remains constant. However, in V/f control, both the supply
voltage and the supply frequency are varied at the same time. The main objective is to keep the ratio
between voltage and frequency approximately constant in order to maintain a nearly constant
magnetic flux in the motor.

For an induction motor, the synchronous speed is directly related to the supply frequency according
to:

Ny =22 (111.33)
Therefore, changing the frequency allows the synchronous speed of the motor to be modified.
However, if the frequency is reduced while the voltage remains constant, the magnetic flux may
increase and cause magnetic saturation. On the other hand, if the frequency is increased without
increasing the voltage, the magnetic flux decreases and the motor torque becomes weaker. For this
reason, the stator voltage must be adjusted proportionally with the frequency.

The basic principle of V/f control can be expressed as:

Vs
= constant (I1L. 34)

where Vg is the stator voltage and f is the supply frequency. This relation means that when the
frequency decreases, the stator voltage also decreases. Similarly, when the frequency increases, the
stator voltage increases up to the rated voltage. In this way, the motor flux remains approximately
constant, and the motor can produce a suitable electromagnetic torque over a wider speed range.
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In the Simulink model used in this work, the scalar control subsystem receives the reference speed
and the measured motor speed. The measured speed is compared with the reference speed, and the
resulting error is processed by a PI controller. The output of the controller is used to generate the
angular frequency command. This frequency command is then converted into the corresponding
voltage amplitude according to the V/f law. The generated voltage reference is finally used to control
the single-phase inverter supplying the motor.

The voltage reference can be written in simplified form as: Vg = K, Qg

where Vg is the stator voltage reference, (g is the angular supply frequency, and K,f is the V/f
proportionality constant. In the implemented model, this proportionality is represented by a gain
based on the rated voltage and rated angular frequency. For a rated voltage of 220 V and a rated
frequency of 50 Hz, the V/f gain is expressed as:

_ 220
- 2*pi*50

K, f (111 35)

After calculating the voltage amplitude and the angular frequency, sinusoidal reference signals
are generated for the inverter. These signals define the desired AC voltage waveform applied to the
motor. The use of sinusoidal references allows the inverter to supply the motor with a variable-
frequency and variable-voltage source.

Compared with voltage-based control, V/f scalar control provides better speed regulation
because the speed is mainly controlled through frequency variation. In addition, maintaining an
approximately constant V/fratio helps preserve the motor flux and improves torque production. This
makes scalar control more suitable for variable-speed operation of induction motors.

111.3.4.1 Simulation Model in MATLAB/Simulink:

The simulation model was implemented in MATLAB/Simulink to test the scalar V/f control
of the single-phase asynchronous motor. The model consists of a speed reference, a feedback signal
from the motor speed, a PI controller, a scalar control subsystem, a single-phase inverter, and the
asynchronous motor.

The reference speed is compared with the measured speed, and the resulting error is applied to the PI
controller. The controller output is sent to the scalar control subsystem, which generates the voltage
and frequency references required for the inverter. These references are then used to supply the motor
with a variable-voltage and variable-frequency AC signal.

The inverter is controlled by sinusoidal reference signals generated inside the scalar control block.
This allows the motor speed to follow the imposed reference while maintaining stable operation. The
complete Simulink model used for this control method is shown in Fig. IIL.8.
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Fig. I11.13: MATLAB/Simulink model of the single-phase AC motor using scalar V/f control.

111.3.4.2 Simulation Results and Discussion:

Fig. III.10 shows the speed response of the single-phase AC motor using the scalar V/f control
method. The reference speed is initially set to 80 rad/s. At the beginning of the simulation, the
measured speed increases from zero and reaches the reference value after a short transient period.
Then, the motor speed remains stable and close to the desired value.

At t =35 s, the reference speed is increased from 80 rad/s to 100 rad/s. The measured speed follows
this change smoothly and reaches the new reference with a small transient response. After this period,
almost no steady-state error is observed.

These results show that the scalar V/f control method provides good speed tracking and stable
operation. By varying both the voltage and the frequency, the motor can follow the reference speed
while maintaining an approximately constant V/f ratio.
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120 Speed Response of the Single-Phase AC Motor
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Fig. I11.14: Speed response of the single-phase AC motor using scalar V/f control.
111.3.4.3 Effect of Motor Resistance Variation on the Fixed PI Response

In this simulation, the motor resistance values were increased by 250% in order to study the

effect of parameter variation on the fixed PI controller. The new resistance values were Rs = 5.05 Q,
Rr=10.30 Q, and Raux = 17.85 Q.

Fig. III.11 shows the speed response after this resistance variation. At the beginning of the simulation,
the motor speed reaches the reference value, but a noticeable overshoot appears before the speed

becomes stable. Att =35 s, the reference speed changes from 80 rad/s to 100 rad/s. The motor follows
the new reference, but another transient overshoot appears before the speed stabilizes.

This result shows that the fixed PI controller is affected by the variation of motor parameters.
Although the speed reaches the reference value in steady state, the transient response becomes less

smooth. Therefore, an adaptive correction method such as ANFIS can be added to improve the
dynamic response under parameter variations.

120 MAS Speed Response after Resistance Variation 250%
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Fig. I11.15: Speed response of the single-phase AC motor after 250% resistance variation.
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I11.3.5 Adaptive Neuro-Fuzzy Inference System (ANFIS)
II1.3.5.1 Neural networks :

Neural networks form a family of nonlinear functions that make it possible to build, through
learning, a very wide class of models and controllers. A neural network is a system of interconnected
nonlinear operators that receives signals from the outside through its inputs and delivers output
signals, which are in fact the activities of certain neurons.

A. formal neuron:

The formal neuron is a simplified mathematical model of the biological neuron. It has a
number of inputs, the dendrites, a body that processes the inputs according to the all-or-nothing
principle, and an axon that carries the neuron's response.

Bias
X, O @
! Activation
X, @ function
Output
Input < Z\ (p(ui) > Y,
signals X @
L X0 Qi)

Summation unit

Fig. I11.16: Basic model of a formal neuron
The output u;of the formal neuron is given by the relation:
uj = pzo W;iX; (III 36)

From this value, an activation function computes the output value j of the neuron. It is this value that
will be transmitted to the downstream neurons:

yi = @(u) (111.37)

There are many possible forms for the activation function. The most common ones are shown in the
following figure. It will be noted that, unlike biological neurons whose:

state is binary, most activation functions are continuous, offering an infinite number of possible
values within the interval [0, +1] (or [—1, +1]).
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Fig. I11.17: Différents types de fonctions d’activation pour le neurone formel
a: threshold function (S: threshold value), b: piecewise linear, c: sigmoid.

B. Learning methods: In expert systems, the expert's knowledge has an enumerated form: it is
expressed as rules. In the case of neural networks, knowledge has a distributed form: it is encoded in
the connection weights, the network topology, the transfer functions of each neuron, the threshold of
these functions, and the learning method used. There are a number of learning methods.

B.1 Hebb's rule: This is the oldest learning method, and it is inspired by biology. It reflects the
strengthening of the connections linking two activated neurons. If at least one of the two neurons is
not activated, the weight of the connection is not modified.

Here is Hebb's rule:

wii(t + 1) = wj; (D) + Aw;; (111. 38)
Wlth AW]I = I].Xj.Xi
where:

- Awj; is the weight of the connection between neuron i and neuron j,
- 1) is the learning rate (a positive constant),

- X;1s the activation (output) of neuron i.

- Xj is the activation (output) of neuron j.

B.2 Error gradient backpropagation:

Backpropagation is a learning algorithm for feedforward (layered) neural networks, which
have an input layer, one or more hidden layers, and an output layer, with no loops or same-layer
connections. An input vector is fed forward through the layers to produce an output, which is then
compared to the desired output to compute an error. The gradient of this error is propagated backward
(from output to input) to adjust the network's weights. The process is repeated for each input vector
until a stopping criterion is met.

C. The perceptron:

Following the results of the work of McCulloch and Pitts (1943), which led to the definition
of the formal neuron, as well as those of Hebb, explaining the learning effects of memory and
conditioning based on groups of cells. To explain these learning effects, Hebb proposed that cells
learn to modify the strength of the connections linking them according to their simultaneous activity.
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The idea of some researchers was to use models of neurons and of the evolution of synapses to
simulate neural networks. The first solid model was presented in 1959 by F. Rosenblatt . This is the
perceptron, in other words a network reduced to a single formal neuron.

D. Process identification using neural networks:

The principle of identification by neural networks consists in replacing classical parametric
models with neural models, that is, proposing a model establishing a relationship between its input
and its output, and determining, from the pair of input-output signals, the behavior of the model. Two
important reasons motivate us:

- to predict the behavior of a system for different operating conditions;
- to develop a control law to be applied to the process so that it achieves the assigned objective.

We will mention two identification techniques based on multilayer neural networks: the direct
identification method and the inverse identification method.

D.1 Direct identification: The figure shows the general scheme of direct identification of a process.
In this figure, the neural network identifier (NNI) is used in parallel with a black-box-type process.
The output of the process, y, is compared with the output of the neural network § , and then the error
e =y — ¥ isused to fine-tune the parameters of the neural system.

> Process

NNI \

Fig. I11.18: Scheme of direct identification of a process using a neural network.

The differential equation of the output y at t+1 can be written as follows:
yt+1) =fy®),..,.yt—n+1),..,ult),.., utt—m+1)) (Il.39)

where y(t+1) is the output of the process at time t+1, and f is the nonlinear function governing the
operation of the process.

The output of the neural network at time t+1 is described as follows:

gt+1) =f(y®, ... yt—=n+1),...,u(®), ....,u(t—m+ 1)) (Il 40)

where f it represents the nonlinear approximation function of the process function f. The output of the
neural network §(t + 1) depends on the previous outputs and inputs of the process, up to orders n and
m respectively.
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D.2 Inverse identification:

In this method, the input of the process is compared with the output of the neural identifier (NNI),
and the output of the process is fed as the input of the neural network.

After offline learning of the inverse model, the NNI can be configured to provide direct control of the
process.

"

> Process )V

Fig. I11.19: Scheme of inverse identification of a process using a neural network.
I11.3.5.2 Fuzzy logic:

Fuzzy logic replaces binary (true/false) logic with a logic in which variables can take
intermediate values to a certain degree, reflecting human reasoning based on imprecise or incomplete
data. Its theoretical foundations were established in 1965 by Professor Lotfi A. Zadeh, but were not
taken seriously at first. Initially applied in non-technical fields (commerce, law, medicine, etc.) to
enhance expert systems with decision-making ability, it was only later, mainly in Japan from 1985,
that it saw significant growth in control and regulation systems, being used for industrial problems in
energy, transport, machine tools, and robotics.

A. Structure of a fuzzy logic control:

Unlike classical control techniques, fuzzy logic control does not use well-defined or precise
mathematical formulas or relations. Instead, it handles inferences with several fuzzy rules based on
the fuzzy operators AND, OR, THEN, etc., applied to linguistic variables.

Xy

Fuzzy Logic Controll 5 ¥,

X2

x5 I Inference

Fuzzification Mechanism [ Defuzzification ———

Fig. I11.20: Internal structure of a fuzzy controller.

The most commonly used defuzzification method, that of determining the center of gravity of the
resulting membership function, is given by the following general relation:

100



CHAPTER III MODELING AND SIMULATION OF MOTOR SPEED CONTROL SYSTEMS

< = Z?:l XiHres (Xi)
0 Zin=1 Mres (Xi)

(111 41)

With:
X, element 1 of the base of p.s(x;) (1=1, ..., n)
I11.3.5.3 Neuro-Fuzzy control structure:

The joint use of neural networks and fuzzy logic makes it possible to combine the advantages
of both methods: the learning capabilities of the former and the readability and flexibility of the latter.
Various combinations of these two methods have been developed since 1988. They have given rise
to neuro-fuzzy systems, which are most often oriented toward the control of complex systems and
classification problems.

A. Methods of Neuro-Fuzzy combinations
» There are four main categories of combinations of neural networks with fuzzy logic:
Neural fuzzy network: fuzzy techniques enhance the learning capabilities of neural networks.

» Simultaneous neural/fuzzy system: the neural network and the fuzzy system work together on
the same task without influencing each other.

» Cooperative neuro-fuzzy models: the neural network determines the parameters (rules and
fuzzy sets) of a fuzzy system, which then operates on its own.

» Hybrid neuro-fuzzy models: the neural network and the fuzzy system are combined in a
homogeneous architecture; this is the most widespread form in practice.

Various combinations of these two methods have been developed since 1988. They have given rise
to neuro-fuzzy systems, which are most often oriented toward the control of complex systems and
classification problems.

I;—ﬁ\ Linguistic expressions

uzzy Logic

Linguistic data

Neural Networks Learning

\\%h__'_——’/

Numerical data

Fig. I11.21: Principle of the Neuro-fuzzy system

B. Integrated Hybrid Neuro-Fuzzy Systems

Integrated hybrid neuro-fuzzy systems constitute the most elaborate form of the neural
network—fuzzy logic association. Three main types can be distinguished.

Mamdani-type Integrated Neuro-Fuzzy Systems

The Mamdani-type neuro-fuzzy system uses backpropagation to learn the parameters of the
membership functions. It contains five layers:
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Layer 1 Input: transmits the input values directly to the next layer.

Layer 2 Fuzzification: each node computes the degree of membership of an input to a linguistic label.
A classification algorithm determines the initial number and type of the membership functions.

Layer 3 Antecedent rules: one node per rule computes the firing strength via a Min or product
operator.

Layer 4 Consequent rules: combines the antecedents and determines the degree of membership to the
output linguistic label.

Layer 5 Defuzzification: provides the crisp output using the center of gravity method.

Eussificstion I] iiferonce I IDefuzziﬂcation

(©)o(V)oo (V)

Fig. I11.22: Operating principle of a Mamdani-type Neuro-fuzzy network
Takagi-Sugeno-type Integrated Neuro-Fuzzy Systems

Takagi-Sugeno-type neuro-fuzzy systems combine backpropagation for the membership functions
and the least squares method for the linear coefficients of the rule conclusions. This system contains
six layers:

Layers 1, 2, 3: identical to the Mamdani-type system.

Layer 4 Normalization: computes the ratio of the firing strength of rule i to the sum of the firing
strengths of all rules.

Layer 5 Rule consequent layer: parameters determined by the least mean squares algorithm.
Layer 6 Inference: the single node computes the overall output by summation.
C. ANFIS System (Adaptive Network Fuzzy Inference System)

The ANFIS system is a class of adaptive network proposed by Jang. It is the most widely used
model in practice. Applications in signal processing, adaptive filtering, and motor control have been
carried out with this architecture. This architecture refines the fuzzy rules obtained from human
experts to describe the input-output behavior of a complex system. It is based on the first-order
Takagi-Sugeno inference model.

D. Presentation of the ANFIS Structure (Adaptive Network Fuzzy Inference System)

The ANFIS structure proposed by J-S.R. Jang is a five-layer structure. Consider a first-order
Sugeno-type system with two input variables xi, x> and one output y, whose rule base contains:
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Rule 1: If x11s At AND x2is B2, Thenyi =pi xi + q1 X2 + 11
Rule 2: If x1 1s A2 AND X218 B2, Then y2=p2x1 + Q2 X2 + 12

where pi, qi, i are the consequent parameters. The ANFIS network is a multilayer network with unit
weights (adaptive square nodes / fixed circular nodes):

©OF = f (0™, .0kt pgr,..) (I11.42)
Layer 1 Layer 4
| Layer2  Layer 3 .1‘113’2

u Layer s

.

i

Fig. I11.23: Architecture of the 5-layer ANFIS network
E. Conclusion:

Hybrid Neuro-fuzzy systems are mainly used when the mathematical model of the physical system
is difficult to develop; they exploit fuzzy rules derived from human expertise to model the dynamic
behavior of the system. Neuro-fuzzy-based control makes it possible to define a digital control law
based on the learning capabilities of the neural network and the readability and flexibility of fuzzy
logic. In this work, we used ANFIS because it overcomes the main limitations of fuzzy logic and
neural networks taken separately. Indeed, a purely fuzzy system cannot learn or automatically adjust
its membership functions and rules, which must be set manually by an expert, while a purely neural
network behaves like a black box that lacks interpretability. ANFIS combines the two approaches
within a single architecture: it keeps the readability and the linguistic interpretation of fuzzy logic,
while using the learning ability of neural networks to automatically optimize the parameters of the
membership functions and the rule consequents. This results in a more accurate, faster-converging,
and more reliable model, which justifies our choice of ANFIS.

I11.3.5.4 ANFIS-Based Adaptive Correction:

To improve the speed response under motor parameter variation, an ANFIS-based adaptive correction
was added to the fixed PI controller. In this control structure, the reference speed and the measured
speed are compared to generate the speed error. The PI controller provides the main control action,
while the ANFIS block generates an adaptive correction signal to compensate the effect of resistance
variation.

The corrected control signal is then used inside the scalar control subsystem to generate the frequency
and voltage references applied to the inverter. In this way, the PI + ANFIS structure improves the
robustness of the control system without changing the fixed PI gains.
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Fig. 1I1.20 shows the MATLAB/Simulink implementation of the PI + ANFIS adaptive control
structure used in this work.
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Fig. I11.24: MATLAB/Simulink implementation of the PI + ANFIS adaptive control structure.

The speed response obtained with the PI + ANFIS controller after resistance variation is shown in
Fig. II1.21. Compared with the fixed PI response, the overshoot is clearly reduced and the speed
follows the reference more smoothly. Att =15 s, when the reference speed changes from 80 rad/s to
100 rad/s, the adaptive controller provides a faster and more stable response with almost no steady-
state error.

120 _MAS Speed Response with Pl + ANFIS after 250% Resistance Variation
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Fig. I11.25: Speed response of the single-phase AC motor with PI + ANFIS after resistance
variation.
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These results confirm that the ANFIS-based correction improves the dynamic performance of the
control system and makes it more robust against motor resistance variation.

The ANFIS controller used in this work is a Sugeno-type fuzzy inference system. It has two inputs
and one output. The first input is the speed tracking error, defined as the difference between the
reference speed and the measured motor speed. The second input is the variation of the speed error.
The output of the ANFIS block is an adaptive correction signal added to the fixed PI controller output.

The adopted control law can be written as:

Ufinal) = Ucpp + Aucanris)

where upy) is the output of the fixed PI controller, Aucangis) is the adaptive correction generated by
the ANFIS controller, and u(gipay) is the final control signal applied to the scalar control stage.

The ANFIS structure contains three generalized bell membership functions for each input, which
gives a total of nine fuzzy rules. The output membership functions are linear, as commonly used in
Sugeno-type ANFIS systems. The training data were obtained from MATLAB/Simulink simulations
of the motor drive system and arranged in the form [input 1, input 2, output]. A total of 30000 training
samples were used.

The neural structure of the proposed ANFIS controller is shown in Fig. II1.22. This structure
illustrates the two input variables, the membership function layer, the rule layer, the normalization
layer, the consequent layer, and the final adaptive correction output.

ANFIS Neural Structure

input input mf rule normalize output mf output
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Input 2 MFs =3 9 fuzzy rules

Fig. I111.26: Neural structure of the proposed ANFIS controller.

The ANFIS was trained using the hybrid learning algorithm for 25 epochs. The final training error
was 0.0000845613, which indicates that the trained ANFIS was able to learn the required correction
behavior with good accuracy. After training, the obtained FIS file was inserted into the Simulink
model using the Fuzzy Logic Controller block.
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In this work, the PI gains were kept constant. Therefore, the improvement obtained with the PI +
ANFIS structure is due to the adaptive correction generated by the ANFIS block, not to a manual
retuning of the PI controller.

I11.3.5.5 Comparative Results between Fixed PI and ANFIS:

Fig. II1.21 presents the comparison between the fixed PI controller and the PI + ANFIS controller
after motor resistance variation. With the fixed PI controller, the speed response shows a noticeable
overshoot during the starting period and after the reference speed change at t = 5 s. This means that
the fixed controller is affected by the change in motor parameters.

After adding the ANFIS adaptive correction, the speed response becomes smoother and closer to the
reference. The overshoot is reduced, and the motor reaches the desired speed with better stability.
This shows that the ANFIS block improves the dynamic behavior of the system without manually
retuning the PI gains.

From this comparison, it can be concluded that the PI + ANFIS controller gives better performance
than the fixed PI controller under resistance variation. Therefore, the ANFIS-based correction is more
suitable for improving the robustness of the scalar V/f control system.

I11.4 Speed Control of a Three-Phase Induction Motor:
I11.4.1 Introduction:

The three-phase induction motor is widely used in industry due to its robustness, reliability,
and low maintenance. For variable-speed operation, scalar V/f control varies the stator voltage and
frequency together to keep the magnetic flux nearly constant and maintain torque capability. This
method is simpler than vector control but has lower dynamic performance, especially at low speeds
or during fast transients. The section presents the motor principle, models, slip, torque, V/f control
with PI controller, PWM inverter, and MATLAB/Simulink simulation results.

I11.4.2 Operating Principle of the Three-Phase Induction Motor:

A three-phase induction motor works through the interaction between the rotating magnetic field
produced by the stator and the currents induced in the rotor. The rotor speed is always slightly lower
than the synchronous speed, creating slip, which is necessary to induce rotor currents and produce
electromagnetic torque. Since motor speed mainly depends on stator frequency and torque depends
on flux and slip, speed control is achieved by varying frequency while adjusting voltage to maintain
the magnetic flux and torque capability.

I11.4.3 Parameter Identification of the Asynchronous Machine

To establish an accurate model of the three-phase induction motor, the electrical parameters of the
machine must be identified experimentally. This section presents the three classical tests used for this
purpose: the DC test for the stator resistance, the no-load test for the magnetizing inductance, and the
blocked-rotor test for the leakage inductances and the rotor resistance. The procedure used to
determine the moment of inertia and the friction coefficient is also presented.

I11.4.3.1 Stator Resistance Measurement (DC Test)

The stator resistance Rs is obtained by applying a DC voltage between two stator terminals and
measuring the corresponding current, in the same manner as for the DC machine armature resistance.
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I11.4.3.2 No-Load Test (Determination of the Magnetizing Inductance)

The motor is run unloaded at its nominal voltage and frequency (Vu, fn). Under this condition, the no-
load current Ip and the total active power Po are measured. The following quantities are then
calculated:

Qo = J(gvphaselo)z - P02
Qo

ST 30,l2

with  wg = 2nf,

Lg ~ M + Lg

where Qo is the no-load reactive power, Ls is the cyclic stator inductance, M is the magnetizing
(mutual) inductance, and L is the stator leakage inductance.

111.4.3.3 Blocked-Rotor Test (Determination of R, and Ly)

The rotor shaft is mechanically locked, and a reduced voltage V. is applied to the stator so as to reach
the nominal current I,. The voltage Uk, the current I, and the active power P are then measured.

The total resistance seen from the stator side is calculated as:

l:)C C

Ree = 3_1%
The rotor resistance is then deduced as:

R = R¢c — Rg

The total leakage reactance and leakage inductance are obtained from:

_ \/(3Vccln)2 - Pczc
cc — 3112l
ch

Le= —<
= o

Assuming the stator and rotor leakage inductances are equal, each is taken as half of the total leakage
inductance:

L¢
Lfs = Lfr = ?

111.4.3.4 Moment of Inertia and Friction Coefficient

The mechanical power dissipated by friction is obtained by subtracting the stator copper losses from
the total no-load active power:

Phec = Po — 3RSI(%

The corresponding total loss torque is then expressed as:
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2
C . PVide - RsIO
pertes -Qs

The moment of inertia J of the rotating assembly can be obtained either from the deceleration test,

. . AQ .
using the angular deceleration a = > or from the run-down time tgop:

Cpertes
(04

] =
- meectstop
0f

The friction coefficient f and the friction torque Crox are then deduced as:

f= Cfrott _ l:’mec
Qs 0%

P
Ctrote = %

S

I11.4.3.5 Power Measurement by the Two-Wattmeter Method

The active power absorbed by the induction motor (MAS) is measured using the two-wattmeter
method, in which two wattmeters are connected to two of the three supply lines, as shown in the
measurement set-up. The total active power is the sum of the two wattmeter readings:

Po=Pr=P1 +P3

The reactive power is obtained from the difference between the two readings:

Q= (P1 - Pz)
111.4.4 Basic Electrical and Mechanical Model:

The modeling of a three-phase induction motor is generally based on a balanced three-phase machine
supplied by sinusoidal voltages or by a PWM inverter producing quasi-sinusoidal voltages. For scalar
control, the model is usually simplified in order to obtain practical relations between the stator
voltage, the supply frequency, the magnetic flux, and the rotor speed.

For one stator phase, the electrical equation can be written as:
. d¥s
Vs = Rgig + TS (I11.43)

where v; is the stator phase voltage, Ry is the stator resistance, i is the stator current, and W is the
stator flux linkage. This equation shows that the applied stator voltage is used to overcome the
resistive voltage drop and to establish the magnetic flux in the machine.

In sinusoidal steady-state operation, this relation can be expressed approximately as:

V, = Ryl + jQ W, (111. 44)
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where ()4is the stator angular frequency. At medium and high frequencies, the resistive voltage drop
Rl is relatively small compared with the flux term. Therefore, the stator voltage can be

approximated by:
Vs = Q¥ (111. 45)
From this expression, the stator flux can be written as:
Vs
U ~ —
N .QS

This relation is very important in scalar control. It shows that the magnetic flux can be maintained
approximately constant if the ratio between stator voltage and stator frequency is kept constant. This
is the basic idea of the V/f control method.

The mechanical behavior of the induction motor is described by the dynamic equation:

J

where J is the moment of inertia, f is the viscous friction coefficient, ® m is the mechanical rotor

o,
dt

+ 0, = Cop — C, (I11.46)

speed, C,p, 1s the electromagnetic torque, and C, is the load torque. This equation shows that the
motor accelerates when the electromagnetic torque is greater than the load torque and decelerates
when the load torque becomes dominant.

In the Laplace domain, and by considering the net torque as the input and the rotor speed as the output,
the simplified mechanical transfer function becomes:

Q(s) _ 1
Cnet(s) o Js+f (IH 47)

This first-order mechanical model is useful for the design of the speed controller. In this work, it is
mainly used to justify the use of a PI controller in the scalar speed control structure.

I11.4.5 Speed, Slip, and Electromagnetic Torque:

The difference between these two speeds is represented by the slip. The slip is defined as:
Ns - Nr

S = NS

where s is the slip, N is the synchronous speed, and N, is the rotor speed. The slip can also be written
using angular speeds:
-Qs - -Qr

S = Q.S

Slip is necessary for torque production. If the rotor rotates at exactly the synchronous speed, there is
no relative motion between the rotating magnetic field and the rotor conductors. Therefore, no voltage
is induced in the rotor, no rotor current flows, and no electromagnetic torque is produced.

The electromagnetic torque of the induction motor depends mainly on the magnetic flux and the slip.
In a simplified form, this relationship can be expressed as:

Com X W2s (111 48)
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The torque capability of an induction motor depends strongly on the magnetic flux, so scalar control
keeps the flux nearly constant by maintaining a constant V/f ratio. For low slip values, torque
increases almost linearly with slip, but after reaching a maximum, it decreases. Therefore, scalar
control is suitable for standard industrial speed control, but less effective when a very fast torque
response is required.

I11.4.6 Scalar Control Strategy Based on V/f Law:

The scalar control strategy of a three-phase induction motor is mainly based on the relationship
between the stator voltage, the stator frequency, and the magnetic flux. The objective of this method
is to vary the motor speed by changing the supply frequency while keeping the magnetic flux
approximately constant.

From the simplified stator voltage equation, and by neglecting the stator resistance voltage drop at
medium and high frequencies, the stator voltage can be written as:

Vs = wgWs

Since the stator angular frequency is related to the supply frequency by:

wg = 2mfy
the stator flux can be expressed as:
Vs
5~ ot (I11. 49)

This equation shows that the stator flux depends on the ratio between the stator voltage and the stator
frequency. Therefore, in order to keep the flux nearly constant, the voltage must be varied
proportionally with the frequency. This gives the classical V/f law:

Vs

— = constant

fs
In practice, when the reference speed increases, the controller increases the supply frequency. At the
same time, the stator voltage is increased according to the V/f ratio. This allows the motor to operate
with an almost constant magnetic flux and to maintain a suitable torque capability in the nominal

operating range.

At low frequencies, the stator resistance voltage drop becomes more important and can no longer be
neglected. If a simple proportional V/flaw is used, the flux may decrease, which reduces the available
electromagnetic torque. To compensate for this effect, a low-frequency voltage boost can be added.
The voltage reference can then be written as:

V, =V, + K¢f, (111.50)

where Vjis the voltage boost used at low speed, and K_f'is the proportional coefficient of the V/f law.
This compensation improves the starting torque and helps the motor operate more correctly at low
speed.

The scalar control method is simple and easy to implement because it does not require a detailed
decoupling between flux and torque. However, its dynamic performance is limited compared with
vector control. For this reason, it is mainly used in applications where the speed variation is required
but a very fast torque response is not necessary, such as pumps, fans, and conveyor systems.
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In this work, the V/f control principle is used as the basic strategy for controlling the speed of the
three-phase induction motor. The supply frequency is adjusted according to the desired speed, and
the stator voltage is modified proportionally in order to keep the motor flux approximately constant.

I11.4.7 PI Speed Controller Design:

In scalar speed control, the PI controller is commonly used to reduce the error between the reference
speed and the measured motor speed. The controller acts on the control variable of the drive, usually
the reference frequency or the slip frequency, in order to adjust the motor speed toward the desired
value.

The speed error is defined as:

e(t) = Qrer(t) — Q. (D) (1I1.51)
where Q _ref is the reference speed and (), is the measured rotor speed. The PI controller generates a
control signal based on the proportional and integral actions. Its time-domain expression is:

u(t) = Kpe(t) +K; f e(t)dt (1. 52)

where K, is the proportional gain and Kjis the integral gain. The proportional action improves the
response speed by reacting directly to the instantaneous error. The integral action eliminates the
steady-state error by accumulating the error over time.

In the Laplace domain, the PI controller can be written as:
K
C(S) = Kp + ?

or equivalently:

C© =Ky (1+ Tis)

where T; is the integral time constant, defined by:

The design of the PI controller can be related to the simplified mechanical model of the motor. From
the mechanical equation, the speed dynamics can be approximated by a first-order system:

G _ 1
m(s)_]s_-l-f

where J is the moment of inertia and f'is the viscous friction coefficient. This simplified model shows
that the mechanical behavior of the motor is mainly determined by inertia and friction.

A classical tuning method consists of choosing the PI zero in order to compensate the mechanical
pole. The mechanical time constant is:

Therefore, the integral time constant of the PI controller can be selected as:
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After selecting the integral time constant, the proportional gain can be adjusted according to the
desired speed response. A higher value of K, generally gives a faster response, but it may also

increase overshoot and oscillations. The integral gain Kjis then calculated from:

In this work, the PI controller is used to improve the speed tracking of the three-phase induction
motor. The controller compares the reference speed with the measured rotor speed and generates the
control signal required by the scalar V/f control block. This structure allows the motor speed to follow
the reference while keeping the control method simple and suitable for MATLAB/Simulink
simulation.

111.4.8 Vector Control

Vector control, also known as field-oriented control, consists of decoupling the flux and the
electromagnetic torque of the induction motor, so that it can be controlled in a manner similar to a
separately excited DC motor. In this method, known as rotor-flux-oriented control, the d-axis of the
rotating reference frame is aligned with the rotor flux vector. This orientation forces the quadrature
component of the rotor flux to zero and allows independent control of the flux through the direct

stator current component and of the torque through the quadrature stator current component.
I11.4.8.1 State Variables

The state variables used to describe the induction motor model in the rotor-flux-oriented reference
frame are the direct and quadrature stator currents and the direct and quadrature rotor flux

components:
isd, 1sq, Yrd, Yrq
I11.4.8.2 Flux Orientation
The rotor-flux orientation condition is expressed as:
Yrd=Yr, Yrq=0 (IT1.53)

Under this condition, the rotor flux is entirely aligned with the d-axis, which simplifies the

electromagnetic torque expression and allows flux and torque to be controlled separately.

The resulting state-space model can be written in the general form:
X = Ax + Bu (I11.54)
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111.4.8.3 Electrical Equations (Stator Currents)

The stator current dynamics in the rotor-flux-oriented frame are given by:

disq : : K 1
dt = —Y - lgg + Wg * lSq + (T_r) 'qud + (O'_LS> * Vgd (IHSS)
digq | | 1
el —Wg"igqg — Vigg + K- w-Wq + (G—LS)-VSq (IIL. 56)
111.4.8.4 Magnetic Equations (Rotor Flux)
The rotor flux dynamics and the slip relation are given by:
Pra _ (M) i <1> g, 1157
dt - Tr ISd Tr rd ( " )
My
0 = (?)-15q — (g — w) WPy (I11. 58)
r
M (II1. 59)
Wy = Wg — W = i .
g * Ty - Wrq 5
with:
T, = =t I K= —2 R RM e
rTR 7 Lo L “o L’ YT o tonz (e
The electromagnetic torque is expressed as:
P-M ) .
Cem = — (Wra - isq — Prq - 1sa) (11 61)
r
Since the flux orientation imposes ¥Yrq = 0, the torque expression reduces to:
P-M ]
Com = I “Wra " lsq (111.62)
T

This relation shows that, once the rotor flux is fixed, the electromagnetic torque becomes directly
proportional to the quadrature stator current isq, which is the main principle exploited by rotor-flux-
oriented vector control: the rotor flux is regulated through isd, while the torque is regulated through

1sq, independently of each other.
I11.4.8.5 Transformation from abc to dq

The three-phase stator currents are first transformed into the two-phase stationary reference frame (o-

B) using the Clarke transformation:
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. L .
isq _ 2 _E _E] Isa
[isB] B 5'[ V3 3 '[I.Sb] (111 63)

The stationary-frame currents are then transformed into the rotating reference frame (d-q), aligned

with the rotor flux, using the Park transformation:

isq] _ [ cosBs sines].[isa]
[isq] B [—SineS cosBg] |isg (1I1. 64)

where 0s is the angular position of the rotor flux vector, obtained from the flux estimator.
111.4.8.6 Decoupling Technique

Because the d-axis and g-axis stator voltages are mutually coupled through the cross terms ws-cLs-isq
and ws-oLs-isd, a decoupling technique is applied to compensate for these coupling terms and to
allow the current loops to be designed independently. The final voltage references applied to the

machine are obtained as:

Vsdfinal = Vsdp1 — Ws * OLg - igq (111. 65)

) M
Vsq,final = Vsq,PI + wg-0oLg igq + wg- ¥ - (L_) (III. 66)
r

where vsd,PI and vsq,PI are the outputs of the direct and quadrature current PI controllers,
respectively. This compensation removes the coupling effect between the two axes, so that each

current loop behaves as a simple first-order system.
111.4.8.7 Current Loop

The transfer function of the stator current loop, after decoupling, is given by:

1
G; = 1. 67
with:
R, - M2
Ry = R, + —0 (IIL 68)
r

The current-loop PI controller is designed using pole-zero cancellation, with the following structure:

oL
Ci(s) = Kpc-<1 + ) ;T = — (111. 69)
TiC +S

The proportional and integral gains are calculated as:
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oL Kpe
K.. = , K. = I11. 70
pc TIC 1C TIC ( )

where tic is the desired current-loop time constant, chosen as tic = 1 ms.
111.4.8.8 Speed Loop

The mechanical equation of the motor is given by:

do
=0 = Cem — G = £:0 (111. 71)

which leads to the simplified speed-loop transfer function:

Ky
Gq(s) = ]_S (1IL. 72)
with Kt = (P-M/Lr)-W¥rd.
2. E. W - 02 -
TiQ = 10 'Tic ’ Kpg = % ’ Kig = II; ] (IH 73)
t t

with & = 0.7 and on = 3/tr, where tr = 10-tic is the desired speed-loop response time.

This cascaded structure, combining an inner decoupled current loop and an outer speed loop,
constitutes the rotor-flux-oriented vector control strategy implemented for the three-phase induction
motor in this thesis. The wvalidity of this control structure is confirmed through the
MATLAB/Simulink simulation results presented in section III.5, where the vector-controlled drive is
tested under nominal conditions and under parameter variation, using both a classical PI controller

and the proposed ANFIS controller.

II1.5 Speed Control of Three-Phase Induction Motor with Vector Control based
on (0-f) Axes:

Three-phase induction motors are the workhorses of industry due to their robustness, low cost, and
minimal maintenance requirements. However, their speed control is more complex than DC motors
because the rotor speed depends on both the supply frequency and the slip. Vector control (also known
as field-oriented control) provides a solution by decoupling the torque and flux components, allowing
independent control similar to a separately excited DC motor.

The vector control strategy based on the a-f reference frame uses the Clarke transformation to convert
three-phase quantities (a-b-c) into a two-phase stationary orthogonal reference frame (a-f). This
transformation is the first step in the vector control implementation and allows the representation of
the three-phase system in a simpler two-dimensional plane.
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II1.5.1 Block Simulink and Integration ANFIS Speed Controller

The ANFIS speed controller provides the torque reference C,,,, which is used to calculate the a-f3
current references. The relationship between electromagnetic torque and stator currents in the a-3
frame is given by:

Cem = P - (qjds lgs = Ws Ids) (111.74)

where:
* p: number of pole pairs.
* W45 W ys: rotor flux components in o-f3 frame.

The flux estimator computes the rotor flux components from the measured stator currents and
voltages using the machine model. The ANFIS controller adapts its output based on the speed error
and the estimated flux position to achieve optimal torque production.

In this section, an Adaptive Neuro-Fuzzy Inference System (ANFIS) is implemented for the vector
control of a three-phase induction motor. The ANFIS controller combines the learning capability of
neural networks with the reasoning capability of fuzzy logic, providing improved performance
compared to classical PI controllers, especially under parameter variations.
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Fig. I11.27: Simulink Block Diagram — ANFIS and PI Controller Integration
IT1.5.1.1 Interpretation of the Simulink Block Diagram:

This figure shows the complete Simulink implementation of the vector control system with dual
controller architecture:

- Speed Error Calculation: The difference between reference speed and measured speed (Omega)
is computed. This error feeds This error feeds both the PID and ANFIS controllers.

- ANFIS Controller: The Fuzzy Logic Controller block implements the trained ANFIS system. It
receives the speed error and its derivative (via Unit Delay) and produces an adaptive torque
reference.

-Manual Switch: Allows selection between PID and ANFIS control modes for comparative testing.
When switched to ANFIS, the system uses the neuro-fuzzy controller output.
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-Current reference calculation (subsystem 1): the torque reference (Cem) is converted to o-f
current reference (Igs, I45) using the rotor flux estimate (V).

-PWM Generation: The current references are processed through a PWM modulator (Mux6 —
Fuzzy Logic Controller — Saturation) to generate switching signals for the inverter.

-Data Logging: Multiple "To Workspace" blocks (data_pi, Cem_anfis, etc.) record simulation data
for post-processing and comparison between PID and ANFIS performance.

-The flux estimator (I 45, W 4,-) estime continuously computes the rotor flux position and magnitude
from measured stator currernts and voltages, providing the necessary information for coordinate
transformation and torque calculation.

II1.5.2 ANFIS Structure and Membership Functions:

ANFIS Control Surface (SUGENO, 25 rules)

150
100

50

output

-50

o

input2 ) input1

Fig. IT1.28:( ANFIS Surface)
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Fig. I11.29:( ANFIS input membership functions)
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ANFIS Architecture

MF1 inTmf1 in2mf1

I
e input|1 IOMEZRN in1mf2  in2mf2
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Fig. IT11.30:( ANFIS structure)
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Fig. I11.31:( ANFIS structure)

IT1.5.2.1 Interpretation of the ANFIS Properties:
This composite figure displays four essential views of the ANFIS controller:
-Membership Function Editor: Shows five Gaussian membership functions (inlmfl to inlmf5)
covering the input range [-220, 220]. These functions represent the fuzzy partitioning of the speed
error input. The smooth overlapping transitions ensure continuous control action without abrupt
changes.
- Fuzzy Logic Designer: Presents the overall Sugeno-type FIS architecture with 2 inputs, 25 rules,
and 1 output. The configuration uses product implication, max aggregation, and weighted average
defuzzification (wtaver), which is optimal for generating smooth control surfaces suitable for
gradient-based learning.
-ANFIS Model Structure: Illustrates the five-layer neural network architecture. Layer 1 contains
membership functions, Layer 2 computes rule firing strengths (25 "AND" nodes shown in blue),
Layer 3 normalizes activations, Layer 4 calculates linear consequences, and Layer 5 performs
defuzzification. This hybrid structure enables simultaneous optimization of membership function
parameters and rule consequents.
- Surface Viewer: Displays the 3D input-output mapping. The characteristic shape—a flat region
near zero error for steady-state precision and steep slopes for large errors provides both fine control
near the setpoint and aggressive response during transients.
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II1.5.3 Simulation Results and Interpretation :
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Fig. I11.32: Speed responses — Nominal conditions (J = Jnom, f = fnom)
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Fig. I11.33: Torque responses — Nominal conditions (J = Jnom, f = fnom)

I11.5.3.1 Interpretation of Speed and Electromagnetic Torque Responses for Variable Speed
Drive with Vector Control and ANFIS Controller:

1. The two figures present the performance of an electric motor supplied by a variable speed drive
using the vector control technique under nominal conditions, where J = Jnom and f = fnom.

2. The variable speed drive is responsible for controlling the motor speed by adjusting the voltage
and frequency applied to the machine.

3. With vector control, the drive separates the control of flux and electromagnetic torque, which
gives a fast and accurate dynamic response.
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4. In the speed response, the reference speed is initially about 1450 rpm and then decreases
suddenly to about 580 rpm att=75s.

5. Both PID and ANFIS controllers allow the variable speed drive to track the reference speed
correctly.

6. However, the PID controller produces a noticeable overshoot at start-up, where the speed reaches
nearly 1500 rpm.

7. This overshoot means that the variable speed drive applies a strong control action, which can
increase electrical and mechanical stress.

8. The ANFIS controller improves the behavior of the variable speed drive by providing a smoother
speed response with reduced overshoot.

9. Att=5 s, when the speed reference decreases, ANFIS helps the drive reach the new speed more
stably and with fewer oscillations.

10. In the torque response, the variable speed drive generates a high electromagnetic torque at start-
up to accelerate the motor.

11. With PID control, the torque peak is sharper, which may cause torque ripples and stress on the
motor shaft.

12. With ANFIS control, the electromagnetic torque becomes smoother during both acceleration
and braking phases.

13. This smoother torque response reduces vibrations, current peaks, and mechanical constraints in
the motor-drive system.

14. Therefore, ANFIS has a positive effect on the vector-controlled variable speed drive by
improving stability, robustness, speed tracking, and overall dynamic performance.
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Fig. 111.34: Speed responses — Perturbed conditions (J = 1.5 Jnom, f= 1.5 fnom)
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Fig. I11.35: torque responses —Perturbed conditions (J = 1.5 Jnom, f=1.5 fnom)

I11.5.3.2 Interpretation After Changing J and f for Variable Speed Drive with Vector Control
and ANFIS Controller:

1. The two figures show the behavior of an electric motor supplied by a variable speed drive using
vector control after changing the mechanical parameters, where J = 1.5 Jnom and f= 1.5 fnom.

2. This increase in inertia and friction makes the motor-drive system more demanding because the
motor needs more torque to accelerate and decelerate.

3. The variable speed drive controls the motor speed by adjusting the voltage and frequency applied
to the machine through the inverter.

4. With the vector control technique, the drive separately controls the flux and torque components,
which improves the dynamic response even under parameter variations.

5. In the speed response, the reference speed is initially about 1450 rpm and then decreases suddenly
to about 580 rpm att =15 s.

6. Both PID and ANFIS controllers allow the variable speed drive to follow the reference speed
despite the increase of J and f.

7. However, the PID controller presents a visible overshoot at start-up, where the speed exceeds the
reference and reaches nearly 1550 rpm.

8. This overshoot shows that the variable speed drive with PID applies a strong control action, which
may increase current peaks and mechanical stress.

9. The ANFIS controller improves the behavior of the drive by giving a smoother speed response
with reduced overshoot and better damping.

10. At t =5 s, when the reference speed decreases, ANFIS helps the variable speed drive reach the
new speed more smoothly and with fewer oscillations.
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11. In the electromagnetic torque response, a high starting torque is produced to overcome the higher
inertia and accelerate the motor.

12. With PID control, the torque peak is sharper and reaches a high value, close to 90 N.m, which can
produce torque ripples and stress on the motor shatft.

13. With ANFIS control, the torque variation is smoother during acceleration and braking, which
reduces vibrations, current peaks, and mechanical constraints.

14. Therefore, ANFIS has a positive effect on the vector-controlled variable speed drive by improving
robustness, stability, speed tracking, and torque smoothness under increased J and f conditions.

111.5.3.3 Effect of Motor Resistances and J/f Variations

» Comparative analysis of both scenarios:

In the studied motor-drive system, the electric motor is supplied by a variable speed drive using vector
control. The variation of J and f indirectly reflects the influence of parameter changes, including the
effects related to stator and rotor resistances, on the dynamic behavior of the drive. Increasing the
inertia J slows down the mechanical response of the variable speed drive system, while increasing the
friction f adds additional damping and modifies the closed-loop system poles. Therefore, the drive
must generate a more suitable torque and current response to maintain good speed tracking under
these variations.

> ANFIS Controller Robustness:

The ANFIS controller improves the robustness of the vector-controlled variable speed drive because
the neuro-fuzzy system was trained on a dataset covering different operating conditions. This allows
it to learn the nonlinearities and uncertainties of the motor-drive system. Thanks to this adaptation
capability, ANFIS can maintain stable speed regulation and smoother electromagnetic torque even
when J, f, or motor resistance effects vary, without requiring gain retuning.

> PID Controller Limitations:

The classical PID controller is generally designed for a nominal operating point of the variable speed
drive. When the system parameters deviate from their nominal values, the PID performance can
degrade because the fixed gains Kp and Ki cannot fully compensate for changes in the mechanical
time constant and motor-drive dynamics. As a result, the drive may present higher overshoot, sharper
torque peaks, and more oscillations compared with the ANFIS-based control.

> Positive effect on the variable speed drive:

By integrating ANFIS into the speed control loop, the variable speed drive becomes more adaptive
and more efficient under parameter variations. The drive can better regulate the voltage, frequency,
and torque-producing current required by the motor. Consequently, the ANFIS-based variable speed
drive provides improved stability, reduced mechanical stress, smoother torque response, and better
tracking of the reference speed than the conventional PID controller.

111.5.4 Conclusion:

The study of d-q vector control applied to an induction machine supplied by a Variable Frequency

Drive (VFD) and controlled by an ANFIS controller has highlighted the significant advantages of this
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intelligent approach compared to classical PI control. In this drive system, the VFD plays a central
role because it adjusts the voltage and frequency applied to the induction motor through the inverter,
allowing accurate speed regulation under different operating conditions.

The electromagnetic torque relation as a function of rotor flux and stator currents in the a-f reference
frame:

Cem = p - (Was - Iqs - qus' las)

constitutes the theoretical foundation of vector decoupling, enabling independent control of torque
and flux. This decoupling allows the VFD to control the induction machine with high dynamic
performance, similar to a separately excited DC motor.

The ANFIS architecture, combining the learning capabilities of neural networks and fuzzy reasoning,
enables automatic adaptation to parameter variations and operating condition changes. This adaptive
capability improves the behavior of the VFD by generating more appropriate control actions without
requiring manual retuning of controller parameters. Such a characteristic is particularly valuable in
industrial applications, where machine parameters and load conditions may vary over time.

In conclusion, ANFIS-based a-f vector control integrated into a Variable Frequency Drive represents
a high-performance and robust solution for speed control of induction machines. It offers an excellent
compromise between implementation complexity and superior dynamic and static performance
compared to the classical PI regulator. By improving speed tracking, reducing overshoot, limiting
torque oscillations, and enhancing robustness against parameter variations, ANFIS allows the VFD
to operate more efficiently, smoothly, and reliably.

The comparative simulation between the classical PI controller and the ANFIS controller applied to
the indirect vector control of an induction machine supplied by a VFD shows that ANFIS achieves
the best overall performance. Indeed, the settling time is reduced by 28%, from 0.703 s with the PI
controller to 0.506 s with the ANFIS controller, which represents a major advantage for VFD-based
systems requiring a fast dynamic response. Furthermore, ANFIS exhibits superior robustness against
variations in mechanical parameters, especially with a 50% increase in the inertia (J) and viscous
friction coefficient (f), while maintaining accurate speed tracking and stable operation with virtually
no performance degradation. The residual steady-state error of ANFIS, approximately 1% of the
reference value, remains acceptable and can be further reduced by enriching the training data of the
neuro-fuzzy system.

Furthermore, the robustness of the proposed ANFIS controller was evaluated under significant
electrical parameter variations in the DC motor drive. The armature resistance (R,) and the field
resistance (Rf) were intentionally increased to assess the controller performance under parameter
uncertainties. The simulation results showed that the conventional PI controller suffered from a
noticeable degradation in speed tracking accuracy and exhibited a significant steady-state error. In
contrast, the ANFIS controller maintained accurate reference tracking and preserved the desired speed
with negligible steady-state error. These results demonstrate the superior capability of ANFIS to
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compensate for electrical parameter variations and maintain stable operation without requiring
controller retuning.

Therefore, the proposed ANFIS control strategy demonstrates strong robustness against both
electrical parameter variations in the DC motor ((R,, Rr)) and mechanical parameter variations in the
induction motor ((J, f)). The intelligent learning capability of ANFIS enables the control system to
maintain high performance, stability, and tracking accuracy despite significant changes in machine
parameters and operating conditions.

Therefore, the integration of ANFIS into the control loop of a vector-controlled VFD significantly
improves the global performance of the induction motor drive. The obtained results demonstrate that
ANFIS not only provides faster dynamic response and better reference tracking than the conventional
PI controller, but also maintains high performance under significant electrical and mechanical
parameter variations. This confirms that the proposed ANFIS-based VFD is a promising solution for
industrial variable-speed applications requiring fast response, robustness, stability, adaptability, and
high control accuracy.

II1.5.5 Hardware Architecture:

Fig I11.36: Hardware Architecture: Inverter Bridge for Three-Phase and Single-Phase Motor Control.

Interpretation: Using a single inverter bridge to drive both types of motors (three-phase and single-
phase) demonstrates the flexibility of VFD control and its ability to adapt to different mechanical
loads according to the requirements of the industrial application.
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I11.5.6 Practical Implementation Results :
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Fig. 111.37 - Experimental results

Speed reference: 87 %

The experimental results are obtained using a PWM-controlled series
chopper based on the IGBT G15T60. The Arduino generates a 5V PWM
signal, which is amplified to approximately 15 V to ensure proper gate
driving of the IGBT.

The LCD display indicates Speed: 87% and PWM: 2789/3199,
corresponding to a duty cycle of about 87.2%. The measured armature
voltage is approximately 110 V, while the field excitation voltage is
approximately 48.1 V. The oscilloscope waveforms confirm the correct
PWM switching operation of the chopper and validate the separately
excited DC motor drive.

PWM - IGBT G15T60 - Separately excited DC motor

Fig. I11.37 results for a speed reference of 87% using a PWM-controlled

Fig. II1.37 For a speed reference of 87%, the motor speed reaches approximately 1149 rpm, with an
armature current of about 1.32 A. The PWM value is 2789/3199, corresponding to a duty cycle of
about 87.2%. These results show that a higher PWM duty cycle produces a higher motor speed,
confirming the correct operation of the speed control system.
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Fig. 111.38 - Experimental results

Speed reference: 67 %

The experimental results are obtained using a PWM-controlled series chopper based on the IGBT G15T60. The Arduino
generates a 5 V PWM signal, which is amplified to approximately 15 V to ensure proper gate driving of the IGBT.

The LCD display indicates Speed: 67% and PWM: 2173/3199, corresponding to a duty cycle of about 67.9%. The measured
armature voltage is approximately 110.3 V. The oscilloscope waveforms confirm the PWM switching operation of the
chopper and validate the correct operation of the speed drive for the separately excited DC motor.

PWM - IGBT G15T60 - Separately excited DC motor

Fig. I11.38 Interpretation of Experimental Results (Duty Cycle = 67%, Armature Voltage =110 V)

Fig. II1.38 For a speed reference of 67%, the motor speed decreases to approximately 837 rpm, with
an armature current of about 2.28 A. The PWM value is 2173/3199, corresponding to a duty cycle of
about 67.9%. The decrease in speed compared with the 87% test confirms the effect of reducing the

PWM duty cycle on the motor drive.
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Fig. 111.39 - Experimental results

Speed reference: 57 %

The experimental results are obtained using a PWM-controlled series
chopper based on the IGBT G15T60. The Arduino generates a 5V PWM
signal, which is amplified to approximately 15 V to ensure proper gate
driving of the IGBT.

The LCD display indicates Speed: 57% and PWM: 1826/3199,
corresponding to a duty cycle of about 57.1%. The measured armature
voltage is approximately 110.6 V. The oscilloscope waveforms confirm
the PWM switching operation of the chopper and validate the correct
operation of the speed drive for the separately excited DC motor.

PWM - IGBT G15T60 - Separately excited DC motor

Fig. I11.39 Interpretation of Experimental Results (Duty Cycle = 57%, Armature Voltage = 110 V)

Fig. I11.39 For a speed reference of 57%, the motor speed is approximately 674 rpm, with an
armature current of about 2.31 A. The PWM value is 1826/3199, corresponding to a duty cycle of
about 57.1%. These results confirm that lowering the PWM duty cycle reduces the motor speed,
while the current remains sufficient to maintain motor operation under load.
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Addition of Current and Speed Sensors
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Current measurement LCD display: speed and current feedback
Current sensor - Speed sensor - Arduino feedback display

Fig. I11.40 sensors allow real-time feedback of the DC motor operating conditions
Interpretation: The two added sensors allow real-time feedback of the DC motor operating conditions.
The current sensor measures the motor armature current, while the speed sensor provides the
rotational speed in rpm. The LCD display shows a speed of approximately 1070 rpm, a measured
current of about 0.34 A, and a reference speed of 1069 rpm.

The close agreement between the measured speed and the reference speed confirms the correct
operation of the speed sensor and the control system. The measured current indicates the electrical
load of the motor during operation. These results show that the integration of the current and speed
sensors improves monitoring and allows better supervision of the separately excited DC motor drive.
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This thesis addressed the study and design of an intelligent speed controller for electric
motors, with the aim of improving the dynamic response and robustness of motor drives compared
with classical PI/PID regulation. To achieve this objective, three representative machines were
considered: the separately excited DC motor, the single-phase induction motor, and the three-phase
induction motor. Each machine was mathematically modeled from its electrical, electromechanical,
and mechanical equations, and its associated power converter and control structure were developed
and simulated in MATLAB/Simulink under different operating conditions. This progressive
approach, from the fundamentals of electrical machines and drive architecture to detailed modeling
and simulation, allowed the proposed control strategy to be validated on machines of increasing
complexity.

For each machine, a conventional PI or PID controller was first implemented as a reference,
after which an ANFIS-based intelligent controller was designed and integrated into the same
control loop, either as a direct speed regulator or as an adaptive correction added to the PI structure.
In every case, the neuro-fuzzy controller was able to learn the nonlinear behavior of the motor-
converter system and to generate more appropriate control actions without requiring manual
retuning of the controller gains. This confirms that the ANFIS approach can be applied consistently
across DC and AC drives, regardless of the differences in their mathematical models and control
strategies.

The simulation results obtained throughout the thesis show a clear and consistent
improvement brought by the ANFIS controller over the classical approach. For the three-phase
induction motor under indirect vector control, the settling time was reduced by about 28%, from
0.703 s with the PI controller to 0.506 s with the ANFIS controller, while the residual steady-state
error remained close to 1% of the reference value. When the mechanical parameters were increased
by 50% (inertia J and viscous friction coefficient f), the ANFIS controller maintained accurate
speed tracking with almost no performance degradation, whereas the PID controller exhibited a
larger overshoot and a sharper, more oscillatory torque response. Similar robustness was observed
for the DC motor drive, where increasing the armature and field resistances caused the PI controller
to develop a noticeable steady-state error, while the ANFIS controller preserved the desired speed
with negligible deviation. For the single-phase induction motor operating under scalar V/f control,
adding an ANFIS-based correction to the fixed PI controller reduced the overshoot caused by motor
resistance variation and produced a smoother, more stable speed response. Taken together, these
results demonstrate that the proposed intelligent controller consistently improves speed tracking
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accuracy, reduces overshoot and torque ripple, and increases robustness against both electrical and
mechanical parameter variations, without sacrificing the simplicity of the underlying control
structure.

Beyond the simulation study, the practical relevance of the proposed approach was also
illustrated through a hardware implementation. A common inverter bridge architecture was shown
to be adaptable to both single-phase and three-phase motor control, reflecting the flexibility
required in real industrial drives. In addition, a DC motor prototype was built and tested at different
PWM duty cycles, and the measured speed and current values obtained through the integrated
sensors closely matched the reference values used in the simulations, which supports the validity
of the modeling and control approach developed earlier in the thesis. This link between simulation
and hardware testing strengthens the practical significance of the work, since intelligent controllers
are often evaluated only in simulation, without physical confirmation of their behavior.

From an industrial point of view, the ability of the ANFIS controller to adapt automatically
to parameter uncertainties and load variations is particularly valuable, as machine parameters and
operating conditions rarely remain constant in real installations. Reducing the need for manual gain
retuning, while at the same time improving speed regulation and reducing mechanical stress on the
motor shaft, directly addresses common limitations of classical PI/PID-based variable speed drives
used in conveyor systems, pumps, fans, and other variable-load industrial applications.

Several directions can be considered to extend this work. The experimental validation,
currently limited to the DC motor, could be extended to the single-phase and three-phase induction
motors using a suitable microcontroller or DSP platform capable of running the ANFIS algorithm
in real time. The training data used for the neuro-fuzzy system could also be enriched with
additional operating scenarios in order to further reduce the residual steady-state error observed in
the vector-controlled induction motor drive. Finally, it would be of interest to compare the ANFIS
controller with other intelligent or adaptive strategies, such as sliding mode control or
reinforcement learning-based controllers, and to evaluate the proposed approach under real
industrial load profiles, in order to confirm its performance beyond the simulated and laboratory
conditions considered in this thesis.
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