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Abstract: The main objective of this thesis is to improve the performance of Direct Torque Control
(DTC) for a Dual Stator Induction Machine (DSIM) operating as a motor and generator fed by a
Matrix Converter (MC). In the first part of this thesis, a state-of-the-art on matrix converter outlines
its various topologies, models, and modulation techniques has been conducted. Then, we have
given the DTC of two different topologies of MC known as Direct and Indirect MC to feed the
DSIM. A comparative simulation study between two topologies was carried out. Therefore, an
intelligent DTC based on fuzzy logic control of DSIM was presented, where the switching table
and hysteresis controller have been replaced by a fuzzy inference system. To show the performance
of the proposed method, simulation results were provided. In addition, in order to enhance the
control scheme performances such as reducing the torque and flux ripples, and minimizing the low
harmonic distortion that appears in the input current and which is caused by the lack of
synchronization between the two stages of the IMC, an adaptive optimized DTC-SVM using
Metaheuristic Bat Algorithm (MBA) was proposed. To increase the robustness of the control
scheme, a robust Synergetic Controller (SC) was inserted in the outer loop for speed regulation.
The second part of this thesis is to develop a robust control of wind energy conversion (WEC)
based on a Dual Stator Induction Generator (DSIG) by using a fractional DTC-SVM for a
multilevel matrix converter. Moreover, to optimize the transfer of energy in wind systems, a
fractional Adaptive Synergetic Controller (FASC) was suggested. The obtained results show that
the suggested control scheme makes it possible to obtain significantly improved control
performance.

Keywords: Matrix Converter (MC), Direct Torque Control (DTC), Space Vector Modulation
(SVM), Double Star Induction Motor (DSIM), Double Star Induction Generator (DSIG), DTC-
Fuzzy control, DTC-SVM Control, Synergetic Control (SC), Fractional Control, Adaptive Control.



Résumeé : L’objectif principal de cette thése est d'améliorer les performances du Contréle Direct
du Couple (DTC) pour une Machine Asynchrone Double Etoile (MASDE) fonctionnant en tant
que moteur et génératrice alimentés par un Convertisseur Matriciel (MC). Dans la premiére partie
de cette thése, un état de l'art sur les convertisseurs matriciels en décrivant les différentes
topologies, modeles techniques de modulation a été présenté. Ensuite, nous avons présenté la DTC
pour deux topologies différentes de MC appelées Direct et Indirect MC pour alimenter la MASDE.
Une étude par simulation comparative entre les deux topologies a été effectuée. Par conséquent, un
DTC intelligent basé sur le contréle par la logique floue de la MASDE a été présenté, ou la table
de commutation et le contréleur d'hystérésis ont été remplacés par un systeme d'inférence floue.
Pour montrer les performances de la méthode proposée, des résultats de simulation ont été fournis.
De plus, afin d'améliorer les performances du schéma de contrdle telles que la réduction des
ondulations de couple et de flux et la minimisation de la faible distorsion harmonique dans le
courant d'entrée causé par le manque de synchronisation entre les deux étages de I’IMC, un DTC-
SVM optimisé adaptatif utilisant I'algorithme Metaheuristic de Chauve-Souris (MBA) a été
proposé. Pour augmenter la robustesse du schéma de contrdle, un contréleur synergétique robuste
(SC) a été inséré dans la boucle externe pour la régulation de la vitesse.

La deuxieme partie de cette these est de développer un contrdle robuste de la conversion d'énergie
éolienne (WEC) basé sur une Génératrice Asynchrone Double Etoile (GASDE) en utilisant un
DTC-SVM fractionnaire pour un convertisseur matriciel multiniveaux. De plus, pour optimiser le
transfert d'énergie dans le systeme éolien, un contr6leur synergétique adaptatif fractionnaire
(FASC) a été suggeré. Les résultats obtenus montrent que le schéma de contr6le proposé permet
d'obtenir des performances de contréle significativement améliorées.

Mots-clés : Convertisseur Matriciel (CM), Commande Directe du Couple (DTC), Modulation
Vectorielle (SVM), Machine Asynchrone Double Etoile (MASDE), Géneratrice Asynchrone
Double étoile (GASDE), Commande DTC-Floue, Commande DTC-SVM, Commande
Synergétique (SC), Contrdle Fractionnaire, Contréle Adaptatif.
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Acronyms / Abbreviations

MC  Matrix Converter

IMC Indirect Matrix Converter

ITLMC  Indirect Three Level Matrix Converter
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DSIM  Dual Stator Induction Motor

DSIG  Dual Stator Induction Generator
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NOMENCLATURE

e TSR Tip Speed Ratio

e WECS Wind Energy Conversion System

e FASC Fractional Adaptive Synergetic Control

e TF  Transfer Function

e FLC  Fuzzy Logic Control

e MBA  Metaheuristic Bat-Algorithm

e HC Hysteresis Controller

e BJT Bipolar junction transistor

e IGBT Insulated-gate bipolar transistor
Notations

o Cp Power Coefficient

e Cp,. .. Optimal power coefficient

e 3 Pitch angle

e A Tip speed ratio

e )\,, Optimal tip speed ratio

® Vying Wind velocity

e (7 =230°) Electrical angle between the stators.

e T., Electromagnetic torque

e k; Friction Coefficient

e G Gain of Gearbox

o J Total inertia

e )\ Fractional integral order

e ;1 Fractional derivative order

® Vus1, Psts Pest  Own flux circulating in the stator 1

® Vus2, Pps2, Pesz  Own flux circulating in the stator 2
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® Vur, Por, Per  Own flux circulating in the rotor

® i,1,0ps1,0cs1  Phase currents of star 1

® I,,0hs2,lcso  Phase currents of star 2

e [, Cyclic mutual inductance between stator and rotor

e [, Inductance proper of phase of the rotor

e [, Inductance proper of each phase of identical stars 1 and 2

e M, Mutual inductance between two phases of star 1

e (), Synchronous angular velocity

e (... Machine rotation speed

® Weor  The rotational speed of Park’s frame (d, q)

e P,, Mechanical power

e R DBlade length

e p Volumic mass of air

e R Section of the surface swept by the blades.

e R, Ry, R,  Rotor phase resistances

o R, Rys1, Res1  resistances of stator 1

o Ry, Ry, Reso  resistances of stator 2

® Vg1, V42,053  Grid voltages

e O, The angle between the magnetic axis of the phase a; and the axis d
e O, The angle between the magnetic axis of the phase as and the axis d

e 0, The angle between the magnetic axis of the phase a, and the axis d



General Introduction

Power electronics is a technology that combines energy, electronics, and control methods
to transfer energy between a source and a load [1].

Since the great progress of industry and more precisely semiconductor technology and mi-
crocomputing, power electronics continues to take over in multiple industrial applications
like electrical applications [2,3].

Indeed, various applications such as heating, railway and maritime electric traction, re-
newable energies, electric welding and harmonic filtering of networks, would not have been
part of the modern world without the intervention of power electronics [4].

Most of these industrial applications where power electronics intervenes, are based on
complex mechanisms using electrical machines to contribute to the start-up of large elec-
trical, mechanical or thermal systems. These machines often operate under variable speed
especially in the transport sector [5-7].

Along this path, the electronic control of variable-speed electric motors has brought enor-
mous advantages to industrial processes, increasing their possibilities and performance,
facilitating their automation, reducing their maintenance, energy consumption and in-
creasing their availability rate [8,9].

Indirect converters (buck-to-buck) were the first power converters, used to power electric
motors. Nevertheless, because of their size, their bulkiness and their reduced lifespan,
extensive research has been carried out in order to overcome these problems, and find
other alternatives to these converters [10, 11].

The direct converters or matrix converters were the fruit of this research, they have the

following advantages [8,9]:

e reduced size and long service life (i.e. greater reliability). This is due to the lack of
a DC intermediate circuit, so there is no storage element like electrolytic capacitors.

Their dynamics is faster.

e functional reversibility in four quadrants.



GENERAL INTRODUCTION )

e adjustable input power factor is independent of the load.
e High quality input and output signals

However, these converters are characterized by their limitation of ratio, moreover, the
disturbances on their input influence their general behavior [3,6,12].

Regarding the choice of control techniques used in the control of the various structures
of converters studied in this thesis, we can cite in particular the choice of the control
technique called ”direct torque control (DTC)”. This technique has already shown its
superiority compared to other techniques, especially vector control. Unlike the latter,
which is often based on rigorous mathematical calculations, the DTC technique is at its
origin based on a qualitative and simplified knowledge of the behavior of the machine.
Often control actions are based on simple hysteresis controllers and switching tables.
The research work presented in this thesis is a continuation of the research work that is
directly related to the matrix converter and the DTC. The main goal part of this work is
the study, modulation, and control as well as the synthesis of the different topologies of
matrix converters associated with the dual stator induction machine. Indeed, we will be
interested in the three topologies of the matrix converter which are the direct, indirect,
and indirect three-level topologies. We develop their modulation and control techniques
by associating them with the dual stator induction machine.

This thesis is organized into 2 parts. The first part contains the control of the dual stator
induction machine with a motor mode powered by the direct and indirect matrix con-
verter, which includes chapter 1, chapter 2, chapter 3 and chapter 4. The second part
includes the control of a dual stator induction machine with a generator mode integrated
into the grid by a three-level matrix converter, which includes chapter 5 and chapter 6.
The first chapter of this thesis is dedicated to the state of the art of the matrix converter
by citing the different topologies and modulations proposed in the scientific literature.
Then, we discuss its switching mode of operation, filtering and protective circuits, and
modeling. The chapter ends with a brief review of the industrial implementation of this
converter.

The second chapter develops the direct torque control of the matrix converter. We start
by presenting and simulating direct torque control (DTC), explaining the principle of
electromagnetic flux and torque control. Then we adapt the DTC algorithm for the two
studied topologies of the MC (direct and indirect). A comparative analysis of the elec-
tromagnetic and electrical performances is presented for the two controls.

In the third chapter, a study of the DTC based on fuzzy logic is devoted. First, we start
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by giving an overview about fuzzy logic control, then, we present the implementation of
the fuzzy control to adjust the control of indirect matrix converter that feeding the dual
stator induction motor. Then a numerical simulation of the same environment will be

carried out and the results found will be presented and discussed at the end of the chapter.

In fourth chapter, a DTC based on Space Vector Modulation (SVM) with the syn-
chronization between the two stages of IMC is presented. On the other hand, an adaptive
PI controller based on a gradient descent algorithm using Metaheuristic Bat Algorithm
(MBA) is offered to generate the desired stator voltages and the switching states of the
inverter stage via the SVM. A robust Synergetic Controller (SC) for speed regulation is
also added to the outer loop to improve the performance of the control system.

The fifth chapter aims to present the modeling and control of the wind turbine with a
variable speed. Thus, modeling its different components is shown by introducing the no-
tions of power coefficient and maximizing the energy extracted from the wind by MPPT
control.

In the last chapter, A fractional DTC-SVM is proposed for improving the execution and
competency control of wind power generation systems with a dual stator induction gen-
erator (DSIG) coupled to the grid via a multilevel matrix converter. Then, a Fractional
Adaptive MPPT Synergetic Controller (FASC) for optimizing wind energy is developed.
To evaluate the effectiveness of this control in the second operational zone of the wind
turbine, when the pitch angle is thought to be fixed, a significant numerical simulation is
done and discussed.

Finally, we enclose this work with a general conclusion that summarizes the results ob-

tained and the perspectives for the future continuity of this work.
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Chapter 1

Generality and State of the Art on

Matrix Converters.

(( Seek knowledge, and if you are unable, then love those who have it, and

if you do not love them, then do not hate them. 99

Abu Al-Darda

1.1 Introduction

The matrix converter (MC) is a direct AC to AC converter. It was proposed in 1976 by
Guygyi-Pelly [13,14]. Also is called a forced commutated converter, it invented on the
basis of cyclo-converters. It uses a nxm matrix of bidirectional power switches to directly
connect the n input phases with the m output phases. Its switches are bidirectional so
they can conduct current in both directions and block voltages in both polarities, which
can generate sinusoidal AC outputs controllable in terms of magnitude and frequency
from an AC source [14,15].

This type of converter has been the subject of research and development for around
thirty years because of its possibility of replacing conventional indirect converters (AC-
DC-AC) which use storage capacitive DC bus, particularly for on-embedded systems . It
has several advantages over the latter [7]. It is more reliable and less bulky due to the
absence of a DC capacitor and it can be encapsulated in a semiconductor module. Its

command is instantaneous and it is controllable at the input (current phase shift with
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respect to the input voltage) and at the output (output voltage). On the other hand, it
has two major problems which are the limit of the voltage ratio (for normal modulations)
and the influence of the input on the output [6, 16].

Bellow, we briefly present the state of the art on the different topologies, the modeling
of this converter with the connection functions, and the modulations available through

the study of the switching as well as the protections of this converter.

1.2 State of the art on Matrix Converter Topologies

In this part, a review of the main topologies of the matrix converter proposed in the
literature is presented. Figure 1.1 shows an overall diagram of the main families of AC-

AC converters.

Converters AC - AC

!
! ! ! !

Converter with DC bus Hybrid Matrix Converter Matrix Converter (MC) Cyclo-Converter
\L (HMO) l
PWM rectiier | Diode rectiier | |Diode rectiier | | Hybrid | | Hybrid Direct MC Indirect MC Chopper

voltage source| Voltage source |current source

i DMC IMC buck-boost
inverter mverter inverter
¢ “
! ! | | | !

Multilevel Two level voltage e R R _
ultileve DMC H-bridge | | Z-Source Z-Source IMC Sparse Three-level

inverters source inverters MC MC MC IMC MC

Figure 1.1: Classification of AC-AC converters.

The first topology, which was tested in 1976 by Jones and Boss, is the direct MC (3x1)
topology based on BJT [14]. In 1980, Venturini and Alesena proposed the first direct MC
(3x3). They described it as a matrix of bidirectional switches (figure 1.2) and named it
“matrix converter” [13].

There is another structure of direct MC that alternates a current source with a voltage
source (figure 1.3). The objective is to control the amplitude and frequency of the output
current and allow to have voltage ratios greater than 1 [17].

This topology has not been considered in the literature because of the difficulty of
realizing a current source, overvoltages caused by the input inductance (which is very

large), and the dependence between the output voltage and current [9,17].
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Figure 1.2: Direct matrix converter.
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Figure 1.3: Direct current MC.

In 1989 the indirect matrix converter is suggested by Holtz and Boelkens [18]. In 1995
the topology of IMC is used, Huber et al [19]. Showed the possibility of obtaining input
and output signals similar to those obtained by a direct topology, this topology is the
physical implementation of the indirect model of MC. It contains two stages, the first
stage is the rectifier stage which is a matrix converter [3x2| formed by 6 bidirectional
switches which offer the possibility of operating in four-quadrant like the direct MC. The

second stage is a conventional voltage inverter (figure 1 .4).
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Figure 1.4: Indirect matrix converter.

At each instant, two transistors and two diodes conduct in the rectifier. This topology
offers the same advantages and fewer disadvantages as the direct MC converter. Indeed,
the switching, as well as the protection circuit (clamp circuit) also are simpler than those
of the direct MC. Moreover, it consists of 18 IGBTs and 18 diodes like the MC [17,20].
From a production point of view, it is simpler because of the inverter stage (there are
modules that encapsulate the inverter and specific drivers for the inverter). It has another
advantage which is the possibility of using it in the case of multi-machine by adding
inverters in parallel like we did in this research.

A major step was accomplished in 2001 with the development of several types of IMC
following the invention of sparse IMC by Kolar et al [7,20] (figure 1.5). This converter is
an IMC but with a reduction of the semiconductors that can be controlled at the level of

the rectifier stage.
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Figure 1.5: Sparse IMC.

This topology is generated by the pooling of a first switch that can be controlled from

the cell a and a second from cell &, within the same arm. With this structure, a unity
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power factor is achieved at the input, sinusoidal current, and an output voltage equivalent
or very close to that obtained by the conventional IMC.

This structure makes it possible to eliminate three controllable components of the rec-
tifier compared to the conventional indirect topology. On the other hand, depending on
the direction of the power flow, three transistors and three diodes (power transmitted to
the load) or two transistors and two diodes (power reinjected into the input network) are
conducting. The conduction losses of this topology will therefore be greater than those
generated by the rectifier of the ”indirect matrix” solution.

Another topology named “Very-Sparse” matrix converter has been proposed and ex-
perimentally verified by Kolar [21,22] (figure 1.6). This structure is composed of six single
transistor four-segment switches. This topology makes it possible to limit the number of
controllable components for the rectifier to six, thus reducing their number by two com-
pared to the rectifier of the "indirect” topology. The conduction losses of this topology
are greater since each active element requires the conduction of a transistor as well as two

diodes. Thus, the rectifier solicits, at each instant, two transistors and four diodes.

p
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Figure 1.6: Very sparse IMC.
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If the operation with DC bus current is in a single quadrant, the number of components
to be controlled can be reduced to 12 (unidirectional very sparse MC) (figure 1.7) or to 9
(for the ultra sparse IMC) (figure 1.8 ). These latter topologies do not allow regeneration
and braking [20-22].
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Figure 1.7: Unidirectional very sparse IMC.
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Figure 1.9: IMC with inverse stage.

Another topology of the so-called “Inverse Stage” matrix converter (figure 1.9) is com-

posed of a rectifier with unidirectional current switches, in cascade with a second inverter
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Table 1.1: Comparison between different MC topologies.

Number of
Max number
Number Number isolated power

Topology of components Bidirectional ]
of IGBTs of diodes supplies for
the drivers
9(6 in the case:
DMC 6 yes 18 18 common collector

in conduction

structure switches)
8(5 if a driver

i d
IMC 7 yes 18 18 e
for a complete
inverter)
7(4 if a driver
Sparse is used
9 yes 15 18
IMC for a complete
inverter)
10(7 if a driver
Very Sparse is used
9 yes 12 30
IMC for a complete
inverter)
7(4 if a driver
Ultra-Sparse is used
9 no 9 18
IMC for a complete
inverter)
11(8 if a driver
IMC with is used
9 yes 14 14
inverter stage for a complete
inverter)

stage. It has as many controllable components as the ”Sparse” version. This rectifier
recovers energy thanks to its inverse stage. Having to operate at the same modulation
frequency as the rest of the structure, this topology generates additional switching losses
as well as greater control complexity [23].

A comparative study between these structures has been summarized in Table 1.1.

A multi-level structure called H-bridge MC has been proposed, analyzed, and experi-
mentally verified by Erikson in [24] (figure 1.10). This structure is similar to that of the
direct MC but instead of using conventional bidirectional switches, a CCH-b (clamped
capacitor H-bridge) is used.

This structure makes it possible to synthesize the input voltage as well as the output
voltage unlike the MC where the voltage is synthesized on one side and the current on
the other side. It makes it possible to exceed the limit of the voltage ratio therefore the
voltage (0< Vi < V},). This structure aims to increase the conversion efficiency for low

voltages and low powers [24] but it presents several capacities which complicate its control
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and which do not allow the control of the power factor [25,26]. This structure has been
studied in detail and applied in wind power installations [24]. It is possible to increase

the number of levels by cascading two H-bridges.
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Figure 1.11: Multi-level MC with flying capacitors.
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Another multi-level structure named multi-level MC with flying point capacitors has
been proposed [27]. Its structure is shown in figure 1.11. This converter is obtained by
replacing each switch in the forward MC with two or more series of connected switches
and flying capacitors. It makes it possible to improve the output voltage but on the other
hand, its control is very complex because of the voltages of the capacitors which must be
controlled [3,27].

The indirect three-level matrix structure (ITLMC) was proposed by Kolar et al [21,22,
28] . It is similar to that of the conventional IMC by only changing the conventional two-
level inverter by a three-level inverter [21,23] (figure 1.12). This structure made it possible
to have multilevel voltages and better performance than that of conventional IMC [21].
But its control is a little complex especially if we use the algorithm for balancing the

voltages of the input capacitors.

Rectifier Stage

L R

Vn 0

n

Figure 1.12: Indirect three levels MC.

In 2007 S. Ali Khajehoddin, et al. have proposed and studied a sparse multi-level
IMC structure with fewer semiconductors than previous structures(figure 1.13). They
used unidirectional switches in the rectifier stage and a three-level diode-clamp inverter
for the inverter stage.

Another multi-level structure has been proposed by M. Y. Lee et al [21]. (figure
1.13) with fewer switches than the conventional I3SLMC structure. SVM modulation has
been proposed [29,30]. This structure has been analyzed and tested experimentally [29]

and it has been compared to other multilevel structures in [30]. It showed good output
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performance especially for low ratios compared to the conventional IMC structure. It has
the advantage of having fewer switches than the ITLMC and produces multilevel voltages,
but from the point of view of the output signal quality, the ITLMC gives relatively better
results. Among the disadvantages of this structure, are noted the distortions of the input

current which are more important than the ones experienced in the conventional structure.
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Figure 1.13: Indirect three-level sparse MC.

Another unidirectional multi-level input and output structure based on the Vienna
rectifier has been proposed in [17] (figure 1.14). This structure is rarely presented in the
literature. It has the advantage of having fewer switches than the ITLMC and also, the

connection of the neutral point is not done at the level of the input capacitors.
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Figure 1.14: Three levels Vienna MC.

In 2001 different hybrid topologies were proposed to improve the performance of the
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MC, therefore increasing the range of the output voltage and reducing the sensitivity to
disturbances of the input quantities [31].

A hybrid converter (HMC) is the arrangement of two types of converters: the main
converter, in our case it is the MC, and an auxiliary converter to circumvent the disadvan-
tages of the main converter. There are two types of HMC, the direct hybrid MC [31] and
the indirect hybrid MC studied by Klumpner [31]. Three structures of HMC are studied

and discussed in [31]:

e In the first structure, an H-bridge is added to each output of the MC (figure 1.15).
This structure can be applied to a wide range of motors and loads but it has a serious
problem related to the large number of semiconductors and capacitors (large size

and conduction losses).
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Figure 1.15: H1 topology.
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e In the second structure, the outputs of the MC are connected to the inputs of load
winding. The outputs of these windings are connected to a voltage inverter with
a flying capacitor (figure 1.16). This structure is more efficient than the first, less

expensive (fewer semiconductors and capacities) and it allows an appropriate control
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to exceed the 0.866 limit of the voltage ratio (two types of control are proposed [20]).
Its disadvantage is that it only applies to AC loads where the inputs and outputs
of the windings are accessible (open winding).
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Figure 1.16: H2 topology.

e In the third structure which is based on the IMC, an H-bridge is added between
the rectifier stage and the inverter stage (figure 1.17). This structure gives results
close to the second structure and it also makes it possible to compensate for the
imbalance effect of the input voltages [31]. Its disadvantage is that it must maintain
a zero power balance (as for the second structure) which has as a consequence a
limited supply voltage and which disturbs the power flow [26]. A solution to these

issues has been proposed in [20,31].
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Figure 1.17: H3 topology.
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Figure 1.19: Three MMMC topology.

Other multi-level structures called multi-modular have been proposed for high voltage
and high power applications (electric traction). MMMCs are similar to H-bridge-based
converters. They have a modular design, good input and output signal quality, and
are multi-level. Also, they can operate in four quadrants and can be used in regenera-
tive applications [3,32]. Between all the multilevel MC topologies mentioned above, the
(MMMCs) formed by cascades of MC modules (3 x 2) are the only types that have been
commercialized. So far two prototypes have been developed in the industry, namely: a
prototype of (3.3 kV / 3 MVA) with three modules in series per phase and another of
(6.6 kV / 6 MVA) with six modules in series per phase [33]. Figures 1.18, 1.19 illustrate
two examples. An indirect SVM control has been presented and experimentally tested for
these two structures [34]. Other structures used for electric traction have been studied
and tested experimentally in [35]. In [36] another topology of this type was proposed, it

was combined with a medium frequency transformer, a prototype was simulated and then
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tested experimentally.

In 2005 the Z-source matrix structures were initiated in [37], and a new topology was
proposed by W. Song et al. [38]. This structure was developed to overcome the problem
of limitation of the voltage ratio in the MC. It is more efficient than overmodulation
control techniques with which the quality of the input current and the output voltages
are degraded. It is currently at the research stage [2,16]. In [16] a review of topologies
and research on the Z-source matrix has been performed. There are two families of Z-
source MC. The first family, direct, uses the MC. The simplest topologies. One of the
topologies has an MC and a Z-source network at the input (figure. 1.20). The second
has a quasi-Z-source network at the input of each phase (figures. 1.20 and 1.21). In [39]
several topologies of DZSMC have been proposed and analyzed. A PWM control has
been implemented and an experimental study of a simple topology has been carried out
and verified. In [40] a PWAM (pulse width amplitude modulation) technique has been
implemented and validated for a DZSMC topology.
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Figure 1.20: Topology with Z-source network.
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Figure 1.21: Topology with quasi Z-source..

The second family of Z-source MC is the ZSIMC (Z-source IMC) which is simpler
than the first. It consists of an IMC with a small Z-source network between the two
stages (figure. 1.22). The Z-source network LC parameters are similar to the input filter
parameters [16,41]. This circuit with the control loop allows amplifying of the DC bus
voltage to ensure the voltage required by the load and to guarantee a unity power factor
at the input. At the same time, this circuit is a harmonic filter of the input current.

Modulation has been proposed and simulated in [42].
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Figure 1.22: IMC topology with Z-source network.

A ZSIMC topology with a three-level NPC inverter stage was studied in [16] (figure.

1.23) where a carrier-based modulation was simulated. A comparison between two indirect
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z-source topologies has been proposed in [43].
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In [19] a new indirect type matrix topology has been proposed (figure 1.24). This

topology aims to integrate two different AC sources (frequency and amplitude) into the

network. With an appropriate control (in this case carrier-based), it makes it possible

to amplify the output voltage while keeping a sinusoidal shape of the input and output

quantities. Experimental investigations have been carried out. Other structures, proposed

in the literature, are summarized in [2,20].

St1 _Q} Sta _(@. St7 |
iu VA
ae—p—=29¢
Vg
b o v §
C O c Z
AC Source 1
St2 —(@. Sts _qi} Sts 4
iR B
a o%>&“ T
h Vy
e
| O VW
AC Source 2
St3 4%} Sté6 —ﬁ}r St9 +

5y

4 ) 4

Clamped Circuit

C

Sl” —m Sé 4; ci=

¥ 4

n

Figure 1.24: IMC topology with two inputs.
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1.3 Modeling of Matrix Converter

To understand its principle, we refer to the most classic case which is the MC (3 x 3)
(figure 1.25). The MC is able to connect each input phase to each output phase via nine

four-segment switches with forced switching.

1 [ 1 » Switching cell

—

\
T
{
t%

195
BS
o

I
|
|

| .
Lsa | Lf a | i,
|
|

meg)
W«

@)
=
wn

Load

:
Uﬂ B

Input filter

Figure 1.25: Conventional matrix converter.

For its operation, it is necessary to respect the principle of causality so as to have

different sources on either side of the converter [4,44,45].
The output voltages are referenced to the neutral n’. A common-mode voltage between
these two reference potentials named v,,,/, appears [23]. The selection of each input phase
during a sequence forms the output signals of the converter for well-defined periods of
time.

The output voltage is formed from the segments of the three input voltages. The input
current is formed by the segments of the three output currents [17].

During the operation, it must be to avoid short-circuiting of a voltage source or open-
circuiting a current source. Indeed, if two input phases are short-circuited, an infinite
current passes through the switches and damages the circuit. This is due to the direct
connection with the voltage source at the input. And given the inductive nature of the
load and the absence of freewheeling, if a phase is open, an overvoltage due to the energy
stored in the inductor damages the switches and the circuit of the converter [8,9].

For a MC cell, only one switch must be on, so :

Sja + Sjb + Sjc = 17] S {A7B7C} (11)
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Where S, represent the components of the matrix converter, the following statement

defines the connection function.

1 if the switch is closed j €{a,b,c},

0 if the switch is open ke {A B,C}
So we have 27 possible combinations.
The instantaneous output and input voltages are linked by a connection matrix which
represents the instantaneous state of all the switches such as:

[T1] is the matrix which connects the phase-to-phase voltages and [T3] is the matrix that

connects the phase-to-neutral voltages with respect to the network neutral:

Saa —SBa Sab— Sy Sac — Spe Saa Say Sac
[T1) = | Sga—Sca Sy — Scv Spe— Sce | [12) = | Spa Smy She (1.3)
SCa - SAa SCb - SAb SCc - SAC SCa SC’b SCC

So we can write the instantaneous simple and phase-to-phase output voltages in the

following form:

Vap Va
Var="1| Vge | =[T1]- | V4
Vea Ve
(1.4)
VA Va
Vs=| Ve | =[1] | V
Ve Ve
The input current is written as:
1, 14
L=|1,|=m" | I (1.5)
[c IC
In the case of a three-phase load connected in delta we have:
Ia [AB
L=|1|=n]"| Is (1.6)
I. Ica

Va, Vg, Ve are the phase-to-neutral output voltages with respect to neutral n (neutral of

the input) and Vap, Ve, Veoa are the voltages between output phases, 14, Ip, Ic are the
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simple output currents, V,, V;, V. are the phase-to-neutral input voltages with respect to
neutral n, I,, I, I. are the input currents.

To generate a set of balanced sinusoidal voltages, the switching frequency must be
very high compared to the frequency of the input voltages [46,47] .
To determine the behavior of the matrix converter during the switching period (73), the
connection generating function is defined for each switch, which is only the average value
over a switching period (T) of the instantaneous connection function. The period Ty is

assumed to be infinitely small. They can also be considered as duty cycles for each switch:

1 Ts i
mij = i Si;i (1) -dr = ﬁ avec 0 < m;; <1 (1.7)
where
Myjg + Myjp + Mje = L,je {A7B7C} (18)

where t;; represents the duration where the switch 4j is in the on state during the period
Ts [4,21,23].

Va
One defines for the quantities between phases: Vou = [Mi]- | V, |, for the input currents
V.
Iap Va
I, = [Mu]T - | Igc | and for the line phases: Ve = [Ms] - | V4 |, and for the input
Ioa Ve
L4
currents: I;, = [Mph]T Ig
Ic
where
MAq —MBa MAp —MpBy, MAc — MBc MAq May MAc
[Mi] = MBa — Mca Mpy —Mcy Mpe—Mee | and [My] = MBa MpBy MBc
Mg — Maa Mcy — MAp Mce — MAc mca Mcy Mce

These continuous functions of time can then be used to define and compare the mod-
ulation strategies and to compare the output quantities with the reference quantities. In
general, with good modulations, the voltages satisfy the relation Vg = V,..; in the linear

range of the modulation [46,47].
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1.3.1 Indirect matrix converter model

With this model, the matrix converter is described as a combination of a four-quadrant

current rectifier with a voltage inverter connected by a virtual DC link as shown in figure

1.26.
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Figure 1.26: Indirect Matrix Converter.

The two power stages are directly connected by their DC sides and are bidirectional in
power. The indirect model of the matrix converter makes it possible to simplify control.
In addition, it makes it possible to adapt the control techniques - dedicated to the inverter
to the MC. Based on the indirect matrix converter model, the conversion matrix is defined

as the product of two conversion matrices on each side (inverter and rectifier).

‘/a Sap San s s g VA
A n
‘/I) = pr Sbn i o ¢ VB
SAn SBn SCn
‘/:: Scp Scn VC’
= Sz'n'u X Sfrec X ‘/z‘n (19)

Where S;;, represent the connection function defined by the relation:

1 if the switch is closed j €{a,b,c},
Sip = (1.10)
0 if the switch is open ke {A B,C}
This model will be used for the control of the indirect matrix converter and even for the

three-level indirect matrix converter [11,23].
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1.4 Commutation Study

The switching of four-segment switches is more restrictive than that of the switches used
in voltage inverters [23,48]. Indeed, no path for the output current is naturally available
in the switches necessary for the operation of the matrix converter, and this is due to
the presence of a transistor in series with a diode. As at each instant, only one switch is
closed in a switching cell (figure. 1.27), the switching takes place between two switches

within the cell [17].
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Figure 1.27: Basic diagram for the study of commutations.

The opening and closing of a switch are not instantaneous and present a certain delay
on the command (figure 1.28). In the event of a strictly complementary control, there may
be intervals during which the two switches are open or closed simultaneously and since
the MC does not allow freewheel operation, there is a risk of short-circuiting the input
voltage sources or opening the output current sources during switching [21,23]. If the
command introduces dead times, the short-circuit of the input voltage sources is avoided
but the openings of the output current sources are not. This solution can be used in the
case of low powers and by associating RC or RCD type switching assistance circuits in
parallel with each switch to avoid overvoltages and create a channel for currents. This
solution is very practical but it can lead to considerable losses, especially with the increase
in dead time. The latter must be greater than the time of the risky zone [46].

Other methods are proposed, they dissociate the control of the (IGBTS) from the same
four-segment switch. This dissociation makes it possible to generate particular sequencing
of the control of the switching of the switches. This sequencing is controlled either by
the sign of the switching cell output current or by the phase-to-phase voltage across the
terminals of the two switching switches [49].

Two methods of commutation current are proposed in the literature: one uses four

steps and the other uses three steps. If the sign of the current is sure, the latter can
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be summarized in two steps. This type of switching requires the exact knowledge of the
sign of the output current of the MC cell. Therefore it is difficult to use this sequencing
controlled by the current when its amplitude is low [17,49].
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Figure 1.28: Schematization of risk during switching.

For the voltage also two types of switching are proposed, one with four steps, the other

with two steps. This type of switching also requires exact knowledge of the sign of the
phase-to-phase voltage across the terminals of the two switches to be switched. When
the phase-to-phase voltage amplitude is low, this sequencing becomes difficult [23, 44].
There is another type of switching that combines the two parameters, voltage and current
[23,47,50].
In the case of IMC, the switching is simpler than the MC case [2]. Indeed, the inverter
stage is switched with the introduction of a dead time (no problem of overvoltage at the
level of the inverter because of the antiparallel diodes). Commutation of the rectifier stage
is done either in voltage or in current as for the MC [21,48].

Current or voltage switching requires the return to call upon a logic device like CPLDs
to implement the sequencing which is very fast and cannot be done by a microcontroller
[2,21].
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1.5 Input Filter Design and Protection Circuit of MC

1.5.1 Input Filter

Matrix converters produce output voltages as well as input currents with high-frequency
harmonics. These harmonics are likely to generate unwanted high-frequency disturbances
that can affect other electronic systems. Consequently, it is necessary to add one or more
filters to the converter. An input filter makes it possible to respect the limits of the current
distortions taken from the network as well as the electromagnetic interference generated
by the switching [44, 49].

An L-C type low-pass filter, shown in figure 1.18 for a single-phase, is added to the
input of the converter [51,52]. The resistance Ry represents the internal resistance of the
inductor Ly.

The use of more complex topology such as multi-stage filters has been recommended
[2,51] in order to achieve a higher reduction of the switching frequency. But these filters
cannot be industrialized given the additional cost they would incur [23].

When sizing the filter of MC (figure 1.29), five parameters must be taken into account
[4,52]:

e The quality of energy imposed;

The harmonic content generated by the MC;

The switching frequency of the converter;

The modulation technique used;

e The resonance frequency of the filter.

The filter must have a cutoff frequency lower than the switching frequency. It must also
absorb little reactive power, have a reduced volume and weight, and have a low voltage
drop at the level of the inductor [51,52]. If we neglect the damping resistance Ry, this
filter has a transfer function (FT) as defined in the following equation:

1
Ii(s) I,
rF = 118 _ RZL (1.11)
lis) &+ 35+ 5

where s is the Laplace operator.
This L-C filter may cause disturbances during the power converter switch-on procedure.

The inrush of current when connecting the circuit can cause surges immediately after
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the L-C filter and destroy the converter. In [49] Schuster added a resistor Rd in parallel
with the inductor to dampen these unwanted disturbances. This resistance also aims to
attenuate the oscillations around the resonant frequency and improve the stability of the
system [52]. The value of this resistance is chosen in such a way that the losses generated

are as low as possible [23]. According to [21] we must ensure that Ry < 2w fogLy.

Figure 1.29: Diagram of the input filter for one phase.

1.5.2 Protection Circuit
Overcurrent protection

Protection of the switches against overload and/or short circuits must be added. This
protection is done by external devices such as circuit breakers or fuses and/or by devices
integrated with the driver circuit to detect switching errors that can cause a short circuit
[21,23]. In addition to these devices, an overcurrent detection loop can be added to the

MC control program. This loop can stop the MC if an overcurrent is detected.

Overvoltage protection

In the case where the load is an inductive circuit like machines, overvoltages can be caused
when one or more transit paths of the output currents are interrupted. The energy stored
in the open load increases the voltage level at the terminals of the switches of the concerned
cells. To prevent destructive surges from appearing on these switches, a path must be

provided for the motor currents.
e a) Protection with the “Clamp” circuit

The first protection system used [2,4] is a “Clamp” circuit [53]. It is composed of one or

two capacitors (depending on voltage level) connected to all input and output potentials
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through two diode-bridges as shown in figure 1.30. The rectifier bridge connected to the

input is used to charge the capacitor C' of this protection circuit.

A
C>7 j_?—i’ Matrix Converter i \

Clamp Circuit

Figure 1.30: Clamp circuit for DMC.

VDC is equal to the maximum phase to phase voltage of the input network. During
an overvoltage fault, the switches terminal voltages of the concerned cell increase. This
will increase the output voltages of the matrix converter. At the moment when one of
the output phase-to-phase voltages becomes greater than the VDC voltage, the diode-
bridge connected at the output starts to conduct and limits the overvoltage to VDC. The
energy stored in the motor phases is transferred into the capacitor and the voltage across
the capacitor rises. A system consisting of a resistor in series with a transistor must be

introduced in order to dissipate the stored energy. The clamp circuit sizing method is
presented in [23, 54].

a P 1 4
\ j b |Rectifier Inverter B
/ IR c Stage \F Stage | C

LSt

=

S

a

|

1

MM

Wy

N |

Clamp Circuit

Figure 1.31: Clamp circuit for IMC.
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This protection system has the advantage of being very simple and safe in all conditions
of use. On the other hand, the number of semiconductor elements required increases (12
fast recovery diodes plus a transistor for the discharge).
For the indirect matrix converter topology, this circuit has fewer components [21,46]. It

is shown in figure 1.31.
e b) Varistor protection

A second solution [49] uses a passive protection system for low power applications. This
protection is based on the use of varistors which are highly non-linear electrical resistors.

Its resistance depends on the voltage at these terminals.

r%J I b Matrix Converter |B r%J I

Figure 1.32: Clamp circuit for IMC.

Beyond a certain voltage threshold, the resistance of the varistor drops to allow the
evacuation of the current and thus limiting the overvoltage. In normal operation, the
losses caused by the varistors are negligible (very high resistance) [23]. This solution is
very attractive, especially in the case of low powers. The varistors are connected at the
input and at the output as shown in figure 1.32. Note that, if the overvoltage is significant,

the use of varistors can cause their destruction, which generates a small explosion.

Figure 1.33: Active clamp circuit.
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The energy from the load in the case of overvoltages can be dissipated in the converter
itself by switching the IGBTSs to linear operation. This can be achieved by a simple circuit
called active clamping (figure. 1.33). It consists of a Zener diode, a diode, and a resistor
placed in series between the collector and the base of each IGBT [23,49].

This solution is not yet widespread because few reliability studies have been carried out on
this protection system [23]. In [51] a new protection circuit has been tested. This circuit
includes a start-up circuit to ensure correct power sequencing and avoid short circuits
during start-up. A resistor has been added to the clamp circuit to limit the current

flowing through the capacitor.

1.6 Choice of Bidirectional Switches

The matrix converter requires the use of nine four-segment switches. These switches
can be controlled both on initiation and on blocking. They must have the ability to
block a voltage and conduct a current regardless of its sign. Due to their very complex
implementation, only small productions of monolithic four-segment switches are possible
today [2,20]. These four-segment switches are therefore created by the association of
several discrete elements, unidirectional in voltage and current [23,46].

There are four main arrangements for two-way switches. They are shown in figure 1.34.

|
%i&
|
a b c d

Figure 1.34: Different bidirectional switch topology (a) common emitter structure, (b)

common collector structure, (c) transistor connected to diode bridge (d) RB-IGBT.

The first proposed topology is the simplest possible association. It consists of an IGBT
connected to the center of a diode bridge (figure. 1.34.c).
Its main advantage is that it has only one controllable component. This reduces the cost of
the power circuit as well as the complexity of the control and the driver circuit. Its main
problem is related to conduction losses which are higher compared to other topologies

(three switches conduct) [4,20,21].
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Table 1.2: Comparative study between different structures of bidirectional switches.

o o Isolated power supply
Association of Simplicity of  Voltage drop )
_ _ ] required for the
semiconductors control in conduction ]
matrix converter [3x3]

IGBT and
diode bridge
IGBT and diode

in antiparallel more complex medium 9

simple high 9

common emitters

IGBT and diode

in antiparallel more complex medium 6
common collectors

RB-IGBT more complex low 6

The two most commonly used configurations are the common-emitter topology and the
common-collector topology. These two structures have two controllable switches and two
antiparallel diodes. The diodes remain essential, they provide the reverse voltage blocking
capacity.

One of the advantages of these two structures is to offer an additional degree of freedom
for the management of the switching of the switch. Conduction losses are also reduced
compared to the first topology. The difference between them is the number of isolated
power supplies for the MC. If the topology with a common emitter is used (figure. 1.3.a),
9 isolated power supplies are necessary for the driver circuit of the MC. If the topology
with a common collector is used (figure. 1.34.b) six isolated power supplies are sufficient
due to the setting at the same potential of certain emitters of the IGBTs belonging to
different switches [4,17,21].

Some companies, such as STMicroelectronics, Fuji electric, and IXY'S are beginning to
offer integrated bidirectional voltage switches (behavior similar to an IGBT in series with
a diode (figure. 1.34.d), named RB-IGBT (Reverse Blocking IGBT) [1,3]. The typical
voltage drop of this type is then of the order of 1.6 to 2.2 V. So the advantage of this
topology compared to other topologies is the reduction in the number of components and
conduction losses. This topology is widely used in industry [4,33]. A comparison between

these structures is summarized in Table 1.2.
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The preferred transistor is the IGBT which combines the advantages of two types of
transistors which are the bipolar transistor and the MOSFET [48]. It is voltage controlled
and has low voltage drop. It is widely used in high and especially medium power and

medium frequency applications [23,47].

1.7 Industrial Implementation

For the industrial implementation of the matrix converter and for this application to
be more compact, it is preferable to use switch arrangements in the form of integrated
semiconductor modules as in the case of inverters (the diode or thyristor bridge) [4].

Bidirectional switch modules are developed in the industry [24,25]. In general, these
modules use the RB-IGBT structure [4,17,47] and include three bidirectional switches.
For example, we can cite the EMP-M50P12 module built by IRCI (International Rectifier
Corporation Italy) which contains an MC cell and which can conduct a current of 50A
and support a voltage of 1200V. We also have the Dynex DIM600EZM17-E000 which can
drive a current of 600A and block a voltage of 1700V [4] (figure. 1.35). We also cite
the module proposed by Fuji Electric in 2011. The latter is based on RB-IGBTs and
comprises three cells of the MC (3x3)(figure. 1.36).

Figure 1.35: Dynex DIM600EZM17-E000 module (600A-1700V): (a) internal diagram,

(b) external module.

Other modules used in industry are reported in [2,4,33]. Regarding the industrial
realization of the MC, there are few prototypes currently on the market [2,4]. Industrial
prototypes were marketed in 2005. We can cite Varispeed AC from the Japanese company
Yaskawa based on RB-IGBT 1200V. The latter was applied with a vertical axis wind
turbine [4].

We also mention Frenic-FX from the Japanese company Fuji which has the same
characteristics as the first. We also mention Yaskawa’s FSDrive-MX18S intended for high
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Figure 1.36: Module FUJI Electric MC (3x3) (1200V, 50A): (a) internal diagram, (b)

external module.

power. It has been proposed for a power of 2.5 MW and 5 MW for a voltage of 3.3 kV
and 6.6 kV respectively. It is based on a multi-modular structure [2,4,33]. The AC7 (5
kW-93.2 kW) from Yaskawa (figure 1.37(a)) is the first variable speed drive based on the
direct structure of the low voltage (230V / 460V) matrix converter (3x3). It can operate
either in constant V/f or in vector control with/or without sensors.

The U1000 (developed for powers of 3.7 kW — 600kW (figure 1.37(b))) is the latest
solution from the Japanese company Yaskawa (2016) based on the matrix converter (the
exact topology has not been specified). It is a compact all-in-one solution that allows
operation at ultra-low THD (< 5%) over the entire operating range and also allows
regeneration and near unity power factor operation. This solution aims at a very good
quality of energy and at the same time saving energy and space. Additionally, the U1000
offers great flexibility and motor control performance to meet a wide variety of application
requirements. It can operate either in constant V/f or in vector control with or without a
sensor. The company was able to win the 2016 Engineers Choice Award in The Motion

Control —Drives, Servo Drives branch [17,47].
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Figure 1.37: Industrial prototypes of the MC, (a) Yaskawa AC7 (b) Yaskawa U1000
(2016).

1.8 State of the Art on Modulations of MC

The modulation generally makes it possible to synthesize the references of the output
voltages and input currents from the input voltages and output currents. Reviews of the
main modulations developed for the matrix converter have been made in [2], [4], and [9].
Since its introduction in 1976, different modulation strategies have been proposed and

they can be broken down into two types:
e Scalar modulation.
e Vector modulation.

These methods consist in first finding a conversion matrix [Ms], corresponding to the
average model, and the image of connection times relating to a given period for each
switch [9,23]. Then these duty cycles are transformed into nine connection functions
so as to be able to control the switches while respecting the constraints linked to the
operation of the switching cells.

The first modulation strategy was proposed by A. Alesina and M. Venturini in 1980
[13,45]. It solves the system defined by equations (1.4) and (1.5), with output reference
voltages without the zero sequence term. They determined the connection generating

function which has this expression:

2V V’“) (1.12)

5
ii = = X 1
i = 3 + Ve?
where j is input phase numbered (a = 1,0 = 2,¢ = 3) and k output phase noted (A =
1,B=2,C=3).
This method generates sinusoidal output voltages by sequentially selecting input voltages

during calculated switching cycles. The major problem of this method is the limit of the
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transformation ratio between the output and the input voltage (r) which did not exceed
0.5. Moreover, the input power factor depends on the output power factor so one of the
advantages of MC has been removed [55].

To overcome these problems Alesina and M. Venturini have optimized this strategy [15]
and the maximum output voltage has been increased to 86% of the input voltage by
modifying the desired output voltage with including the third-order harmonic of the input
voltage and that of the output [15,46]. The prescribed output voltage curve covers almost
the entire envelope of the input voltage. The third-order harmonic will be eliminated in
a three-phase load. The new form of the connection generator function is:
myy = % (1 21"}762]? + ;% sin(27 ft + ) sin(67rft)) (1.13)

where (3 is the respective phase shift of the given phase, f is the reference frequency, and

r is the modulation rate.

This method remains very limited because the frequencies of the input and output
networks must be perfectly known. The frequency introduced into the calculation must
be exactly equal to the frequency of the input network. This method does not achieve
the imbalances or pollution of the input network and its implementation requires a PLL
(Phase Locked Loop) to synchronize the command with the input network [15,23].

In 1987, G. ROY [56] proposed another scalar modulation strategy. The modulation
algorithm is based on the instantaneous ratio of the measured input phase voltages. The
conversion matrix of the matrix converter is calculated as shown in [23,46]. Again, a
common-mode voltage of frequency 3 times the input and output frequency is added to
achieve a ratio r equal to 86.7 % [15]. Although these last two modulations (scalar mod-
ulation of Roy [56] and Alesina and Venturini strategy [15]) are different, the results are
similar [23].

In 2006, Ph. Delarue [57] showed that it was possible to overcome the major drawbacks
of these two approaches, i.e. the use of a PLL and the determination of the sinusoidal
terms linked to the voltages of input only by measuring the phase-to-neutral input volt-
ages. This method achieves the maximum transformation ratio  (0.86). This modulation
strategy makes it possible to maintain a sinusoidal voltage system at the output and a
constant instantaneous power when the input network is unbalanced and/or polluted by
harmonics; the input currents then have the same waveform as the input voltages.

Another modulation called PWM three intervals was proposed by Schuster [57] and
verified experimental in [49]. It uses the indirect model of the MC which comes in two

stages (rectifier stage and inverter stage). Based on this modulation, the input voltages
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are rectified with a rectification function [M,..] to build a virtual DC voltage using in
addition a modulation function 7 to give a sinusoidal form to the input current.

The inverter stage generates the output voltages with a function [M;,,] which is a
function of the reference voltages. Then calculate the matrix [M;,,]. [M;e.] which repre-
sents the connection generator matrix for the nine switches of the MC. The latter is the
input of a PWM modulator which generates the instantaneous connection functions. This
method is also called undershoot modulation. To maximize the transformation ratio r,
the rectifier stage selects the largest negative input voltage and the largest positive input
voltage to have the maximum DC bus voltage. This method can work in over-modulation
but has a cost of input distortions [49,58].

There are other scalar methods like the one proposed by Ishiguro [59], the calculation
of the conversion matrix is based on the construction of two positive phase-to-phase out-
put voltages from the two largest positive phase-to-phase input voltages. This method
is detailed in [23]. Another method called calculated PWM, uses the matrix converter
control model [58]. Connection generating functions are generated based on reference
voltages and input voltages, depending on the angle of the input voltage. This technique
is also detailed in [23].

In order to have the connection functions, PWM modulators are offered. The simplest
is the one proposed by Ishiguro [59]. Tt is based on the comparison of two duty cycles of
a switching cell at the same carrier.

The carried-based modulation or triangular-sinusoidal PWM is a well-known method,
especially for controlling inverters. It has been applied for the matrix converter with sev-
eral variants, for different topologies of the matrix converter [60]. Firstly this method was
applied for the single-phase matrix converter [9] and it was named SPWM (Sinusoidal
PWM). Then, this technique was generalized for the different configurations of MC.

In [60] Yoon and Sul analyzed and tested this technique on the direct MC in different
cases, such as the case of over-modulation. For this purpose, they used an offset voltage
and based on the variation of the slope of the carrier in order to synthesize a sinusoidal
input current for a power factor and prescribed output voltages. The state of the switches
is determined after comparison between the reference voltages with an imaginary carrier.
The switching times are determined from the instants of intersection of the reference volt-
ages with the carrier. This technique was tested in over-modulation and the voltage ratio
exceeded 1.

The concept of Space Vector Modulation (SVM), known and traditionally used for con-

trolling inverters, was extended to matrix converters by L. Huber and D. Borojevic in
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1989 [19,50]. This approach makes it possible to synthesize spatially and temporally the
voltages to be applied to the load, but also the currents to be taken from the input net-
work. It also allows to control the input power factor independently of the output power
factor [23,50]. In [44] the SVM method has been modified to adapt to the case where the
input voltages are unbalanced. Three strategies are proposed.

In [61] a study of the input current was carried out for direct SVM modulation in the
case where the input voltages are unbalanced. Two input current vector control strategies
are proposed. The first strategy consists in having the input current vector follow the
input voltage vector at each instant. The second solution consists in following the input
current vector dynamically around the input voltage vector. A comparison between these
two strategies has been made and the content of the input current harmonics has been
analyzed in both cases. It is shown that strategy 2 minimizes the harmonic content with-
out a large increase in the RM .S value of the input current. These results were confirmed
by an experimental study.

Wang et al. [34,62] proposed a method that takes into account disturbances at the
MC input. This method is based on the calculation of the ratio and the phase shift of
the input current from the measurement of the module and the phase shift of the input
voltage vector. This method made it possible to eliminate the influence of disturbances
without using an additional circuit. These results have been validated experimentally.

In [63] a comparative study between SVM modulation and model Predictive Cur-
rent(MPC) for a direct MC topology was developed. A comparison between their per-
formances under the same conditions (same input quantities and same loads) was made
with simulation and experimentally. This study showed that the MPC is more attractive
than the SVM especially from the input current point of view and particularly in the case
where the input voltages are distorted.

The Indirect Space Vector Modulation (ISVM) was proposed in 1995 by L. Huber [19]
who described the matrix converter by an equivalent circuit combining a current rectifier
with a voltage inverter connected by a virtual continuous link. The two power stages
are directly connected by their continuous sides. The SVM is applied for each stage. It
uses two active vectors and a null vector to synthesize the two reference vectors which
are the output voltage and input current vectors (Vg and I;,). Then a synchronization
between the two stages is operated. The results obtained are identical to those of direct
SVM [19, 50].

For the IMC structure, most of the modulations applied to the MC are applicable to it

except for the one that uses a rotational vector [2]. In [64] an ISVM modulation has been
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modified to adapt to the case where the input voltages are unbalanced. This method is
based on compensation with a reliable adjustment of the modulation index of the inverter
stage, this was achieved by a simple mathematical derivation. In the beginning, the phase
shift remains constant then the mv index is adjusted according to the disturbances of the
DC bus voltage. A simulation and experimental results were presented. In [65] the im-
plementation of SVM modulation for the IMC using a real-time DSP-FPGA interface has
been studied.

In [66] a new SVM modulation has been proposed for IMC. This method aims to
reduce the Common Mode Voltage (CMV) especially in the case of large voltage ratios.
Its principle is to choose adequate active vectors and then arrange them in the inverter
stage. This method reduces the common-mode peak-to-peak voltage without adding an-
other circuit; moreover, it makes it possible to reduce the THD of the output voltages and
the switching losses at the level of the inverter stage. Other (CMV) reduction techniques
have been developed in the literature [66-68].

In [22] J.W. Kolar et al. studied different sparse type indirect topologies and they
developed an SVM modulation combined with the zero current type switching method.
This last method minimizes the switching losses in the switches. It made it possible to
generate sinusoidal output voltages and currents but always with a limitation of the ratio
T.

In [54] a new multi-level sparse IMC structure was developed with an adapted SVM
modulation. This modulation was derived from the ISVM and the SVM applied to the
3-level inverter. The experimental verification of this modulation was carried out in [29].
The latter made it possible to generate multi-level voltages while keeping a sinusoidal
shape of the output voltages and input currents. These results were compared with an
indirect matrix converter and with a conventional multilevel converter (ITLMC) to iden-
tify the advantages and disadvantages. It is deduced that the performance of the ITLMC
structure is better than that of the sparse structure [30].

In [21] a detailed study of sparse topology and ITLMC topology has been presented.
SVM has been applied, analyzed and simulated on both topologies, experimental results
have been presented.

In [69] Casadei, et al. have developed generalized modulation. This method is based
on the Duty-Cycle Space-Vector (DCSV) approach, which consists in representing the
state of the switches by space vectors. All other modulations such as SVM or Venturini
and Alesina are considered special cases of this modulation. Three degrees of freedom are

available to define the modulation law which allows control of the output voltages and the
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power factor. In conclusion, it is noted that the SVM is the best solution which makes
it possible to obtain a maximum ratio of voltage and optimization of the switching by
suitable use of the zero vectors. In [70] a generalized modulation based on a new model
of MC (singular value decomposition (SVD)) was presented.

In [34] the SVM indirect modulation has been adapted to the multi-modular topology
used for high powers. The simulation was validated by an experimental study.

In [42] an optimal modulation for the Z-source IMC allowing to guarantee sinusoidal
input and output quantities, flexible buck-boost and low noise level has been studied.
Two approaches are applied, one with the use of zero vectors in the rectifier stage, this
method is difficult to implement. The other approach does not use zero vectors in the
rectifier stage, it can be implemented by a carrier based or with the SVM approach. Ex-
perimental results are presented in [40].

In [71] an indirect Z-source topology with a modulation allowing to counter the dis-
turbances of the input network was studied. A nonlinear PID controller was used for the
effects caused by the Z-source network and to improve the dynamics and robustness of
the control. This topology with its control made it possible to maintain good output and
input performance in the event of input network disturbances while maintaining a high r
ratio. Its disadvantage is that it introduces elements of energy accumulation.

In [72] a generalized modulation of the DCSV type was developed for single-phase MC,
MC (3x3), and MC (3x4) converters. This strategy ensures control of the input current
even at zero active power. It is simple to implement and can be applied with MC N arms.
In [73] a study of the implementation of this strategy on the DSP-FPGA platform was
proposed for the MC (3x4). In [73] an additional phase was added to the MC in order
to increase safety in the event of the loss of an arm. Fault-tolerant SVM modulation has
been proposed. An experimental study was presented.

In [74] an indirect approach of the 4-arm MC was used. The 3-D SVM was used in
the inverter stage and the rectifier stage was controlled by the reference current. This
modulation has been implemented and tested experimentally for different conditions.

In [75] modulation schemes based on the carrier-based method are applied for direct
CM control (3x9). In [2] modulations adapted to the three topologies of the hybrid-type

matrix converter are proposed and tested.
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1.9 Conclusion

In this chapter, a state of the art on matrix converters has been presented. The study
includes instantaneous modeling as well as modeling with connection generating functions.
The different MC topologies are also presented. These topologies are divided into several
families. Then, the switching problem which is one of the concerns of the MC is thus
presented. Protection of the MC is essential for safe operation. This is because the
connection between the two AC systems is direct and since there is no natural path for
the current in the case of switching problems, overvoltages that can destroy the power
circuit of the MC are possible. Thereafter, the industrial implementation of MC for
speed and/or frequency variation was presented. The latter remains a little limited and
is dominated by Japanese companies and in particular the Yaskawa company. Then the
state of the art of modulations is presented, which can be divided into two categories,
scalar modulations, and vector modulations. These are the most widely used today.

Finally, given the vastness of the research work on this type of converter and the
beginning of its industrial integration, it is expected that it will soon replace conventional
AC-AC converters.



Chapter 2

Direct Torque Control of Dual
Stator Induction Motor Supplied by

Matrix Converter

(( no amount of guilt can change the past, and no amount of worrying can

change the future. 99

Umar ibn Al-Khattab

2.1 Introduction

In this chapter, we will study the direct torque control of dual stator induction machine
supplied by two different topologies of matrix converters that are DMC and IMC.

We firstly start with the modeling of the dual stator induction machine in view of the
control. Then we study the direct torque control. This technique was initially proposed
for the inverter, thereafter, it was adapted to matrix converter. It bases on the principle
of applying a voltage vector that allows obtaining torque and flux in a very precise band
through a switching lookup table. This technique is less dependent on machine parameters
compared to the Field-Oriented Control (FOC) and it allows faster torque response.
This technique is simulated using the two topologies of the MC for different ranges of

speed and load torque.

47
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2.2 Dynamic Model of DSIM

Multiphase machines exist as alternatives to the conventional three-phase machines to
cover various undertakings, exceptional benefits such that the power split between the
different phases, high dependability, reduced rotor losses, and torque ripples. Such ad-
vantages make the multiphase machine very favored in various fields in recent years.
Among these multiphase machines and the most common is the DSIM. The objective of
this part is to present the mathematical modeling of the DSIM. Its complexity has been
relatively reduced by using a certain number of simplifying assumptions and by making
a change of reference by applying Park’s transformation to get around the difficulty of

determining mutual inductances [76, 77].

2.2.1 Brief description of the DSIM

The DSIM consists of a stator containing two identical three-phase windings displaced by
an electric angle y(y = 30°) and a squirrel cage rotor. Figure 2.1 gives the position of the
magnetic axes of the windings forming the phases of the machine. We can note that index
1 represents the relative parameters of the first star and index 2 for the second one. The
angle 0; expresses the position of the rotor (a, phase) with respect to the star 1 (phase

as1) and 6y the position of the rotor with respect to the star 2 (phase as) [78,79].

ag1 Stator 1

Rotor

N c,

Figure 2.1: Schematic representation of a DISM

81 - Qmect + 90 (21)
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02 = 91 — (22)

where €),,.. represents the mechanical speed, and 6y stands for the initial position of the

rotor with respect to the star 1.

2.2.2 Simplifying hypothesis

The distribution windings of the dual stator induction machine (DSIM) and its geometry
is very complex for the analysis taking into account its exact configuration. Therefore, It

is necessary to assume some simplifying assumptions [76,77,80].
e The machine is perfectly symmetrical.

e The machine is supposed to be "linear”, that is to say, that the saturation and
the effects of hysteresis magnetic circuits are neglected as well as the phenomena

causing variations in resistance and inductance (temperatures, frequency).
e [t is assumed that the two three-phase stator windings are balanced and identical.
e The spatial distribution of the magnetic fields along the air gap is sinusoidal.

e Power is supplied by an asymmetrical three-phase voltage system.

2.2.3 Three-phase model of the DSIM
Electrical equations

The electrical equations of the star 1, star 2, and rotor are respectively expressed by:

d

[Usl] = [rsl] [isl] + % [stl] (23)

0] = [ral 1] + [ (2.4

o] = [l ] + 2 [ (25

with [vg] = [ Vasl Ubsl Ucsl }ta [vsa] = [ Vas2 Ubs2 Ucs2 r and [v,] = [ Var Ubr VUer :|t7
[isl] = [ iasl 7;bsl icsl }t, [is2] = |: iasZ ibs2 ics2 :| and [ZT] = |: iar Z.br icr :|t7

[Spsl] = |: Pasl  Pbs1 Pesl }ta [9052] = [ Pas2  Pvs2  Pes2 }t and [Spr] = |: Lar  Por  Per }t’
and [rg] = diag [ Tast Tbsl Tesl }ta [rso] = diag [ Tas2 Tbs2 Tes2 }t and  [r,] =

- t
dzag |: Tar Tor Ter }
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with Tas1 = Ths1 = Tes1 = T15,Tas2 = Ths2 = Tes2 = T2, and Tor = Tor = Ter = Ty where Igs1
represents the stator resistances to the star 1, r s represents the stator resistances to the
star 2, and r, represents the stator resistances to the rotor.

Magnetic equations

The equations of stator flux (stator 1 and 2) and rotor as a function of the currents in

matrix form are given by:

[s1] (L] [Li2] [L1s] [i51]
[psa] | = | [L2a] [L2o] [Las] [i52]
[r] [Lra] [Lro]  [Lrs] (4]
The sub-matrices of the inductance matrix are:
- 2 4 -
(L1 + Lys)  Liscos (g) L,,scos (%)
4 2
[Ll,l] - LmsCOS (?ﬂ-) (Ll + Lms) LmSCOS <§>
2 4
L,,sc08 (—ﬂ> L,,scos (—W> (L1 + Lpns)
L 3 3 i
— 2 4 -
(Ly+ Lyns)  Liscos (g) L,,scos <§>
4 2
[LZ,Q] - LmSCOS (?ﬂ-) (L2 + Lms) LmsCOS <§>
2 4
L,,scos (—W) L,,scos (—W> (Lo + Lins)
L 3 3 i
— 2 4 -—
(Ly + L) Lypycos <§> L, cos <§)
4 2
L] L, cos (g) (L, + L) Lypycos <§)
2 4
L,,,cos (—W) L,,,cos (—W> (Ly + L)
L 3 3 i
Lscos () L,,scos (a + %) L,,rcos (a + %)
2 2
[L12] = | Lmscos (a — ?ﬂ) Lscos () L,,scos (oz + %)
4 2
L,,,cos (a - —W> L,,scos <a — —ﬂ) Lscos ()
L 3 3 i
— 2 4 —
L.cos (0,) L, cos (9 + 37T) L, cos (0 + ;)
2 2
[L1,] = | Ls-cos (0 — %) Lg,cos (6,) L, cos <0T + ?ﬂ)
4 2
L,cos (9 — %) L,,cos (9 — g) Lg,cos (6,)
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[ Lg.cos (0, — ) L, cos <8r —a+ 2%) L, cos (0r —a+ 4%) ]
[Ly,] = | Lscos <9r —a— 2%) Lg.cos (0, — ) L, cos <9r —a+ 2%)
L, cos (QT —a— 4%) L, cos <9T —a— 2%) Lg,cos (6, — a)
The sub matrices [Loi] = [Lia)',[Lra] = [Li.) and (L] = [La,],, with
Lps = Ly = L, = g L., ) Ly, Lo, L, : represent the maximum coeffi-
cients values of the inductance of star 1, star 2, and the rotor. L, represents

the maximum value of the mutual stator inductances coefficients, L,,. represents
the maximum value of the mutual rotor inductance coefficients, L, represents the
maximum value of the mutual inductance coeflicients between the star and the rotor,

and L,, Cyclic mutual inductance between the star 1 and 2 and the rotor [78,81].

Electromagnetic torque expression

The electromagnetic torque is expressed by the partial derivative of the storage of elec-

tromagnetic energy with respect to the geometrical angle of the rotor rotation.

ow ow

Cem = = 2.
oo L 00 2.7)
with
1. .. . ,
W= 2 {[lsl]t [pa] + [282]t [psa] + [Zr]t [907’]} (2.8)
The expression of electromagnetic torque is written by the following equation:
. d : . d :
Cor = 5 {li] - (a1l + lia] - (Lo 1 il (2.9
Mechanical equation
The equation that describes the movement of the DSIM is as follows:
ds
Cem — Cr= J—+ K;Q (2.10)
dt
with
W
=" 2.11
) (2.11)
On the other hand
_ (2.12)
= '

where J : Total inertia of rotating parts, Ky : The friction coefficient.
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2.2.4 Modeling of the DSIM in biphase system
Park transformation

Park’s transformation is often referred to as a two-axis transformation. Physically, the
application of this transformation to the DSIM corresponds to a transformation of the
three windings in two equivalent windings taking up the same considerations or aspects
in terms of f.m.m, flux, torque, or at least an image that will be perfectly proportional to
them.

From figure 2.2, we can deduce the relations between the angles as [82]:
951 - 61 - 97- (213)

952:951—04:91—(%—04 (214)

where
fs1 The angle between the magnetic axis of the phase ag; and d .
fso The angle between the magnetic axis of the phase ags and d .

0, The angle between the magnetic axis of the phase a, and d .

We define a unique transformation matrix for currents, voltages, and flux. It preserves
the invariance of the power and is orthogonal. In addition, we assume that all the ho-
mopolar quantities are zero(balanced system). The transformation which translates the
passage from the three-phase system (a,b,c) to the two-phase system (d, ¢) and reverses
by the normalized matrices of Park [80,83].

For the first star, it is defined as follows:

cos(0s1)  cos(bs1 — §> cos(0s1 —l— %
[P(61)] = \/g —sin(fs1) —sin(fs — ;) —sin(fs + ;T (2.15)
1 1 1
V2 V2 V2
_ 1 -
cos(04 —s1n(0s1 —=
1 2 ( )27T ( )27r \/15
[P(6)] = \/; cos(0s1 — ?) —sin(fs — ?) 7 (2.16)
cos(0s + 2%) —sin(0s + 2%) 1
i V2
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The three-phase voltage system for the star 1 is transformed as follows:

Vds1 Vas1
Ugs1 | — [P(esl)] * | Usbsl (2.17)
Vos1 Vesl

For the second star 2 and the rotor, we replace in (2.15) and (2.16) 65 by 65, and then
by 6, respectively.

Model of the DSIM according to axis system (d,q)

The transformation of the DSIM according to the axes system (d,¢) rotates at the speed
Weoor 18 illustrated in figure 2.2 [81, 84].

S 7 e Y
V,

Vqsl qs2 Vqr

Figure 2.2: Representation of the DSIM model along the axes (d, q).

Choice of the axis system

Three types of reference axis systems exist in practice. The choice is made according to
the problem to be studied.

Axis system (a, [3)

This system is stationary with respect to the stator, therefore 6, = 0.

Axis system (z,y)

This system is stationary with respect to the rotor, then 6, = 0.
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Axis system (d, q)

The latter is stationary with respect to the electromagnetic field created by the stator

indi h coor — Wg = _8'
windings, where w w i
Modeling of the DSIM in a coordinate axis system (d, ¢) linked to the rotating

field

The model of the dual stator induction machine in a biphase axis (d, q) linked to the ro-
tating field is obtained by using the normalized Park transformations in order to conserve
the power. By applying these transformations to the voltages as well as to the stator

fluxes, we obtain the electric and magnetic models respectively as:

( ) dpgs
Vis1 = Rs1tgs1 + (fii - WsPgs1
. dpgs
‘/qsl = Rsllqsl + fl;]f L + WsPdst
. dpas
Vis2 = Rsalasa + (Zd 2 - WsPgs2
dgot , (2.18)
‘/2132 - Rs27;q32 + ‘;S + WsPds2
V;lr =0= Rridr + dgptdr - (ws - wr)@qr
., dpgr
L ‘/qr =0= erqr + d_tq + (ws - wr)@dr
( . . . .
Pds1 = leldsl + Lm (stl + 1452 + Zdr)
Pgs1 = le'éqsl + Lm (iqsl + Z.qs2 + iqr)
Pds2 = LSQidSQ + Lm (idsl + idsQ + Z'd’r) (2 19)
Pgs2 = LSQZ.(]SQ + Lm (iqsl + Z.qs2 + Z.qr)

Ldr = Lridr + Lm (idsl + ids2 + Z.dr)

Par = Lriqr + Lm (iqsl + iqu + iq'r)

\

where wy, = z—f, W, = dg; , and pf) = Z—f — %:ws —w,. By replacing the system of equations

(2.19) in (2.18) and putting all in compact form, we will have:

[B][U] = [L] [{] + wa [C] 1] + [D] [1] (2.20)

with  [Ul=| Vaa Vi Vae Vi Var Ve | is  the  command  vector,
[I]:[ Gds1 lgs1 Gds2 Ggs2 Gdr iqr] represents the state vector, and

[B]=diag [ 111100 } The matrices C', L and D are given by:
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0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
C =
0 0 0 0 0 0
o -L, 0 -—L, 0 —(Ly + L;)
L, 0 L, 0 (L,+L) 0
(Ls1 + L) 0 L., 0 L., 0
0 (Lsi + Lum) 0 Lo 0 Lo,
L Lu 0 (Lsz + L) 0 Lo 0
0 Lo 0 (Lo + L) 0 Lo,
L., 0 Ly, 0 (Ly + L) 0
0 L, 0 L, 0 (Ly + L)
Rsl _ws(le + Lm) 0 _wsLm 0 _wsLm
ws(Ls1 + L) Rgy wsLm 0 Ws L, 0
D 0 —ws L, Rso —’LUS(LSQ + Lm) 0 —ws L,
B wsLm 0 ws(Lsz + L) Ry WLy 0
0 0 0 0 R, 0
0 0 0 0 0 R,
The state-space model of the system (2.20) is given by:
dI .,
i L™ [BU — (wyuC — D)I] (2.21)

2.2.5 Power consumption and electromagnetic torque

The absorbed power by the DSIM in the axis system (d, q), is expressed by:

Pa - Udslidsl + vqsliqsl + vdsQidSQ + vquiqSQ (222)

By substituting voltages ( Vst Ugsl Uds2 Ugs2 ) with their expressions in equation
(2.22), we find:

Pa = [RSlIc?sl + RSlIQsl - R521d252 + RSQI{?SQ}

q

dgpdsl . dsoqsl . d(pds2 . d@qs? . )
+ < dt 1ds1 + dt Lgs1 + dt 1ds2 + dt 1gs2

FWs (@dsliqsl - (pqslidsl + (pds2iq32 - @quidﬂ)
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This expression consists of three terms, the first term corresponds to the losses by the
Joule effect, the second term represents the change in electromagnetic energy (energy
reserve), the last term is the electromagnetic power (P.,,) [78,82].

The expression of the electromagnetic torque is equal to

P P
Copp = —2 =p— 2.23
0 P (2.23)

By substituting the fluxes (@as1, Pgs1, Pds2, Pgs2) given by (2.19) in (2.24), we get:
Oem =P <§Ddslidsl - (;Dqsliqsl + @ds?idSQ - QPqSQZ'qSQ) (224)

Cem = me ((iqsl + iqs?)idr - (idsl + idsQ)iqr) (225)
From the rotor flux equations (@4, pqr) expressed by (2.19), we have:
1

idr - m [Spdr - Lm(idsl + idsZ)] (226)
. 1 ‘ .
bgr = m [qur - Lm(zqsl + qu2)] (2.27)

By substituting (2.26) and (2.27) in equation (2.25), we will have the relation of the
electromagnetic torque expressed as a function of the stator currents and the rotor fluxes

in the Park coordinate system (d, q) as :

L

Oem = me—_:_nLr((pdr(iqsl + iqs2> - qur(idsl + ids?)) (228)

2.3 Direct Torque Control

Research on direct torque control was initially presented by ” Takahashi and Depenbrock,”
in the middle of 1980 to develop the control of induction machines and to alternative the
classical field-oriented control (FOC) [85]. This technique is characterized by the simple
configuration and presents a remarkable dynamic performance as well as good robustness
to variations in machine parameters. It’s based on the control of the electromagnetic
torque and stator flux [12,86]. The control quantities (flux and torque) are calculated
only by the quantities linked to the stator, and this is without the intervention of the
mechanical sensor.

The principle of DTC is that the stator voltage vectors must be selected directly according
to the differences between the references of the torque and flux and their real values.

Current controllers followed by a PWM comparator in vector control are not required in
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DTC control, also the machine parameters are not used except the stator resistance [46].
Consequently, the DTC has the advantage of being less dependent on machine parameters.
In what follows, the DTC for the DSIM is developed for two different topologies of the MC
as known as direct and indirect matrix converters. Meanwhile, we present the development
of the conventional DTC (DTC for inverter) which is the basis of the DTC for the MC.

2.3.1 Classical DTC for two-level inverters
Principle

The DTC based on the stator flux orientation. The flux can be communicated in a
referential identified with the stator of the machine by the following equation [10,85]:
t
©s,,(t) = /(VSL2 — Rg, , 15, ,)dt + ps, ,(0) (2.29)
0
For the situation where an active voltage vector is connected amid an interim, |0, T,] the
voltage drop can be neglect (RSLQISLQ) with respect to Vg . This last equation is then
written:

PS1 2 (t) = vSl,2T€ + PS1.2 (O) (230)

The flux vector moves with the value of Vg 2T¢, so the flux vector can be settled by the
application of an appropriate voltage vector.

Figure 2.3 explain the evolution of the stator flux vector with the chosen voltage vector.

<!

Figure 2.3: Evolution of the stator flux vector in (a, 8) plan.

We can remark that the radial component of the voltage vector acts on the amplitude

of the flux vector while the tangential component acts on its position.



2.3. DIRECT TORQUE CONTROL o8

So to increase the stator flux, it suffices to apply a voltage vector that is collinear to it
and which has the same direction, and vice versa. A two-level hysteresis comparator is

used for flux control as shown in figure 2.4.

SQOS

A
]

1|

\l, =
]
_____>_:9-__¢_
—hgs +hps

Figure 2.4: Two-level hysteresis comparator.

Its purpose is to keep the end of the stator flux vector g in a circular crown. The
hysteresis comparator works according to equation (2.31). This type of corrector makes

it possible to obtain good dynamic performance of the flux [87,88].
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I
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51 Aps < hyg

where Apg = |@s|” — |ps| is the flux error, h, is the hysteresis band.

The electromagnetic torque of the asynchronous machine can be written in the following

form: .
m
Cem = —————%(g. Dy 2.32
p*aLs*Lr*(pS@ ( )
This equation can be written as follow:
Com =15 —— 1 llosl 1o ssin (3) (233
where v is the angle between the stator flux and rotor flux.
The rotor flux is written as a function of the stator flux as follows:
M Ys
7 Ls 1+ jwoTr ( )

where oT'r represents the speed of variation of the angle v between the two fluxes. So

if we can control the stator flux and its position, we can control the rotor flux and ~.
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This can be done when the condition T, < ¢T'r is respected. Therefore, the control of
torque depends directly on the control of the rotation of the stator flux vector. In order to
increase the torque value as much as possible, it suffices to apply a voltage whose vector
is in advance quadrature to the stator flux vector [89]. Conversely, the reduction of the
torque in terms of algebraic can be obtained quickly by applying a voltage vector with a

strong lagging quadrature component as illustrated in Figure 2.5. To control the torque,

Positive
direction

Figure 2.5: Adjustment of the electromagnetic torque by acting on the voltage vectors.

a three-level hysteresis comparator is used which is applied to control the motor in both

directions of rotation as shown in Figure 2.6. The switching frequency of the switches is

S Te

+1
-Ar, 0

-1 - |

Figure 2.6: Three level hysteresis comparator.

not controlled, it varies according to the operating point and the hysteresis band. At low

speed, the switching frequency is low and the acoustic noise increases.
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Torque and Stator Flux Estimation
Stator flux

The amplitude and phase of the stator flux are estimated by the equation:

PSair = fot(VSLz - RS1,215a1,2)dt

. (2.35)
PSB12 = fo (VS1,2 - RSLQIS/Bl,z)dt
The phase and magnitude of stator flux are described as follows:
0512 = V/P2ar, + P25, (2.36)
. ¥SBi 2
Ops, , = arctg (@S—m> . (2.37)

Thus, the flux estimate only depends on the stator resistance as a parameter. Voltage

and current are measurable quantities.

Torque

The electromagnetic torque can be estimated from the estimation of the stator flux and

the measurement of the stator current.

N

Comn =P (505011,215,31,2 - 90551,215a1,2) (238)

Selection of the vectors

In view of the above and of Figure 2.7, note that we can define the sectors S; of the flux

vector according to its phase. The plan is divided into six sectors.

e To increase the amplitude of the stator flux, we can apply V;, V,41 or V,_;.
e To reduce the amplitude of the stator flux, we can apply V, 9, V,13 or V,;_o.
e To increase the electromagnetic torque we can apply V;i1 or V,,o.

e To decrease the electromagnetic torque we can apply V;_; or V; .

Applying a zero vector fixes the flux vector and therefore the torque decreases. By fixing
the stator flux vector, the rotor flux vector tends to catch up with it, which decreases the
angle ~, and therefore the torque decreases.

We can establish the classical DTC table of the sequences below proposed by Takahashi

to control the stator flux and the electromagnetic torque in Table 2.1.
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Qs decrease s Increase
C,m Increase C,m Increase
—> —
Vi Viu
—_—
—_—
B Vi V;

-_— —>
— —
Via Vi Vo, Vs
@ a @s decrease @s Increase ps Constant
C,, decrease C,, decrease C.,,, decrease

Figure 2.7: Hysteresis control: a) torque, b) flux

Table 2.1: Classical Table of DTC

Atpg,, ACen S1 Sz Sz Sa S5 Se
1 Vg Vi3 Vy V5 Vg V,
0 V; Vg V; Vg V7
-1 Vg Vi Vy V3 Vy Vi
Vs V4 Vs Vg ViV
0 Vo Vz Vg V7 Vg Vy
-1 Vs Vg V'V V3 Vy

O O O = = =
—_

2.3.2 DTC of matrix converter

Direct matrix converter

“Casadei” is the first to introduce the use of MC with DTC in [90], various researches
have been proposed in literature for improving its dynamic performances and to overcome
its drawbacks.

The DTC of DMC is based on the table of classical DTC, and the control of input power
factor for fixed that to one, a hysteresis comparator is added to confirm that, whatever
is the sector which the input voltage vector is in, the MC takes any time two switching
configurations with several directions for each VSI output vector selection by the classical

DTC, this direction allows the possibility to control the input power factor by applied
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one to increase the angle and the second to decrease. For example, if the vector chosen
by the classical DTC is the vector Vi, the configurations of the MC which correspond to
it are £1, £2, +£3. These vectors cannot all be retained. We only use vectors that have
the same direction and maximum amplitude [12].

It is proven that regardless of the sector of the input voltage vector, each vector chosen by
the classical DTC gives the possibility of using two vectors of the MC (two configurations)
[12,86]. If the sector of Vj, is equal to 1, the vectors +1 and -3 can be used as explained

in figure 2.8. This allows the possibility of controlling another major parameter which
3
- =
I:

+1

=

® @ _r
@/
®

Figure 2.8: Input voltage, current sector and vectors +1, -3.

is the input power factor. Thereby, a third variable to control will be the mean value of
=< sin (¥g) ». If we want to function at unity input power factor, the term < sin (¥g) >
must be zero. The mean value of < sin (Ug) > is obtained by applying a low pass filter
to its instantaneous value. A third two-level hysteresis comparator is added as shown in
figure 2.9.

Sy
N
1
1
~—

:1sl/ T EEE P Csin(V))

1
: +h.lp
1
1
1

Figure 2.9: Hysteresis comparator of < sin(¥;,) >.



2.3. DIRECT TORQUE CONTROL 63

Assume that we want to control the value of < sin (¥g) > at 0, so< sin (¥Vg) ==0.
If the value of < sin (¥g) > is positive Cy = 1, therefore the input current vector lags
behind the input voltage vector. The configuration -3 must be applied for it to catch
up with the input voltage. On the other hand, if the estimated value of < sin (Vg) >
is negative therefore Cy = —1, the input current vector is ahead of the input voltage
vector. The configuration +1 must be applied to delay it. The all probability switching
configuration of MC used in DTC is gives in the table 2.2.

Table 2.2: Table of DTC based on DMC

Sector of V;, 1 2 3 4 5 6
v, +1-1+1-1+41-1+1-1 41 -1 +1 -1

Vi 31 2 -3-12 3 -1-23 1 -2
Va 9 -7 -89 7 -89 7 8 -9 -T8
Vs 64 5 6 -45 6 4-56 4 -5
Vi 3 -1-231-2-31 2 -3 -1 2
Vs 978 -9-7T8 9 -7T-89 7 -8
Ve 6 456 4 -5-64 5 -6 -4 5

For the case of the unity power factor operation, the input current I, and voltage
Vin,vectors have the same direction, The computation of its sector can be based on the

phase of the input voltage. Figure 2.11 shows the overall diagram of the DTC for DMC.
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Figure 2.10: DTC based on DMC.

Indirect matrix converter

This method is suggested in [5], for the IMC. It is based on the indirect model, which is a
combination of two stages, a rectifier four-quadrant stage, and an inverter stage without

capacitor of filtering as presented in figure 2.11. The DTC based on IMC it is similar to

Input Filter

Rectifier Stage Inverter Stage

Figure 2.11: Indirect Matrix Converter

the ISVM [10,50], the SVM is used to control the virtual rectification stage to maximize
the output voltage V4. and fixed the input power factor to one. On the other hand, the
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classical table of DTC controls the inverter stage, which is described before for controling

the torque and the flux of DSIM.

Control of rectifier

The purpose is to get the maximum output voltage V. of the virtual rectifier and to fix
the input power factor to one, based on SVM, the reference vector can be synthesized
with these two adjacent vectors I,, Is and a null vector Iy. This is illustrated in figure
2.12 [10].

Ly, = d\ I, + dsl; (2.39)

I, (CA) Is (AB)

I; (CB)

Figure 2.12: Input current modulation for rectification stage

The duty cycles of each sector are defined:

dy = m.sin(6;,)
do = mcsin(g — Oin) (2.40)
dy=1—d,—ds

|]in|

the voltage de.ecThe two cyclic ratios are normalized according to the following equation:

s
where m, = and 0 < 60;, < 3 The null vector I is eliminated in order to maximize

(d' _dy sin(0i)
7_61l7—i-d5 N cos (5 — Oin)

dg— a5 —Oin) (2.41)
$ T T o (5 =)
(do =0 and d +ds =1
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Control of inverter

For the inverter stage, the conventional DTC is applied. Therefore, according to the
torque, flux, and sector, the conventional DTC chooses the inverter vector that makes
it conceivable to guarantee the regard bands of the error bands (flux and torque) as

explained previously. The following figure 2.13 explained this technique.

Indirect Matrix Converter

R e el Output
. voltages

! L & gvabc_l

Input voltage
SBE
Input
Filte

. | Bidirectional
Rectifier

----éVl-\/l-- C  heem B ux and
Rectifier Torque i
Estimation
* T‘:ef &
“ref —E—{ 1] E)— l| |_e7e ["S witching
we 1 Te 1 c Table DTC [—
Prer 2 l ks 1&2 |65z
Ps1 e T
I__F Ps2
& JEE I
(/’SZI

Figure 2.13: DTC based on IMC.

2.4 Simulation Results

In order to analyze the performance of the direct torque control of DSIM fed by direct
and indirect matrix converter, several simulation tests have been carried out for different
operating conditions with the following parameters.

Noting that the choice of hysteresis bands is related to the possible switching frequency
of the matrix converter as well as the frequency of execution of the control program. The
DTC for MC has been applied to DSIM, the parameters of the machine are given in the
appendix A (Table 2.3). Speed control has been added using a Pl-type corrector. The
output of the regulator is the reference torque.

The DTC has been simulated with different references of speed and resistant torque to

verify its static and dynamic performance.
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Table 2.3: Simulation parameters

Input voltage Hysteresis bands Input filter PI Controller
Flux h,=0.01 Wb Cy=18uf Kp=375
®4220/380V 50Hz Torque hy.=0.2 N.m
. Ly =3mH K;=0.35
2-2 =< sin(V,,) = BY = 0.001
300 . <o ; ’
200 |- 0 / _
-50
% 100 !—V—[/ -100;4— S 4
=z O
£-100 - .
-200 | i
_300 | | | DTC-IMC DTC-DMC Reference
0 2 4 6 8 10
Time (s)

Figure 2.14: Speed.
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Figure 2.15: Electromagnetic torque.
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Figure 2.16: Stator flux magnitude.
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Figure 2.17: Stator flux circular trajectory.
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Figure 2.18: Output currents of DSIM with DMC.
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Figure 2.19: Output currents of DSIM with IMC.
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Figure 2.20: Output voltage of DMC.
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Figure 2.21: Output voltage of IMC.
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Figure 2.22: Input voltage and unfiltered current of DMC.
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Figure 2.23: Input voltage and unfiltered current of IMC.
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Figure 2.24: THD of input unfiltered current of DMC.
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Figure 2.25: THD of input unfiltered current of IMC.
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Figure 2.26: Input voltage and filtered current of DMC.
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Figure 2.27: Input voltage and filtered current of IMC.
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Figure 2.29: THD of input filtered current of IMC.

From the analysis of simulation results of the two DTC, we can comment the following

points:

The machine’s speed pursues exactly its set point, also when the load torque is
varied as shown in figure 2.15. for both techniques. The reference is chosen to
include different scenarios (constant, low, average and high speed, inversion and
zero speed), one can see that the DTC based on IMC has a faster response, very
small tracking error, and high robustness against external disturbances in all areas
compared to the DTC with DMC.

Figure 2.16 presents the electromagnetic torque for two DTC, the couple is equal
to the load torque in steady-state and respects its band for two DTC, but in the
transient steady the DTC of DMC contains some overshot of its band. Furthermore,
it is remarked that the dynamic of the torque in DTC-IMC is faster and has much
fewer ripples compared to the DTC-DMC.

The flux as well follows its reference and respects its hysteresis band for both DTC
figures (2.17, 2.18), there are overshoots in the case of low speeds and especially
when changing the direction of rotation, although DTC of IMC is less undulating
than DMC.

Figures (2.19, 2.20) show the output current, which is sinusoidal forms, and changed
their amplitude and frequency according to speed reference and load torque and we
can see that the form of the current for IMC it’s less polluted in harmonics and its

temporal variation curve is very close to the sinusoid compared to DMC.

The output voltage in both figures (2.21, 2.22) it is changed according to the fre-
quency and the load torque. Then the DTC based on IMC gives the best form and

low harmonics distortion.
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e The input voltage with the unfiltered and filtered current Figure (2.23-2.30), is in
phase, that is to say, the operation with unity of power factor for both techniques,
and we can remark the highest quality and low harmonics in the DTC of IMC,
because the fictive rectifier is switching by constant frequency (SVM).

e The results obtained with the IMC are in general, better than those obtained with
DMC.

2.5 Conclusion

Direct torque control of dual stator induction motor fed by two types of matrix converter
namely direct and indirect has been presented in this chapter. The simulation results
obtained illustrate that the DTC with IMC is superior compared to the DMC, it yields
good electrical and electromagnetic execution such as the stator flux, electromagnetic
torque, and total harmonic distortion of the input current in all operating conditions.
Furthermore, the use of the IMC simplifies significantly the control scheme and makes its
implementation easier. However, Controlling the switching frequency is still a problem for
this strategy (DTC with MC). The next chapter will be devoted to fuzzy logic control to
improve the performance of the DTC control of the DSIM, either in terms of minimizing

ripples in terms of reducing the switching frequency.



Chapter 3

Intelligent DTC of DSIM Powered
by Two-Stage Matrix Converter
Based on Stator Resistance

Estimator

(( Acquire wisdom from the story of those who have already passed. 99

Uthman ibn Affan

3.1 Introduction

In this chapter, we will present a brief overview of fuzzy logic theory and its basic prin-
ciples. Then, after describing the structure of a fuzzy controller, we apply it to the
switching table to improve the dynamic performances of Direct Torque Control (DTC)
for Dual Stator Induction Motor (DSIM) powered by a two-stage matrix converter, by
using a fuzzy inference system instead of the hysteresis controllers (HC) and switching
table. Moreover, a robust Fuzzy-PI (F-PI) speed controller is designed to enhance the
performance of the speed control loop and robustness with respect to load disturbances.
Then, in order to overcome the influence of the parameter variation influence(stator re-

sistance), we have adopted an estimator to compensate its variation. The performance

73
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and robustness of this method are shown by simulation results and compared to those of
conventional DTC-IMC control.

3.2 History and principle of fuzzy logic

Fuzzy logic is a technique of artificial intelligence, just like neural networks and genetic
algorithms, has been the subject of a significant amount of scientific research in recent
years. In 1965, Professor L. Zadeh proposed for the first time, the theoretical basis of this
logic in a celebrated article entitled (Fuzzy set) [91]. At that time, the theory of fuzzy
logic was not taken seriously. Indeed, computers, with their exact functioning (1 or 0),
was started to spread on a large scale. On the other hand, fuzzy logic made it possible
to deal with non-exact variables whose value can vary between 1 and 0. Mamdani was
the first to apply this new formalism. Initially, this theory was applied in non-technical
fields, such as medicine and commerce [92]. Thereafter, the concept of fuzzy logic has
been extended to many areas. One of the successful examples, fuzzy control, which has

found many applications in the industry [93].

3.2.1 Fuzzy controller

A fuzzy system (FS) is a nonlinear relationship that allows you to take digital data (net
inputs), pass them into a fuzzy domain, and then have a scalar output (net output).

A fuzzy controller is just a fuzzy system designed to control a process. Its general structure
is shown schematically in figure 3.1 [83,94].

r .
Fuzzy Controller |

|
| Fm— T Database =~ —-—--------- 1 !
|
|

| ! |

| | |
] I ! |
| ¥ \

. . Fuzz .. . Fuzz
Fuzzification ——y—>Dec1810n makmg——y—> Defuzzification

Process

Figure 3.1: General block diagram of a fuzzy controller.

A fuzzy controller typically passes through the following steps:

e The choice of the fuzzification strategy,
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e Establishing the basic rules,
e The choice of the inference method,
e The choice of the defuzzification strategy.

Fuzzification: It consists of transforming real quantities into linguistic variables that are
associated with a database with sets characterizing them.

The basic rules: those are the rules that make it possible to link fuzzy input and output
variables, they have the form: if-then.

The inference method: It calculates the fuzzy set associated with the command and is
done by the fuzzy inference operations and the aggregation of the rules. Fuzzy inference
relies on the use of a fuzzy implication operator for each rule to be analyzed. Two
approaches are commonly used, Mamdani and Larsen.

The defuzzification: This stage consists of transforming the fuzzy information decided
by the inference mechanism into a numerical or physical magnitude to realize the control

law of the system.

3.3 Implementation of fuzzy logic to DTC of DSIM
fed by IMC

In the classical DTC, the flux and torque errors are directly used to select the inverters
switching state, without considering a large or small error. Moreover, the switching state
selection for a big error that just exists in the variation of the reference or at start-up
is the same as in natural operation. This clearly suggests a weak dynamic response.
The system’s dynamic performance can be ameliorated if the voltage vector is chosen as
reported to the value of the error of the flux and torque and the placement of the flux.
In this part, the DTC based on fuzzy logic control is proposed to improve the dynamic
performances of the conventional DTC. This technique proposes to replace the hysteresis
comparators, switching table and the PI controller by fuzzy controller.

The overall structure of the fuzzy controller is shown in figure 3.2.
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Figure 3.2: Fuzzy controller internal structure.

In the proposed system, for the inputs, triangular and trapezoidal Membership Func-
tions (MFs) are used. While for outputs, singleton functions are used. The selection of
each MF and its parameters were marked depending on the conventional DTC results and
according to the effects of the possible variation of torque and flux error. The selection of
MF's range was based on the hysteresis controllers’band-width’, see figures (3.3 and 3.4),
but not restricted to its minimum and maximum so all the possibilities can be estimated.
Six sectors were used for the sector angle identification. any triangular MF of a sector
i(i=1to6)is fixed at j*60° (j = 1 to 6) as shown in figure 3.5. MF's have interfered

because in their intersections the control action is the same.

3.3.1 Fuzzification
Flux error

We used two fuzzy sets that represent the state of the flux error (N for negative error, P

for positive error). Their MFs are shown in figure 3.3.
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Figure 3.3: Fuzzy MF's of flux error

Torque error

For the torque error, we used three fuzzy sets (N for negative error, Z for zero error, P

for positive error). Their MFs are shown in figure 3.4.
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Figure 3.4: Fuzzy MFs of torque error

The sector angle

We selected six fuzzy sets presented in figure 3.5. This choice of six sectors has been

selected to improve the precision and the performance of the control.

O, @5\ @6\ @1\ @2\ @ O
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Figure 3.5: Fuzzy MF's of angle g

The output of the FLC

The output of the fuzzy regulator is collected of three sub-outputs showing three switch-
ings of the inverter (S1, S2, and S3), the being of the discourse of any output is split into
two fuzzy sets (zero and one only) whose MFs are chosen in singleton forms as appeared

in figure 3.6.

One

05 0 05 1 15
5;

Memebership degree

Figure 3.6: Fuzzy membership functions of output.
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3.3.2 The inference method and the Fuzzy rules

The aim is to obtain a rapid response of the torque and a stator flux around a set value.
Thus, the fuzzy rules should be designed according to the output and input variables
based on the classical DTC switching table 2.1. These rules are collected in table 3.1.
The inference method is based on the Mamdani procedure (Max-Min) chosen for its

low complexity of the implementation and its good results given. This can be described as:

IF(eyis Apn) AND (ereis By .n)AND(Oisb6)THEN
(Sl 1S Do’l)AND(SQ 18 DOJ)AND(S::, 1S DO,l)

where A,,, B, .n,016 and Dy, are the fuzzy sets used for the flux error, the torque
error and the sector identification angle of the stator flux and the switching states of the

inverter respectively. We can take an example for explaining this:

IF(eyis P) AND (er.is PYAND(8isb6,)

Which means that the value of the reference of the stator flux is greater than the esti-
mated value, AND the reference of the electromagnetic torque is greater compared to the
estimated torque AND the stator flux is located in sector 1, therefore, we must choose an
appropriate vector which increases the stator flux AND will increase the electromagnetic
couple. Then the appropriate control vector in sector 1 for this case according to table
3.1 and table 2. 1is V5. The complete rule will be,

[F(eyis P) AND (epeis PYAND (0is6) THEN (Syis1) AND (Syis1) AND (Ssis0)

All these rules are grouped in the following inference table:

Table 3.1: The DTC based on the fuzzy rules

ANpso ACe, 01 0y O35 04 05 0O
P 110 010 011 001 101 100
111 000 111 000 111 000
101 100 110 010 011 001
010 011 001 101 100 110
000 111 000 111 000 111
001 101 100 110 010 011

zZ|Zz|Zz2| 9| 7|
Z|IN|T"| 2| N
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3.3.3 Defuzzification

This stage aims to convert the output fuzzy results to non-fuzzy values, the Mean Of
Maximum (MOM) method is used for the proposed method, so permitting an efficient
control of the system, it’s based on determining the output as existence the abscissa

identical to the average value of the resulting maximum abscissa.

3.3.4 PIFLC

The Fuzzy-PI controller is the same as the PI controller, it tracks the variation of output
torque. The input of the F-PI is the error and its derivative, for determining the direction
of variation, while the output is the reference torque corresponding to the control. k1,
ko, and k3 are variable normalization gains that are used to adjust the inputs and output
at appropriate values without changing the control structure. Figure 3.7 describes this

controller.
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Figure 3.7: Structure of the F-PI.

The two inputs of the fuzzy regulator are the speed error noted e and its variation Ae ,

they are defined by the following equations:
(k) = Dre (k) — 2 (K) (3.1)

Ae(k)= e (k)— e (k—1) (3.2)

The output of the regulator corresponds to the reference of the electromagnetic couple
noted T, . .
The MFs into the input and output variables are trapezoidal and triangular MFs. The 7-
segment MFs are: Negative Grand (NG), Negative Medium (NM), Negative Small (NS),
Zero (Z), Positive Small (PS), Positive Medium (PM), and Positive Grand (PB), as shown

in figures (3.8, 3.9).
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Figure 3.9: Output MFs.

When the inputs e (error) and Ae (error derivative)are transformed into linguistic vari-
ables, the FLC gives a suitable change in the output control signal for the DSIM, based

on the rules shown in table 3.2.
Table 3.2: Rules generated for the PI-FLC

AT,

NG NM NS ZE PS PM PG

NG NG NG NG NG NM NS ZE
NM NG NG NG NM NS ZE PS
NS NG NG NM NS ZE PS PM
e ZE NG NM NS ZE PS PM PG
PS NM NS ZE PS PM PG PG
PM NS ZE PS PM PG PG PG
PG ZE PS PM PG PG PG PG

3.3.5 Estimator for compensation stator resistance variations

In this part, an estimator has been developed to estimate the machine’s stator resistance

variation, especially in low-speed operation. Each variation of R, will be compensated by
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a PI estimator. The scheme of this compensator is shown in figure 3.10. A low-pass filter
is used to eliminate the high frequencies from the difference between the reference flux and
the current flux. The output of the PI regulator is the variation of the stator resistance
ARg, this variation is constantly added to the stator resistance estimated previously,

Rg,l to obtain the estimated stator resistance, f%g.

o % [ 1 K; [ AR 4 (I~
K — | _
Pref —% 715 + 1 R i 5+ 1 Rs
Low-Pass | .
§05 e PI ontroller RSO

Figure 3.10: PI estimator for stator resistance

The proposed F-DTC control with stator resistance estimator aims to improve the dy-
namic performances ( high ripples in the flux and torque and the variation of the stator
resistance) while combining them with the benefits of the matrix converter that we men-
tioned previously. It is based on the use of a FIS instead of the hysteresis controllers and
the switching table. In addition, the F-PI replaces the classical PI. The proposed scheme

is shown in figure 3.11.

Indirect Matrix Converter
(IMC)
S S -) ---------- . Output
— |1 voltages

- . _\G ;vm,l
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| | Bidirectional
! | Rectifier

\
Inverter | .
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VM Flux and
Rectifier Tf)rqu.e I
Estimation
;. Tre > ETe )
ref —>®_. Fuzzy
W, T Controller
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Pref—+ @ Os2
Ps1 e T
@ @s2

Figure 3.11: The proposed DTC based on a fuzzy inference system.
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3.4 Numerical simulation

82

In order to demonstrate the advantages provided by the suggested intelligent DTC, several

simulation tests have been carried out for several operating conditions.
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Figure 3.12: Speed of DSIM.
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Figure 3.13: Electromagnetic torque.
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Figure 3.14: Stator flux magnitude.
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Figure 3.15: Stator flux circular trajectory .
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Figure 3.16: Stator flux axes components based on C-DTC.
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Figure 3.17: Stator flux axes components based on F-DTC.
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Figure 3.18: Output currents of DSIM with C-DTC and proposed F-DTC.
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Figure 3.19: Output currents of DSIM based on F-DTC.
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Figure 3.20: Output voltage of IMC with F-DTC.
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Figure 3.21: Output voltage of the rectifier V4. with F-DTC.
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Figure 3.22: Voltage and unfiltered current of the source with F-DTC.
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Figure 3.23: Voltage and filtered current of the source with F-D'TC.
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Figure 3.24: THD of input unfiltered current with F-D'TC.
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Figure 3.25: THD of input filtered current with F-DTC.

3.4.1 First Test: Response performance

To assess the robustness and the stability of the proposed controller in all possibilities of
operation conditions of speed and torque, we can take reference values. The rotor speed
tracks almost perfectly its reference (see figure 3.12), moreover, the reference is chosen to
include many scenarios (constant reference, low, average and high speed, inversion and
zero speed), and one can see that the fuzzy control has a faster response, very small

tracking error and high robustness against external disturbances in all area compared
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to the conventional PI. The torque follows well the variation of the load torque that is
shown in figure 3.13, it also has a small tracking error for all the operating ranges studied.
Furthermore, it is remarked that the dynamics of the torque in Fuzzy-DTC is faster
and has much fewer ripples compared to the conventional DTC with hysteresis controller.
Figures 3.14 to 3.17 respectively show the flux magnitude, the circular trajectory, and axes
components, one can see that the use of fuzzy logic can greatly reduce the flux ripples
and the flux follows its reference for the entire operating range. This reflects the good
decoupling between the flux and torque axes that is achieved by the proposed control.
The output currents are practically sinusoidal, they change their magnitude and frequency
according to the speed reference and load torque. In addition, there is no distortion in
the current waveform, its value is less important compared to the hysteresis-based DTC,
this is remarkable especially when reversing the speed reference at 3 and 8.7 seconds (see
Figure 3.18). Figure 3.19 shows the output currents of DSIM based on fuzzy-DTC. Figure
3.20 shows the output voltage of the IMC, it varies in amplitude and frequency according
to the speed reference and the load torque variation. Figure 3.21 shows DC-link voltage
( Vg, generated by the modulation of the rectifier stage by the SVM technique. Due to
the zero-current vector cancellation for maximizing the output V., the DC-link voltage
generated by the rectification stage does not consist of the zero voltage levels so the value
of the DC-link voltage, is not constant, due to absence of the filtering capacity. The input
voltage and both filtered and unfiltered currents are shown in figures 3.22-3.23. The input
voltage and current are in phase, which means that the system operates under the unity
power factor. This owes to the advantages of using the matrix converter. Figures 3.24,
3.25 show that the Fuzzy-DTC has low harmonics distortion (3.06%) compared to the
hysteresis-based DTC shown in previous chapter (9.16%). The proposed control was able
to reduce the ripples in the torque and stator flux and to minimize the harmonics in the

input and output currents.

3.4.2 Robustness test: Parameters variation

This test has been made as simulation research to check the estimator’s capacity with the
variation of parameters (stator resistance). It depends on increasing the stator resistance
Rs (50% of nominal value) when the machine works in the low-speed region (20, 30,
and 40 rad/s). Figure 3.26 illustrates the estimation of the stator resistance, it tracks
almost perfectly its reference, moreover, the reference is chosen to include many scenarios

(increase, constant, and decrease). The speed follows well the references (figure 3.27) and
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one can see that the fuzzy control has a faster response, very small tracking error, and
high robustness against external disturbances in all area compared to the conventional PI
during the large influence of the stator resistance. This shows the benefits of the proposed
method against the variation of parameters. Figures 3.28-3.29, show the electromagnetic
torque and flux magnitude respectively. It is observed that the dynamics of the torque in
F- DTC is faster, stable, and has much fewer ripples, on the other hands the regulation
of the stator flux for the C-DTC fails and the flux cannot be maintained to its rate of 1
Whb, and we can remark that the effect on flux magnitude in F-DTC was lower due to the

optimization process.

6 T = = T T

5 |
59 _ _ o o e e e e e -4

5.8

E

1.4 1.45 1.5 1.55

Estimation of the stator
resistance (1)
N w
1
1 1

N
T
1

|_ — -Ref-R
s

Estimated Rs

1
0 0.5 1 1.5 2 2.5 3
Time (s)

o

Figure 3.26: Estimated resistance.
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Figure 3.28: Electromagnetic torque(During stator resistance variation).
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Figure 3.29: Stator flux magnitude.

3.5 Conclusion

In this chapter, we have proposed an improvement of DTC control based on a fuzzy
inference system instead of the hysteresis controllers and switching table. To do this, we
first have discussed the basics of fuzzy logic control. According to the results obtained,
the main objectives have been achieved. It is clear that the proposed strategy gives good
results compared to the classical control, as perfect tracking of references, reduction of
torque and flux ripples, as well as an improvement in the quality of stator current signals.
Indeed, the major interest of fuzzy logic in control is the capacity to control a system
without depending on its parameters. Its effectiveness is proven when modeling a system is
difficult, which is the case with our system. However, replacing the conventional hysteresis
controllers and switching table by fuzzy controller can reduce the torque and flux ripples,
but the ripples can be still large, and the low harmonic distortion appears in the input
current caused by the lack of synchronization between the two stages of the IMC because
the rectifier stage is controlled by SVM which leads to a constant switching frequency,
where the inverter stage by a fuzzy logic controller which leads to a variable switching
frequency, and on the other hand, it requires powerful microcontrollers in order to rapidly
execute the control algorithms. In order to overcome this problem with improved dynamic
performances (constant switching frequency, and reducing the low harmonic distortion
in the input current), a new DTC based on Space Vector Modulation (SVM) with the

synchronization between the two-stage of IMC will be proposed in the next chapter.



Chapter 4

Adaptive Optimized DTC-SVM
using Metaheuristic Bat algorithm
for DSIM fed by IMC Based on
Robust Synergetic Speed Controller

(( A hopeless man sees difficulties in every chance, but a hopeful person

sees chances in every difficulty. 99

Ali ibn Abi-Talib

4.1 Introduction

After the study of direct torque control based on direct and indirect matrix converter and
the fuzzy logic control in the previous chapters, we can remark that the ripples can be still
large, and the low harmonic distortion appears in the input current caused by the lack of
synchronization between the two stages of the IMC. In order to overcome this problem,
a new DTC based on Space Vector Modulation (SVM) with the synchronization between
the two stages of IMC is proposed. On the other hand, an adaptive PI controller based
on a gradient descent algorithm using Metaheuristic Bat Algorithm (MBA) is presented
to generate the desired stator voltages and the switching states of the inverter stage by

the SVM. Furthermore, the control scheme performance is enhanced by inserting a robust

89
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Synergetic Controller (SC) in the outer loop for speed regulation. The obtained simulation
results under different operating conditions illustrate the benefit of the proposed control
technique, also, it demonstrates the feasibility of the proposed control approach for real-

world systems.

4.2 Proposed DTC-SVM

The proposed DTC-SVM technique is based on the use of adaptive regulators PI optimized
by metaheuristic BA to adjust the adaptive rates for the flux and torque errors. The
output of these regulators is the reference voltages which will be generated with SVM
of the inverter stage, where also the rectifier based on the SVM and the synchronization

between them has been done.

4.2.1 Rectifier control

For the rectifier stage, one applies the aforementioned SVM in order to maximize the
output voltage Vdc, control the input power factor, and fixed the switching frequency as

mentioned previously.

4.2.2 Inverter control

Like the rectifier stage, the inverter stage also is controlled by the SVM technic for con-
trolling the output voltage and to ensure the synchronization between them (rectifier and
inverter). The two-level inverter is a three-phase voltage inverter. It consists of three
arms, each of which is made up of two bidirectional power switches operating in a com-
plementary manner to avoid short-circuiting of the DC bus and ensuring continuity of the
load current. The condition described by the equation (4.1) must be satisfied. Therefore,

only one switch per arm must be passing.
Sip+Sjn =1 (4.1)

where S;,, S;, are the connection functions of a single arm.

With respecting the relation (4.1), the inverter stage can have the eight states possible
which are presented in the table 4.1. The input and output quantities are linked together
by the following conversion matrix.

Figure 4.1 represents the reference vector V,.r (Vg) in the plane according to its ampli-
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Table 4.1: Possible switching states for the
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tude and phase, as well as the different variants that it can take according to the states

of the inverter, moreover, its projection on the two adjacent vectors is presented.
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Figure 4.1: Output voltage modulation for inverter stage.

At each instant, Vg is located between two adjacent vectors V, and Vs with an opening
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equal to %, from which and from the zero vector located at the origin of the hexagon,
the reference vector can be synthesized, based on the SVM, according to the following
equation:

Vs = doVa + sV + doVi (4.2)

where d,,dg and dy represent the duty cycles. They are defined as follows:

do = My sin(3 — 6o)

dg = m,. sin(6,) (4.3)
dy=1—dy —dy

where m, is the voltage ratio of the inverter and 6 is the angle of Vs compared to the
sector.

As known, the U,, is not constant because of the absence of the filtering capacity and to
avoid the problem of low frequency harmonics in the input currents, the variation of U,,
must be taken into account in the calculation of the ratio of the inverter, so m, is given

by the following equation:
2 cos(Z —0;)

6
m. — ——r 4.4
Y V3 cos(Wg) (44)
where 7 is the ratio of modulation is written by: r:%, U is the input phase displace-

ment and #;,, is the angle of the input current vector relative to the sector.

4.2.3 Synchronization between the two stages of IMC

In order to obtain a correct order of the input currents and output voltages, and in
order not to have low frequency harmonics, the synchronization between the two stages
is essential. The modulation combines the switching states of the rectification stage and
that of the inversion uniformly, during each sampling period Tj.

Figure 4.2 shows how to choose this combination which represents the synchronization
between the two stages which is generally done in the inverter stage. In this example, the
current and voltage reference vectors are located in sector 1 for each of the two stages. The
redundant switching states for Vg are used to reduce the number of switching operations
per sampling period. Then, in order to minimize the switching frequency, the inverter
vectors are used with two-way switching, the two halves are unequal, their durations

represent the application durations of the vectors L, Is.
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The vector application times are given by the following expressions:

(
t = d T 1
. tia = 5dodsTs
til == idOd'yTS

tis = dsdoT’s (4.5)
tig — dfydgTS
ti6 - d(;dgTs
L tig — d'ydaTS
T,
Rectifier Stage I T
trl |
I
V, A% v, Vo, |V Vv, AV vV
Inverter Stage 0 L I‘ 2 J 0 | ¥ 2 1 0
tll : tiZ 1 ti3 : til |ti4| tiS | ti6 | ti4
J | I | N

Figure 4.2: The synchronization between the two stages of IMC.

4.2.4 Switching states
Two-level inverter switching states

The switching states of the upper half arms of the two-level inverter are shown below (the

states of the lower half arms are complementary).

To/4 |T,/2|Tg/2|To/4|To/4|Ts/2|T,/2|T,/4

Si S =

S12
S13

Figure 4.3: Inverter switching states for sector 1
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Figure 4.4: Inverter switching states for sector 2

To/4 |T,/2|Ts/2 |To/4 [Ty /4T, /2

To/2|Ty/4

Figure 4.5: Inverter switching states for sector 3

To/4 | 7,/2 | Ta/2[To/4 |To/4

T./2| Ts/2| Ty /4

13 - N .

Figure 4.6: Inverter switching states for sector 4

To/4 |T,/2|Ts/2|To/4 |To/a | Ts/2|Tui2] 1074

S12 ‘

Figure 4.7: Inverter switching states for sector 5
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To/4 |Ta/2|Tp/2|To/4 |To/4|Ts/2|Ta/2|Ty/4

Figure 4.8: Inverter switching states for sector 6

Note that at each switching, only two switches are involved, moreover, each switch of the
inverter turns on and off only once per sampling period.
Switching states of IMC

Figure 4.9 illustrates an example of switching the switches in sector 1 of the inverter while

respecting the synchronization between the two stages.

tin | ki |t |t | ta | b

tlé t14
S22 FE

Figure 4.9: Switch states for sector 1

4.3 Design of adaptive controllers

In this part, the steps of the design of adaptive PI controller based on the gradient
descent algorithm has been developed to control the torque and flux of the machine
during operation. The output of these regulators is the reference voltages (Vg,, ,,Vgs)
which will be generated by SVM of the inverter stage.

The general expression of the discret PI controller that is commonly in the literature is
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written as [95,96]: )
u(k) = Kpe(k) + K1Y e(k) (4.6)
=1
The digital incremental PI algorithm is shown as f(jllow:
u(k) =u(k —1)+ Kp(e(k) —e(k — 1)) + Kre(k) (4.7)

where Kp, Ky, e(k), r(k) and y(k) are the proportional and integral differential coeffi-
cients, the system error which is equal to e(k) = r(k) —y(k), desired value (Tyef,0per) and
the estimated value (T,,p.) respectively.

The general structure of the proposed adaptive PI controller optimized by BA is shown
in figure 4.10.

etaheuristic
at Algorithm

radient Descent
Igorithm

K
—= Kp+ SI Plant

Figure 4.10: Proposed adaptive PI control system.

Then, to describe the adapting parameters (Kp, K7), the objective function is defined as:
1

Ey = 5 (r(k) = y(k))* = Se(k)’ (4.8)
The updated parameters of the PI regulator based on the gradient descent algorithm are

given by the following equations:

OF
Kp(k+1)=Kp(k) —n=—r 4.9
1) = Knll) = (49
OF
Ki(k+1)= K (k) —n=— 4.10
1k 1) = Ki(k) =0z (4.10)
where 7 is the adaptive rate.
The derivation of the premise part in (4.9)—(4.10) can be expressed by the following:
AK () OE(k)  OE(k)oy(k) Ou(k) (411)

~ oK p(k) ~ Toy(k) du(k) 9K p(k)
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Furthermore, the other derivative terms are determined as:

DE(k)

o = (k) = (k) = (b (1.12)
Then oy(k)  Ay(k)  y(k—1) — y(k —2)
y(k) _ Ay(k)  ylk—1) —y(k—
ou(k) ~ Au(k)  u(k—1)—u(k —2) (4.13)
oulk) _
St — (el = e(k = 1) (414

Thus, when replacing the equations (4.12 - 4.14) in (4.11), the variable parameter of Kp

1s written as:

AKp(k) = na‘iifz) = —nelh) | 4= 1) B —eli=1) (@1

For the variable parameter K7:

OE(k)  OE(k) dy(k) du(k)

AR =158 &) = Tayk) dulk) 0K 1s) (4.16)

Also from (4.6, 4.7), the latest derivative terms are expressed by :
25_(%) — _e(k) (4.17)
== B
;K“—% — (k) (4.19)

Thereafter, when replacing the equations (4.17 - 4.19) in (4.16), the variable parameter
of K is expressed as:

OE(k) y(k—1) —y(k —2)

ARy (k) = ng=ns = —nelk) [u(k: 1) —u(k — 2)} e(k) (420)

Finally, the adaptive parameters of the PI regulator by the gradient descent algorithm

are written by the following expressions:

Kp(k+1) = Kp(k) — ge(k) [zgz - 3 - ziz = Z))} (e(k) — e(k — 1)) (4.21)

y(k—1) —y(k —2)
uk — 1) — u(k — 2)} e(k)

In order to optimize the adaptive rates 1, a metaheuristic Bat algorithm is proposed to

Kk +1) = K (k) — ne(k) [ (4.22)

adjust it, this method is illustrated in the next section.
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4.3.1 Metaheuristic Bat Algorithm

A metaheuristic algorithm, called the Bat Algorithm (BA), was developed by Xin She
Yang [97,98], and it is inspired by the echolocation behavior of microbats, with varying
beat rates of emission and loudness.

One can idealize the following rules for the echolocation characteristics of microbats :

1- All bats use echolocation to sense distance, moreover, they distinguish between
prey/food and foundation obstructions in a couple of supernatural manners.

2- While searching for prey, bats fly randomly with a velocity v; at a certain position
x; with an unchangeable frequency f,,i,, varying loudness Ay and wavelength A. They
can routinely tune the rate of beat emission re[0,1] and alter the wavelength of their
radiated beats, depending on the proximity of their goal.

3- one supposes that the loudness varies from a higher positive constant value Ag to a
lower constant value A,,;,.

The new solutions velocities V; and x;' at a time step ¢, after identification of the velocity

v; and position z; that corresponds to each (j), is expressed as follows:

fj = fmm + (fmax - fmm)a (423)
1/;? = y]t-_l + (x?-_l — x*) f (4.24)
= 4 (125

where « is in the range of [0, 1], and z* stands for the current global best location. As
the value of f; - \; increases, one can uses f;(or \;) to tune the variation of the velocity.
For the implementation, each bat is randomly assigned a randomly drawn frequency from
(fimin, fmaz)- The local search is a random walk around the current best solutions, and

the new solution for each bat can be generated locally by:
Tnew = Told + € At (426)

where €€ [0, 1] is a random number, while A" =< A} - represents the average loudness
of all the bats at this time step. As the loudness generally reduces once a bat has found
its prey, the rate of pulse emission increases. The loudness is typically chosen from
[AY) A,.in] = [1, 0]. Supposing that the value of A,,;, explains that a bat has just found
the prey, and the moment stop emitting any noise. The rate of beat emission and the

loudness are given by:

a0 - eap ()], A = AL (421
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where fand v are constant. (3 is like the cooling factor of a cooling schedule. For any

v 0and 0< 5 < 1

t £ 0.
Aj — 0,1y = rj;ast — o0 (4.28)

where in general states can be selected § = v = [0.9 — 0.975].
The pseudo code of Bat algorithm summarized in figure 4.11. The parameters used for

this simulation are listed in Table 4.2.

Table 4.2: Parameters of BA

Algorithm Parameters
B=~v=0.9;
fonin = 0, {0 = 1;
BA Ay €0, 1];
re [0,1];
N=18, Lb=0.1, Ub=50.

4.4 Synergetic Control

The synergetic control is a control technique quite close to Sliding Mode Control (SMC)
in the sense that it forces the system to evolve with a dynamic pre-chosen by the de-
signer.This approach explicitly uses a nonlinear model for the synthesis of the com-
mand [99-101].
Suppose that the system to be ordered is described by a set of nonlinear equations of the
following form:

T = f(z,u,t) (4.29)

where

xr = (21,2, ...,x,) is the state vector, u = (uy, us, ..., uy,) the vector of input control, f a
nonlinear function and continuous in time.

The first step in designing a synergetic control is the formation of macro variables defined

in terms of system state variables. The macro variable is defined by:

o(W) =W (4.30)
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The command will make the system to operate on the manifold ¥ = 0, the dynamic

evolution of the macro-variables according to the equation is defined by:
TV +¥ =0 T=0 (4.31)

Where the function ¢ must satisfy, the following conditions to ensure the stability of this
functional equation: ¥ (0) =0, ¢ (¥)¥ > 0 for all ¥# 0
The solution of the Eq. (4.31) is given by:

U (t) = Wy.eT (4.32)

The parameter T defines the speed of convergence of macro-variables to the intersection
of manifolds ¥ = 0.
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Identification of the Objective function

f(x), x = (z1,22, 23,74, 75)7, where
o(1) = TKpr, @(2) = Tk, p, 2(3) = TKpr
z(4) = 7K, 2(5) =T

L

Initialization of the bat population

xi(i=1,...4) and v;(npop = 20)

| |

'\
Definition of the pulse frequency
fj at Tj . Wthh (fmin = D; fma:c 5= l)
] | ’
Initialization of loudness and pulse rates
(r=05A=1)
S

2

/ Definition of parameter boundaries

=

(Lp, Up) while (t < (tyaz = 50))

tmas 18 the maximum number of iteration
Tuning frequency generate new solutions,
and updating velocities and
locations/solutions (Eqs.(30)-(32)),

if (rand > r)

Choose the best solutions.

Generate a local solution from the
selected best solutions (Eqgs. (33)-(34))

end if

Generation of a new solution by flying
randomly

if (rand < A& f(z;) < f(z*))

Admit the new solutions,
Augment r; and decrease A;

endif

Class the bats and searching the
current best *

end while
Display result of final iteration

(minimum function value) and best
\ (optimized parameter value)

£

Figure 4.11: Flow chart of Bat algorithm.
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4.4.1 Synergetic speed controller design

In DTC is well known used a classical PI controller in the external speed to make the
reference torque . In this work, we proposed a new robust controller design basing on the
synergetic control. The speed controller generates the reference torque T,.;. The speed
error is defined by:

e(t) = ey — 2, =0 (4.33)

Consider the macro-variable given by:
U= Kpe(l) + K / e (1) (4.34)
where K, and K| are the proportional and integral parameters of the speed macro-variable
U = Kpeé (t) + Kre (t) (4.35)

The dynamic equation of DSIM is given as:
1

“Q = j (TT - Tem - fT‘Q) (436)

where, J: inertia moment, f,.: coefficient of friction, C,: Load torque. By substituting

Eq. (4.36) in the equation (4.31), and basing on the synergetic theory, we can write:
T (Kp ((,Z}ref - wr) + K[ (U)Tef - w)) + KP (wref - w,«) + K[ (wmf - CL)T) =0 (437)

. 1 (v

Te*m =T, — er —J (Qref + — (_ + K7 (Q'ref - Q))) (438)
Kp \T

The synergetic control law must ensure the stability of the closed loop speed control. One

can use the following Lyapunov function:

1
V=W (e)? (4.39)
after differentiation one gets:
V =w0(e)V(e) (4.40)
: 1
V= —TW (e) <0 (4.41)

Thus, the inequality (4.41) will ensure the stability of closed speed control loop.

The proposed adaptive DTC-SVM control based on the robust SC aims to improve the
performances such as the high ripples in the flux and torque by fixed the switching fre-
quency and to minimizes the THD in the input current via the synchronization between

the two stages of the IMC. Figure 4.12. shows the overall diagram of the proposed method.
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Figure 4.12: Proposed adaptive DTC-SVM based on synergetic speed controller.

4.5 Simulation results

To demonstrate the benefits provided by the proposed control, several simulation tests
have been carried out for different operating conditions. The simulation is achieved using
Matlab/Simulink software. The parameters utilized in this simulation are listed in the
table 6.

To assess the robustness and the stability of the proposed controller in all possibilities of
operation conditions of speed and torque, one can take different reference scenario. The
rotor speed tracks almost perfectly its reference (see figure 4.13). The reference is chosen to
include different scenarios (constant reference, low, average and high speed, inversion and
zero speed), one can see that the SC has a faster response, very small tracking error and
high robustness against external disturbances in all area compared to the conventional PI
controller. The torque follows well the variation of the load torque (figure 4.14), it also has
a small tracking error for all the operating ranges. Furthermore, it is remarked that the
dynamics of the torque in proposed DTC is faster and has much fewer ripples compared
to the conventional DTC with hysteresis controller. The aforementioned performances
provided by the proposed controller demonstrate the applicability of the P-DTC to real-
world applications. Figures 4.15 - 4.17 respectively show the circular trajectory and the

flux magnitude. One can see that the use of P-DTC can greatly reduce flux ripples. The
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flux follows its reference for the entire operating range. This reflects the good decoupling
between the flux and torque axes that is achieved by the proposed control, this is very
important when moving from simulation toward real application. The output currents
are practically sinusoidal, with variable magnitude and frequency depend on the load
torque and speed reference. In addition, there is no distortion in the current waveform,
its value is less important compared to the C-DTC, this is remarkable especially when
reversing the speed reference at 3 and 7.8 seconds (see figure 4.18). Figure 4.19 shows
the output currents of DSIM based on P-DTC. Figures 4.20 shows the output voltage of
the IMC, it varies in amplitude and frequency according to the variation of load torque
and speed reference. The input voltage and both the unfiltered and the filtered currents
for the P-DTC and the C-DTC are shown in figures (4.21, 4.23, 4.25 and 4.27). The
input voltage and current are in phase, which means that the system operates under
the unity power factor, This owes to the benefits of using the matrix converter. Figures
(4.22, 4.24, 4.26 and 4.28) show the THD in the input current with the P-DTC, one can
see that the P-DTC has low THD compared to the C-DTC. Figure 4.29 shows DC-link
voltage (Vdc), generated by the modulation of the rectifier stage by the SVM technique.
Due to the zero-current vector cancellation for maximizing the output Vdc, the DC-link
voltage generated by the rectification stage does not consist of the zero voltage levels and
the absence of the filtering capacity, so the value of the DC-link voltage is not constant.
Figure 4.30 shows the input power factor of the source, one can see that the system is
operating under the unity power factor in all the possibilities of operation conditions,
this is the benefits of using the IMC. The history of the adaptation gains Kp and K
by the gradient descent algorithm based on the metaheuristic bat algorithm for the flux
and torque is shown in figures 4.31-4.32 respectively. The proposed control was able to
reduce the ripples in the torque and flux and to minimize the harmonics distortion in
the input and output currents, again this is very important when applying the P-DTC
to a real-world system. The main drawback of the variable switching frequency in the
C-DTC is solved by the proposed P-DTC. The optimal optimized adaptive rates based
on the metaheuristic BA are given in table 4.2. Where the comparative study between
the P-DTC and the C-DTC is presented in table 4.3.
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Figure 4.13: Speed of DSIM.
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Figure 4.16: Stator flux circular trajectory with P-DTC
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Figure 4.18: Output currents of DSIM with C-DTC and P-DTC.
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Input voltage and unfiltered

Figure 4.21: Voltage and unfiltered current of the source with P-DTC.
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Figure 4.22: THD of input unfiltered current with P-DTC.
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Figure 4.23: Voltage and filtered current of the source with P-DTC.
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Figure 4.25: Voltage and unfiltered current of the source with C-DTC.
IFundlamentlal (SOIIIZ) = 1.0'53 ’.THD=. 78.14|%

120 —
S 100 |
5
£ 80r .
=
E]
. 60 4
=
(=]
= 40f .
on
S 201 .
0 100 200 300 400 500 600 700 800 900 1000
Frequency (Hz)
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Figure 4.27: Voltage and filtered current of the source with C-DTC.
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108



4.5. SIMULATION RESULTS 109

300
250
= 200
S 150
100

6 6.01 6.02 6.03 6.04 6.05 6.06 6.07 6.08 6.09 6.1
Time (s)

Figure 4.29: Output voltage of the rectifier Vdc.
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Table 4.3: Optimal adaptive rates optimized by BA

Aaptive rates Flux  Torque SC

i 500  0.0012 -
Nk, 0.0142 0.0098 -
T : _ 1.3273e-3

Table 4.4: Comparative study between the results obtained with different control studies

Criteria DTC-IMC FDTC-IMC DTC-SVM-IMC
Following  speed Yes Yes Yes

reference

Response time for Very slow (0.13 Slow (0.1 rad/s) Fast (0.065 rad/s)
speed rad/s)

Flux error 0.018 Wb 0.01 Wb 0.001 Wb
Torque error Medium there are Medium there are Small (0.1 N.m)
peaks (0.26 N.m)  peaks (0.2 N.m)

Output currents Sinusoidal with Sinusoidal  there Pure sine wave
distortion are distortion
Output current 25 A 22 A 16 A

peak when revers-

ing the rotation

direction

THD of unfiltered 82.34 % 78.14 % 67.22 %
input current

THD of filtered in- 21.18 % 9.16 % 2.6 %
put current

Switching fre- Variable Variable Fixed
qunecy

Low-frequnecy Yes Yes No

harmonics in the

input current
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4.6 Conclusion

In this chapter, we have tackled the problem of the variable switching frequency and the
synchronization between the two stages of IMC in the classical DTC by a new Adaptive
Optimized DTC-SVM. The use of BA for a DSIM is suggested to improve the dynamic
performances such as reducing the ripples of the torque and flux, minimized the low har-
monic distortion in the input current, working with close-to-unity power factor under all
operating conditions, and hence, a better stator current waveform was achieved. The pro-
posed control scheme performance is enhanced by inserting a robust SC in the outer loop
for speed regulation, this controller gives a faster response, very small tracking error, and
rises robustness with external disorders. Simulation results with a comparative analysis
have been presented in order to assess the effectiveness of the proposed method. These
special merits of the suggested scheme make it competitive to the other existing control

techniques in the literature.
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Chapter 5

Improving the execution and
competency control of wind power
generation systems with DSIG
coupled to the grid via a TLMC

(( The less attachment to the world. The easier your life. 99

Umar ibn Al-Khattab

5.1 Introduction

Today, the capabilities of wind turbines are rising quickly. There are now wind tur-
bines with a capacity of 1.5 MW exist and are nevertheless constantly growing. In order
to accommodate the added power, the generation voltage has been increased. Conse-
quently, the switching voltage is reduced to a manageable level using a Multilevel Con-
verter (MLC). The power converters can produce electrical power over a wide range of
wind speeds. Thus, these converters must be well controlled in order to be able to transmit
all the power generated by the machine into the grid, because they can generate signif-
icant harmonic disturbances. This chapter briefly introduces the modeling and control
of the variable-speed wind turbine firstly. Then, a DTC-SVM based on a fractional PID

controller to generate the desired stator voltages and the switching states of the inverter
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stage of the ITLMC by the SVM is proposed in this chapter. To transform the maximum
mechanical power captured by a wind turbine into electrical energy, a novel and robust
Fractional Adaptive MPPT Synergetic Controller (FASC) is used to optimize this conver-
sion. This technique improves the Double Star Inducting Generator (DSIG) performances
(in terms of torque, current, flux, speed, active power, reactive power during startup, and
changes in wind speed). Additionally, compared to the conventional hysteresis DTC with
MC and ITLMC converter, total harmonic distortion (THD ) is reduced without requiring

the use of complicated controllers.

5.2 Brief description of the system

The studied system is connected to the network, considered powerful, and consists
of a wind generator based on the dual stator induction machine(DSIM), matrix con-
verter(MC), input filter, and transformer. The overall diagram of the system is repre-

sented in figure 5.1.
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Figure 5.1: Schematic representation of the studied system.

5.3 Modeling of wind system

5.3.1 Wind energy conversion

A wind generator, more commonly known as a wind turbine, is a device that transforms
part of the kinetic energy of the wind into mechanical energy on a transmission shaft,

then into electrical energy via a generator [79,102,103].
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Wind turbines are divided into three categories according to their nominal power and the

diameter of their blade as shown in the following table 5.1:

Table 5.1: Classification of wind turbines according to power.

Wind turbine length of the blades Power
Small less than 12 m less than 40 kW
Medium 12 m to 45 m from 45 kW to 1 MW
Grand 46 m and over 1 MW and above

5.3.2 Wind turbine types

Wind turbines are classified according to the geometric arrangement of the shaft on which
the blades are mounted. There are mainly two main types: a vertical axis and a horizontal

axis.

Vertical axis

Vertical axis wind turbines have the advantage of not requiring blade orientation systems,

they have a mechanical part at ground level, thus facilitating the maintenance interven-

tions. turbines [78,81].

Figure 5.2: Vertical axis wind turbine.

In addition, some of these wind turbines must be trained at start-up, which are often very

heavy and undergo strong mechanical stresses, thus pushing manufacturers to abandon
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these aerogenerators in favor of horizontal axis wind turbines. Figure (5.2) shows an

example of vertical axis wind.

Horizontal axis

Horizontal axis wind turbines are more widely used even if they often require blade ori-
entation mechanisms. They have a higher aerodynamic efficiency than those provided by
vertical axis wind turbines and start autonomously. In addition to the visual aspect of
wind turbines, their impact on the environment is reduced [102,103].

A wind turbine only covers a very small percentage of the total area of the site on which it
is installed, thus allowing most sites to maintain their industrial or agricultural activities.
Their noise pollution is increasingly reduced. Figure (5.3) shows an example of horizontal

axis wind turbines.

Figure 5.3: Horizontal axis wind turbine.

In our case, the wind system consists mainly:

e a horizontal axis turbine comprising three orientable blades and possessing specific
coefficients of inertia, elasticity and friction to the air and with respect the support

of the turbine;
e gearbox (G);

e a generator (DSIM) having inertia and a coefficient of friction.

5.3.3 Construction of wind turbine

A wind turbine generally consists of three main elements [102](figure 5.4):
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e Tower : Usually made of steel tubing. Its height essentially depends on the dimen-
sions of the blades. (for example, the radius of a wind turbine with a height of 100m
is 45m).

e Nacelle : Collecting all the mechanical elements used to connect the wind rotor to
the electric generator. The Nacelle consists of slow and fast shaft, speed multiplica-
tor, control system, cooling system, a wind vane indicating the direction of the wind,
the anemometer measuring the wind speed and informing the control system when
it blows quite hard and at the end of a disc brake (different from the aerodynamic
brake) allowing to stop the system in the event of an overload. The generator is
generally composed of a synchronous or asynchronous machine, hydraulic systems

or electrical orientation of the blades (acrodynamic brake).

e The rotor : the rotor formed by the blades assembled in their hub.

Blades 7_ [
\ 5 Nacelle
Hub r Converter
Generator
Gear box
Yaw Sysiem

Figure 5.4: The main elements of a wind turbine.

5.3.4 Wind system working areas

The maximum power that can be produced by a wind turbine is its nominal power. The
wind speed for which the nominal power of the wind turbine is reached is called nominal
wind speed (Vygeq). Above this, the power production remains constant regardless of
wind speed until a maximum operating speed is reached at which the wind turbine is
designed to shut down to protect its parts mechanics from the adverse effects of high

wind speeds (V). The lowest wind speed at which a wind turbine will operate is called
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the start-up speed (V;,). Between these two speeds, power output varies with wind speed,
as shown in figure 5.5 [93,104, 105].

MPPT Power limitation
P rated
Region 111

§ egion .
= & =
= & g
B & P
.E % M
51

=

it

= .

Region I
Vin Vrated Vout
Wind speed

Figure 5.5: Wind system operating areas.

Zone I: vying < Vi where P=0: waiting phase (the turbine does not work);

Zone II: v, < Vwind<Vrateq: this is the zone of maximum wind power extraction
(MPPT);

Zone I1I: Vypgpeq < Vina=Vour: the rotation speed is kept constant (power regulation

at nominal value);

Zone IV: Vying > Vour: stopping the wind turbine.

5.3.5 Simplifying assumptions for the mechanical modeling of

the turbine

The simplifying assumptions for the mechanical modeling of the turbine are given as
[78,105]:

e The wind speed is assumed to be uniformly distributed over all the blades, which

makes it possible to consider all the blades as one and the same mechanical system;

e The coefficient of friction of the blades with respect to the air is very low and can

be ignored;
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e The friction losses of the turbine rotor are negligible compared to the friction losses

on the generator side.

5.3.6 Wind turbine and gearbox models

In order to control the system, knowledge of the mechanical model of the turbine is

necessary, the kinetic power of the wind is given by the following relation [79, 106, 107]:

Pyina = % m V2, 4 (5.1)
where
m = pSVyind (5.2)
We replace (5.2) in (5.1) we obtain:
Pyind = %pSVi”Vind (5.3)
and S = 7R?
Which give:
Pind = %mm V3 ind (5.4)
where:

e p: air density (which is 1.25 kg/m? in a normal atmosphere);
e S : circular surface swept by the turbine;

e R : the length of the blade;

e m : mass of air passing through the surface in one second;

e Vying : wind speed (m/s).

The rotation of the blades by the wind creates a mechanical power on the shaft of the
turbine expressed by:

Py = %Cp()\, B)psViina (5.5)
where
Cp : power coeflicient.

Numerical approximations have been developed in the literature to calculate the C, (X, 8)

[102]. For the type of turbine studied here, the expression can be written by:

151

Cy(\, B) = [0.73 <7) —0.002.8 — 13.2} exp <_1;f‘4> (5.6)
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where
N = [1/(A+0.088) — 0.035/ (\* +1)] (5.7)
with

e 3 : the blades angle of orientation;

e )\ : the speed ratio defined as the ratio between the speed linear of the blades, and
the wind speed.

2R
A= 5.8
: (58)
The graphical representation of the power coefficient C, (), 3) obtained with the expres-

sion (5.6), is illustrated in figure 5.6
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Figure 5.6: Power coefficient for the wind turbine model.

From the expression of the power (Eq 5.5) and knowing the speed of rotation of the turbine,

the mechanical torque available on the shaft of the turbine is expressed as follows:
Pt 1% 1

T,=—==C,(\B)Lsv3 —

3 2, P ( ) B) 9 wind 02,

The multiplicator transforms the mechanical speed of the turbine into the speed of the

(5.9)

generator and the aerodynamic torque of the turbine into the drive torque of the generator

according to the following expressions:

Qmec =G. Qturb (510)
T‘turb

Tmec = 5.11

g (5.11)

where

® (ec: generator speed [rad/s);
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e G: multiplicator gain;
® um: angular speed of the turbine [rad/s];
e T,...: generator torque [Nm|;

e Ty,p: turbine torque [Nm).

The fundamental equation of the dynamics makes it possible to determine the evolution
of the mechanical speed from the mechanical torque exerted on the rotor shaft of the wind
turbine and the electromagnetic torque as follow [78,81,108]:

deec

J
dt

= Tyee — Tom — [ 2mee (5.12)
where

e J: global moment of inertia ( J = % + Jyen)[kg « m?);

e T, electromagnetic torque [Nm];

e f: mechanical coefficient of friction [N .m . s/rad].
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Figure 5.7: Block diagram of the wind converter model.

From the previous equations, the block diagram corresponding to the modeling of the
turbine can be deduced as presented in figure 5.7.
We can remark that the turbine speed is controlled through the action on the electro-

magnetic torque of the DSIG.
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5.4 Optimization of energy conversion of wind tur-
bine

The development and utilization of wind energy have become an important part of energy
development around the world because the wind is a sustainable and environmentally
friendly source of energy. However, due to the erratic nature of this energy, the design,
and control of the turbine modes must be optimized for extraction of the maximum
possible power from wind energy. Different algorithms have been developed to obtain
the optimum operating points of maximum power transfer. In general, they determine
the operation of the turbine through its internal characteristics. Maximum Power Point
Tracking (MPPT) is a set of wind energy conversion techniques. Various studies are being
conducted to achieve better and faster MPPT techniques for any Wind Energy Conversion
system (WECS) [81,103,105].

There are two types structure of the MPPT control:

e MPPT based on the mechanical speed control;

e MPPT without mechanical speed control.

5.4.1 MPPT based on mechanical speed control

The principle of the Maximum Power Point Tracking (MPPT) strategy consists, for a
given blade angle, in adjusting, depending on the wind speed V.4, the rotational speed

of the turbine to a reference value (2’ to maintain an optimal relative speed in order

mec

to get a maximum power coefficient C, 4, From the relation (5.8), we can rewrite the

expression (5.10) as follows:

* wind * >\o
e e (5.13)

The action on the electromagnetic torque (and therefore on the power converted by the

*

" e and thus maximize the power ex-

generator) that will make it possible to obtain {2
tracted with the C,_,,4,. Figure 5.8 illustrates the basic principle of this technique.
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Figure 5.8: MPPT based on mechanical speed control.

5.4.2 MPPT without mechanical speed control

This control mode is based on the assumption that the wind speed varies very little
in steady state, from the dynamic equation of the turbine, we can obtain the equation
describing the steady state of the aerogenerator:

deec
dt

If we neglect the effect of the viscous torque (f{2y,e.) we obtain:

J

= Tmec - Tem - meec =0 (514)

Tree = Tem (5.15)

So, the reference of electromagnetic torque is estimated as a function of the aerogenerator

torque:
T;

G

The aerogenerator torque is itself estimated as a function of the wind speed and the

Teref = (516)

turbine speed (equation 5.17):
P ayr3 1
Tiest = Cp (N, B) =SV indos—
test p( 6) 92 wind €SQt
The estimated turbine speed is calculated from the measurement of the mechanical speed:

\Qmec
G

The measurement of the wind speed being delicate, an estimate of its value can be obtained

(5.17)

Qtest — (518)

from the equation:

2, R
Vwindest = te% (519)
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Thus, we obtain a global command relation:

T —10 A RE’% 5.20
67’€f—2 P( 75)pﬂ- GS)\S ( . )

To extract the maximum power generated, it is necessary to fix the speed ratio A,,; which
corresponds to the maximum of the power coefficient Cp,,.

The electromagnetic torque reference must then be fixed to the following value:

1 5 leec
Te,op = §CPopt (A, B) pTR 3\ (5.21)

opt

The following figure 5.9 presents the principle of the MPPT control of the wind turbine

without speed control.
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Figure 5.9: MPPT without speed control.

5.5 The proposed Fractional DTC-SVM based on
MPPT-FASC

The proposed fractional DTC-SVM of the Double Star Induction Generator (DSIG) in-
tegrated into the electrical grid by an Indirect Three Level Matrix Converter (ITLMC)
based on MPPT fractional adaptive synergetic controller (FASC) design procedures is

shown in the following developments.
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5.5.1 DTC-SVM of Indirect Three Level Matrix Converter
(ITLMC)

The evolution of multilevel inverters has been a motive for the development of the multi-
level matrix converter and in particular that of the three-level matrix converter [46, 109,
110].

The use of these inverters makes it possible to improve the quality of the output voltage
by synthesizing them in three levels and also makes it possible to reduce the maximum
voltage of the switches during dimensioning [21]. Combining this with the advantages
of the matrix converter, the indirect three level matrix converter (ITLMC) can generate
better voltages than the IMC. This converter uses the DC bus voltage U, and the neutral
point of the input filter to synthesize the output voltages [46, 109].

Figure 5.10 shows the circuit of the ITLMC converter. It consists of two stages: a rectifier
stage like the IMC and an inverter stage formed by a three-level inverter structure NPC.
They are connected in three points (p, n, 0): the points p and n are the outputs of the
rectifier and the point “0” is the neutral point of the input filter.

Rectifier Stage

Figure 5.10: Topology of ITLMC.

Indeed, each arm can have three possible states which are illustrated in Figure 5.11.
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2V, 2V4e 2V4e

Figure 5.11: Possible states of an arm of the NPC inverter: (a) state p (b) state 0 (c)

state n.

The latter also shows that the switches (S1x, S3x) and (S2x, S4x), where x represents one

of the three arms, are complementary two by two [46,109].

e State p (Figure 5.11.a): the two switches (Six, Sex) are closed while the other two

are opei.

e State o (Figure 5.11.b): the two switches (Sax, S3x) are closed while the other two

are open.

e State n (Figure 5.11.c): this is the inverse of state p.

Table 5.2 summarizes these three states of the arm, as well as the value of its voltage
with respect to the midpoint 0, while table B.2 (Appendix B) illustrates all 27 possible

configurations of the inverter. Based on this table, we can define the voltages of the arms

Table 5.2: possible states of an arm

Slx S2x S3x S4x VO0x  State of the arm
1 1 0 0 Vde p
0 0 1 1 -Vdc n
0 1 1 0 0 0

with respect to the midpoint 0 as being a connection matrix multiplied by the voltages

of the DC bus. This can be translated by the following equation:
Va
Vg | =[M] x
Ve

I fa
and[ P ]:[M]tx Ip (5.22)

~1, L
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where V4, Vg and Vi are the output voltages with respect to neutral 0, 4, Iz and I are
the output currents, Vo and V,,o are the notations of the DC bus voltages, I, and I,, are

the DC bus currents and [M] is the conversion matrix, it is defined as follows:

Sy 5 S;=1,5=0 for state p
Ml =] S, Sj | withq S;=0,5/=1 for state n (5.23)
Sy Sh S;=0,5 =0 for state 0

The voltages with compared to the neutral of the load are:

Vi 2 Vi
Vee | =5 | -1 2 -1 | x|V (5.24)
Ves -1 -1 2 Ve

We can define the space vector of the output voltage as:

— 2 227 27
V= g (VA + ‘/B€—~_2T + VC’e_zT) = Vleout (525)

This vector can be defined for all possible cases of the converter as shown in figure 5.12
and table B.2.

Figure 5.12: Diagram of space vector of NPC inverter.

These vectors can be classified into four categories
e Big vectors: BV (Vy, Vs, Vs, Vi1, Vi, Vi7)

e Medium vectors: MV (V3, Vi, Vg, Via, Vis, Vig)
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e little vectors: LV (Vy, V4, Vi, Vig, Viz, Vig)
e Zero vectors: ZV (Vy)

For category 3 (LV), each vector has two redundant configurations, giving us more choices
for balancing the DC bus voltages. The null vector has three redundant configurations.
And the other two categories of vectors have only one configuration.

BV divide space into 6 sectors as shown in figure 5.12. Each sector can be divided into 4

regions (see figure 5.13).

Vo[PPP/ OO0/ NNN] V,[PNN]

V1[POO/ONN]

Figure 5.13: regions of a sector.

These regions are triangles whose heads are the ends of the vectors. SVM modulation
in this case uses three vectors to synthesize the reference output voltage vector. These
three vectors are the heads of the region where the reference voltage vector is located.

For example in the case of figure 5.13 the vectors used are the vectors Vi, V3 and V.

So

Vs = dyvg + dyvy + d.v, (5.26)

where d,, d, and d, are the duty cycles of the vectors V., V, and V', respectively. They
are defined for each region as shown in table 5.3. m, is the inverter voltage ratio defined
by:

3|V
My = M (5.27)
Upn,

The control of the ITLMC is generally done in the same way as the IMC. The rectifier
is controlled to have a maximum U,, voltage and a desired input phase shift by SVM.
Also, the inverter is controlled with SVM to synthesize the output voltages from two
levels as for the IMC, plus an additional level created from the midpoint of the input
filter capacitances. This allows the outputs to take the 0 voltage of this level like the two

voltage extremes. This makes it possible to reduce the reverse voltage of the switches by
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Table 5.3: Duty cycles for the different regions

region d, d, d,

T 2mysin(y —0,)  1-2mysin(3 +6,) 1-d,
2m,sin(g +0,)-1  1-d,
+0,) 2m,sin(6,) 1-d, — d

T 1-2m, sin(6,)
Ts 2-2m,sin (3
T, 2m,sin(6,)-1

_dy
_dy

Y

2mysin(y —0,)  1-dy —d,
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two compared to the IMC and makes it possible to reduce the harmonics of the output

voltages with the SVM to have the desired output voltages. To synthesize the output

voltages and avoid the problem of low-frequency harmonics, synchronization between the

two stages is essential.

The synchronization between the rectifier stage and inverter stage

Synchronization between the two stages is essential due to the absence of the dc link

capacitor and to guarantee that the output multilevel voltage is capable of being at the

right level. Figure 5.14 shown it.

T,
Rectifier Stage I, I,
trl I tr2
v, v, ‘ v, v, |V,
Inverter Stage 7 | ; 't - t
1dx | tldz | tld | ldx "dxl tzd | tzdz | 2dx
I I Y | 2. Y J.2

Figure 5.14: The synchronization between the two stages of ITLMC.

5.5.2 Design of fractional PID controllers

The fractional order control of a plant is defined by fractional order differential equations.

Accordingly, fractional calculus authorizes the derivatives and integrals to be of arbitrary
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order [111]. The calculus operator is described as:

jt% a>0
oDy =<1 a=0 (5.28)

[ldr) a<o0

where « is the fractional order, a and t are operational limits.
Podlubny in [112] first suggested the structure of a FOPID controller, which can be

expressed in s domain as:
Uropip(s) = (K, + K;/s* + Kgs*) E(s) (5.29)

Profoundly, a FOPID controller has five parameters to make the design adaptable. Where,
proportional, integral and derivative constants are correspondingly the gains K,, K; and
K4 while A and p are fractional order operations. The extension effect of a classical
PID controller based on fractional calculus gives the FOPID controller. Plainly, one
takes A and p equal 1 as a result we get a classical PID controller whilst PI and PD
controllers can be attained by selecting (A = 1, p = 0) and (A = 0, . = 1) respectively
as presented in figure 5.15. Thus, the closed-loop system characteristics controlled by
means of a fractional order PID cautiously conquer more performance for mitigating the

low-frequency oscillations in a consistent manner.

Derivation
order

PD PID
1 [

Fractional
PID orders

PI1

Integration
order

Figure 5.15: A fractional order PID form.

Figure 5.16 depicts the fundamental architecture of the fractional PID controller that
optimized by BA to regulate the flux and torque. The output of these controllers is the
reference voltages (Vg,, ,,Vgs), that the inverter stage’s SVM will produce.
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Figure 5.16: A fractional order PID control system optimized by BA.

5.5.3 Factional Adaptive Synergetic MPPT Controller

To operate the system on the manifold where the macro-variable is equal to zero is the
goal of the synergetic controller. According to the synergetic control theories, the speed
controller generates the reference torque T,y.

The speed error is defined by:
e(t)=ver— 2, =0 (5.30)
Consider the fractional macro-variable given by:
¥ = Kpe(t) + K}/e () (5.31)

where K, and K7 are the proportional and fractional integral parameters of the speed
macro-variable.

W = Kpé(t) + Kpe(t) (5.32)
The dynamic equation of DSIG is given as:

0= (T~ T~ ) (5.33)

where, J: inertia moment, f,.: coefficient of friction, C: Load torque.
By substituting Eq. (5.33) in the equation (4.31), and basing on the synergetic theory,

we can write:

T (Kp (Wrep — tr) + K7 (wrep — w)) + Kp (Wrep — wr) + K7 (Wyep —w,) =0 (5.34)

: e
T =T, — f.02—J (Qref + — (— + K7 (Qpey — (2))) (5.35)
Kp \T
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Indeed, the Kp and K are given by the adaptive gradient descent algorithm. A Bat
Algorithm optimization is demonstrated in the previous chapter (chapter 4) to get effi-
cient parameters. The general structure of the proposed Fractional Adaptive Synergetic

Controller (FASC) is shown in figure 5.17.

etaheuristic Bat
Igorithm

radient Descent
Igorithm

T, -
ref | Nonlinear

ystem

ynergetic
ontrol

Figure 5.17: Fractional adaptive optimized MPPT synergetic controller.

The whole basic structure of the proposed control method is shown in Fig. 5.18.

Indirect Three Level Matrix Converter
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Figure 5.18: Block diagram of fractional DTC-SVM scheme for ITLMC based on FASC.
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5.6 Numerical simulation

Several simulation experiments have been conducted for various operating circumstances
to illustrate the advantages offered by the suggested control. Software from Matlab and
Simulink is used to simulate the process. In order to see its performance and compare it
with the DTC-ITLMC and DTC - MC. Table A.2 (Appendix A) is a list of the parameters
used in this simulation.

The simulation was run with a variable wind speed profile (Fig.5.19). The MPPT control
provides an electromagnetic torque reference to ensure maximum power control in any
wind area. Fig 5.20 illustrates the allure of speed. One can observe that the rotational
speed perfectly matches its reference, which varies with the imposed wind profile. As can
be shown, the FASC performs better than the traditional PI and SC controller in all areas,
including response time, tracking inaccuracy, and robustness to external disturbances.
it implies that the MPPT is properly ensured. Figs. 5.21-5.22 demonstrate that the
proposed FASC controller converges more quickly than its counterparts ( PI and SC),
approaching the ideal values of C, = 0.44 and A = 7.05. The electromagnetic torque
closely tracks the variations in the references caused by the wind and variations in rotating
shaft speed (see Figures. 5.23-5.25). Additionally, it is noted that the suggested DTC-
SVM based on ITLMC has faster and significantly fewer ripples in its torque dynamics
compared to the traditional DTC with MC and ITLMC. Figures 5.25-5.31 illustrate the
flux magnitude and circular trajectory , accordingly. It is clear that applying the suggested
adjustment can significantly reduce flux ripples. Throughout the whole operational range,
the flux follows its reference. This highlights the effective decoupling between the flux
and torque axes that the suggested control achieves. The output voltage is a multilevel
voltage (Figure 5.32) and low harmonic distortion compared to others (Figures 5.33 and
5.34 ), it varies in amplitude and frequency according to the speed reference variation.
The voltage of a phase connected to the grid as well as the current are illustrated in
Figures(5.35, 5.37 and 5.39). The frequency of the electrical network is 50Hz. It has been
shown that the voltage is imposed by the grid and the amplitude of the current injected
into the grid is imposed by the command. We also note that the voltage wave of the
network and that of the current of the latter are in phase opposition, which means that
the system operates under the unity power factor, This owes to the benefits of using the
matrix converter. This justifies that the flow of power is always from the wind turbine to
the electrical network. Figures (5.36, 5.38 and 5.40) show the THD in the input current,
one can see that the P-DTC has lower THD compared to the others. Figures 5.41 and
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5.42 show the active and reactive powers supplied to the electrical network. Figure 5.43

shows the input power factor of the grid, one can see that the system is operating under

the unity power factor in all the possibilities of operation conditions. The neutral current

is variable according to the modulation index (Figure 5.44), but its average value is zero,

which avoids distortions in the voltages of the capacitors (input voltage of the converter).

Wind speed variation (m/s)

Time (s)

Figure 5.19: Wind speed.
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5.7 Conclusion

This chapter studies and describes a 1.5 MW wind turbine integrated into the grid by
an indirect three-level matrix converter (ITLMC). A DSIG and the ITLMC are used in
the analysis, modeling, and simulation of a variable-speed wind turbine. Two factors
made the ITLMC necessary: the existence of high-power systems that required high-
power converters and the high caliber of the output waveforms that were supplied. The
stable operation of the turbine was achieved by applying a fractional DTC-SVM control.
In addition, the proposed control scheme performance is enhanced by inserting a robust
FASC controller to achieve maximum power. The suggested algorithm is put to the test
using Matlab/Simulink in order to confirm the theoretical results. The findings attained

attest to the effectiveness and reliability of the suggested control.



(General Conclusion

The study and control of matrix converters (MC) and their usage in powering a dual stator
induction machine, were the research topic of the research covered by this thesis, where it
gave some contributions. This study is carried out by simulation under Matlab/Simulink.
The first chapter of this work was devoted to the general study and the art state of this
type of converter, its different topologies, and the modulations proposed in the literature.
The bibliographical study showed that this research theme is topical and promising, at-
tracting the attention of researchers around the world. Then, the instantaneous modeling
was treated as well as the average modeling with the connection generating functions and
its various components (power circuit, input filter, protection). Finally, the industrial
implementation of the matrix converter for the variation of speed and/or frequency was
presented. This last modest task remains somewhat limited and is dominated by Japanese
companies, in particular the Yaskawa company.

We have dedicated the second chapter to the DTC of DSIM fed by two types of matrix
converters namely direct and indirect. The simulation results obtained illustrate that the
DTC with IMC is superior in all operating conditions, it yields good electrical and electro-
magnetic execution such as the stator flux, electromagnetic torque, and total harmonic
distortion (THD) in the input current. Furthermore, the control method is also much
simplified and easier to implement when the IMC is used.

In the third chapter, we have proposed an improvement of DTC control based on a fuzzy
inference system instead of the hysteresis controllers and switching table. According to
the results obtained, the main objectives have been achieved. The speed perfectly follows
its reference value even with the variation of the resistive torque,the average torque fol-
lows the steady state of load torque and the same for the flux.. Note that with DTC, the
ripple is fixed by the band of the hysteresis comparator. Fuzzy-DTC reduces torque and
flux ripples. It also improves tracking of the setpoint, especially when reversing the speed.
Indeed, the major interest of fuzzy logic in control is the capacity to control system with

high uncertainty level. Its effectiveness is proven when modeling a system is difficult,
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which is the case with our system.

The fourth chapter aimed at an adaptive DTC-SVM optimized by Metaheuristic Bat Al-
gorithm (MBA). The latter was proposed as a solution for the problem of the variable
switching frequency and the synchronization between the two stages of IMC in the classi-
cal DTC. With this proposed method, dynamic performances such as reducing the ripples
of torque and flux, minimizing the low harmonic distortion in the input current, working
with close-to-unity power factor under all operating conditions, and hence, a better sta-
tor current waveform were achieved. By including a robust synergetic controller (SC) in
the outer loop for speed regulation, the performance of the suggested control method is
improved.

After presenting an overview of the mathematical model of variable speed turbine and as-
sociated components, the power of the captured wind, and the converted electrical power.
and control of the variable speed wind turbine, a fractional order DTC-SVM for a 1.5
MW wind turbine using a multilevel matrix converter (ITLMC) based on an adaptive
synergetic MPPT controller was proposed in the final chapter 5. The findings attained
attest to the effectiveness and reliability of the suggested control.

Finally, we can conclude that the matrix converter is an important alternative for the
AC/AC conversion given its advantages and its multitudes of applications, and given the
immensity of the research work on this type of converter, it is expected that it will soon
replace conventional AC-AC converters in several applications including wind applica-
tions, due to the advantages it will offer over other options.

In the future perspectives, this work can be continued as follows:

e In order to validate the developed control algorithms, it is necessary to create an

experimental test bench.

e Studying grid-DSIM interaction in the presence of grid instability. Look at other

matrix converter structures, particularly multi-level and polyphase structures.

e Use of matrix converters in renewable energy systems for improving the quality of

electrical energy (active filtering).

e Analysis of the switching issue in matrix converters and the implementation of

smooth switching.
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Appendix A

Parameters

A.0.1 The parameters of the DSIM

Table A.1: The parameters of DSIM and turbine

Parameters Units Value
Ra =Rs 3.72
R, Q 2.12
La=Ls H 0.022
L, H 0.006
L., H 0.3672
J k,.m? 0.0625
K; N.m.s/rad 0.001
P, kW 4.5

P - 1
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A.0.2 The parameters of the DSIG

Table A.2: Parameters of DSIG

DSIG parameters

P, 1.5 MW

Vo, 400 V

R = R 0.008 (2

Lg = Ly 1.34 10x10~*
Lm 0.0045 H

R. 0.007 2

L, 6.7 10x107°
p 2

F, 50 Hz

J 30 kg.m?
K; 2.5 Nm s/rd
Turbine parameters

R 36 m
Number of blades 3

Hub height 85 m
Gearbox G 90




Appendix B

All possible configurations of MC
and a three-level NPC inverter are

presented:
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Table B.1: Possible configurations for MC

Configuration | State |Vs| ag I Br

abb | +1 active \%VA B| % \%I Al -G

baa | -1 active \%VAB -2 \/%[A b

bece | +2 active \%VBC 5 \%IA 3

cbb | -2 active \%VBC —57” \%]A -3

caa | +3 active \%VCA z \%[A -2

acc | -3 active \%VCA —5?” \%IA %

bab | +4 active \%VAB 57” \%IB -5

aba | -4 active \% Vag | -% \/% Ig | 3¢

cbe | +5 active \%VBC 57” \%IB 3

beb | -5 active %VBC -5 \%IB -3

aca | +6 active %VCA & \%[B -

cac | -6 active \%VCA —% \%IB %

bba | +7 active %VAB -3 \%IC -5

aab | -7 active %VA B|Z \%[ c| =

ccb | +8 active \%VBC -3 \%I cl3

bbc | -8 active %VBC 5 \%IC -3

aac | +9 active \%VCA -z \%[c -

cca | -9 active \%VC AlS \%I cl %

aaa | 0; Z€ro 0 - 0 -

bbb | 0y Zero 0 - 0 -

cce | O3 Zero 0 - 0 -

abe | ... rotating | V; o Ig Bs

acb | ... rotating | Vg —a;+% | Ig -Bs

bac | ...... rotating | V; —a;-m | Ig —Bs + %’r
beca | ...... rotating | V; ai—l—%’r Ig Bs + %’r
cab | ...... rotating | V; ozﬁr%” Ig Bs + 4?”
cba | ...... rotating | V; Q-3 I —Bs + %’r
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Table B.2: Possible states of the NPC inverter and its spaces vector

»m
=
o
=
@
©)
=~
o
2

Output voltage vector

A|B|C Vector | Amplitude | phase
P|P|P

O|0|0 |V, 0 0
N|N|N

P|O|O v, 2y, 0
O|N|N 8%
P|IN|N |V, 3 Vae 0
P|O|N |V; %Vdc z
P|P|O v, 2y, .
O|/0O|N 3% 3
PP |N |V; Ve z
O|P|N |V T Viae z
P19 Vz 2V4e n
N|O|N 3 3
N|P|N |Vg Ve &
N|P|O |V, Ve b
ojF P Vio 2Vde 7T
N|O|O 3

N|P|P |Vy, Ve T
N|O|P |V 25 Vae -5z
0191° Vi3 2Vae -2
N|N|O 3 3
N|N|[P |Vy Ve -2
O|N|P |V %Vdc -z
P|O|P Vas 2y, .
O|N|O 3% 3
PIN|P |V 3 Vae -5
PIN|O |V Ve -z
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Appendix C

Definition of THD

- VVEHVE+VE+

Vi
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