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Dans ce mémoire nous présentons la commande d’un moteur asynchrone double étoile
alimentée par deux onduleurs de courants. Nous avons présenté d’abord le modele de la machine
basé sur la transformation de Park. Ensuite, et dans le but d’améliorer les performances
statistique et dynamique et de la robustesse, nous avons opté d’appliquer de 1’une des techniques
de commande robuste, nommée commande directe de couple DTC. Les résultats obtenus ont
montré que cette technique de réglage apporte des améliorations remarquables.

Mots clés : Machine asynchrone, DTC, MASDE, Machine asynchrone double étoile

lemmany

In this memory we present the control of a double star asynchronous motor powered by

two current inverters. We first presented the machine model based on the Park transformation.
Then, and with the aim of improving the statistical and dynamic performances and robustness, we
opted to apply one of the robust control techniques, called direct torque control DTC. The results
obtained showed that this adjustment technique provides remarkable improvements.

Keywords: Asynchronous machine, DTC, DSIM, Dual Star Induction Machine
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SYMBOLIC NOTATIONS

Signification
Electromagnetic torque
Resistant torque (load torque)
frequency
Cut-off frequency

Machine moment of inertia

The coefficient of friction

The magnetization inductance.

The self-inductance of the 1st star

The self-inductance of the 2nd star

The maximum value of the rotor mutual
inductance coefficients
The self-inductance of a phase of the rotor

The maximum value of the stator mutual
inductance coefficients

The maximum value of the mutual inductance H
coefficients between a star
The speed of rotation of the reference frame (d,q) tr/mn
relative to star 1
The rotation speed of the mark (d,q) relative to the tr/mn
rotor
Mechanical rotation speed of the rotor tr/mn

The initial position of the rotor relative to star 1 rad

Stator electric pulsation rad/s, tr/mn
Rotor electric pulsation rad/s, tr/mn
Sliding Without unit
The number of pole pairs per machine Without unit

Reference torque
Without unit

Star flux Wh

¢r Rotor flux Wb

Ags The hysteresis width of the corrector.
AC the torque hysteresis band Without unit

(Ps)rer The flux instruction Without unit
by The total magnetizing flux Wb




SYMBOLIC NOTATIONS

The stator flux vector.

Without unit

The rotor flux vector referred to the stator.

Without unit

Resistance of a rotor phase

H

The resistance of a phase of the 1% star

H

The resistance of a phase of the 2" star

H

Qg1 bs1, cs1

The indices corresponding to the three phases of
stator 1

Without unit

asZ, sz 1 Cs2

The indices corresponding to the three phases of
stator 2.

Without unit

a, by, ¢,

The indices corresponding to the three phases of
the rotor.

Without unit

GLOSSARY

Acronym

Meaning

DSIM

Dual Star Induction Machine

PWM

Pulse Width Modulation

DTC

Direct Torque Control
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GENERAL INTRODUCTION

GENERAL INTRODUCTION

Recently, alternating current machines occupy an important and central place in the
production of electrical energy and the operation of motors. They have largely replaced direct
current machines thanks to their advantages in terms of high efficiency and ease of control.
Asynchronous machines were mainly used as motors, while synchronous machines were the
preferred choice to be used as generators

Increasing demand for electricity and the use of high-power electrical technologies have
led to the adoption of multi-stage (three or more phases) machines for power distribution. In
addition to this advantage, multi-phase machines have many other benefits, such as power
distribution without increasing current per phase and reducing iron losses. Due to these
advantages, multi-phase machines are widely used in various fields, especially in high-power
applications such as wind power generation.

Dual Star Induction Machine (DSIM) are among the most common examples of
polyphase machines. In a typical configuration, two identical three-phase windings, each forming
a star, share the same stator with an electrical offset of 30 degrees. These windings have the same

number of poles and are powered at the same frequency. The rotor retains the same structure as a

three-phase asynchronous machine. In addition to the benefits of power division and redundancy,

this machine significantly reduces electromagnetic torque ripple and rotor losses.

The main objective of this study is to control a double star asynchronous machine in order to
study how to improve its dynamic and static characteristics with respect to parametric variation.
In this context, this dissertation is divided into three chapters:

The first chapter presents general information (characteristics, uses, advantages and
disadvantages) related to multi-phase machines.

The second chapter was devoted to the modelling of asynchronous star machines (DSIM).

The last chapter presents the direct torque control of DSIM and the results of numerical
simulations.

At the end of this work, a general conclusion will be presented in which some observations will

be presented and possible visions will be presented regarding the continuation of this work.
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Chapter | Introduction to multiphase machines

.1 INTRODUCTION

Multi-phase machines, or polyphase machines, are electromechanical devices that operate with
power systems having more than three phases. Unlike conventional three-phase machines, multi-
phase machines can use four, five, six or even more phases. These machines offer several
advantages in terms of performance, robustness and control. This chapter presents general

information related to multi-phase machines.
1.2 HISTORY OF ELECTRIC MACHINES

We give a historical overview of the discovery of electrical machines:

- In 1821, the Englishman Michael Faraday invented the first electric motor.

The following year, Peter Barlow added material. Faraday explained the principle of
electromagnetic induction in 1938. At the same time, Frederick Emil Linz in Russia and Joseph
Henry in the United States carried out similar research and contributed to the discovery and to
understanding this phenomenon.

-In 1832, Ampere collaborated with the French manufacturer Hippolyte Pixi to create a DC

generator.

- In 1836, the Englishman Hyde Clarke built a structure machine opposite the Pisay/Ampére

and improved the adjusting switch.
- En 1842, Davidson utilise I'une des premieres machines électriques tournant a réactance
variable.
- The Froment engine appeared in 1848, with a torque of 500 Nm. These engines were probably
the first to be used in industrial applications.
-In 1860, the company "Alliance" industrialized the manufacture of generators with complex
structures.
- In 1865, the Italian Antonio Pacinotti built a prototype DC engine with a toroidal armature and
a radial current collector.
-1888 Nikola Tesla filed several patents for the whole of his multi-phase system (Transformers,
synchronous, asynchrone engines, etc.). Over the years, there has been a debate between Edison
and Tesla about the choice of continuous current or alternate current for the production, use and
consumption of electricity. From this brief history, we note Researchers and engineers have also
continued to improve, develop and invent other machines to meet the needs of a variety of

industrial and domestic applications, giving rise to a range ranging from “micro machines” to
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“micromachines” of many machines. "Gigabit machine."” The ability to regulate the electrical
energy provided by power electronics technology not only significantly changes the operating
conditions of traditional DC and AC engines, but also leads to the emergence of new categories
of engines such as DC engines without beam, etc. [1]

1.3 CLASSIFICATION OF ELECTRIC MACHINES

The classification of machines can be carried out in different ways [2]:
* By construction.
* By supplying or transmitting current/voltage.
» The mode of operation.
In reality,
1.3.1 by their construction
o Machine without collector.
o Asynchronous Machines.
o Permanent magnet synchronous machine.
o Machines with collector.
o Continuous current machines.
o Synchronous machines.
1.3.2 By their type of power supply
— Continuous current machines (serial, parallel or combined).
— Alternate Current Machines (Synchronous machines, Asynchronous machines)
1.3.3 By mode of operation
—engine.
— generator or converter.
1.4 MACHINES MULTI-PHASEES

It is a system consisting of multiple alternating currents (AC) that are phase-shifted relative to

each other. In the most common three-phase systems, the currents are phase-shifted by 120°. As
the number of phases increases, the distribution of the current differs more.
1.5 CHARACTERISTICS OF MULTIPHASE MACHINES

There are generally two types of multiphase machines, depending on whether the number

of phases in the stator is a multiple of three or not. They can therefore be classified into two
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groups called "type 1 multiphase machinery™ and "types 2 multiphases". It should be noted that

pairs are rarely taken into account, unless they are a multiple of three.

1.5.1 " Typel" Multi-phase Machines
A "type 1" multiphase machine is a machine whose number of phases of the stator g is a multiple

of 3 and which can be grouped into n three-phase stars as follows:

q=37 (n=1,23,....) (1.1)
These machines are also called "multi-star machines”.
Note that in normal operation, it is generally desirable to have the same number of neutrals as
stars, i.e. n isolated neutrals.

For example, a double-star machine (6 phases) with a = 0° has different characteristics from a
double star machine with a=30°. In order to take account of these differences between machines
and to distinguish possible configurations, a different terminology is introduced. It is defined as
follows [2][3]:

180°
Qo = (1.2)

a

Table 1.1 the following table gives details of some examples of Multi-star machines [3]:

Equivalent i
Phase Angular Schematic

number of phases | gisplacement representation,

Number(q) Position of coils

(da) (a)
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Tab 1.1 Multi-phase "Type 1" machine
1.5.2 " Type2" Multi-phase Machines

A multiphase machine of "type2" is a machine whose number of statoric phases is

unparalleled. If a represents the angular shift between two adjacent coils, then the q phase is

regularly shifted by 2n/q = 2a.. So, it is still:
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Table (1.2) summarizes some examples of type 2 multi-phase machines [2][3]:

Equivalent Angular Schematic

Phase
Number (q)

number of phases | displacement representation,

(de) (o) position of coils

Tab 1.2 Multi-phase machine ""Type2"
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1.6 DESCRIPTION OF THE DOUBLE STAR ASYNCHRONOUS
MACHINE

The most common example of multiphase machine is the asynchronous double star
machine (DSIM). It has two three-phase wrapping systems in the stator, shifted from one to the
other by an electric angle a (a = 30° in this model), and a wrapped or squirrel cage rotor. To
simplify the study, the electric circuit of the rotor is considered to be equivalent to a short-circuit
triphase wrapping.

The following diagram shows the positions of the coil axes of the nine phases that make

up the machine. The stator has six phases and the rotor has three phases.[6]

Fig.l. 1.Representation of DSIM rollings
The quantity relative to the first star (stator 1) is marked with an index S
And a S2 index for the magnitude relative to the second star (stator 2).

The phases of the first star are designated by s,q,Sp1Sc1,the phases in the second star by

Saz, Sp2,Scz,and the rotor by r, , 7, 7.6, represents the position of the rotor (phase Ar) relative to

the starl Phasea,, 6,represents a rotor's position relative to star 2, and these angles are defined as
follows: [2]

0, = Q, t+6, (1.3)

0, =0, —a (1.4)
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Or:
Q; : Mechanical speed of the rotor.
0, : Initial position of the rotor by star inputl.
The two wrappings of the stator are each powered by a balanced three-phase current, which

produces a rotating field along the entrance.

The report: G = Qs = Qr/Q (1.5)
S

The different operating modes depend on the value of the slide.

generator engine 1 braking

Our study is interested in how the engine works
The contribution of the stator to the rotating field is called the slip of the rotor, and the frequency
of the rotor current is as follows:
Wy = Gwg (1.6)
The ratio of the mechanical speed of the rotor 22, depending on the synchronization speed wg,;

of the number of pairs of p poles of the machine is expressed as follows
Q, = (1—g)% (1.7)
1.7 APPLICATIONS OF MULTIPHASE MACHINES
Multiphase machines are often used in high-power applications, such as synchronous
generators, which generate more power than conventional generators. These applications include

pumps, fans, compressors, etc. (Figure 1.2). The diagram below shows an example of the

application of a 15-phase synchronous machine:
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1.3Mw [

Pilotage
synchrone de
tous les bras

CONTROL UNIT

CONTROL UNIT { 15 phase
'\ Machine

CONTROL UNIT

Fig.l. 2.Example of application of a 15-phase synchronous machine.

Another application is related to the use of multiphase machines in wind power generation

systems: the double-star machine produces energy through two three-phase systems connected to

a transformer to adapt the three-phase voltages to the voltage of the grid (see Fig.1.3) [3].

Energie électrigque

. Transformateur

&

.Y T.

Multiplicateur

Energie mécanigue

Fnergie électrique

Fig.l. 3.Example of application of a 6 phases asynchronous machines.

1.8 ADVANTAGES OF MULTI-PHASE MACHINES
Multi-Phase machines are more advantageous than traditional machines. Among these
advantages we can cite: energy sharing, reliability, reduction of torque fluctuations and reduction

of rotational losses [2] [3].
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1.8.1 Improved reliability

When inverters power three-phase machines, one of the arms of the inverter may fail,
causing the machine to only work on two phases. The control of the machine is then lost and a
high amplitude torque wave occurs. One solution for controlling the machine in this degraded
mode is to connect the machine's neutral to the medium point of the continuous voltage source,
so that the two remaining currents can be controlled independently of each other. In the case of
multi-phase machines, this restriction can be avoided if at least three phases remain active. Up to
(9-3) open phases are possible without the need to connect a neutral. The more phases there are,
the more it is possible to control the machine. This increases the reliability and operation in case
of failure [3].
1.8.2 Power segmentation

Increasing the number of phases automatically results in an increase in power. An
effective solution to reduce phase currents without having to reduce the power voltage is to
increase the number of phases in the stator. As a result, the total required power of the machine
will be allocated to each phase, resulting in a reduction in the load on each Phase. This capability
allows lower-quality electronic components to drive the machine using a frequency converter
operating at a higher switching frequency. This reduces current and torque waves. Power division
is the main advantage of the multi-phase machines, which are very popular today.
1.9 DISADVANTAGES OF MULTI-PHASE MACHINES

The main disadvantage of multi-phase machines is their cost. The number of
semiconductors increases with the number of phases, which increases the cost of assembling the

conversion machine. However, as power increases, this problem loses importance [2].

With the increase in the number of semiconductors, the control system obviously becomes more

complex. Consequently, the methods developed for three-phase systems cannot be applied as
they are (especially for type 2 machines), and specially adapted proximity control techniques

(control of static converters) must be developed. MLI technology represented little

1.10 CONCLUSION
In this chapter, we presented a brief history of electrical machines, we also gave the classification
and characteristics of multi-phase machines as well as their advantages and disadvantages.

The next chapter will focus on modelling the DSIM
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Chapitre 11 DSIM Modeling

1.1 Introduction

Modelling of electrical machines usually involves very complex equations. The
distribution of the wrappings and the particular geometry of the DSIM make the implementation
of the model difficult. However, this difficulty can be overcome by adopting some simplifying

assumptions [3].

Thus, modelling allows us to guide development by quantifying phenomena. It also
makes a valuable contribution by providing an image of what is observed experimentally and by

predicting the behaviour of more diverse machines than those observing experimentally.

11.2 Simplifying assumptions
To simplify the study of this machine we take the following simplifying assumptions:
The air gap dimensions are assumed to be constant along the air gap dimensions. This means
that the machine is designed in such a way that the distance between the stator and rotor is
constant throughout the machine.
The motor magnetic force is spatially distributed in a sinusoidal way. (This means that the
spatial distribution of the motor magnetic force follows the form of a sinusoidal function that
ensures the production of a smooth, continuous magnetic field.)
The saturation of magnetic circuits, hysteresis and Foucault currents are neglected. (The
effects of magnetic material saturation, hysteresis and Foucault currents that can be generated
in conductive materials when exposed to changing magnetic fields are ignored.)
Assume that the resistances of the wires in the stator and rotor windings remain constant
regardless of temperature changes.
» The mutual leak induction common to the two circuits (star 1 and 2) is negligible.

11.2.1 General model of DSIM
Given the simplifying assumptions above and the notation of the voltage, current and flux
vectors, we can write [2-5]:

For star 1

[Vsl] =[ asl Vbsl Vcsl]T

I . . . T
[ Sl] - [Iasl Ibsl Icsl]
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[q)sl] = [¢asl ¢bsl ¢csl ]T

For star 2

[V52 ] = [Vasz Vsz Vcsz ]T
[IS2] = [iasz isz icsz ]T
[q)SZ] = [¢a32 ¢b 2 ¢c52 ]T

For the rotor

r

[V ]=[Var
[Ir]:[iar .
[©]=[¢ e 4]

By combining the Ohm law with the Lenz law, we can write the following relationship to
the receiver rule which is valid for all operating conditions:

Vo] =[RaJ[1] 5[] 1)

Vo] = [Ra][1 ]+ 15)

][R0+ ] 19)

11.2.2 Flux equations
The following equation expresses the magnetic flux of the stator and rotor as a function of

current, self-inductance, and mutual inductance.
[©g]=[ Luse [l Ma [ ]+ [ My, ][] (11.7)
(@] =[ My [+ Lo [ ]+ [ M, 1] (11.8)
[@.]=[M, 4 [1a]+[ Mo 1]+ [ L 0] (11.9)

Or.

Resistance matrix ([Rg,] ,[Rs.], [R.] ) for the stator (star 1 and star 2) and the rotor respectively

for example:
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[Rs1] = Rs1[ID] 3.5
[Rs2] = Ry2[ID] 5.3
[Rr] = Ry[ID] 3.3
With:
[ID] 3.3: Order Identity Matrix3
R, Resistance of a phase of the 1% star.
R,: Resistance of a phase of the 2" star.

R,.: Resistance of a rotor phase.
The inductance submatrices in equations (11.7), (11.8) and (11.9) are expressed as follows [2-4] :

le + Lms _Lms/2 _Lms/2
[le,sl] = _Lms/2 Lgy + Lips _Lms/2
_Lms/z _Lms/2 le + Lms

LSZ + Lms _Lms/z _Lms/2
[LSZ,SZ] =| —Lms/2 Ly + Lips —Lps/2
_Lms/2 _Lms/z LSZ + Lms

Lr + Lmr _Lmr/2 _Lms/z
[Lr,r] =\ —Lms/2 Ly+ Ly —Lps/2
_Lmr/2 _Lmr/2 Lr + Lmr

cosa cos(a+ 2n/3) cos(a+ 4n/3)
[Msl,sz] = Mg, | cos(a + 4n/3) cosa cos(a + 2n/3)
cos(a+2n/3) cos(a+ 4n/3) cosa

cos 6, cos(6, +2n/3) cos(6,+4nr/3)
cos(0, +4r/3) cos 64 cos(6, +2m/3)
cos(0, +2r/3) cos(6, + 4r/3) cos 64

cos 0, cos(0, +2n/3) cos(6, + 4m/3)
cos(6, + 4m/3) cos 6, cos(0, + 2m/3)
cos(6, + 2m/3) cos(6, +4m/3) cos 6,

15
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Such as:

[Msz,51] = [MS1,52]T . [Mr,Sl] = [Ms1,r]T . [Mr,sz] = [Msz,r]T

OR:

Ly, : Self-inductance of the 1% star.

L, Self-inductance of the 2" star

L, : Self-inductance of a phase of the rotor.

L.s: Maximum value of the mutual induction coefficients of the stator.

L.-- Maximum value of the mutual induction coefficients of the rotor.

M,,: Maximum value of the mutual induction coefficients between the star and the rotor.

11.2.3 Expression of electromagnetic torque

The basic equation for rotor rotation is expressed by the following two relationships:

%(C C, —-k,Q,)

em ~ “r

(11.12)

Furthermore, the expression for the electromagnetic torque is obtained by the derivation of the
coenergy as follows:

[151] ’ 5 [le,sl] [Msl,sz] [Msl,r]
1
Cem = E [151]T {ﬁ [Msz,sl] [Lsz,sz] [Msz,r] (“-13)
T m

[Ir] [Mr,sl] [Msr,sl] [Lr,r]

The inductance submatrix shows that it depends on the following submatrix which gives a

simpler expression of the electromagnetic torque than the previous equation (11.14):

Cem = [151]71%[1\451,1*]- [Ir] }+[152]Ta%1{[Msz,r] [Ir] } (“-14)

After establishing the electromagnetic model of the machine in the three-phase reference
frame, taking into account the simplifying hypotheses, we can note its complexity, which forces
us to use simpler models in reference frames with a reduced number of axes allowing easy

translation mathematics of the machine, the study and analysis of its transient regime
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Among these models, the most commonly used is the so-called Park model (1929), which is a
mathematical operation that allows the transition from a three-phase system to a more easy to

solve biphasic system.

1.3 PARK TRANSFORMATION

The Park transformation is a mathematical tool used to a benchmark change from a three-
phase system of axes (a, b, c) to a two-phased equivalent system of the axis (d, q) creating the
same magneto motor force. The homopolar component intervenes to balance the processed

system [7].

The condition for the transition from a three-phase system to a biphasic system is the creation
of an electromagnetic field rotating with equal magneto motor forces. A unique Park

transformation matrix has been defined for currents, tensions and fluxes, it is defined by:

cos(8) cos(60 + 2m/3) cos(0 + 4mn/3)
—sin(0) —sin(0 +2rn/3) —sin(6 +4n/3)

1 1 1

2 2 2

(11.15)

And its inverse is given by:

1

/ cos(0) —sin(60) >
[A‘l]—\E cos(0 +2m/3) —sin(6 +2m/3) \E (11.16)

cos(6 +4n/3) —sin(0+4n/3) \E

The two transformations are represented by the following two equations [2 ,8]:

[ Gago ] =[A][Gasc] (11.17)

[Gue]=[ A™ ][ Guo | (11.18)

with:
[Gapcl: 1s the vector assemble sizes of the balanced three-phase system

[Gago]: Is the vector assemble the magnitude of the two-phase system.
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11.3.1 Application of Park transformation to DSIM

Fig. I1. 1.Schematic representation of the DSIM model in the Park benchmark.

11.3.1.1 Voltage Equations

After the above transformation, the DSIM model in the Park frame of reference is given by
the following equation [5][8].
For the star 1

. d
Vdsl = Rsldsl + a¢d32 - Wcoor¢qsl
. d
Vqsl = Rslqsl + _¢q52 + Wcoor¢dsl
dt
For the star 2

. d
Vdsz = Rsldsz +a¢d52 _Wcoor¢q52
(11.20)

V

. d
gs2 — Rs'qu +a¢q52 + Wcoor¢d52

For the rotor

. d
0= erdr +a¢dr - (Wcoor _Wr)¢qr
(11.22)

. d
0= erqr +a¢qr + (Wcoor _Wr)¢dr

with:

w, . Is the angular speed of the axes (d, q)

coor
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11.3.1.2 Flux equations
Applying this transformation to the magnetic flux equation in the same way that the Park

transformation is applied to the voltage equation, we obtain the following [3,5].

For the star 1

. 3. . I 3 .
¢dsl = leldsl + E Lmsldsl + E Lmsldsz + E M srlar
3 (1.22)

. I I .
¢qsl = lelqsl + E Lmslqsl + E Lms'qu + E M srlqr

For the star 2

. 3, . I 3 .
¢d52 = LsZ'dsZ +§ Lmsldsz +E Lmsldsl +-M srlar

(11.23)

¢q52 = LsZ'qu +§ Lmslqsz +E Lmslqsl +=

2
3 3 3
2
For the rotor

3 3

+_Msr|dsl += Msrldsz

. 3, .
¢dr = I‘rldr +E I—mrldr 2 2

(11.24)

¢qr:Lriqr+gL i +§M i +§M i

mr-qr 2 srogsl 2 sr-gs2

ELmS =§Lmr ZELSI’ =Lm
2 2 2

L, : Cyclic mutual inductance between star 1, star 2 and rotor.

Equations (11.22), (11.23), (11.24) are rewritten in this way [2]:

For the star 1

¢dsl = slldsl + I—m (Idsl + Idsz + Idr) (11.25)
¢qsl = lelqsl + I—m (Iqsl + IqSZ + Iqr) .

For the star 2

¢d52 = 52id52 + I—m (idsl + idsZ + idr)

1 - - . (11.26)
¢q52 - LsZ'qu + I—m (Iqsl + Iqu + Iqr)

19
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For the rotor

¢dr = I—ridr + I—m (idsl + idsz + idr)
¢qr = I—rlqr + I—m (Iqsl + Iqu + Iqr)

(11.27)

11.3.1.3 Mechanical equation

When changing the reference frame, it is necessary to find the expression of the
electromagnetic torque in the new reference frame. To calculate the expression of the
instantaneous torgue, it is necessary to determine the instantaneous power. The instantaneous

power absorbed by the double star asynchronous machine is given by the following expression:

Pape = [Vs1]"[Is1] + [Vso]" [Is,] (11.28)
Which give:

Pabc = Vasliasl + Vbslibsl + Vcslicsl + Vasziasz + Vbszibsz + Vcszicsz (“-29)

Furthermore, we can write

Pabc = Vdslidsl + Vqsliqsl + Vdszidsz + Vqsz iqu (“-30)

We replace the axis voltages and currents (d, q) in equation (11.30) with their expressions
in equations (11.19), (11.20), (11.21), and we find the following expression for the instantaneous
absorbed power. [3][4]:

— i2 2 2 i2
Pabc - Rslldsl + Rsllqsl + Rszldsz + Rszlqsz
termel

+Wcoor(¢dsliqsl - ¢qslidsl + ¢d52 iqsz - ¢q52 idsz) (“-31)

terme2

dgs1 .
“ar lasi +

dgs: .

d¢dsz . d¢qsz .
dt las1 +

—1 + l
dt ds2 dr qs2
terme3

We see that the instantaneous power developed is made up of three terms [4]:

+

o The first term is identifiable to losses Stator Joules.
o The second term represents the electrical power transformed into mechanical power (iron

losses are assumed to be negligible).
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o The third term corresponds to the stored electromagnetic power.

Electromagnetic power and torque can be written in standard form:

Pem =€2,C,, (11.32)

From the third term it is clear that the electromagnetic couple is of the following form [3]:
Cem = p(¢dsliqsl + ¢d52 iqu - d)qsz idsl - d)qsz idsz) (“-33)
11.4 CHOICE OF REFERENCE

To study the transient theory of double-star asynchronous machines, a three-axis (d, q)

plane coordinate system can be used.

11.4.1 Stator-related reference

In this frame of reference, the axes (d, q) are stationary relative to the stator (W, = 0).

In this case, phase Ag; and d coincide. This reference system is best suited to the treatment of
instantaneous quantities and has the advantage of not requiring conversion to a real system. This

system can be used to study the starting and braking speeds of alternating current machines

[2][5]

11.4.2 Rotor-related repository

In this frame of reference, the axis (d, q) is stationary relative to the rotor rotating at the

speed therefore (W, =W, ). This framework allows the study of transient characteristics of

oor
synchronous and asynchronous alternating current machines with asymmetrically connected rotor

circuits [4].

11.4.3 Reference linked to the rotating field

In this frame of reference, the axes (d, ) are stationary with respect to the
electromagnetic field created by the two stars of the stator (w,,,, = wg).

As quantities in this frame of reference are continued, this frame of reference is typically

used when applying controls such as speed and torque [1].
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11.5 Model of the motor in the Park reference frame linked to the rotating field
In our study, a reference frame linked to the rotation field is used to model and control the

DSIM. In this case the model is as follows [2].

For the star 1

. d
Vdsl = Rsldsl + aq)dsl - a)sq)qsl
(11.34)

=Rii +16D + oD 4,

gsl s gsl dt gsl

For the star 2
. d
Vis2 = Rlygp +— Dy, — 0, @

dt s~ Qgs2

=R;i +ECD + 0,0,

s'qs2 dt gs2

\Y/

gs2

For the rotor

(11.36)

11.5.1 Formatting State Equation

The magnetizing flux @ is the sum of the two direct @, and quadratic magnetizing fluxes @,

, hence [2][4].

D, =, + P, (11.37)

The two expressions of the magnetizing fluxes as a function of the stator and rotor currents are

expressed by [4]:
D¢ = Ly (g +igsr +igr)
D0 = Ly (g e+ )
By introducing the expressions for the magnetizing flux (11.38) into the equations (11.25),

(11.26), (11.27), we will have:
For the star 1

(11.38)
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(11.39)

For the star 2

For the rotor

From equations (11.39), (11.40), (11.41), we draw [2]:

For the star 1

idsl = (chsl _(Dmd )/ L51 (1.42)

iqsl = ((Dqsl _q)mq)/ LSl

For the star 2
idsz = (chsz _(Dmd )/ Lsz

. 11.43
Iqsz = (chsz _(qu)/ LSZ ( )

For the rotor
idr = ((Ddr _(Dmd )/ I‘r

iqr = ((qu _(qu)/ I—r (1144)

By replacing the currents in equations (11.42), (11.43), (11.44) by their expressions in equations
(11.34), (11.35), (11.36), we will have [5]:
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Rsq1

Lgy

((pdsl - (pmd) + Ws(pqsl

1
q)qsl = Vqsl - L_S ((pqsl - (pmq) + ws@sq
s1

dt
d Rs1
ad)dsz =Visz — 7= (P52 — Pma) + Ws(pqsz (11.45)

Lsy

d R,
Ed)qsz = Vqsz - _2 (‘pqsz - Cbmq) + WPy,

Ls
d R,
d_t(pdr = _L_r (Par — Pma) + Wai%gr

d R,
ad)qr =71 ((pqr - d)mq) + ng(pdr

OR: w, =w, —w,
From the equation (11.25), (11.26) (11.27) the expressions of magnetizing fluxes will have the
following expressions [9][10]:

(11.46)

Where he is:

G+ GG+

Other expressions for instantaneous torque can be obtained by using and substituting
expressions for stator fluxes. (11.25), (11.26), (11.27) in (11.33), we obtain [9][10][7]:

Cem = pL|:(iqsl + iqsz ) idr _(idsl + idsZ ) iqr:| (I |-47)
Another expression for torque can be derived from the rotor flux in Eq. (11.27). Consider

the following rotor currents:
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(11.48)

By introducing iy and i, into the expression (1.47), we obtain:

L:L |:(iqsl +iq52)q)dr _(idsl +id52)(qu:| (“49)

m T

By replacing and simplifying the expression for magnetizing flux in (11.45), we obtain the

following new system of equations:

dqb —V+q>L“L¢> +L<p +L<p
dr ds1 = Vast WsPgs1 TorLes ds1 oLy ds2) TL,

L =V by o sty g La +L¢>
dt gsl — Vgs1 Ws®Pqs1 Tlesl gs1 T51L52 qu) 1L

b =V, o g L lamleg g 4 la by 11.50
de ds2 = Vasz ToyLos ds1 TorLe ds2 T Ws@Pys2 T,L, (11.50)

— WD, + ﬂ b, +—2 ¢
s*ds2 Tsz Lsz dar Tser qr

—Lrg @
TrLr dar + ng qr

By putting the system of equations (11.50) in the form of equations of state, we will have:

X = AX +BU (11.51)

X=[Dy By Oy Dy, @ ¢>q,]T:Statevector.

U=[Vig Vea Vi Ve Va Vqr]T:ControI vector (input vector).

Based on matrix calculation, the following matrices are obtained: [2][10]:
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: Satiric time constant of the first star.

: Static time constant of the second star.

T :% : Rotor time constant.

r

11.6 NUMERICAL SIMULATION
To illustrate the usual characteristics of DSIM, the behaviour of motors supplied directly
by the three-phase network was simulated for two cases: no-load and on-load starting.

Differential equations (11.51) were solved using MATLAB programming.
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Stator 1

Stator 2

Fig. I1. 2.Direct power supply of the DSIM.
- 11.6.1 Empty operation

Figures The following represents the performance of the DSIM during no-load operation

Flux direct en (Wb)

Flux en quadrature en (Wh)

T
Temps en (s) emps en (s)

300

250

200

150

100

Vitesse de rotation en(rad/s)
Couple electromagnétique en(N.m)

50

0

0 2 3 4 5 6 7 8 9 10
Temps en (s) Temps en (s)

Fig. I1. 3.Characteristics of the DSIM
when empty.
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- 11.6.2 Operation under load
The effect of introducing a load torque of (14 Nm) at the instant (t=2s) after a no-load start

on the dynamics of the DSIM is illustrated in the following figures:

56 565 57 575 58 58 59
ZOOM iasl ias2

Fig. Il. 4.Characteristics of the DSIM when empty.
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11.7 INTERPRETATION OF SIMULATION RESULTS

11.7.2 Empty operation
= The rotation speed stabilizes at around 315 rad/s after a transient period of around 1.4s.
= At start-up, the electromagnetic torque reaches its maximum at 41.4 N.m and oscillates.
After this speed, the electromagnetic torque compensates for friction losses. The machine

generates a torque of 0.1 N.m.

The stator current « i,,, » is sinusoidal. During transient conditions, the machine draws a

very high current, reaching a magnitude of 28 A. After the transient state, the current
decreases to a peak value of 1.3 A.
The same is true for the two g-axis currents, except that the steady-state current value is zero.
11.7.2Under load
When a charge of 14 N.m is applied to the moment t=2s: the following observations can be
made:
o The speed of rotation drops to 289 (rad/s).
o The torque compensates for the load torque and friction losses. The torque reaches a

constant value of 14 N.m.

The current « i, » fluxing in the first star has the same value at start-up as when there is

no load, but this current increase when a load is inserted, reaching a peak value of 5.35A.
It should also be noted that the introduction of load torque reduces the rotational speed as well as
the rotor flux. Therefore, the introduction of a speed control loop is necessary to improve the

dynamic response of the machine.
11.8 MODELING OF THE ASSOCIATION (RECTIFIER + LC LOW-PASS

FILTER + CURRENT-CONTROLLED VOLTAGE INVERTER USING
HYSTERESIS TECHNIQUE)

Developments in the field of power electronics, either at the level of semiconductor
elements or at the level of static converters, allow the production of control elements with high

and easily controllable output powers [11].
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11.8.1 Modelling of a three-phase double diode alternator
The rectifier which is a device used to convert alternating current (AC) into direct current
(DC). Rectifiers are essential components in many electronic circuits and power systems [10].

The following diagram shows a three-phase full-wave rectifier using diodes:

DI\ DL/ m'JT !

A} f.l A

V1(t)

va(t)

V3(t)

Fig. I1. 5.Representation of a three-phase double alternating diode adjuster.

We assume that the rectifier is powered by a balanced three-phase voltage network:

V,(t) = sin( wt)

V,(t) = sin ( wt — 2?”)

V(t) = sin (wt + %) (11.52)

If the overlap effect is eliminated, the output voltage of the fixer is expressed as follows:
Va(t) = Max[Vy (1), V2(0), V3(£)] — Min[Vy(0), V2 (¢), V5 (t)] (11.53)

The output voltage is not truly DC and contains a slight ripple, but this is minimized by the

addition of a low pass filter.

11.8.2 Modelling of the filter circuit
To minimize voltage ripples and relatively smooth the current, a filter circuit containing a
capacitor and an inductor is inserted. Capacitance "C" suppresses sudden voltage fluctuations

during the switching interval and absorbs negative currents collected by the load, while

30
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inductance "L" smoothes the current to a near constant state. This filter is shown in the diagram
of the following [4].

—_— Y Y

va(t)

Fig. I1. 6.Representation of a low pass filter

We can write:

dig() 1
g L Ve®+U )

(11.54)

du; ) %(id )+ (1)

dt
Where U is the voltage of the inverter input V, (), is the rectified voltage.

The transfer function of the previous filter in the Laplace plan is written as follows:
U (p) _ 1

CV,(p) 1+ (J(LCp)?

F(p) (11.55)

1

f.=
¢ 2zJLC

OR: f; : Cut-off frequency.

(11.56)

11.8.3 Modelling of PMW commissioned inverter
Inverters are of crucial importance in the field of power electronics. Voltage converters
are static converters made up of switching cells. For high power, GTO transistors or thyristors are
used, especially in the field of variable-speed electric drives, while for low power, switching
transits are used. (IGBT or MOSFET). [4].
To power the DSIM, two symmetrical PWM (Pulse Width Modulation) controlled three-
phase inverters are used.

To model the two inverters, we start with the modelling of the three-phase inverter:
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XK
Tl T2 T3

Vio

A

K5 | &

T, Ts De

Fig. I1. 7.Schematic diagram of a three-phase inverter.
According to figure (11.7), v, , v, and v, are the phase voltages measured relative to the neutral
N of the symmetrical three-phase load.

Each switch (transistor + diode) assumed ideal, (Kiji =1,2 or 3, j=1 or 2), we can establish the

following relationships:
Vig =V, +V, =V, =0 (11.56)
Vig =V, +V, =V, =0 (11.57)
By adding the equation (1.56) to the equations (1.57), we obtain:
2V, —2V, +V, +V, —V,; —V,, =0 (11.58)
The sum of the currents i,, i, or i, or and must be zero because the load has an isolated and

symmetrical neutral. Same thing for the phase voltages (v, + v, + v. = 0)So, in equation (1.58),

we can replace (v, + v.) by (—v,).

(11.59)
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Depending on the state of the switch Kij , the voltage of the branch v, is either E or 0. Three

switching functions F, F, etk, are defined, which take the value 1 if the switch Koy is closed

and the value -1 if It is open. Equation (11.60) can be rewritten as follows.

wl [z -t fF
%|=5|-1 2 -1|F, (11.60)
v -1 -1 2 ||F

C

The power supply of the DSIM consisting of two three-phase voltage inverters thus:

For the inverter N°1:

(11.61)

For the inverter N°2:

(11.62)

Sinusoidal PWM (voltage inverter) technology or current control with hysteresis PWM
(current inverter) is used to determine the closing and opening times of the switch. The control
technique used in this study is hysteresis PWM current control. [4].

11.8.4 Control by hysteresis PWM

The hysteresis PWM (Pulse Width Modulation) command forces the phase currents to
follow a reference current. By applying a sinusoidal current to the machine, a constant
electromagnetic torque is guaranteed. The simplest approach used for this purpose is a control

strategy that compares the measured phase current to the reference current using a hysteresis
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comparator (see Figure 11.11). This generates switching and interruption pulses in the inverter
switch to limit the phase currents within a hysteresis band 2Ai centered around the reference

current. [4].

Borne (+)de b sonrce
Contant de et

téférence Bras K de Dy \
: b Tonduleur —Phage (4] de la conrce
aref

Iy

Bome (-] de la source

Courant rnesuré .
de la source Corpatatenr &

hystérésis

Fig. Il. 8.Schematic diagram of hysteresis control of an inverter arm

The switching conditions of the static switches of the two inverters are defined in terms of the

corresponding logical states as follows:

>iger + A By =1 (11.63)

i — Al Fy =1 (11.64)

ksjref

:iksjref; F, = ij—l (11.65)

with:

i (K=1, 2,3/ j=1,2): are the stator phase currents (a1 Is1s losts Taso s Ibs s Ies2 ) » TESPECtively.

Al : The hysteresis band is selected so as not to exceed the permissible switching frequency of

the semiconductor and to minimize current harmonics.

11.9 CONCLUSION

In the first part of this chapter, the current state of the art of multi-phase machines is
presented, the DSIM is modelled according to the Park benchmark and the usual characteristics
of the DSIM are presented in the simulation results.
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The second part of this chapter presented the modelling of a DSIM power supply, which mainly

consists of two voltage inverters whose current is controlled by a PWM with hysteresis.

The following chapter describes the vector control of the DSIM.
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Chapter 111 Direct Torque Control of DSIM

111.1 INTRODUCTION

Direct torque control (DTC) of asynchronous machines proposed by Takachachi and
Depenbrok appeared in the second half of the 1980s as competitive with traditional methods. In a
frame linked to the stator, the instantaneous values of the stator flux of the electromagnetic torque
are estimated from the stator quantities. Using hysteresis comparators, flux and torque are
controlled directly and independently with appropriate selection of the voltage vector imposed by
the inverter [8][12][13]

DTC, or Direct Torque Control, is the regulation of the torque of an asynchronous
machine by applying a relative voltage vector from the inverter, which determines its state. The
control variables are the stator flux and the electromagnetic torque, which are generally
controlled by hysteresis regulators. The output of these regulators determines the voltage vector
of the inverter applied at each switching instant. [9][14].

111.2 DIRECT TORQUE CONTROL

Direct torque control (DTC), also known as direct torque and flux control (DTCF), is a
method of controlling asynchronous induction motors (MAS). It allows direct control of motor
torque and flux, which offers several advantages over traditional control methods, such as flux
steering control (FOC).

In this innovative control technique, flux steering is achieved without a feedback loop,
using motor modelling to directly calculate torque.

The control variables are magnetic flux and motor torque, DTC does not require
modulators, tachometers or position encoders for speed or position feedback.

111.2.1 PRINCIPLE OF DTC CONTROL

In (DTC), the torque and stator flux of the asynchronous motor are controlled directly.

This is achieved by determining the direction of the stator flux vector using the instantaneous

value of the voltage vector [15-19].

A three-phase inverter can generate eight low voltage current vectors, represented as
vectors in the complex plane. Two of these vectors have a zero value, while the other six
represent six possible directions for the inverter currents.

The appropriate voltage vector to apply is determined from a switching table. This table depends

on the flux and torque errors, as well as the position of the stator flux vector. Flux and torque
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errors are continually updated based on instantaneous current and voltage measurements. The

position of the stator flux vector is determined by a mathematical model of the motor.

Based on continuous voltage measurements at the input path of the inverter and the stator

phases, the model displays the following for each position [20]:

» The actual stator flux of the machine.
» Actual torque generated.
» The speed of rotation.
Measuring the shaft speed is not necessary, which is a major advantage of these methods.
The flux and torque thus calculated are compared to reference values to determine the switching

control time.
111.3 FUNCTION AND SEQUENCES OF A THREE-PHASE VOLTAGE

INVERTER

The voltage inverter switches must be controlled to maintain machine flux and torque. The stator

voltage vector V; can be written as follows:

N 2 21 AT
W) = J G U [sa +5,e7 + scﬁ> (IIL. 1)

Where S,, S, and S, represent the logical state of the three switches, and Si=1 means that

the upper switch is closed and the lower switch is open V; = +%,and S; = 0 means that the

upper switch is open and the lower switch is closed V; = —% So we will try to control the flux

and torque by selecting the voltage vector that will be done by configuring the switches. Since we
have three keys, then there are 23=8 probabilities for the vector Vs. There are two vectors that

correspond to the zero vector: S,, Sp, S, = 0,0,0 and S,,Sp, S, = 1,1,1.

In each modulation period, the arm is not switched twice. The diagram shows the six non-
zero voltage vectors that can be generated by a three-phase two-level voltage inverter on the
complex plane [21].

This is how it works:
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0 interrupteur en haut du 1°° bras ouwert ;
1 @ interrupteur en haut du 25 bras ferme ;
0 imterrupteur en haut du 3™ bras ouvert ;

Wi [D10] signifie - ‘

Fig. I11. 1.0Operating Sequences of a Two-Level VVoltage Inverter

1.4 CONTROL OF STATORIC FLUX AND ELECTROMAGNETIC

TORQUE
111.4.1 Stator Flux Control Principle

Starting from the stator voltage equation with the asynchronous machine model with stator-

related reference:

des

Vs:RsIs'l'W

(111.2)

The stator flux is estimated from the following relation:

$5() f W, — RyL,)dt (111.3)

t

$5(6) = dso + Vi(t) — Ry f I dt (111.4)

0

Assuming that R, remains constant and that the term R is negligible in relation to the voltage
V..
On a periodic control interval [0, Te] corresponding to a sampling period Te the commands are

fixed, so we can write:
¢s(t) = pso + VsTe (111.5)
OR
¢so: is the flux vector at time t = 0.
In the time interval T,, the end of the vector ¢ moves along a given line of direction Vs.

Figure (1V.3) illustrates this principle, when we choose the vector V; = V,, for example.
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o

Fig. I11. 2.Evolution of the end of the vector ¢y

If the control period “Te” is too small compared to the rotation period of the stator flux
vector. Therefore, by selecting the appropriate sequence of inverter voltage vectors at successive
time intervals of duration Te, the ¢s end of the flux vector can be made to follow the desired
path[22].

The vector ¢s is maintained between two values ¢ ;a0 and ¢g min the passage from one
to the other being controlled by Vs, If the control vector is one of the non-zero vectors, ¢s evolves

with a constant speed proportional to the control voltage [23].

When the voltage vector Vs is non-zero, the direction of the end-of-flux displacement ¢s

dés

given by its derivative ”

practically corresponds to the vector Vs.

With regard to the rotary flux, it can be assumed that, given the high time constant of the
asynchronous machine's rotor, its amplitude does not vary during a transitional regime.[24], so

the variation of the rotor flux is negligible compared to that of the statoric flux.

111.4.2 PRINCIPLE OF CONTROL OF ELECTROMAGNETIC TORQUE
The electromagnetic torque is proportional to the vector product between the stator and rotor flux

vectors according to the following expression [25-29]:

Ce =k (¢ * ¢r) = k|os|b| sin(y ) (111.6)
Suchas k = L
lq
With:

o ¢, : The stator flux vector.

o E : The rotor flux vector referred to the stator.

o v : the angle between the vectors of the stator and rotor fluxes.
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According to this expression, the torque depends on the amplitude of the vectors @ and ?ﬁ: of
their relative positions.
111.5 CHOICE OF VOLTAGE VECTOR
It is possible to control variations in the electromagnetic torque by modifying the rotation speed
of the magnetic flux vector (¢g). Using four specific vectors (V; 1, Viy2, Vi—1, Vi—z)in a given
operating area (Zi).
Table (1) shows the evolution of the flux and the torque for each vector.
When the flux @ is in region i, the control of the flux and torque can be ensured by
choosing one of the following eight voltage vectors [24 -26]:
¢ if Vi is selected, the amplitude of the du flux ¢, increases and the torque Cem increase
if Visois selected, the amplitude of the flux ¢ decreases and the torque Cem increase
If Vi1 is selected, the amplitude of the flux ¢, increases and the torque Cem decreases.
if Viois selected, the amplitude of the flux ¢ decreases and the torque Cem decreases.

If Vo or V7 is selected, the flux rotation will be stopped, resulting in a decrease in torque while

N the flux coefficient ¢s remains unchanged.

The voltage vectors to be applied depend on the area where the flux vector is located. The

parameters Z1, Z», Z3, Za, Zs, Ze (figure 111. 3) represent the six possible zones of operation.

Vecteur

Visr

Visz

Vit

Vi

Ps

/

~

/

I

C

/

/

~

N

TAB. 111 .1 EVOLUTION OF FLUX AND TORQUE QUANTITIES AS A FUNCTION OF THE VECTOR
VSAPPLIED IN THE ZONE Zi K= (I-1, I-2, 1+1, 1+2)
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Fig. I11. 3.Distribution of zones
The level of efficiency of the applied voltage vectors also depends on the position of the flux
vector in zone i.

The voltage vector at the output of the inverter is determined from the torque and flux

—_

deviations relative to their references, as well as the position of the vector (¢;).

An estimator of the magnitude and position of the vector (¢,), as well as a torque estimator,

are therefore necessary.

111.6 ESTIMATEURS

111.6.1 ESTIMATION OF STATORIC FLUX

The magnetic flux can be estimated from the measured statoric currents and tensions of the
machine.

From the equation:
¢.(t) = [(V, — R,i))dt (11.7)
The components o and B of the vector are obtained E :
t .
Psa = fo (Vsa — Rsisq)dt

¢ _ (111.8)
¢s[3 = fo (Vsﬁ’ - Rslsﬁ)dt
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These equations represent the computational steps necessary to estimate the amplitude of the
stator flux.

We obtain the components Vs« et Vsp after applying the CONCORDIA transform to the measured
input voltages Van, Vin, Ven.

These voltages are expressed from the inverter input voltage Uo and the control states Sa, Sp, Sc,
i.e.:[29]

Voa = \/éUO (Sa _%(Sb + Sc))
Vsp = \EUo(Sb - S0

The currents Isa and Isf are also obtained from the real currents Isa, Isa and Isa (Isa +Isa
+Isa = 0) and by application of the CONCORDIA transformation:

. 2 ..

lsag = ’E (isa

. 2 ,. .
lsg = ’5 (lsb - lsc)

The estimation of the amplitude of the statoric flux is made on the basis of its components ¢s«

and ¢sg by:
b5 = /¢§a + b2 (111.11)

The angle as between the stator reference frame and the flux vector ¢s is: [17,19]

(1.9)

(11.10)

as = arctg% (1n.12)

111.6.2 Estimation of electromagnetic torque
The electromechanical torque can be estimated from the estimated magnetic flux and the

measured statoric current and can be expressed as follows:

Cem = p(¢sai5ﬁ - ¢sﬁi5a ) (111.13)
The equation shows that the accuracy of the latter depends on the quality of the flux estimate and

the precision of the measurement of the current of the stator.
111.7 DEVELOPMENT OF THE CONTROL VECTOR
111.7.1 THE FLUX CORRECTOR

The goal is to keep the endpoints of vector ¢s circular, as shown in the figure (111.4).




Chapter 111 Direct Torque Control of DSIM

The output of the compensator must indicate the direction of evolution of the elastic
modulus ¢s in order to select the corresponding voltage vector. A simple two- level hysteresis
corrector is ideal for this purpose and also offers very good dynamic performance [31-33].

The output of the corrector, represented by a Boolean variable cflx directly indicates
whether the amplitude of the flux must be increased (cflx = 1) or decreased (cflx = 0) in order to
maintain [19]:

|(@s)rer — bs| < A¢ps (111.14)
with:
(¢s)res: The flux instruction

A¢s: The hysteresis width of the corrector.

Rotation direction

>

A0 g, (10,), -0

X

Fig. I11. 4.Selection of voltages corresponding to stator flux amplitude controls

111.7.2 THE TORQUE CORRECTOR

The purpose of the torque corrector is to maintain the torque within the admissible limits
specified as follows [31-34]:

|Cref — Com| < AC (111.15)

with:
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Crer - Reference torque
AC : the torque hysteresis band

However, the difference with flux control is that the torque can be positive or negative
depending on the direction of rotation of the machine.

111.7.2.2 THE THREE-LEVEL CORRECTOR

These devices allow the motor to be controlled in both directions of rotation, whether for
positive or negative torque. The output of the regulator, represented by the Boolean variable,
directly indicates whether to increase in absolute value the torque amplitude (ccpl =1 for a
positive command and ccpl = —1 for a negative command) or to decrease it (ccpl = 0). Figure
(I11.5) illustrates this type of regulator [32-34].

cepl

F Cn:f 'C em

Fig. I11. 5. Three-level torque corrector
111.8 DESIGN OF THE CONTROL TABLE

The command table is created based on the condition of the cflx and ccpl variables for the Ni

region of the position (¢,) and is as follows:
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couple Correcteur

cepl=1 3 5 : 2 Deux
niveaux:
CCp1='0

ccpl=-1 5 5 3 trios niveaux

cepl=1 2 3 5 ; Deux
niveaux :
ccpl=0 3 Vs

cepl=-1 ; 3 V4 5 trois niveaux

TAB I111.2 Control strategy using a three-level hysteresis comparator

(With non-zero voltage vectors).
111.9 GENERAL STRUCTURE OF DIRECT TORQUE CONTROL

The basic elements of a direct torque control system for an asynchronous double star
machine (DSIM) are illustrated in the diagram. This is a sampling command where the Te sample
period is very small relative to the machine's time constant: The Vs vector is selected at each Te
Sampling period and a filtering is applied to the current amounts of the stator. To reduce noise

and sampling effects in the calculated flux signal [34].

One of the essential elements of this structure is the switching table, which allows the
selection of the vector Vs to be set independently of the rotor position, which usually requires a
speed sensor. Combined with a hysteresis comparator, the switching table replaces the PWM
generator in conventional PWM voltage inverter control structures. The classic sequence table
proposed by Takahashi is used [34]. Typically, a DTC consists of two main blocks: a speed
control block and a torque control block.

111.10 TORQUE CONTROL LOOP

This part of the diagram includes:

111.10.1 Current sensors and switch status

The inverter's DC supply voltage, stator phase currents, and inverter switch status are transmitted
to the motor model.

111.10.2 The engine model

By injecting the measurements and parameters into the motor model, one can process this data to

obtain the motor's current flux and torque, as well as its current speed.
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111.10.3 The torque and flux comparator
The role of the comparator is to compare the flux and torque signals to the values imposed
on hysteresis and send a comparison signal which is processed by the optimal switch selector
module.
111.10.4 THE OPTIMAL COMMUTATION SELECTOR
In this module there is a table containing the switching logic of the switch.
111.11 SPEED CONTROL LOOP
This part of the scheme includes a speed regulator, which consists of a comparator
between the standard speed and the actual speed. This comparator injects the error into a Pl
regulator which, in turn, sends a reference to the torque regulator. The latter has the role of
eliminating static error and reducing response time whitening the stability of the system.
111.11.1 Summary of Pl regulators
The objective of using regulators is to guarantee an efficient dynamic response and greater
resistance to internal or external disturbances. The functional current regulation diagram is
illustrated in (Fig.111.6) and is applicable to both axes d and g.
111.11.2 Calculation of PI regulator parameters
Writing the closed loop transfer function of the is as follows:
ldsi _ kiaitkpS
i*ast  Ls1S2+(Rs1+kpar)S+kiqa

L
i : v
a1 k1 dst 1

157 LSI'LS" + R.Sl

Fig. I11. 1. Reduced current control scheme.
By imposing a pair of complex conjugate poles S;,=ps; *jpqa1, The desired closed-loop
characteristic polynomial is written as follows:
P(S) =52+2,41S + 2p? (111.16)
By identification, we obtain the parameters of the PI controller:

kpa1 = 2pa1Lls1 — Rs (11.17)
Kigr = 2p*4,Ls1 (111.18)
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Same procedure for calculating the parameters of the regulators of the current regulators

lgs1) Lasz and igg,.

P
1

SaZ'Sh?' SCZ
h
h

SullShl'Scl
—_—
=

AC AC

ian' icth lsc2

isulvlsbl' Lsc1

PARK TRANSFORMATION

Vsdllvsql'lsdlv lsql '/SdZ'VSQZ'lSdZ' lqu

v.YY ¥V vy .. v v

Estimation of Torque flux and position

s

¢32 est

Cmn ref

ccpl

Cflx2

h 4 A

Fae e W N WD N N N O

- = Thew
—

e

o v s

e

—

el
-
e v - —

Fig. I11. 6.General structure of the DSIM 'DTC"
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I11.12 Advantages and Disadvantages of DTC [20]

111.12.1 Advantages of DTC
It is not necessary to perform the coordinate transformation because the currents and
voltages are in a stator-related frame.
Uses a simplified model of the induction motor.

There is no block that calculates the voltage modulation (PWM).

It is not necessary to decouple the currents from the control voltages, as in the case of
vector control.

The dynamic response of the torque is very fast.

111.12.1 Disadvantage of DTC
¢+ The existence of low-speed problems (influence of the resistive term).
¢+ The need to have estimates of stator flux and torque.
¢+ The existence of torque oscillations.
¢+ The switching frequency is not constant (using hysteresis controllers), which leads to a
rich harmonic content that increases losses and results in acoustic noise and torque
oscillations that can excite mechanical resonances.
111.13 SIMULATION RESULTS OF THE "DSIM", "DTC" CONTROL
Below we present the simulation results of DSIM speed regulation.

DTC control is implemented on a DSIM model. The two stator windings are individually

powered by two inverters, controlled by the DTC technique in the presence of a speed regulation

loop with a PI corrector, and using a three-level hysteresis comparator with non-zero voltage
vectors.

The figure illustrates the responses of the systems at a speed of 100 rad/sec in the
presence of a disturbing load Cr = 20 from 0.8 seconds.
It shows that the command has good dynamic performance. Response time is 0.4 sec. Applying
the disturbance does not affect the flux value in any way. The Cem engine torque at start-up
reached (40 N.m).
We notice that the trajectory of the stator flux is practically a circle and the value reached

(1.7 Wh).
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Flux statorigue S1 (wb)

0.6 0.8 1 1.2 1.4 1.6 1.8 2
Temps en (s)

Fig. I11. 7.Speed regulation, followed by the application of a load Cr =20 N.m at t = 0.8 sec
111.13.1 ROBUSTNESS TEST
To adequately evaluate this command, several tests are performed. (Variation of speed, variation
of load, variation of stator resistance of the machine).

111.13.1.1 First test

Speed variation

The figure below shows the evolution of the characteristics of the DSIM following a speed

variation from 100 rad/sec to 120 rad/sec at t = 1 second.
The simulation results clearly indicate that:

The speed perfectly follows its setpoint and stabilizes within 0.4 seconds. This variation
has an influence on the currents and torque. The torque and current experience a peak when

transitioning from one mode to another, then return to their reference value.
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Fig. I11. 8.Speed regulation, followed by speed variation

52




Chapter 111

Direct Torque Control of DSIM

111.13.1.2 SECOND TEST
LOAD VARIATION

The simulation results obtained for the variation of the load (Cr= 20Nm to 15 N.m) represented

by the following figures:

120
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Flux statorique S1 (wb)

W
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Temps en (s)

Fig. I11. 9.Speed regulation, followed by load variation
Torque, speed, flux and current values show better accuracy and are less sensitive to load
variations.
111.14 CONCLUSION

DTC is a control technique exploiting the possibility of imposing torque and flux on alternating
current machines in a decoupled manner.
In this chapter, we presented the basic concepts of direct torque control and the application of this

method to DSIM. It was concluded that insertion or removal of load causes peaks and oscillations

in current and torque, but does not affect flux. Which shows the effectiveness of decoupling

torque and flux controls in the case of DTC.

On the other hand, the performance of the DTC is linked to the accuracy in the estimation of the
electromagnetic torque which essentially depends on the precision of the estimation of the stator
flux, the selection tables of optimal voltage vectors and the correctors to hysteresis. These
correctors, despite their simplicity, produce oscillations of the controlled quantities (flux and
torque).
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General conclusion

The work presented in this memory is based on the exposition of the fundamental principles of
direct torque control for a Dual Star Induction Machine (DSIM). Indeed, this strategy is based on
the direct determination of the control sequence, applied to the inverter using pulse width
modulation (PWM), and uses a torque and flux corrector by hysteresis whose function is to
control the amplitude of the stator flux, torque and speed.

In the first part, we presented a general introduction and a complete definition of the advantages
and disadvantages of multi-phase machines and the representation of the double-star
asynchronous machine, as well as some examples of its fields of application which justify its
effectiveness.

In the second part, we discussed the asynchronous machine and its modelling, highlighting the
complexity and non-linearity of the model. Then, based on certain assumptions, we established
the model of the asynchronous machine in Park's reference framework in order to linearize the
system and facilitate the study. Then, we dealt with the modelling of the frequency converter. We
presented the principle of operation and control of the three-phase inverter by giving the
principles of (PWM) techniques.

In the third part, we presented the principle of direct torque control (DTC). Indeed, this strategy is
based on the direct determination of the control sequence applied to the inverter through the use
of hysteresis regulators and an optimal table whose function is to control the amplitude of the
stator flux and the torque.

Can Developing Direct Torque Control (DTC) technology for Dual Star Induction Motors
using artificial intelligence and deep learning can significantly improve the accuracy and
efficiency of these systems. Deep neural networks enable better estimation of torque and flux,
reducing torque and speed ripples and enhancing system stability. Additionally, reinforcement
learning can develop adaptive control strategies that learn from errors and improve performance
over time. Integrating these technologies opens new horizons for DTC applications in industrial

and technological fields.
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