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Notation and symbols

Noteotion dnd symbels

Sa, S and S¢: the magnetic axes of the stator phases.

Ra, Rp and R¢: the magnetic axes of the rotor phases.

[Vsabc] et [Vranc]: Stator and rotor voltage vectors respectively.

[isabc] et [irabc]: Stator and rotor current vectors respectively.

[Wsabc] et [Wranc]: Stator and rotor flux vectors respectively.

[Rs] et [Rr]: The stator and rotor resistance matrices respectively

[Ls] et [Lr]: Are the stator and rotor inductance matrices respectively.

[Msr]: The mutual inductance matrix that corresponds to the effect of the rotor on the stator.
[M+s]: The mutual inductance matrix that corresponds to the effect of the stator on the rotor.
L1: The stator self-inductance.

M1: Mutual inductance between the stator phases.

L»: Rotor self-inductance.

M>: Mutual inductance between the rotor phases.

Ls = L1 — M1.: Stator cyclic inductance.

Lr = L2 — M2: Rotor cyclic inductance.

Lm = 3/2 Mmax : Cyclic mutual inductance between the stator and the rotor.

Mmax: Maximum mutual inductance between the stator and the rotor when their axes coincide.
Tem: The electromagnetic torque of the machine.

Tr: The resistive torque of the mechanical load.

J: The moment of inertia.

f: The coefficient of friction.

Q: The mechanical rotational speed.

Qn: The nominal mechanical rotational speed. Qs: The synchronous speed.

g: Slip

[Tap]: Concordia transformation matrix.

we: The electrical rotational speed of the rotor.

ws: Stator pulsation.

wg: Slip pulsation.

Vs: Stator voltage.

Rs: The stator resistance.

R»: The rotor resistance.

R;": rotor resistance brought back to the primary.

np: even number of the pole.

Temax: Max. electromagnetic torque.

wcoor: the electrical rotation speed of the two-phase system U, V relative to the stator.

a, b, c: The indices of the axes of the three-phase system.

U, 7,0: The indices of the axes of the two-phase system.

a, (3. the indices of the axes corresponding to the reference frame linked to the stator.

d, q: the indices of the axes corresponding to the reference frame linked to the rotating field.
X, Y: the indices of the axes corresponding to the rotor reference frame.



Notation and symbols

V1, V2, V3: the voltages of the three-phase network system.
Ureq: the instantaneous voltage at the rectifier output.
Vmax: Maximum value of the network voltage.

Ut the voltage at the filter output.

L: The filter current smoothing inductance.

C: The filter voltage smoothing capacitor.

f: frequency.

Si: the three arms of the inverter or "i=1, 2, 3".

P: Laplace operator.

1. The time constant. tr; Rotor time constant. o: the dispersion coefficient.

[X]: The state vector.
[A]: State matrix.
[U]: The input or control vector.
[B]: Input or control matrix.
|| Ws:||: modulus of the stator flux vector.
|| ¥,:||: modulus of the rotor flux vector.
&: angle between the stator and rotor flux vectors.
Te: sampling time.
P, is the initial stator flux vector.
WP, : the stator flux vector.
Vo Stator voltage in a coordinate.
Vp: Stator voltage in B coordinate.
isB: Stator flux in B coordinate.
Vdc: DC voltage.
A: The sector in which the vector Fs lies.
Ws rer: The stator flux reference value.
AW¥s: The hysteresis band width of the stator flux corrector.

Cflx: Represents the output state of the stator flux comparator.

Tem ref: The electromagnetic torque reference value.
FOC: Field Oriented Control.

DTC: Direct Torque Control.

IM: induction Machine.

PMSM: Permanent magnet, synchronous motor.
PWM: Pulse Width Modulation.

Other symbols used are defined in the text.



List of figures

List of Yeables ¢and Figeres

Figure 1.1: A state of the art Three phase induction machine..........................ooooel.

Figure 1.2: Induction motor cutaway view with labels...................ool,
Figure 1.3: Wound rotor in induction machine................ccooiiiiiiiiiiiiii e,
Figure 1.4: Squirrel cage rotor in induction machine...................cocoiiiiiiin,
Figure 1.5 : Vector Representation of the Windings of the Asynchronous Machine..........
Figure 1.6: Three-phase and two-phase stationary reference frames...........................
Figure 1.7 : vectors in Park transformation.....................ooiiiiiiii
Figure 1.8: Representation of the inverter IM assembly.................cooooiiiiiiiin..
Figure 1.9: Voltage vector and phase level sequences of a 2-level inverter....................

Figure 1.10: Principle of triangular sinusoidal PWM.................ocooiiiiii

Chaptre 02

Figure 2.1 : torque/speed characteristic for different supply voltages..........................
Figure 2.2 : Schematic diagram of the decoupling of the IM by analogy with the MCC............

Figure 2.3 : Principle of VeCtor Control............cooiiiiiii e

Figure 2.4 : Direct vector control of an asynchronous machine ................................

Figure 2.5 : Indirect vector control of an asynchronous machine...............................

Chapter 03

Figure 3.1: The DTC command Strategy.........ooveuiiriirit e
Figure 3.2 : Evolution of the tip of Ws(t) assuming Rs.Is is negligible.......................

Figure 3.3 : Tow-level hysteresis comparator for stator flux control...........................
Figure 3.4: Three-level hysteresis comparator for electromagnetic torque control...................
Figure 3.5: Voltage vector selection when the stator flux vector is located in sector i......
Figure 3.6 : Voltage space Vector in 12 SECtOrS CASE.......vveurereeriitieeeeeaneieianaananns

Figure 3.7: Global control scheme of basic direct torque control...............................



List of figures

Figure 3.8 :Rotor speed response at the starting up and steady states with no load

APPIICALION. .. 48
Figure 3.9: Electromagnetic torque with no load application of ON.m ....................onl. 48
Figure 3.10: Stator flux magnitude. ... ... ..o 49
Figure 3.11:Stator PRase CUMENTS Tsa. ... uvueeenee ettt ettt e 49
Figure 3.12: ZOOM in Stator FIUX.......o.oniei e e, 50
Figure 3.13:Rotor speed response at the starting up and steady states with load application......... 51
Figure 3.14:Stator flux magnitude ........ ..o 51
Figure 3.15:Electromagnetic torque with no load application of 5N.m at 3.5s..................... 51
Figure 3.16 :Stator phase CUMENT fsa.......voueirit it e, 52
Figure 3.17: ZOOM of stator phase CUMTeNt ISA. ... .....ovineiiiii e e, 52
Figure 3.18:Rotation sense’s reversing: rotor speed (1000rpm ,—1000rpm).............cooeevenenne. 53
Figure 3.19: Rotation sense’s reversing: ZOOM in rotor speed the 6 and 12 (1000rpm
000 o] 0 ) TSROSO PT U URPPPROPPPI 54
Figure 3.20 :Rotation sense reversing: stator flux (Wh).............oooiii 54
Figure 3.21 :ZOOM in stator phase Flux (WD)..........ooeiiiii e 55
Figure 3.22 :Rotation sense reversing : Electromagentictorque...............cooooiviiiiininnnn.. 55
Figure 3.23 :Rotation sense reversing: Stator phase CUrrents..............ccooeivieriiiiiieinnennnn.. 55
Figure 3.24: Rotation sense reversing: Stator phase current Isa [A].........ccoooviiiiiiiii.... 56
Figure 3.25 Speed variation without load: rotor speed (1000rpm to1300rpm)....................... 57
Figure 3.26:stator phase flux (Wh).......ooiii e 58
Figure 3.27: Electromagentic torque [N.M]...coooeeri e, 58
Figure 3.28: Stator phase current 15a Isp Isc [A]... v oviieieini e, 59
Figure 3.29: Speed variation with load: rotor speed (1000rpm t01300rpm)............cccvvnee... 59
Figure 3.24: Electromagentic torque [N.M]......oooriiiiii e 60
Figure 3.25 stator phase flux (WD)........ooiri e 60
Figure 3.26 Stator phase current 1sa lso Isc [A]....noreniiii e 60
Chapter 04
Figure:4.1:1m experimental platform (Lab. LGEB)............ccciiiiiiiiiiieee, 59

Figure 4.2Three-phase POWer SUPPLY......oiuiinitiie e, 59



List of figures

FIQUIE 4.3:30V POWeT SUPPLY ... et ittt e e 60
Figure 4.4 :IM and DFIM used as 10ad.............oooiiiiiiiiiii e, 60
FIQUIE 4.5:CUITENE SENSOT ...\ttt ettt ettt et ettt e et et e ettt et et ettt et e e e et e e aneaeas 61
Figure 4.6 Oscilloacope teKtOIONIX 4 VOICA. ... ...uouiritint ittt et et et er e aeeaan 62
Figure 4.7:Block diagram of the experimental platform..................coiiii i, 62
Figure 4.8: Composition of the DS1104 Card...........c.coovriiiiiiiiii e, 64
Figure 4.9: Electromagnetic Torque and Speed (No Load and With Speed Variation)............. 66
Figure 4.10: Zoom on the Steady-State of Stator Currents..............cccooeviiiiiiiiiiieeene. 67
Figure 4.11:reference flux, ch2 :real flux, ch3 et ch4 are the flux components...................... 68
Figure 4.12:Evolution of Stator Flux Components (No Load and With Speed Variation)......... 69
Figure 4.13: Electromagnetic Torque and Speed( Speed Variation with Load)..................... 70
Figure 4.14:Stator Current Isa Ish Isc (Under Load Conditions)...........c.coeviiiiiiniiiniiniinnnn. 71
Figure 4.15 :the real and reference flux, Wsa,6 and 12 SECtOr...........c.ovviviiriiniiiiininannn.. 72

Figure 4.16:Z00M IN the real and reference flux, Ws,6 and 12 sector.....................oeeene. 72



Abstract

Résume-Abstract- o=l

Abstract:

The induction motor has become increasingly prominent in variable speed drive applications
due to its robustness, low processing cost, and simple construction. In this study, we focused on
the Direct Torque Control (DTC) method for controlling induction motors. Originally proposed
by Takahashi in 1985 as an alternative to the Field-Oriented Control (FOC) strategy, DTC offers
a direct approach to controlling torque and flux without requiring complex transformations or
current regulators. While FOC provides excellent dynamic and steady-state performance, it is
sensitive to parameter variations caused by temperature changes and magnetic saturation. This
drawback has driven researchers to explore more robust alternatives like DTC.

In our comparison between DTC using 6 sectors and DTC with 12 sectors, simulation results
clearly showed that increasing the number of sectors significantly reduces torque and flux ripples.
The 12 sector DTC provides improved dynamic response and better stability, especially under
load variations, compared to the traditional 6 sector approach.

Résumeé:

Le moteur asynchrone est devenu de plus en plus utilisé dans les applications a vitesse
variable en raison de sa robustesse, de son faible codt de traitement et de sa construction simple.
Dans cette étude, nous nous sommes concentrés sur la méthode de Commande Directe du Couple
(DTC) pour le contrdle des moteurs asynchrones. Proposée initialement par Takahashi en 1985
comme alternative a la stratégie de Commande Vectorielle (FOC), la DTC offre une approche
directe du contr6le du couple et du flux sans nécessiter de transformations complexes ni de
régulateurs de courant. Bien que la FOC offre d’excellentes performances dynamiques et en
régime permanent, elle reste sensible aux variations de parametres causées par les changements de
température et la saturation magnétique. Cette limitation a conduit les chercheurs a explorer des
alternatives plus robustes, telles que la DTC.

Dans notre comparaison entre la DTC a 6 secteurs et celle & 12 secteurs, les resultats de
simulation ont clairement montré que I’augmentation du nombre de secteurs réduit
significativement les ondulations du couple et du flux. La DTC a 12 secteurs présente une
meilleure réponse dynamique et une stabilité accrue, notamment en présence de variations de
charge, comparée a I’approche traditionnelle a 6 secteurs.
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General introduction

General introduction

Today, AC machines have largely replaced DC machines in industry due to their reliability
and low maintenance. Induction motors, especially squirrel cage types, are widely used for their

cost-effectiveness and durability in various applications, including EVs and industrial drives [1].

In the early stages of their use, induction motors were directly connected to the grid,
operating at a fixed frequency and speed. However, with the advancement of modern
semiconductor technology and power electronic converters, these machines have evolved to
support variable frequency and speed operation. This is achieved by powering them through
converters such as the voltage source inverter (VSI) [1].

For basic applications, using a variable speed motor drive in open-loop control can deliver
satisfactory steady state performance without the need for speed regulation. However, in
applications that demand fast dynamic response and precise speed control, open-loop control
becomes inadequate. In such cases, closed-loop operation of the motor is essential. Various
control techniques have been developed for this purpose and are generally categorized into scalar
control and vector control methods

Scalar control, also known as the volts per hertz (\V/f) method, is a straightforward approach
for controlling the speed of induction motors. It maintains a constant ratio of voltage to frequency
using the motor's steady-state equivalent circuit. Despite its simplicity, this method is unsuitable
for high-performance applications due to its slow dynamic response and the coupling between
torque and flux.

To address these limitations, vector control also referred to as field-oriented control (FOC)
was introduced in the 1970s by Hasse and Blaschke. This technique enables independent control
of torque and flux, similar to a separately excited DC motor. By representing motor quantities in
a rotating reference frame, vector control facilitates effective operation under both steady-state
and dynamic conditions, offering improved transient performance, In FOC, the transformation to
the synchronous reference frame converts all motor variables into DC quantities, simplifying
control. However, FOC has its drawbacks: it requires coordinate transformations that depend on
the rotor flux angle, which cannot be directly measured. Additionally, the control performance is

sensitive to variations in machine parameters such as stator and rotor resistance.

1



General introduction

Direct Torgue Control (DTC) for induction machines was introduced in the mid 1980s by
Takahashi and Depenbrock. Compared to vector control, DTC is less sensitive to variations in
machine parameters, and its control strategy is simpler due to the elimination of pulse-width
modulation (PWM), current controllers, and Park transformations. Additionally, it does not rely
on PI controllers, which can enhance dynamic performance and avoid issues associated with Pl
saturation. DTC enables efficient motor operation and delivers fast and precise torque control. Its
concept is based on the direct selection of switching states for the voltage inverter connected to
the motor. This selection is determined using a switching table in combination with two hysteresis
controllers, which are responsible for regulating the stator flux (ps) and the electromagnetic
torque[1].

The distinction between 12 sector and 6 sector Direct Torque Control (DTC) lies in the way
they manage stator flux and torque, which affects both performance and efficiency.

In 12 sector DTC, the electrical angle is divided into 12 segments, enabling finer and more
accurate control of the motor. This typically leads to smoother operation and improved
performance, particularly at low speeds or during sudden load changes, Conversely, 6 sector DTC
uses only six segments, making it simpler and less demanding in terms of computation. However,
it may lack the precision offered by the 12 sector configuration.

Overall, the 12 sector technique tends to deliver superior results, especially when it comes to
reducing torque ripple and enhancing dynamic performance in high-precision applications.

The purpose of this thesis is to highlight the main control techniques, with a particular focus
on Direct Torque Control (DTC) applied to Squirrel Cage induction machine, with Comparison
between two methods the classical (DTC) of 6 sector and the Improved 12 sector.

It focuses on studying Direct Torque Control (DTC) of an induction machine supplied by a two

level inverter, aiming to make the system’s response robust against parameter variations.

® |t is essential to provide a general overview of the three-phase asynchronous machine,
covering its structure, operating principle, characteristics particularly speed variation,
among other aspects and modeling the asynchronous machine for control purposes, using
state space formalism, followed by the presentation of the corresponding models. This

forms the subject of the first chapter
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® |n the second chapter we will se the different control type that we applied in the induction
machine like (voltage and current scalar control, also the direct and indirect vector control)

with their diagrams and the direct torque control.

® in the third chapter, we explore the control technique of the asynchronous machine by
presenting an overview direct torque control (DTC). The focus will then shift to a more
detailed study of the Ilatter DTC and concludes with a simulation using
MATLAB/SIMULINK to validate the control algorithm. Of course, the main results

obtained are also presented in this chapter.

® The final chapter is dedicated to the practical implementation of the proposed control
strategies. It includes experimental validation using a three phase asynchronous motor and
highlights the comparison between conventional and improved control techniques of direct

torque through real time results.

We will conclude this work with a general summary that outlines all the results obtained and

suggests possible future research directions to build upon the work carried out.
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Chapter One:
Modeling of the Induction Machine




Chapter 01 Modeling of the Induction Machine

1.1 Introduction:

Induction machines, often referred to as asynchronous machines, represent a crucial
category of rotating electric machines that operate based on Faraday’s Law of electromagnetic
induction hence the name “induction” machines, which reflects their underlying working
principle.

These machines are powered by an alternating current (AC) supply, which is applied
exclusively to the stator. This is in contrast to synchronous machines, which require AC for the
stator and direct current (DC) for the rotor. Because the induction machine operates with an AC
supply to the stator alone, it is classified as a singly excited machine.

Like other rotating electric machines, induction machines have a reversible mode of
operation, allowing them to function both as motors and as generators. Among these applications,
their use as motors is the most widespread in industry, due to several advantages: compatibility
with standard AC power sources, simple and rugged construction, ease of maintenance, and

reliable speed regulation [2].

Fig( 1.1): A state of the art three-phase induction motor=
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Fig (1.2) Induction motor cutaway view with labels.

1.2 Classification of Motors:

Electric Motors
| 1
Altrrnating current Direct current {Dc)
{Ac) Motors motors
Synchronous Induction Universal
Single phase Three phase
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1.3 Types of the Induction Motor:
Among the various types of electric motors, squirrel cage and wound rotor motors are
commonly used. Each type has unique design features and characteristics that make them well

suited for particular applications [4].
1.3.1 Squirrel Cage Rotor:

The squirrel cage rotor is commonly found in both single-phase and three-phase induction
motors. Its name comes from its structure, which resembles a rotating cage formed by conductive

bars typically aluminum or copper embedded in a laminated cylindrical core.

These bars are short circuited at both ends with end rings, When AC power is supplied to
the stator, it creates a rotating magnetic field. This field induces current in the rotor bars through

electromagnetic induction, generating torque and causing the rotor to spin.

This type of rotor is popular due to its simple and durable design, high starting torque,

good efficiency, and the fact that it doesn’t require external electrical connections to the rotor. [4]

1.3.2 Wound Rotor :

The wound rotor also called a slip ring or phase-wound rotor is used in both single-phase and
three-phase induction motors. It features windings on the rotor similar to those on the stator. These
windings are connected to slip rings mounted on the rotor shaft and electrically isolated from it
Carbon brushes maintain contact with the slip rings, allowing external resistors to be connected
to the rotor circuit. Adjusting this resistance enables control over the motor’s torque and speed.
Wound rotor motors are ideal for applications requiring adjustable speed and high starting torque,
such as cranes and hoists. However, they are more complex and need regular maintenance due to

the slip rings and brushes[4].
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Fig (1.3). Wound rotor in induction machine.
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Fig (1.4). Squirrel cage rotor in induction machine [3]
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1.4 Advantages and Disadvantages of Types in the Induction Motor:

Advantages

Disadvantages:

Squirrel Cage Motor

Simple construction, leading to

lower cost and maintenance
requirements.

High efficiency and reliability.
Suitable for applications with

constant speed requirements.

Limited speed control
capabilities.

Less suitable for applications
variable

requiring speed

operation.

Wound Rotor Motor

High starting torque, making them
suitable for applications with high
starting loads.
Adjustable speed-torque
characteristics.

Lower starting current compared

to squirrel cage motors.

Higher initial cost due to the
complexity of the rotor windings
and slip ring assembly.

Higher maintenance
requirements due to the use of

slip rings and brushes.

1.5 Principle of Operation:

When a three-phase AC supply is applied to the stator windings of a wound rotor induction

motor, it generates a rotating magnetic field within the stator core. This field rotates at a constant

angular velocity known as synchronous speed, calculated by:

_120f
S =
np

(1.1)

Where f is the supply frequency and np is the number of stator poles.
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As the rotating magnetic field sweeps past the stationary conductors in the rotor, it induces
an electromotive force (emf) in them. Because the rotor conductors are short circuited, this emf
causes a current to flow. That current creates its own magnetic field, which tries to align with the
rotating field of the stator. This interaction generates torque, making the rotor turn in the same
direction as the stator’s field[6].

However, the rotor never quite catches up to synchronous speed. If it did, there would be
no relative motion between the stator field and the rotor, meaning no emf would be induced no
current, and therefore, no torque. That’s why an induction motor always runs just a little slower

than synchronous speed[6].
1.6 Modeling of the Induction Machine:

To effectively control electric motors, it's essential not only to understand their behavior
but also to develop accurate theoretical models that reflect their real-world performance.
Electrical engineers aim to create detailed models that represent the machine's response in both
steady state and dynamic conditions, especially considering that motor design must account for
transient phases such as start up or load changes which are often more demanding than steady
operation. Therefore, these models must be suitable for analyzing the motor’s performance under

all operating conditions [6].

1.7 Presentation of an Asynchronous Machine:

The asynchronous machine has three stator windings supplied by a three-phase current
system and three rotor windings short-circuited on themselves crossed by a three-phase current
system. The axes of each winding system are offset by 120 degrees.

Or is the electrical (or mechanical) angle between the axis of the stator phase (A) and the rotor
phase (a)[6].
The three-phase asynchronous machine can be considered as represented by the windings in the

figure:
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gz STATOR (S)
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Fig(1.5): Vector Representation of the Windings of the Asynchronous Machine.

1.8 Simplifying assumptions:
For the equations of the asynchronous machine, we assume that:
e The winding is distributed so as to give a sinusoidal m.f.m. if it is supplied by
sinusoidal currents.
e The magnetic circuit is not saturated.
e The air gap is constant.
e The iron losses are negligible.
Among the meanings of these hypotheses we can cite:
e The fluxes are additive.
e The self-inductances are constant.
e There is a sinusoidal variation of the mutual inductances between the stator and

rotor windings as a function of the electrical angle of their magnetic axes [6].

1.9 Equations of the induction machine:

a.Electrical Equations:

The voltage equations that describe the 3 circuits are:

d¥gs

Uas = Ry las + = (1.2)
dWar

Uy = Ry 1y + =2 (1.3)

dt

10
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Ups = Ry Tns + =5
Upr = Ry lyr + 2
Ugs = Ry Les + =2
Ugr = R ey + 52

Uas Ubs Ucs: Voltages in the three stator phases
las, Ibs, Ics: Currents in the three stator phases
Was, Whs Wes : Total flux through these windings
Uar Upr Uer: rotor Voltages

Lar, ibr, icr :rotor Currents

War, Wor Wer : Rotor fluxes

Rs: Resistance of a stator phase

Rr. Resistance of a rotor phase

(1.4)
(1.5)
(1.6)

(1.7)

The 1st and the second equations in a matrix form, become:

d LIJa CS
[Uabcs]: [Rs] [Iabcs] + %

d Lpa Ccr
[Uabcr]: [Rr] [Iabcr] + %

b.Magnetic Equations:

(1.8)

(1.9

The fluxes coupled with the stator and rotor phases with the form:

For the stator:

iar
lIJbs [Ls] 1bs [MSI’] 1br

1CI‘
For the rotor:

ias
lpbr [Lr] lbr [MSF] lbs

1CS

[Ms] = [Mis] T

11

(1.10)

(1.11)
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[Ls]: cyclic inductance matrix in stator.
[L.]:cyclic inductance matrix in rotor.
[Msr]:Matrix of stator mutual inductances.
[Mrs] :Matrix of rotor mutual inductances.

The stator and rotor inductance matrices is:

s Mg Mg

[L:J= Mg I M
M: M. I (1.12)

I[. M, M,

[Li]= My I M
M., M, I (1.13)

The angular position 6 between the axes of the stator and the rotor in the matrix of mutual

inductances between their phases:

cos(0) cos(f — z?n} cos(8 + 2?”}
[My] = [Mi] " Mofcos(8+2)  cos()  cos(8 —2)

21T in
cos(6——) cos(@+—)  cos(f) (1.14)

Msr: stator mutual inductances.

Mis: rotor mutual inductances.

0: Electric angle relative position between the stator and the rotor axes.

Mo: Maximum mutual inductance.

Using the notion of mutual inductances and the complex notation for sinusoidal quantities at

pulsation ws we can write:

Ws=Ls Is+Mqr Ir (1.15)
¥y =L Ir+Ms 1s (1.16)
Vs=Rsls+jwsPs (1.17)
0=Rr Ii+j ws g ¥r (1.18)

Ls and Lr: represent the stator and rotor cyclic inductance respectively,

Myrs = (3/2) M is the cyclic mutual inductance.

12
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c.Mechanical Equation:

The electromagnetic torque can be written by the following equation:

Te=Plstao] T <-[Msr][Iresc)] (1.19)

To see the full model of the machine, the movement equation of the machine is written as follows:
) 20T T 1.0 (1.20)

J: Moment of inertia of rotating masses

T:: Resistant torque on the machine shaft.

Qr: Rotor speed.

Te: Electromagnetic torque

f: Viscous friction coefficient.

The variable coefficients in the equations thus obtained increase the difficulty of solving the model
provided by (10) and (12).

This will lead to the application of the park transformation, which will allow these characteristics
to be kept constant. [1].

1.10 Clarke transformation:

The Clarke or af3 transform is a space vector transformation of time-domain signals (e.g. voltage,
current, flux, etc) from a natural three-phase coordinate system (ABC) into a stationary two-phase
reference frame (af). It is named after electrical engineer Edith Clarke [5].

Xa Cas Xﬂ ) )
Xp = [XB] Cad [XGB] = ¢23(Xanc] 1 —= -
C

X c__2
2873 0 5 s (1.22)
2 2

13


http://en.wikipedia.org/wiki/Edith_Clarke

Chapter 01 Modeling of the Induction Machine

B

Fig (1.6): Three-phase and two-phase stationary reference frames

Ua, Up, Uc: the voltage distribution of the three stationary axes.
U.. is the horizontal axis aligned with phase.
Us. the vertical axis rotates by 90 degrees.

The reverse:

|
| -
I

NIH o

[Xapc]l = Ca2[Xap] With Caz= (1.22)

1

2

S S e
e—————

1.11 Concordia Transformation

T23 [ ] ctod [XaB ]:T23[Xabc ]

switch from a three-phase abc system to a two-phase aff system:
1 1

:

. 2 2 2
with ng:\/; 3 3 (1.23)
0 22

2 2

The reverse:

3

0
[X‘;‘] Ta, [le ctod [Xabe 1=Ta2[Xag | with  Ta- \E 2 N2 (1.24)

2

w
| I

14
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1.12 Park Transformation:

The transformation of the three-phase machine to a two-phase machine consists of replacing
any three phase winding (a, b, ¢) by two equivalent windings, one on the direct axis (d) and the
other on the quadrature axis (q), The transformation which translates this passage from the three
phase system (a, b, c) to the two-phase system (d, q) is called Park’s.

The reference (d, q) is rotating or fixed.

The PARK transformation matrix that preserves instantaneous power is defined [6]:

As follows:
X co.se co§(9 — 2m /3) co.s(E) + 2m /3) X,
xq). §|—51r118 — sin(0 —1 2n/3) —sin(0 -i; 2n/ 3)| Xb] (1.25)
W] ; Foo
In a more compact form:
[Xaq|=P(©) [Xavc]
cos®  cos(6 — 2w /3) cos(6 + 2m /3) ]
PO ):\E|—sin6 —sin(@ — 2n/3) —sin(®@ + 2/ 3)| (1.26)

FE
2 2 2

the reverse :

[Xodq] = [P(O)]™ [Xane]

[p(e)] :The Park direct transformation matrix;

[P(e)]*: The Park inverse transformation matrix;

X : can be voltage, current or flux.

O :Rotation angle of the reference (d, q).

The Park reverse transformation matrix is:

cosO —sinf@ \E
P(©)= \E cos(0 — 2m/3) —sin(® — 21/ 3) \E (1.27)

1
2]

cos(® — 2n /3) —sin(® + 2w/ 3)

15
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Figure(1.17): Park transformation
1.12.1 Application of the Park transformation:

other on the quadrature axis (q).

The transformation of the three-phase machine to a two-phase machine consists in replacing
any three-phase winding (a, b, ¢) by two equivalent windings, one on the direct axis (d) and the

A. Electrical Equations

The Park transformation consists in being applied to currents, voltages and fluxes [10].
(

. d
VSd = RS. Isq + alpsd — Wa l}’Sq

. d
Vsq = Rsvigq + a‘{‘sq — wa Ygq
. d
Viga = 0 = Rp.ipq + alprd — (0w — (*)r)lprq

. d
L Vig = 0=Rp.iq + a‘{’rq — (0w, — 0)¥rq
B. The magnetic Equations

(1.28)
Wsq = Lsigqg + Mg
Ysq = Lsisq + Mirq (1.28)
qud = Ls il"d + lv[isd .
Wq = Lsirq + Mirq
In matrix form:

16



Chapter 01 Modeling of the Induction Machine

[Lpsd] Ls 0 M 0][lsad

K] | @)
Wsql 1O M 0 Lrlliyg

with:

Ls=ls—ms : the stator's own cyclic inductance.

L,=I:—m; : the rotor's own cyclic inductance.

C. The Mechanical Equation

Applying the Park transformation to the equation gives:

Tem=P(Wsd.igs—Vsq.1ds) (1.31)
12 =TenTr—£0 (1.32)

1.13 The Diagram of the Asynchronous Machine Model:
The asynchronous machine can have different state models. The difference between these
models lies in the choice of the state vector X and in the orientation of the reference frame (d, q).

The state equation form of the IM is written as[7]:

X' =AX+BU (1.33)

Y=CX+DU (1.34)
Yrd—M.Isd

lrg=———— (1.35)

o= Fra-Misq (1.36)

Lr

Let us replace the expressions for the currents Idr and Iqr in equations (35) and (36) by them

values in equations (28) ¥sq¢ and¥sq we then obtain:
lI"sd:( LS'I\E_Z) Isg+ I\L/‘[_l'prd (137)
lI’qu ( LS- )|5q+ _Lprq (138)

By deriving these as, a function of time, we find:

d‘{’sd dISd M d¥.q

=( S__) Lr == (1.39)
dlIJS dls M d"ps
q—( Ls L ) dtq + ZTq (1.40)

For the rotor from equations (28) Vrq and V4 We obtain:

17
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AW
Tdt
dWyq
Tdt

By replacing Idr and Iqr with their expressions obtained in (35) and (36) the following expressions

—Rilpqg + 0 Wrq (1.41)

= —Rilyg + 0 Wrq (1.42)

are obtained:

Tt = By, — R”P TN (1.43)
d¥.q MR, Ry
?q = L Isq — L—rl'prq + (Drlprd (144)

We finally obtain from equations (32) (33), (36) and (37):

dlsg _ 1 (& M,R; ) MR,

dt GL sd oLs + oLsLy2 ISd + (Dlsq + oLgLp, lprd + wquq (1 45)
Alsq _ 1y _ (& Mer) MRy

o = or. Vsa — o torn,) Isa F@lsa + 51— Wi + 5 — @i (1.46)

We can write equations (38) and (39) in the form of state equations such as:

(L 41 1c 1o 1 1=e 1
(T s0 Tr o ) ws o Ty o Mm 1 0
lsq 1 1 1-¢ 1-0 1 1-0 1 Isa1l o Ved
[sq]| s _(T_s“-l-ﬁ ° ) o m® o MTy |[Isq]| gs ! qu 1.47
= . -+ . .
¥ 0 = o vl onllo| @47
[ gl " " " ) [Wql 12 9lo
0 T_ — Wy - T_ 0 0
With
Tr =% , Tr :f :Rotor and stator time constant.
T S
o =122 : Coefficient de dispersion.

sLr
1.14 The Inverter Process of Induction Machine:
1.14.1 Two-level voltage inverter:

he structural diagrams of a three-phase two-level inverter and its load are illustrated in
Figure. Each transistor-diode group assembled in parallel forms a Bi controllable switch (on
opening and on closing) whose state appears complementary to that associated with it, thus

forming a switching arm, for example k11 and k12 [6].

18
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Fig (1.13): Representation of the inverter-IM assembly.

The switch pairs (k11 and k12), (k21 and k22), and (k31 and k32) must be controlled in a
complementary manner to ensure the continuity of alternating currents in the load and to prevent
short circuiting of the source. The diodes Di (i=1, 2, 6) are freewheeling diodes that protect the
transistors.

1.14.2 Modeling of the voltage inverter:

The voltage output of a DC-AC converter can change instantly between 0 and the DC
supply voltage, making its instantaneous behavior nonlinear. To apply linear control laws, pulse-
width modulation (PWM) is used to generate switching signals that create an output voltage with

an average value proportional to a reference signal over a sampling period TT.

This PWM inverter system can be modeled using average values as a linear amplifier,
with the duty cycle as input. For more accuracy, it may be represented by a low-pass filter or pure

delay to reflect modulation effects [6].

However, this simplified model cannot capture the inverter's fast, nonlinear voltage behavior. For
direct nonlinear control, instantaneous modeling is necessary to fully exploit the inverter’s

dynamic characteristics.

To simplify the study, let's assume that:
e The switching of the switches is instantaneous.
e The voltage drop across the switches is negligible.

e The load is balanced, connected in a star circuit with an isolated neutral [6].

19
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We therefore have:
Sn = 0; Vki # 0; top switch open and bottom switch closed.
Sn =1; Vki = 0; top switch closed and bottom switch open.

he compound voltages Vab, Vbc and Vca are obtained from these relations:

Vab = Vao + Vho = Vag — Vi
Vbe = Vbo +Veo = Vpo — Voo (1.48)
Vea = Vo +Voa = Vo = Vao
Such that Vao , Vo , Vco are the inverter input voltages or DC voltages.
They are referenced relative to a midpoint "o0" of a fictitious input divider.
We can write the Charles equations as follows:

Vao = Vam + Vino
Vbo = Vom + Vimo (1.49)
Veo = Vem + Vino

Vam , Vbm and Vem : are the voltages of the phases of the load (alternating value)
Vmo : Neutral voltage of the load relative to the fictitious point "o"
The system Van , Vbn and Ven being balanced, it follows:
Vam + Vbm + Vem = 0 (1.50)
The substitution of (42) into (43) results in:

Van = = (Va0 + Vo + Veo) (1.51)
Replacing (43) in (41), we obtain:
Vam = = Vao— = Voo — = Veo
Vom = = 3 Vao + = Voo — = Ve (1.52)
1 1 2

chm:_EVao_ EVb0+_VcO

Therefore, the voltage inverter can be modeled by a [T] matrix ensuring the DC-AC transition.

[Vac] =[T] [Vac] (1.53)
Such as:

[Vac] = [Vam Vom Vem 1"

[Vacl = [Vao Vbo Vco]T (1.54)

[Vacl = Uqc [S1 Sz Ss]"
So, for each arm there are two independent states. These two states can be considered as Boolean

quantities.
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Assumed ideal switching: Si= (1 ou 0) {i=1,2,3}
The transfer matrix is as follows:

2 1
)|

=

Wk w oWk
|

3

_ 1
[T]= i—;
_1
3
Udc
(Voo =228, — S, — S3)
U, c
oo = %225, - 5, 55) (1.56)
Lv = Udc (2S5 — S; — S,)

(1.55)

By applymg the PARK transformation to the phase-neutral voltages given by equation (51),
we obtain in the fixed two-phase reference frame the voltage vector as a function of each phase
level (52).

Vs= Vsa +jVsB: \/g Udc (Sl+a82+a283) (157)
With
am
a=e3 = (1.58)
2T AT
a’=e's =e7% (1.59)

A phase level sequence is defined as each combination of variables Si, Sz, Ss, giving an
element of the set (S1, Sz, S3). Since, for the two level inverter, these variables are binary, there
are a total of 8 different phase level sequences. illustrates the correspondence between each phase
level sequence and the voltage vector, obtained analytically by (57).

We can see the existence of two different phase level sequences (0,0,0) and (1,1,1) giving rise to

the same zero voltage vector [6].
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Fig (1.14): Voltage vector and phase level sequences of a 2-level inverter.

1.14.3 Study of the inverter control
Any practical application of an asynchronous drive is linked to precise specifications,

requiring a choice of machine power supply mode. There are two power supply modes: current
or voltage. This means that the static converter, associated with the machine, imposes a current
or voltage of a given shape and amplitude on its stator windings. Depending on the application
and the required performance, the power supply type and, consequently, the control system to be
implemented will be chosen. Three main designs can be considered [6]:

e Current inverter providing a current supply.

e \oltage inverter providing a voltage supply.

e \oltage inverter providing a current supply.

So, there are several methods for controlling inverter switches. In our work, we will study the
voltage control strategy using PWM control [6].
1.15 PWM control strategy

The most commonly used PWM control techniques are: sine-delta PWM control and vector
PWM control. The first control uses the principle of intersection between a high-frequency
triangular carrier and reference signals called modulator signals to determine the switching
instants [6].

At each instant, one of the two switches on each arm is conducting and the other is off. In

symmetrical PWM, the reference signal is constant for at least one carrier period. This makes it

easy to calculate the times of intersection of the carrier and the modulator at the beginning of
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each carrier period. However, symmetrical PWM suffers from underutilization of the DC bus.

Indeed, the operating limit is reached for references with an amplitude of V = E/2 [6].

Vas* e v‘ . , Sa
h
Vbs* - ] R Sb
® =
Ves*  + .;,% ) _'_IE“ Sc

Fig (1.15): Principle of triangular sinusoidal PWM.

1.16 Conclusion

In this chapter, | provided a detailed explanation of the modeling process for both the
induction machine and the three phase two level voltage inverter. The mathematical model of the
induction machine was developed using PARK's transformation theory, which converts the actual
three phase system into an equivalent two-phase system (d.q reference frame).
This transformation significantly simplifies the analysis and mathematical treatment of the
machine’s dynamic behavior. the next chapter, where we will explore the principles and different

types of control.
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2.1 INTRODUCTION:

Due to its simple design, low cost, and compatibility with variable speed techniques, the
induction machine particularly the squirrel cage type is widely used in variable speed drive
applications.

This chapter focuses on speed control methods for squirrel-cage induction motors. One
limitation of these machines, compared to DC or synchronous motors, is that a single stator
winding supplies both the flux and torque, making control more complex. As a result, motor

control must rely on adjusting the waveform parameters either voltage or current.

Speed control systems are generally classified into two categories:

o Constant Frequency Drives, which vary the amplitude of voltage or current

e Variable Frequency Drives, further divided into:

e Scalar Control, which adjusts voltage/current and frequency in a fixed ratio.
e Vector Control, a more advanced technique that enables precise performance by
controlling voltage or current components in a rotating frame, or by managing the angle

between stator and rotor flux.

The next chapter will detail Direct Torque Control (DTC) two high-performance control strategies
for induction motors [6].
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2.2 Stator Voltage Variation:

The following figure represents the electromechanical characteristics of an asynchronous
machine for three voltage values [6].

Q (Va)
(Vo) V1)

v

G
Fig (2.1): torque/speed characteristic for different supply voltages.
Figure (2.1) shows that a decrease in voltage at constant resistive torque causes a decrease in
speed, but also a decrease in maximum torque.
This technique has many drawbacks:
e Limitation of the control range
e Decrease in flux and increase in stator current, which causes an increase in Joule losses
e Decrease in torque resistance, which requires oversizing the machine
e The characteristics are not parallel, which is detrimental to machine control

e Low efficiency.

Furthermore, the voltage variation is generally achieved by a dimmer, generating many
harmonics on the network and on the machine.

This poses major electromagnetic compatibility problems [6].
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2.3 Scalar Control of Induction Machines:

This type of control is one of the oldest methods developed for adjusting the speed of
induction motors (IMs). It features a very simple structure and is based on the steady state
modeling of the machine. Several scalar control techniques exist, depending on whether the
control is applied to the current or the voltage, and they are largely influenced by the type of
power converter used (voltage-source or current-source inverter). Today, voltage-source inverters
are the most commonly used, especially in low and medium power applications. As a result, the
most widely used scalar strategy is the V/f control. Its principle is to maintain a constant voltage
to frequency ratio (V/f = constant), which ensures that the magnetic flux remains constant

(W= Vs/ws = constant). Torque control is achieved by adjusting the slip, especially under low slip

conditions and assuming that the stator resistance voltage drop is negligible [23].

_3np (Vs 2
Tra= 21 (w—) 2.1)
P, Z— _Cts (2.2)

3np [ Vs \2
Te== ZZI: (w—s) g (2.3)

This equation shows that the torque is directly proportional to the square of the ratio
between the stator voltage and frequency, which represents the magnetic flux.
At low speeds, the voltage drop across the stator resistance can no longer be neglected. To
compensate for this drop, a voltage correction term Vo is added, known as the compensation term
[23].

If Q < Quom, then:

{V/fz Cst=> ¥ =Cst

2.4
Temax = Cst (2:4)

If the voltage reaches its maximum value and the machine needs to operate at a speed

higher than the nominal speed (Q > Q..m), the voltage is held constant at its nominal value
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(Vs = Vsuom), While the frequency is increased. This causes the V/f ratio to decrease, which in turn

leads to a reduction in the torque that the machine can produce [23].

This technique is rarely used, mainly due to its limitations particularly the fact that the
steady state model used becomes invalid during high-amplitude transient operations, such as

starting or reversing the direction of rotation [23].
2.4Advantages and Disadvantages of Scalar Control:

Advantages

e Wide speed variation range.
« Allows the induction motor to maintain a certain level of stability even in the presence of
external disturbances or partial system failures.

e Constant flux: ¥ ~V/f = Tem max =constant [23].

Disadvantages

Performance issues at low speeds due to the voltage drop across the stator resistance RsxIs

Slow dynamic response, which results in sluggish torque reaction.

This method is rarely used due to its limitations, mainly because the model used is not

valid for high-amplitude transient states, such as during start-up or sudden changes.

Control is performed only on the magnitude of variables, not on their phase.

Unsatisfactory speed accuracy, especially under variable load conditions [23].
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2.5 Field-Oriented Control (FOC) of Induction Motors:

Field Oriented Control (FOC) technique also known as Vector Control or Decoupled
Control used for the precise control of induction motors. Originally introduced by Blaschke in
1972 and further developed by Hasse in 1974, FOC aims to transform the nonlinear model of the
induction motor into one that behaves similarly to a separately excited DC motor. In this approach,
the magnetic flux is controlled via the excitation current iex, while the torque is managed through
the armature current ia. This separation enables decoupled control of torque and flux, resulting in

high performance during both dynamic and steady-state operations.

— )

_ N
Decoupling.| 71, o / \ ]
- Ic \'\ %

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

Figure (2.6): Schematic diagram of the decoupling of the IM by analogy with the MCC.

This decoupling allows for faster torque response.

This control is based on the orientation of one of the fluxes: rotor, stator, and air gap. When
speaking of flux orientation, it is the d-q axis system that is oriented so that the d axis is in phase
with the flux, i.e, This decoupling allows for faster torque response.

=P

¥rq=0

Rotor flux orientation vector control is the most widely used because it eliminates

the influence of rotor and stator leakage reactances and provides better results than

methods based on stator flux orientation or air gap [6].

By imposing, ¥rq=0
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Figure (2.7) Principle of vector control.

Vector control can be implemented using either direct or indirect methods. In the direct

method, the Park angle 0s is computed based on the stator electrical frequency, which is derived

from both the rotor speed and the rotor electrical frequency .

This approach relies on measured or estimated values to determine the Park angle directly.

If flux regulation is not included, the control is considered open loop. In this case, the flux
is set through the direct-axis current Ids, and the stator electrical frequency must be estimated
using the following equation [6]:

Wr

Igs _
Ids)dt or IdS_M

Tr sr

0=/, (np. O + (2.15)

2.5.1 Direct Vector Control:

This method, introduced by Blaschke and made public around 1970 (Feedback Control),
relies on knowing both the magnitude and position of the rotor flux. To achieve this, several
measurements are required at the drive terminals. In Blaschke’s approach, the rotor flux is derived
from the air gap flux and the stator current. The air-gap flux itself is measured using Hall-effect

sensors placed within the stator windings [6].
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The calculated rotor flux magnitude is used as feedback in the flux control loop, and the
flux orientation makes it possible to project the direct and quadrature current components onto a

stationary reference frame.

Although this method does not directly involve the machine’s electrical parameters,
integrating sensors or additional windings into the stator impacts the cost and durability of the
machine, requiring specially designed induction motors and posing challenges due to the

temperature sensitivity of the sensors. [6]

As a result, in most cases, rotor flux is estimated using observers or estimators based on
available drive measurements. Various implementations can be developed depending on the

machine’s supply method and the selected reference frame [6].

The control strategy shown in (Figure 2.8) represents a direct vector control scheme, where
the rotor flux is regulated according to a defined set point. This approach uses the previously

defined estimators for flux and stator angular frequency.
The system includes four PI controllers organized into two decoupled control loops:

e The flux control loop includes a PI flux regulator and an inner current loop that regulates
the d-axis stator current (isq).
« The torque control loop includes a P1 speed regulator and an inner current loop that controls

the g-axis stator current (isq) [6]

30



Chapter 02

Control techniques of the induction Machine

I Bl B T 77 N\
= 3T - C i )T
Ve Transf t
R [
P— Transformation ‘ -1 Estimator.
e e =
SEITE: B J ISRRE!
g Decoupling = ladic Rl
A I
D-axi€urrentregulator Q-axisCurrent regulator
i _.:.T Y .f'T"‘-:._.
” J'\'T'f \~'T ) "
| Flux regulator l Te—i,
—.—"'T'\ =
= _""\T / speed regulator ‘
R e
! f
Yr o

Figure (2.8): Direct vector control of an asynchronous machine.

2.5.2 Indirect Vector Control:

Indirect vector control, introduced by HASSE (feedforward control), is based on the
inverse model of the machine, formulated in the rotor flux reference frame. In this method, when
the machine is controlled by current, decoupling is naturally achieved, as the torque and flux can
be independently managed through the stator current vector components similar to the control

structure of a DC motor [6].

A common strategy involves keeping the ids component constant to maintain a fixed, nominal
flux in the machine. The ids current regulator ensures that the actual current remains equal to its

reference value ids* [6].
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With constant flux, torque can be adjusted by modifying the iqs component. To accelerate
the machine and increase speed, a positive reference iqs* is applied. The igs current regulator
enforces this reference, producing a positive torque. This reference igs* can also be generated
automatically by a speed controller, which compares the actual speed with the desired speed Q*

and adjusts the torque (and thus iqs*) accordingly. [6]

(Figure 2.8) illustrates this control structure, showing the vector control diagram for the
asynchronous machine. It includes speed regulation and two current control loops for ids and igs

, with outputs providing the voltage references Vgs* and Vgs* in the (d q) reference frame [6].
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Figure (2.9): Indirect vector control of an asynchronous machine.
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2.6 Advantages and Disadvantages of Vector Control (FOC):

Advantages:

o Effective in both steady-state and transient operating conditions.

o Decoupling between torque and flux components, allowing independent control.
o [Fast torque response, enabling quick adaptation to load changes.

e Control is performed in terms of both magnitude and phase, improving precision.
« High accuracy in controlling speed and torque.

Disadvantages:

e Low robustness to parameter variations (e.g., due to temperature or magnetic saturation).
e Requires significant computational resources and accurate motor parameter identification.

« High cost, due to the need for sensors (e.g., speed and flux sensors).

2.7 Direct Torque Control :

Direct torque control (DTC) of asynchronous machines is an increasingly used technique for
controlling the voltage inverter combination. It is based on a pulse-width modulation (PWM)
power supply and on decoupling the motor flux and torque. In a frame of reference linked to the
stator, the instantaneous values of the stator flux and electromagnetic torque are estimated from
the stator values. Using hysteresis comparators, the flux and torque are controlled directly and
independently with an appropriate selection of the voltage vector imposed by the inverter. In the

following chapter, we will detail this control technique [6].
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2.8 CONCLUSION:

In this chapter, we first reviewed the main controls used for asynchronous machines. We
presented scalar, vector, and DTC controls.
Variable frequency allows the asynchronous motor to operate beyond its rated speed, but this
reduces the maximum torque. Scalar control overcomes this problem by keeping the maximum
torque constant. Although this technique has its drawbacks, it does not allow dynamic torque
control, especially at low frequencies. Vector control offers very high dynamic and static
performance, but it has the major drawback of being sensitive to parametric variations in the
machine, which degrades the robustness of the control model.
Direct torque control, which we will study later, does not require decoupling between flux and

torque.
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Chapter 03 Direct torque control of the induction machine

3.1 Introduction

So, the whole idea of Direct Torque Control, or DTC, goes way back to 1985, thanks to
Takahashi. Ever since then, a lot of smart folks have done a ton of work to really understand and

model how this thing works.

The cool thing about DTC is that it lets you figure out the control settings specifically, how much
magnetic flux the motor has and how much torque it's producing just by looking at the motor's

current. You don't even need those separate mechanical sensors to measure speed or position!

The way DTC methods work is by directly telling the inverter's switches what to do. It makes these
decisions based on those pre-calculated values of the motor's magnetic flux and torque. So, instead
of the inverter just following a set pattern of voltage or frequency like in older PWM control
methods, the switching changes are directly tied to what's actually happening inside the motor
electrically, Basically, the goal of controlling those switches is to point the motor's magnetic field
in the exact direction we want it to go, based on what we've set as the target values. In this chapter,
we're going to walk through the basic ideas behind Direct Torque Control for induction motors

(IMs) and show you what happens in simulations [22].
3.2 The Principle of DTC Control

Direct Torque Control (DTC) is based on the direct selection of the switching sequence to
be applied to a voltage inverter. This selection is generally carried out using hysteresis controllers,
which are responsible for monitoring the system's state, particularly the amplitude of the stator

flux and the electromagnetic torque.

Based on these values, the optimal stator voltage vector to be applied to the asynchronous
machine can be determined in order to keep the torque and flux within their respective hysteresis

bands.

Another factor influencing the voltage selection is the position of the stator vector in the complex

plane, which is typically divided into six or twelve sectors.
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Figure (3.1) provides a schematic illustration of this method, showing the flux and torque
estimators, as well as the two- and three-level flux and torque controllers, respectively, as

originally proposed by Takahashi. [22]

compa_lns

Switching
table

compa_ s

¥s Torque
Te and flux
estimator

Figure (3.1): The DTC command strategy

3.3 Advantages and Disadvantages of DTC:

a. Advantages:

The advantages of DTC include:

— It does not require calculations in the rotor frame (d, q).

— Excellent torque dynamics,

— Good robustness with respect to variations in machine parameters,
— No use of Park transforms and their inverse,

— No need for PWM voltage modulation calculation blocks,

— No decoupling of currents from control voltages.

— The rotor position angle is not necessary to know; only the sector in which the stator flux is

located is necessary[22].
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b. Disadvantages:

The disadvantages of DTC control can be summarized in the following points:
— The existence of often significant torque and flux ripples,
— The switching frequency is not controlled,
— The need to use stator flux and torque estimators,

— Stator currents are poorly controlled during transient conditions [22].

3.4 Electromagnetic Torque and Stator Flux Control:

3.4.1 Principle Electromagnetic Torque Control:

The vector expressions for the stator voltage and rotor voltage of the induction machine in a

fixed frame of reference linked to the stator are given by:

R d_
Vs = Rls + -,
= d

Vr=0=Rl+ <% — jo¥

(3.1)

On the other hand, from the expressions for the fluxes in a fixed frame linked to the stator, we

can express the rotor current expression:

(s = Ll ME 32)
Y. =L, +Mig
— = M =
=>1r=$(‘Pr—L—S‘Ps) (3.3)
MZ
With: o= (1 - ) :( dispersion coefficient).
Equation (3.5) becomes:
Vs=R; Is+ ¥ (3.4)
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i\Pr( L —ja))\yr:M Ly, (3.5)

dt o Ty Ls o Ty

L .
= R—r (Rotor time constant).
T

These system relationships show that:
—It is possible to control the vector ¥s from the vector Vs to the voltage drop Rs.ls near.

— The rotor flux vector ¥, follows the variations of the stator flux Ws with a small delay caused

by the time constant o Tr.

— The rotor of the machine behaves as a “filter of time constant ¢ Tr between the stator flux and

the rotor flux of the asynchronous machine.

If we report in the expression of electromagnetic torque, by setting the angle § = (¥ , ¥,), the

torque is expressed by:

M
Tr Ls

M .
Te= Ny oo —(%s . W)= o o I 119 lsin & (36)

||, ||:Stator flux vector modulus.

||, || :rotor flux vector modulus.

&: angle between the stator flux and rotor flux vectors.

The torque error is defined by the difference between the references values of the torque and the
actual estimated values:

The torque depends on the magnitude of two vectors, Ws and W, , and their relative position.
If we can precisely control the flux Ws in terms of both magnitude and position using V;, then it
becomes possible to control both the amplitude and the relative position of Wsand ¥, and
therefore the torque. Of course, this is only feasible if the control period T. of the voltage Vs is

much shorter than the time constant o[23].
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3.4.2 Principles of Stator Flux Control

Direct torque control is based on the orientation of the stator flux. The expression for the
stator flux in the stator reference frame of the machine is given by the following equation:

P(6)=, (V. —R,Ip)dt + Psg (3.7)
During a control period [0, Te] corresponding to the sampling period T expression (3.9) can be

written as follows:

—_ — — t —
Ws(t)= Wso+Vs Te'fo (Rsls)dt (3.8)

P, is the flux vector at t=0

A non zero voltage vector is applied to the machine, and the term R, is considered negligible

compared to the voltage V. This assumption holds true when the rotational speed is sufficiently

high.

We will have:

s (t)= Pso+ Vs Te (3.9)
s (t) = Wso = AW; =V Te (3.10)

Equation (3.10) is illustrated in Figure (3.1), which shows that the tip of the flux vector Ws(t)

moves along a straight line in the direction defined by the applied stator voltage vector[23].

Direction of rotation

Tourque component

Figure (3.2): Evolution of the tip of Ws(t) assuming RsIs is negligible.
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The radial component of the voltage vector influences the amplitude of the stator flux vector
Y., while its tangential component affects the position (or angle) of ¥,. By selecting an
appropriate sequence of voltage vectors V, over the control period T, and keeping
V. approximately constant, the tip of the stator flux vector Ws can follow a nearly circular

trajectory provided that T is much shorter than the period of stator flux rotation.

vy .
dts and is non-zero, the

When the applied voltage vector V; is defined by the derivative z

direction of motion of the tip of the stator flux vector ¥, is determined by the chosen V.
d¥s
dt

Neglecting the term Rs/s, the voltage vector can be approximated as V, ~—=. Therefore, both the

rotational direction and speed of the stator flux vector depend heavily on the selection of V;[23].

3.5 Estimation of stator flux and electromagnetic torque

3.5.1 Stator flux estimation

The estimation of the stator flux is usually performed by integrating the back electromotive
force (back EMF). The stator flux components can be represented using stator voltages and

currents in the stationary reference frame (o, ) as follows [23]:
t
lpsa = fO (Vsa - Rs Isa)dt
t
lzusﬁ = fO (VSB - Rs Isﬁ) dt
The stator flux magnitude and flux angle can be computed as:

|¥s| = 2V, Psq + l‘Usﬁ (3.12)

Os=tan(Wsp/Psa) (3.13)

(3.11)

The stator voltage components ( Vs« Vsg) are obtained by applying Concordia transformation on

the output voltage of the three-phase Vs:.

Vo] 1 _§ _i
[ng]‘o \E i \E (3.14)

The output voltages of VSI which are the input stator voltages of the IM are given by:
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V:TE' = %(253 _S.'J _Sc}

Al

V=72 (25,-5.-5,)

v, =Yt (25, ~5,-S,)
3 (3.15)

The stator current components (ise, isg) can also be derived by applying the Concordia

transformation to the measured phase currents:

.2
fsa = \ﬂ fsa (3.16)

. 1 . .
lsp = 7z (isp — isc)

3.5.2 Electromagnetic torque estimation
The electromagnetic torque generated by the induction motor can be calculated using the cross

product of stator quantities, specifically the stator flux and stator current vectors. The torque is
given by the following expression:
Temznp(qjsa lsp-¥sp lso) (3.17)

3.6 Development of the Control Vector for DTC:
3.6.1 Development of the Flux Controller:

this type of controller, it becomes easy to regulate and keep the tip of the flux vector within
a circular ring, as illustrated in Figure (3.4). Moreover, the controller has a single input and a
single output, which determines the direction of change of the stator flux magnitude ¥, , in order
to select the appropriate voltage vector. The output of the controller is a Boolean variable (Cflx),
which directly indicates whether the flux amplitude should be increased (Cflx = 1) or decreased
(Cflx = 0) to maintain the desired value [48,49]. Equation (3.20) represents the mathematical form

of the two level hysteresis comparator used for stator flux control [23].
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Fig.(3.3) Tow-level hysteresis comparator for stator flux control.

(si &y > socflx =1

si0 < &y < A¥ and d:f >0 socflx=0 (3.18)
| si0< &y <A‘{’Sandd::5<0 socflx =1 '
ksi gy < —Y socflx =20
With:

Eys = Ysrer — ¥y

Y rer: The reference value of the stator flux.

AY,: The hysteresis band width of the flux controller.

cflx : Represents the output state of the hysteresis comparator.
3.6.2 Development of the Torque Controller:

The purpose of the torque controller is to keep the electromagnetic torque within permissible
limits, defined as:

| Temret — Tem|< ATem (3.19)
Where:
Temret: The desired or target value of the electromagnetic torque.
ATem: The width of the hysteresis band used by the torque controller.
the torque can be either positive or negative depending on the machine’s direction of
rotation. Therefore, it is necessary to use either a two level or three level hysteresis controller for

proper torque regulation [23].
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A. Two-Level Torque Controller:

This controller operates in a similar manner to the one used for regulating the flux vector.
A two-level controller is employed when torque control is required in only one direction of
rotation. In this case, only the voltage vectors Vi+1,Vi+2, and the zero voltage vectors are used to
influence the behavior of the flux vector. Torque reduction is achieved by selecting the zero
voltage vectors[23].

B. Three-Level Torque Controller

The three-level hysteresis comparator (-1, 0, 1) allows the motor to be controlled in both
directions of rotation, either for a positive or negative torque. This controller is modeled by the
algorithm, where Tcpl represents the output state of the comparator and ATem is the hysteresis
band width (see Figure 3.4)[23]:

The Mathematical Form of the Three Level Hysteresis Comparator for Electromagnetic Torque
[23]:

4

g > AT, =  Tepl=1
0 <g < AT,,, and % =0 =  Tepl=10
) 0<eg < AT, and & <0 = Tepl=1
g < —AT,., = Tepl=—1
~AT.,<e<0and & >0 = Tepl=0
AT, <& <0and &2 <0 =  Tepl= -1
L e P (320)
clrg
1}—= — 41
—IFI]'(’ 4
g » AT,
I {
. N I

Fig:(3.4) Three level hysteresis comparator for electromagnetic torque control

3.7 Switching Table Construction and Control Algorithm Design :
3.7.1 Six sector Switching table:

To achieve decoupled control, a pair of hysteresis comparators is used to process the stator

flux and torque errors. The outputs of these comparators guide the selection of the appropriate
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voltage vector. However, this selection depends not only on the comparator outputs but also on
the position of the stator flux vector. As a result, the circular trajectory of the stator flux vector is
divided into six symmetrical sectors.

where:

11
sectorl:T7t <Os<g , sector2: §<es<§ ,

Fig.(3.5) Voltage vector selection when the stator flux vector is located in sector i.[26]

While the stator flux vector is located in the sector i we have:
If iVisiis selected, ¥s increases and Tem increases.

If 1Vi1is selected, ¥s increases and Tem decreases..

If i Vis2is selected,¥s decreases and Tem INCreases.

If iVi2is selected, ¥s decreases and Tem decreases.

In each sector, the voltage vectors Vi and Vi.z are excluded from selection because they can
either increase or decrease the torque within the same sector, depending on the stator flux vector’s
position in the first or second half of the sector. When the zero voltage vectors Vo and V7 are
applied, the stator flux vector will stop moving and its magnitude stays constant. This causes a
reduction in electromagnetic torque, though the decrease is less significant compared to when
active voltage vectors are used. The resulting DTC look-up table, originally proposed by
Takahashi, is shown in Table (3.1)[1].
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Error sector I I Il v \/ VI
Ctrq =1 V5 V3 V4 Vs Vs V1
Cflx=1 Ctrq =0 V7 Vo V7 Vo \Z Vo
Ctrq =-1 Vs V1 V, V3 A\ Vs
Ctrq =1 V3 V, Vs Vs V1 \2
Cflx=0 Ctrq =0 Vo V7 Vo V7 Vo \Z'
Ctrq =-1 Vs Vs V1 V>, V3 V4

Table (3.1) Look-up table for basic direct torque control.
3.7.2 DTC improvement using twelve sectors switching table:
In conventional six-sector DTC, two switching states per sector are typically not utilized,

leading to ambiguity in torque control. To address this, sector shifting is applied by redefining the
first sector to span from (0 to g) instead of( 117“ to g) from , resulting in a new switching table.
However, even with this modification, two voltage vectors per sector specifically ( Vi Vi-1)
remain unused, which present an ambiguity in flux instead of torque.

Another strategy divides the circular flux locus into 12 sectors instead of 6 as shown in Fig (3.6)

This makes all the six states used per sector [23].

V3(0,1,0) V,(1,1,0)
e Sector 1
é V1(1,0,0)
V4(0,1,1) 3 ........ e sty
v5(001) Ve(1,0,1)

Fig(3.6)Voltage space vector in 12 sectors case

In twelve-sector DTC, voltage vector V1causes a significant increase in flux and only a slight
increase in torque within sector 12. Conversely, V2 results in a substantial torque increase with

minimal impact on flux. This highlights the need to distinguish between small and large torque
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variations. To achieve this, the torque hysteresis band is divided into four levels. Consequently, a

twelve sector look-up table is developed, as shown in Table (3.2)[1].

Error Sector | | im (v (v [ VL |[Vvll [Vl |IX | X | XI | Xl
Ctrq=2 Vo2 | Vs | Vs | V4 | V4 | V5 | Vs Vs Ve | V1 | V1 | V2
Cflx=1 | Ctrg=1 Vo | V2 | Vs | V3 | Vs | V4 | Vs Vs Ve | Ve | V1 | V1
Ctrg=-1 | V1 | V1 | V2 | V2 [ Vs | V3 | V4 | V4 | V5 | V5 | V6 | Vs
Ctrg=-2 | Ve | Vi | V1 | V2 (V2 | V3 | V3 | Vu | V4 | V5 | Vs | Vs
Ctrg=2 V3 | V4 | V4 | Vs | Vs [ Ve | V6 | Vi | V1 | V2 | V2 | V3
Cflx=0 | Ctrg=1 Va | Va | Vs | V5 | Vs | Vs | V1 V1 Vo | V2 | V3 | V3
Crg=-1 | Vs | Vs | Ve | Ve | V1 | V1 | V2 | Vo | Vs | Vs | Vs | Vs
Ctrg=-2 Vs | Ve | Ve | V1 | V1 | V2 | V2 V3 Vi | Va | Va | Vs

Table (3.2) Look up switching table with twelve sectors.

Numerous studies in the literature have indicated that increasing the number of sectors has
only a modest effect on reducing torque ripple and current harmonics. However, twelve-sector
DTC offers improved dynamic performance across both high and low speed operating regions
Therefore, the twelve-sector DTC approach is selected over the six-sector version for simulation
and real-time implementation in this chapter[1].

3.8. The Direct Torque Control (DTC) strategy:

The core principle of this control strategy lies in directly regulating the electromagnetic torque
and stator flux of the machine using hysteresis controllers. The objective is to maintain both the
stator flux and the electromagnetic torque within predefined hysteresis bands. A schematic
representation of this technique is shown in Figure (3.7), which illustrates the flux and torque
estimators, as well as their respective hysteresis controllers.

It is important to note that in Direct Torque Control (DTC), using a high sampling (computation)
frequency is recommended to minimize torque ripple, which is a common side effect of hysteresis-
based regulation [22].

3.9. Global scheme of basic direct torque control:

The overall control scheme of the basic Direct Torque Control (DTC) strategy is illustrated in

Fig. (3.7) It includes the following components: a speed regulation loop utilizing a PI controller,
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independent flux and torque hysteresis controllers, a switching look up table, a Voltage Source
Inverter (VSI) connected to an induction motor, voltage and current processing blocks with 3/2
(Concordia) transformation, as well as flux and torque estimators with sector and position
detection [24].

Var i
e + efly m— 5. |
e |” i® :ﬂ‘ flx Sa o
15,11 Switching | s
;. T." t table 5
4 a 4 olry »
—@—{ o @/ T
— A e
e - e
Te A Sonc Ve
¥ W
Voltage
calculation
Vsalu.‘
Stator flux Vsag P " ¥ bsane
and Torque iansformation i
. . B | | "
estimation -+ —

— =)

& =

Fig(3.7) Global control scheme of basic direct torque control.

3.10. Simulation Results

The structural behavior of the direct torque controllers proposed in this chapter for controlling
a 3 kW asynchronous motor powered by a two level inverter is simulated in the Matlab/Simulink
environment. A comparative study between thel2 sector DTC and the conventional 6 sector DTC
is presented, the P1 speed controllers are configured with the same parameters. The sampling time
is set to 10—5 s with fixed step. To ensure a evaluation between the two methods.The machine
and controller parameters are listed in Appendix A. Different operating conditions are used for
the two control methods.
We will study this technique in two cases: the first with six sectors and the second with 12
sector. We will compare them in terms of speed, current, flux, and torque when there is a load,
when there is no load, and when the motor is rotating in the opposite direction. We will see the

difference between the two cases in all the situations we discussed.
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3.10.1 with no load application:

This section presents the starting up state of the induction motor according to speed step
reference of 1000 rpm. With no load of 0 N.m. Figs.(3. 8,9,10,11,12) show respectively rotor
speed, torque, stator phase current isa with THD analysis, stator flux. The figures are specified:
(a) for DTC 6 sectors, and (b) for DTC 12 sectors.

a) b)
1000 — == 1000 |—fr— = rgal spoed
I ’ | ref speed
Real speed
80O H
— I ref speed ﬁ&{.\'} [
o =N
B oo E e
L 1l
o 400 ;"4{.‘6
5 I 5 I
= =]
= 200 i m,
0 ]
0 a5 1 15 2 25 3 35 4 i} 05 1 1.5 2z 25 3 35 4
Time (8) Time(s)

Fig(3.8) Rotor speed response at the starting up and steady states with no load application.

a) b)
<Electromagnetic torque Te (N*'m)= <Electromagnetic torque Te (N*m)=
I | | | | [ [ I I I
20 <Electromagnetic torque Te (N m)= | 20 <Electromagnetic torque Te (N m)> |
ref.torque T ref torque
15 15

torque (N*¥m)
]
torque (IN*m)
=

n

[i] —W 0 !I
0 05 1 15 2 25 3 3.5 4 Q 05 1 15 2 25 3 35 4
Time(S) Time(8)

Fig.(3.9) Electromagnetic torque with no load application of 0 N.m .
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Fig.(3.10) Stator flux magnitude [Wh].
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Fig.(3.11) Stator phase currents isa isb,isc
The current drawn by the motor is shown in Figure (3.11) (a and b) for the use of the two
strategies proposed in this work, where the current takes a sinusoidal shape with ripples. The
current value is largely related to the system and the torque value. Furthermore, it can be seen that
the current ripples are greater in the case of a conventional DTC control (6 sector) compared to a
(12sector) DTC control, where the THD value of the current is low in the case of a 12
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sector DTC control (THD=7.58%) compared to a conventional control (THD=8.81%), which is
desirable.
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Fig (3.12): ZOOM in stator flux
The displayed simulation results above (Figslll.8,9,10,11,12) show the starting up and the
steady states with no load application for the DTC controlled induction motor. Fig(3.8) illustrates
the comparison between speed responses of 6 and 12 sectors according to the speed reference step
of 1000 rpm . The figure shows that both techniques show good dynamic at starting up. We can
notice that the speed respond quickly in 12 sector better then 6.
Also the real speed follows it reference value same as the torque ,12 sector DTC in improving
torque quality and the flux.
The motor flux controlled by both the conventional DTC and 12-sector DTC controls is shown in
Figure (3.10), where the stator flux takes a constant value (0.8 wb) equal to the reference value
throughout the simulation period with ripples for both drives. The stator flux value is not affected
by the torque. Furthermore, the stator flux has a very fast time response, it is noted that the ripples

are greater in the case of 6 dtc control compared to the 12 segment DTC control (Figure 111.12).

3.10.2 with load application:

This section presents the starting up state of the induction motor according to speed step
reference of 1000 rpm. Then, a load of 5N.m at t=3.5s is introduced. Figs (3 .13,14,15,16,17)
show respectively rotor speed, torque, stator phase current lsa , stator flux,. The figures are
specified: (a) for DTC 6 sector, and (b) for 12 sector.
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Fig(3.13) Rotor speed response at the starting up and steady states with load application.
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Fig(3.15) Electromagnetic torque with no load application of 5 N.m at 3.5s .
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Fig(3.17) ZOOM of stator phase current isa.

The comparative analysis between 6 sectors and 12 sectors demonstrates clear performance
improvements when increasing the number of sectors. Starting with the rotor speed response (Fig.
3.13), the system employing 6 sectors shows acceptable behavior during startup and steady state;
however, minor overshoots and small oscillations are observed during

transients, under load application, the 12sector DTC exhibits a smoother and faster response, with
reduced speed ripple and quicker stabilization after load disturbances. This indicates an enhanced
dynamic performance and better tracking of the reference speed.

In terms of stator flux behavior (Fig. 3.14), the 6 sector method results in slight flux
oscillations during the transient period, which may affect the precision of torque generation.
However, when switching to 12 sectors, the stator flux magnitude remains remarkably stable

throughout the operation. The ripple is diminished, confirming that the increase in sector resolution
enhances flux control accuracy.
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The improvements are even more pronounced in the electromagnetic torque response

(Fig. 3.15). With 6 sectors, the torque exhibits visible ripples and abrupt changes, especially after
the load is applied at 3.5 seconds. These fluctuations can lead to mechanical vibrations and reduced
control precision. Conversely, the 12 sector DTC delivers a much smoother torque profile, with
minimized ripple and a more controlled response during load variation. This smoother transition
confirms the superior performance of the 12 sector configuration in maintaining torque stability
under dynamic conditions.

the use of 12 sectors in DTC results in a substantial enhancement in control quality. The
system achieves better speed regulation, reduced stator flux and torque ripples, and improved
stability during load transients. These findings underline the effectiveness of increasing the number
of sectors in DTC to achieve higher drive system performance and robustness,the same as the
stator current in Fig(111.16,17) it takes sinusoidal form but the Shattering in 6 sector current is
Higher then the 12 sector current and in time 3.5s react to the load application ,it began bigger
because of the load consume more energy .

3.10.3 Rotation sense’s reversing:
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Fig(3.18) Rotation sense’s reversing: rotor speed (1000rpm ,—1000rpm)
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Fig(3.24) Rotation sense reversing: Stator phase current lsa [A].

A speed reversal from a positive to a negative value (1000 rpm to —1000 rpm) is performed in
Figures (3.18 to 24) to demonstrate the ability of DTC to operate effectively across a wide range
of speeds. During the reversal phase, the speed controller behaves similarly to the startup phase,
driving the system to its physical limits. This is particularly evident in the torque response shown
in Figure (3.22). The speed and torque curves in Figures (3.18) and (3.22) exhibit strong dynamic
performance and accurate reference tracking in both transient and steady state conditions., the 12
DTC method delivers improved dynamic behavior with noticeably reduced torque ripples. Figures
(3.23) and (3.24) illustrate the reversal of stator currents and Stator phase current ls. for both
control techniques, showing well formed sinusoidal waveforms and a lower harmonic content with
12 DTC.

The stator flux response different between the two control strategies. In the case of the 6 DTC
(Figure a.3.20) and zoomed in (3.21) the stator flux exhibits a noticeable ripple around its reference
value, with noticeable fluctuations, especially around the two second mark during reversal. This
behavior indicates less precise flux control during dynamic transitions, the 12 DTC (Figure b.3.20)
exhibits a smoother flux response, with minimal ripples and improved tracking of the reference
value, even during reversal. This reflects more precise and stable flux regulation, with the 12 dtc
better dynamic performance than the 6 sector, the torque experiences a sharp overshoot in, (Figure
a) and significant oscillations during the reversal phase. The ripple is quite pronounced,
particularly during dynamic transitions, and the system exhibits a longer settling time after the

reversal In the 6 sector DTC case.
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The 12 sector DTC (Figure b) shows a much smoother torque reversal, with reduced ripple
and quicker stabilization to the new torque reference. This indicates a superior dynamic response
and places less mechanical stress on the motor, making the 12 sector approach more effective for

high performance applications.

3.10.4 Speed variations:
a. Without load
we did change in rotor speed from 1000 t01300 rmp without load and this the results with

time=2s, a) is 6 sector and b)12 sector

the figures (3.25to 28) we have the rotor speed, Electromagnetic torque, stator flux, and currents.
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Fig(3.25)Speed variation without load: rotor speed (1000rpm to1300rpm)

When comparing the speed response in both cases, we observe that both the 6 sector (a)
and 12 sector (b) configurations effectively follow the reference speed during the variation from
1000 rpm to 1300 rpm, the 12 sector DTC (b) exhibits a slightly smoother transition with reduced
ripple and better accuracy. the voltage vector space in the 12 sector scheme allows for more

precise voltage vector selection, improving dynamic response.
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The stator flux components in both cases maintain a stable trajectory close to the reference
values. In the 6 sector case (a), some small oscillations may appear in the flux waveform due to
the coarser resolution of vector selection. On the other hand, the 12 sector approach (b) shows a
smoother and more continuous flux path, thanks to the increased number of available control

vectors. This leads to reduced flux ripple and improved electromagnetic torque control.
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Fig(3.27): Electromagentic torque [N.m].
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Fig(3.28)Stator phase current Isa lsb Isc [A].

The 12 sector approach provides smoother torque transitions and reduced ripple, which is
crucial for enhancing machine lifetime and improving performance in applications requiring
precise torque control. The peak torque values remain similar, but the smoothness in (b) is better
then (a).

The second set of plots (Fig 3.28) displays the stator phase currents. In the 6 sector (a), the
currents show visible oscillations and distortions during transient events, which can contribute to
undesirable harmonics put stress on the motor. the 12 sector control (b) results current waveforms,
even during speed variation the reflects better control of the stator flux vector and demonstrates

the effectiveness of the increased sector resolution in waveform quality.

b.With load:
same conditions with load at time t=3.5s and speed variation at 2, a) is 6 sector and b)12 sector
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Fig(3.28)Speed variation with load: rotor speed (1000rpm to1300rpm)
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When a load is applied, the torque response becomes more important. In the 6 sector (a), the
torque shows noticeable ripples and is less stable, especially during speed changes. The 12 sector

version (b) performs better, with smoother torque and fewer fluctuations.

Looking at the stator currents when we applied load at time 3.5s the motor start consuming
more energy and the current increase, the 6 sector method shows more distortion, particularly
during transients. In contrast, the 12 sector setup results in cleaner and more balanced current

waveforms, showing better control over the motor.

the 12 sector DTC offers better performance under load. It gives finer control, smoother torque,
and cleaner currents, making it more suitable for situations where precision and stability are

important.

3.11 Conclusion

This chapter focused on applying two types of Direct Torque Control (classic DTC and 12
sector DTC) to an induction motor fed by two-level inverters. While DTC offers robust and
dynamic performance, it struggles with uncontrolled switching frequency. Simulation results
show that 12 sector DTC provides better static and dynamic performance than the classic version,
with improved speed tracking and torque flux decoupling. It also reduces torque and flux ripples.
However, torque ripple remains an issue that needs addressing to enhance system efficiency.
The following chapter will be dedicated to Direct Torque Control (DTC) experimental validation
with comparison between 6 sector and 12.
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Chapter 04 Experimental Validation

1.1.Introduction

In this study, we took a close look at two ways of doing Direct Torque Control, or DTC the 6
sector and the 12 sector methods. Now, both of these have their downsides. You can see things
like the switching frequency jumping around, the torque and magnetic flux wobbling a bit, and the
current acting a little unpredictable sometimes, whether things are changing or staying steady,
However, we noticed that these problems are definitely less of an issue with the 12-sector DTC
compared to the standard 6-sector one. As we showed you back in Chapter 3, this leads to better

overall performance [23].

So, the first part of this chapter is all about the experimental setup we used. Then, in the
second part, we really wanted to see if our simulation results held up in the real world. Our goal
was to confirm that the 12 sector DTC really does have those performance advantages we saw in
the simulations. To do this, we ran a bunch of experiments, specifically focusing on how much the

torque and flux were rippling just like we did in the simulation phase.

We actually implemented all the control brains using Matlab, Simulink, and the dSPACE 1104
system. It's also worth mentioning that all this testing and validation happened at the Electrical
Engineering Lab in Biskra (that's the LGEB), using the test bench we set up there [23].

4.2. Representation of experimental material

This chapter presents the development of an experimental platform designed to validate the
simulation results. The setup features a 3 kW squirrel cage induction motor (IM) powered by a
voltage inverter. Doubly fed induction machine (DFIM), operating as a generator, serves as the
load and is mechanically coupled to the IM shaft. Two rheostats are connected in series with the
(DFIM) armature to apply a variable load to the motor. Rotor position is detected using a 1024
pulse incremental encoder, and phase currents are measured via Hall effect sensors. The control
algorithm is implemented on a dSPACE DS1104 board, using Control Desk software in
conjunction with MATLAB/Simulink. This experimental platform enables real-time testing and
evaluation of the control strategy under practical operating conditions. The IM parameters,
determined through standard testing methods, are provided in Appendix A. The test bench setup
developed at the LGEB laboratory in Biskra [23].
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Fig(4.1):Im experimental platform (Lab. LGEB)

4.3Power Part:
e Electrical Source:

a) Three-phase Power Supply:
This supplies the motor with power via an inverter. It is used to modify the effective value of
the phase to phase voltage [23].

Fig(4.2) Three-phase Power Supply

b) 30V power supply:
the 30-volt power supply used in the experimental setup.
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Fig(4.3):30V power supply

C)Electric machine :
This work is based on the use of a 3 kW didactic squirrel-cage induction motor (a), which is

mechanically coupled to a 4 kW doubly fed induction motor (DFIM)acting as to apply the load
(b)[23].

Fig(4.4) IM and DFIM used as load

e) Converter:

The speed control device serves as the power source for operating the electric machine.
Our design requires this power converter to provide open access for controlling the three IGBT
bridge arms. It is feasible to design the inverter using commercially available power modules
intended for industrial applications. In our case, a two level 20 kVA inverter using IGBTS is
required [23].
4.4 Control part:

a) signal conditioning circuit:
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It is used to amplify and adapt the control signals generated by the DS1104 board to drive the

IGBT power transistors. Its main function is to increase the voltage level from 5V to 15V [23].

=8 . %

9.)3 1

Fig (4.5)signal conditioning circuit
b)Speed sensor:

In our practical tests, a 1024 pulse incremental encoder was used to measure the speed[23].

c)dSpacel104 Control Board:
his card is operated by Control Desk and Matlab/Simulink software.
d)current sensor:

To measure the stator currents, we used two Fluke clamp type current probes. These sensors
operate based on the Hall effect, detecting the magnetic fields generated by the electric current.
Powered by a 9V supply, they provide an accurate representation of the stator current. Each sensor

has a maximum measurement capacity of 20 A and a conversion ratio of 100 mV[23].

Fig(4.6): current sensor:

e)Oscilloscope:

To obtain the experimental results, it is necessary to use specialized, high-quality equipment.
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the 4 channel Tektronix oscilloscope used in this work to capture and extract the experimental
data [23].

L~

Fig(4.7) : Oscilloscope Tektronix 4 voies.
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Figure(4.8)Block diagram of the experimental platform.

4.5 Software Part
4.5.1 Working with RTI

To connect your model to a dSPACE 1/0 board, you simply need to drag and drop the
appropriate 1/0 modules from the RTI block library into your Simulink model and link them to
the corresponding blocks. All configuration settings, including parameter adjustments, can be
accessed by clicking on the specific blocks. Simulink Coder (formerly Real Time Workshop)
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automatically generates the necessary code, while RTI provides the I/O interface blocks that
enable integration of dSPACE hardware into your Simulink environment. This setup prepares
your model for real time execution. Once configured, the model is automatically compiled,
downloaded, and executed on the real time hardware without requiring any manual programming.
Additionally, RTI assists during the configuration process by performing consistency checks to

identify and correct potential issues before or during compilation [28].
4.5.2Control Desk:

Control Desk serves as a simulation platform comparable to MATLAB. It offers a user friendly
interface for real time monitoring and adjustment of variables from the Simulink model while the
system is in operation. Unlike RTI, which requires recompilation of the generated source code for
every change, Control Desk bypasses this step, allowing quicker and more efficient modifications.
Moreover, it supports the recording of signals corresponding to the system’s electrical variables,

which can be exported for further analysis in MATLAB [23].
4.6 Description of the dSPACE 1104 Board:

As you can see in Figure 5.13, we identified the harmonic currents using the dSPACE digital
system specifically, the DS1104 prototyping board.This board was hooked up to our
MATLAB/Simulink setup through the Real Time Interface (RTI) block. The DS1104 system
itself is made up of a few key parts [25]:
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Figure (4.9) Composition of the DS1104 card.

1. The DS1104 motherboard, installed in the computer, which manages the overall operation
of the system and runs the main program.

20-bit digital input/output interfaces.

A DSP card from Texas Instruments, model TMS320F240.

Four single-phase PWM outputs and one three-phase PWM output.

Two incremental encoders.

14 bit analog inputs.

N o g bk~ DN

A multi-input, multi output connection panel that ensures the interface between the
various sensor outputs and the DS1104 card (installed in the PC)[25].

The panel includes the following components:
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Two sets of four BNC input connectors connected to the Analog-to-Digital Conversion
(ADC) board. It is important to note that the input signals must be scaled by a factor of 10,
as the ADC hardware automatically divides the input values by 10.

Two sets of four BNC output connectors linked to the Digital-to-Analog Conversion
(DAC) board. Similarly, the output signals must be scaled down by a factor of 10, since
the DAC hardware multiplies the output values by 10.

The output voltage range is £10V.[25]

Current measurements are performed using LEM sensors, which have a transmittance of
100 mV/A.
A key advantage of this controller lies in its ability, through appropriate software, to
automatically convert control models developed in Simulink into assembly code, compile
them, and load them into the DSP. This enables control strategies to be first tested in
simulation using Simulink and then automatically translated into executable code for the
controller[25].
Another notable benefit of this control system is the experimentation software, Control
Desk, which allows for real-time visualization, data logging of various system quantities,

and on-the-fly modification of control parameters[25].

4.7. Experimental Results:

To experimentally validate the results obtained in the previous simulation chapters, practical

tests were carried out. Signals were recorded under different operating conditions, including no

load tests with speed variation and load tests. These tests were conducted for both control

strategies conventional DTC and 12 sector DTC within a comparative study. The figures are
labeled as follows: (a) for conventional DTC and (b) for 12 sector DTC.

4.8.1No Load With Speed Variation:

In this test, the performance of both control strategies was examined and verified during a

no load speed change from 1000 rpm to 1300 rpm. The results of this experiment are shown in

Figures (4.10 to13) For this test, the scaling and gain settings were adjusted to prevent saturation

of the dSPACE system: for torque, a scale of 500 mV with a gain of 0.01 was used; for speed, a

scale of 500 mV with a gain of 0.0001; and for flux, a scale of 400 mV with a gain of 0.1,
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a)6 sector DTC, b)12 sector DTC.

Figure (4.4) illustrates both the electromagnetic torque and the motor speed. It is clearly visible
that the PI speed controller successfully tracks the reference in both control strategies (with 1
division = 500 rpm). Regarding the torque, it follows the reference value throughout the test,
though a transient effect is observed when the speed changes from 1000 rpm to 1300 rpm. During
this transition, the torque briefly spikes to its maximum before gradually decreasing. Torque
ripple is present in both cases, but it is noticeably reduced when using the 12sector DTC control

method.

a) b)
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Ch1l: reference speed, Ch2: actual speed, Ch3: reference torque, Ch4: actual torque.
Figure (4.10): Electromagnetic Torque and Speed (No Load and With Speed Variation).
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Figure(4.11): Zoom on the Steady-State of Stator Currents.

Figure (4.11) presents a zoomed view of the stator currents drawn by the motor, based on
experimental results for both control techniques. It can be observed that the 12 sector DTC
produces a more sinusoidal current waveform, regarding torque, this figure(4.10) confirms that
torque ripple is more pronounced with conventional DTC compared to the 12 sector DTC. These
experimental findings are consistent with the simulation results discussed in Chapter 3.
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Fig (4.12): Stator Flux and Its Components (No-Load and With Speed Variation).

The Fig(4.12) It shows the stator flux and its components for both control methods, where the
flux maintains a constant value and closely follows the reference with some ripple. This ripple is
significantly lower in the case of 12 sector compared to conventional control, the stator flux
components exhibit a more sinusoidal waveform under the 12 sector, demonstrating better

performance than the classical DTC.
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Figure (4.13): Evolution of Stator Flux Components (No Load and With Speed Variation).

Figure (4.13) displays the evolution of the stator flux under no load conditions for both
classical and 12 sector DTC control strategies. In both cases, the stator flux forms a circular
trajectory. However, it is clearly observed that with the 12 sector DTC, the flux path in the (a, B)
plane is more perfectly circular and exhibits significantly fewer ripples. These results reinforce the
earlier findings and confirm that the 12 sector method offers improved flux control with reduced
ripple compared to the conventional DTC approach.

4.9 With Load test

In this section, we present the load test results obtained on the experimental platform for both
control strategies. Figures (4.14 to 17) display the experimental results of the classical DTC and
the 12 sector DTC applied to the squirrel-cage induction machine (SCIM) powered by a two-level
inverter. The motor is operated at a speed of 1000 rpm. The sampling time is set to Te = 10 s

using the Euler method. The reference stator flux is set to 0.8 Wh.

For this test, the torque measurement was scaled with a 500 mV range and a gain of 0.01, while

the speed was scaled with a 500 mV range and a gain of 0.0001. These scale and gain values were
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adjusted to prevent dSPACE saturation and to better capture dynamic changes, particularly in

terms of speed.
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Ch1l.: reference speed, Ch2: actual speed, Ch3: reference torque, Ch4: actual torque.

Fig (4.14): Electromagnetic Torque and Speed( Speed Variation with Load).

Figure (4.14) shows the motor’s rotational speed and electromagnetic torque. As seen in the
figure, the speed (1 division = 500 rpm) closely follows the reference, and it is clearly evident
that the PI speed controller has no difficulty maintaining the reference for both control strategies.
A slight drop in speed occurs at the moment the load is applied. These results strongly confirm
the simulation findings and demonstrate the superiority of the 12 sector DTC control compared
to the conventional DTC, particularly in terms of reducing torque ripple.

It can be observed from this figure that the motor torque closely follows the reference torque
for both proposed control strategies. Additionally, when the load is applied, the electric current
increases in magnitude, indicating the system's response to the added mechanical demand.

This increase corresponds to the value of the applied load torque (resistant torque), torque is
observed, as shown in Figures (4.14). These ripples are significantly more pronounced with the
conventional DTC compared to the 12 sector DTC. The experimental results obtained here are
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consistent with those presented in the simulation section, confirming the validity of the earlier

findings and highlighting the superior performance of the 12 sector DTC strategy.
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Figure (4.15): Stator Current Isa Isb Isc (Under Load Conditions).

Figure (4.15) the stator current waveforms (lsa, Isn, Isc) under load conditions for two different
Direct Torque Control (DTC) strategies. the classical 6 sector and the improved 12 sector DTC.
When the load is applied visible around the midpoint of both graphs there is a noticeable increase
in current amplitude. This change indicates the motor's response to the increased torque demand,
confirming that the control system is functioning correctly under loaded conditions., the 12 sector
DTC demonstrates better dynamic response after the load application, with a faster and more
stable recovery, these experimental results validate the advantages of the 12 sector DTC,
particularly in reducing torque ripple and enhancing current quality in alignment with the
outcomes predicted in simulation.
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In both (a) and (b), the reference and real flux waveforms are displayed. In the 6 and 12 sector ,
the real flux (Ch2) follows the reference, The signal Wsa (Ch3) represents the variation of the a
component of the stator flux. In the 6 sector control, Wsa has more distortion and irregular ripple

but With the 12 sector control this component becomes more sinusoidal and stable.

the sector number the controller is operating in. In the 6 sector DTC (a), the transitions between
sectors are more abrupt and cover wider angular intervals (60° per sector), leading to coarser
control. The 12 sector DTC (b), with narrower sector widths (30° per sector), This results in better

performance, as evidenced by smoother flux evolution and lower ripple.

4.10.Conclusion

Following up on the simulations, we actually put the proposed control methods to the test in
this chapter using a 3 kW asynchronous motor. For this, we used the dSPACE 1104 board — it's a
real workhorse for this kind of thing because it's got the processing power and accuracy to handle

all sorts of complex motor controls.

Now, as anyone who's done experimental work knows, getting good data hinges on how well
you can grab and process signals. You need decent sensors for that. In this chapter, we only got
around to doing the experiments for the standard control methods you know, the classic DTC and
the 12 sector DTC.

On a similar note, we just didn't have the resources to do the experimental work on those more
advanced techniques yet, so that's something we're aiming for in the future ,The experimental
results we did get? We lined them up against the simulation results from the same tests. And you
know what? The theoretical stuff and the real world results were surprisingly similar. What's more,
these results really showed that the control methods we were proposing actually work and are

pretty accurate for controlling an asynchronous motor.

The experimental findings pretty much backed up what we saw in the simulations across all

the different tests. This reinforced that the 12 sector DTC control is a step up from the regular one.
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So, while the experiments in this chapter were just a few basic tests with traditional controls
(again, those pesky technical issues), the plan is to dive into those smart controls and maybe even

try out some other ways to control the motor's torque down the line.

Ultimately, we achieved what we set out to do in this chapter: to get those conventional control

techniques up and running and validated using the dSPACE board.
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General Conclusion

As part of the research on the control of asynchronous machines, our main objective was to

study and practically implement the DTC control strategy.

In the first chapter, a general modeling study of the induction machine was presented, taking
into account simplifying assumptions. This model clearly highlights the coupling between the

electromagnetic torque and the stator flux. To achieve efficient control of the asynchronous
machine inverter system, it is essential to decouple the electrical and mechanical parts , and we

presented the model of the asynchronous machine in the Park reference frame, which reduces the

number of equations from six to four global equations using simplifying assumptions.

In the second chapter, we first presented control techniques for the asynchronous machine,
giving an overview of scalar control based on rotor flux orientation as well as vector control. We
highlighted their challenges and limitations, particularly their sensitivity to changes in machine

parameters.

In the third chapter, we presented the DTC control of the asynchronous machine powered by
a two level inverter. In the first part, we studied the conventional DTC applied to the two-level
inverter connected to the stator of the machine. In the second part, a 12 sector DTC approach was
proposed as an alternative to the classical regulation method to enhance the motor's performance.
Simulation results show that increasing the number of sectors helps reduce torque and stator flux
ripples.

In the fourth chapter, the control techniques proposed in this work were experimentally
validated using the ds PACE 1104 board. Several real-time tests were conducted to assess the
robustness of the proposed strategies and determine which control method performs best for motor
control. The experimental results confirm the effectiveness of the methods, showing strong
performance particularly for the 12-sector DTC, which demonstrated reduced torque and stator
flux ripples, better decoupling, and accurate reference tracking. These experimental findings also

support and validate the simulation results.
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Finaly The comparison between classical DTC (6 sectors) and the improved 12 sector DTC
shows that increasing the number of sectors significantly enhances control performance by
reducing torque and flux ripples and improving dynamic response. However, ripple and variable
switching frequency issues still persist. Future improvements could involve integrating intelligent
control methods (like fuzzy logic or neural networks), adopting fixed switching frequency
techniques, or using model predictive control to achieve more precise and efficient regulation.
These enhancements aim to further increase robustness, reduce losses, and optimize real-time

performance for advanced motor drive applications.
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Annex A

A.l. Experimental Setup Parameters:

o Rated power: 3 kW

o Rated load torque: 20 Nm

o Rated current: 10.9/6.30 A

o Rated voltage: 230/400 V

o Rated stator frequency: 50 Hz

o Rated rotor speed: 1430 rpm

e Number of pole pairs: 2

« Rated stator flux: 0.8 Wb

o Stator phase resistance Rs=2.3 Q

e Rotor phase resistance R,=1.8 Q

o Stator phase self-inductance Ls=0.261 H
e Rotor phase self-inductance L=0.261 H
e Mutual inductance Ln=0.258 H

« Moment of inertia of rotating masses J=0.03 kg.m?
e Friction coefficient f=0.002 Nm
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Annex B

Conventional Speed Regulation

In industrial applications, regulating speed is crucial to mitigate undesirable load variations.
A closed-loop control system is typically implemented using a Proportional Integral (PI)
controller, which combines both proportional and integral actions. This approach enhances the
system's performance in both steady-state and transient conditions (refer to Figure B.1).

IP+F

The time domain equation of this controller is given below:

u(t) = Kye(t) + K; J; e(t)dt (B.1)

where e(t) u(t), Kp, and Kj denote, respectively, the error at time t, the generated control signal,
and the proportional and integral gains of the controller.

The corresponding transfer function is given by:

PI(P) = Ky + ==K, (1 4+ —
P F p( TF) (B.Z)

where P is the Laplace differential operator, and = K, /K| represents the time constant.
The closed loop transfer function is given by:
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1
FTBF = ——JPF_
1+P.F(.F':1.JP+F

(B.3)

By substituting equation (B.2) into equation (B.3), with T,=0 and after simplification, we
obtain:

(1+1P)
FTBF = .
KLEP2+(FL;:E)P+1

(B.4)

To ensure proper closed-loop control of the system, it is essential to carefully select the
coefficients K, and K; In this case, the pole placement method is used for this selection.
The transfer function of a second order closed-loop system is characterized by:

K
F(s) =—
(s) 1428 py L p2
fabpy Wy
(B.5)

Thus, the characteristic equation is:

2 1
1+ 2 prLp2

wn wn

By matching it with the equation derived in expression (B.4), we obtain the following system:

1 ] 2
—_— i — = P=
wna Kl' KI. )’w'ﬂ
2§ _ KptF = K :—ngi—F
W K; p n

(B.6)

The controller gains are selected to achieve a minimal response time while ensuring no
overshoot.

This technique involves setting specific values for the damping ratio & and the natural frequency
on to determine the coefficients K and
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