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SYMBOLS

e Modeling Parameters of 6PH-IM :

Rs Q) Stator resistance per phase,

Ry Q) Rotor resistance per phase,

Ls (H) Stator cyclic inductance by phase,

L, (H) Rotor cyclic inductance per phase,

Lm (H) Mutual cyclic inductance (between stator and rotor), magnetizing inductance,
I (H) Specific inductance of a statoric phase,

I (H) Clean inductance of a rotor phase,

M (H) Mutual inductance between two stator phases,

m, (H) Mutual inductance between two rotor phases,

M (H) Maximum value of mutual inductance between stator phase and other rotoric phase,
p (=) number of pole pairs,

Cem (N.m) Electromagnetic torque of the generator

e Repere :

(Sa, Sb, Sc) Magnetic axes linked to three-phase stator windings,

(ra, ro, rc) Magnetic axes linked to three-phase rotor windings,

(dqy), (dg2) Park reference axes,

(af31), (0f32) Concordia/Clarke reference axes,

Os (rad) Rotor angular position relative to stator,

6, (rad) Stator angular position relative to axis (d).

6, (rad) Rotor angular position relative to axis (d).

e Electrical quantities :

Vs abel, Vs abc2 (V)  Three Phase Instantaneous Stator Voltages,
Vra,b,c (V)  Three Phase Instantaneous Stator Voltages,
Vsdql, Vsdg2 (V)  Two-phase stator voltages in landmark (d, q),
Vrdg (V)  Two-phase stator voltages in landmark (d, Q),
Vs (V)  Stator Voltage Vector Module,

Is abct, Is abc2 (A) Three Phase Stator Instantaneous Currents,
irabc (A)  Three Phase Stator Instantaneous Currents,
Isdql s dg2 (A)  Two-phase stator currents in landmark (d, q),
irdg (A)  Two-phase stator currents in landmark (d, ),
@s abet, Ps abc2 (Wb)  Instant Magnetic Flow to Stator,

Psda1, Psda (Wb)  Two-phase stator flows in the rotating landmark (d, ).



¥, (Wb)  Stator flux vector module.

Prabc (Wb)  Rotor magnetic flux vector,

Prdq (Wb)  Two-phase rotor flows in the rotating landmark (d, Q).
¥, (Wb)  Rotor Flux Vector Module.

P (W)  Stator Active Power,

Qs (VAr) Stator reactive power.

Préseau (W)  Power supplied to the network,

e Mechanical quantities :
Wr (rad/s) Electric pulse corresponding to the speed of rotation,

Ws (rad/s) Electric pulsation of stator quantities (rotating field),

G (-) Rotation speed shift,
fs (H2) Electrical frequency of stator quantities,
fr (H2) Electrical frequency of rotor quantities,

Ns (tr/min)  Speed of the rotating field,

e Transformations :

S Laplace operator,

P (0)  Park Transformation:Xsap.c— Xsd,q € Xrab,c— Xrd,q,

e Control quantities of the 6PH-IM :

Kp, Ki (=) Proportional and integral components of the Pl corrector,
r (=) Modulation rate (adjustment index),
m (=)  modulation index,

fr (Hz) reference frequency,

Wi (=)  Weight vector

ni (-) learning rate

Wi, Pi, (=)  vector-valued functions

Pi (=)  Predicate error

Hi (=) Matrix gradient

Qi, Ri (=)  matrices de covariance

S (=)  Fonction de limite

a, (=) constantvalues



6PH-IM
MsC
Cvi
MCC
PWM
Pl

AC

DC

FOC
ANN
RNN
EKF
MPC
PCC
MB-PCC
MF-PCC
MPPT
MLP
IGBT
NPC
WECS

NOTATIONS
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General Introduction

General Introduction

AC machines powered by static converters are finding more and more applications in
high-power industrial areas. However, switching frequency and performance are limited by
limitations of power components. It is necessary to segment the power in order to allow the
use of components with higher switching frequency and to ensure an electric motor for high
power applications, such as rail traction or naval propulsion, for example. One solution is to
use multi-phase machines or multi-star machines to do this. The six phase induction
machine is an example of this type of structure.

When using multiphase induction machines with more than three phases powered by
one or more converters, power segmentation is an appropriate solution. Multiphase
machines have advantages over their three-phase counterparts, such as lower nominal
current per phase, higher torque density, higher ripples, etc.

Multiphase machines (the number of phases is greater than three) appeared in the
1920s for power segmentation of generators. These machines are set to gain a significant
place in the field of variable speed drives for power, and thus especially for applications
where low frequency ripples are required [1]. It is possible to remain in operation in single
mode when a winding or component is placed in default.

For this reason, multiphase machines are increasingly used for some high-power
industrial applications such as rail traction, ship propulsion and wind energy systems.
Among these multi-phase drives, the asynchronous six-phase machines (6PH-1M).

Many studies have long been carried out on the six-phase induction machine (6PH-
IM), also known as asynchronous double stator machine. It has the advantage of being
robust, reliable and not very effective in degraded operation. Unfortunately, it has a major
drawback: its dynamic structure is strongly non-linear and internal variables such as
electromagnetic torque and rotor flux are strongly coupled. This makes the control of this
machine complex. This thesis is organized into four chapters as follows:

The first chapter summarizes the latest developments concerning independent
systems and different types of machines, in particular the multiphase machines to which the
two-star asynchronous machine (6PH-IM) which is the subject of our work belongs.

In the second chapter, we present in the first part the modeling of the double star

asynchronous machine with its power supply (two PWM controlled voltage inverters), in
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General Introduction

the second part, the rotary flux control is applied to the 6PH-IM, present the system
behavior under ordinary operating conditions then adverse conditions present internal
parametric variations and external disturbances.

In Chapter Il, we propose 6PH-IM modeling and various parts of our system
(converter, continuous support) To do this, a number of simplified assumptions are used by
modifying the baseline through the fleet conversion application to reduce collusion in the
system and facilitate its equivalence.

The third chapter is dedicated to vector control by orientation of the rotor flux of the
6PH-IM. An overview of the vector control principle and a reminder of its different
methods are presented. We then move to the application of the indirect method of the 6PH-
IM. In which, Simulation results and interpretations to characterize the performance of the
proposed method is presented. We end with a general conclusion.

In the last chapter, we will study the control performance of the machine based on
multi-level inverters.

Finally, a general conclusion will summaries the most important points of this thesis.

University of El-Oued Page Il



Chapter |

Multiphase systems: state of the
art, problematic and work
context



Chapter 1 Multiphase systems: state of the art, problematic and work context

1.1 Introduction :

Amongst many types of electrical motors, induction motors still enjoy the same popularity
as they did a century ago. Several factors which include robustness, low cost and low
maintenance have made them popular for industrial applications when compared to dc and
other ac motors. Another aspect in induction motor drives which has been researched
recently is the use of multiphase induction motors where the number of stator phases is
more than three.

In this chapter, we will first present the history of electrical machines. Next, we will define
the multi-phase machines and give a general description of their characteristics working
principle and their advantages and disadvantages of this machine in different application
Finally, an overview of multi-level converter fed the six phase induction machine is

proposed.

1.2 General information on the machines:

1.2.1 History of electric machines:

In 1811 the English human Michael Faraday produced the first electromagnetic motor, and
in 1822 Peter Barlow added a toothed wheel.

In 1831 Faraday stated the principles of electromagnetic induction. In parallel, the Russian
Friedrich Emil Lenz and the American Joseph Henry have carried out similar work, thus
contributing to the discovery and understanding of this phenomenon. The following year
Ampere, in collaboration with the French manufacturer Hippolyte Paxi, produced the direct
current generator In 1836 the Englishman Hyade Clarke produced a machine whose
structure was reversed from that of Paxi/Ampére which improved the rectifier switch.

In 1842 Davidson uses one of the first rotating motors with variable reactance.

In 1848, Froment engines appeared, with a torque of 500 N.m. These motors were used for
industrial applications.

In 1860 the company “I'Alliance” industrially manufactured generators of complex
structures.

In 1865 the Italian Antonio Pacinotti built a prototype of a direct current machine with ring
armature and radial commutator, the operation of which was greatly improved.

In 1888 Nikola Tesla invented the first alternating current motor, which had a major role in

the development of the electrical industry.
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Chapter 1 Multiphase systems: state of the art, problematic and work context

In 1889 the German Michael Dolivo-Dobrowolski produced the first three-phase
asynchronous machine, which largely dominated the field of electrical machines, thanks to
several advantages it had over other types. It is the simplest to manufacture, the least
expensive, the least demanding in terms of maintenance, has a very low failure rate,
manufactured in large quantities and in a very large scale of powers, etc.

Since the end of the 1920s, machines with two three-phase stator windings had been

introduced to increase the power of very high-power synchronous alternators[1].

1.2.2 Classification of electrical machines

The classification of machines can be done in several ways:
e According to the way of supplying or delivering the current/voltage.

e According to the construction.
1.2.3 Depending on the type of food

e Direct Current Machines.
e DC machines either series, parallel or compound.
e Alternating current machines.

e Synchronous machines.
1.2.4 Synchronous machines.

According to their construction.
e Asynchronous machines.
e Machines without collector.
e Permanent magnet synchronous machine.
e Machines with manifold.
e DC machines.
In addition, multiphase machines (whose number of phases is more than three) appeared in

the years1920 for alternator power segmentation[2].
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Chapter 1 Multiphase systems: state of the art, problematic and work context

|.3 State of the art of multiphase induction machine:
1.3.1 Structure des machines multi phase :

We can classify the machines according to several ways either by its way of feeding (way
of delivering the current/voltage) or by its construction. The machine can be asynchronous
with wound rotor, with squirrel cage or synchronous with permanent magnets, with
excitation windings, with smooth poles or with salient poles, with or without dampers.
These machines can be powered by current switches or voltage inverters. Multi-phase
machines, as its name suggests, behave like the classic three-phase asynchronous machine
two parts: [3]

» A rotating part with a solid cylindrical shape on a shaft is the rotor which is built
from windings connected to themselves:

» A stationary part with a hollow cylindrical shape is the stator which comprises
several three-phase windings, magnetically coupled orotherwise, and whose
respective phases are grouped into several stars. Each star is powered by its own
static converter.

I.4 The characteristics of multi-phase machines:

According to the number of phases that we can have in the stator (the stator phases) which
is or multiple name of three, we distinguish two types of type 1 multi-phase machines” are
called “multi-phase machines " and "type 2 multi-phase machines”. Moreover, one rarely
considers the or the number of phases is an even number except if this one is a multiple of
three [4].

There can be several possible configurations in a machine with a given number of phases
depending on the angular offset @ between two adjacent coils. That is to say the offset
between the stars. To be able to differentiate between the possible configurations, another

term can be introduced: the number of equivalent phases, it is defined as follows:

npha = g (1.L2)
For example: 6phase induction machine (6phase) , with angular offset between the stars

a = % has characteristics different from those of a machine having the same number of
phases but their stars are shifted by a = Z

1.4.1 Type 1 multi-phase machines:
In this type of machine the number of stator phases is a multiple of three, they can be

grouped into 7 star, three-phase [4].
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nph =31 (n=1,23...)

(1.2)

Taple.1: machines whose number of stator phases is a multiple of three  "typel™

Number of Phase Angular Schematic representation,
phases (q) equivalent offset (a) position of the coils
number (qa)
3 3 -
3
6 3 n
3
T
6 6 6
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b:
a,
Tt
9 9 — .
9
12 6 T
6
T
12 12 —
12

1.4.2 Type 2 multiple machines:

Type 2 multiple machines with an odd number of stator phases (nph).

nph =3+l (n=1,2,3...) (1.3)
For the angular shift a between two adjacent coils, the phases of which are shifted regularly

from 2a = % So we have nph = nph, =% (1.4)

Table.l.2: machines whose number of stator phases is an odd number “’type2”’.
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Number of Phase Angular Schematic representation,
phases (q) equivalent offset (a) position of the coils
number (qa)

5 T

5 —_—

5

7 7 n

7

9 9 n

9
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Chapter 1 Multiphase systems: state of the art, problematic and work context

1.5 Operating principle of the multi-phase machine

Taking the six phase induction machine as an example: [5].

The stator currents create a rotating magnetic field in the two stators (star 1 powered by
three-phase currents and star powered by the same three-phase currents but shifted by an
angle o). The rotational frequency of this field is imposed by the frequency of the stator
currents, i.e. its rotational speed is proportional to the frequency of the electrical power

supply, the speed of this rotating field is called synchronism speed. It defines as follows[4].

wg = %s[rad/s] (1.5)

These two rotating fields produced by the two stator windings will induce currents in the
conductors of the rotor. Thus generating emfs that will cause the rotor to spin at a speed wr
less than that of synchronism (wr < ws), thus the effects of stator induction on rotor
induced currents manifest as the development of an electromagnetic force couple on the
rotor such that the speed difference is reduced. The speed difference between the rotor and
the stator field is called relative speed :

W= ws— (1.6)
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Chapter 1 Multiphase systems: state of the art, problematic and work context

We will then say that these two fields slip with respect to the rotor and we define this slip
by the ratio:

g=2 =2 (1.7)

The different operating modes depend on the value of the slip:

]

Freinage Moteur Génératrice

Glissement

Figure 1.1 : Operating modes according to slip

1.5.1 Advantages of Multiphase Machines:
Multiphase machines have subsequently attracted growing interest, and in particular the six
phase induction machine (6PH-IM), which in addition to the advantages of three-phase [6].
cage asynchronous machines, those of multiphase machines. Indeed, multi-phase drives have
several advantages over conventional machines.

— Power segmentation.

— Improved reliability.

— Reduction of harmonic currents.

— Improved power factor.

— Minimization of torque ripples and rotor losses.
1.5.2 Disadvantages of multi-phase machines:

However, the asynchronous machine has disadvantages such as [7] :

v' The number of semiconductors increases with the number of phases, which may
eventually increase the cost of the converter-machine assembly.

v' The multiplication of the number of semiconductors with the dynamic structure is
strongly nonlinear and the existence of a strong coupling between the torque and
the flux, which obviously complicates its control.

v' The major drawback of double star machines is the appearance of circulating
harmonic currents when powered by a voltage inverter.

In our work we are interested in the six-phase machine
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Chapter 1 Multiphase systems: state of the art, problematic and work context

1.6 Six-phase ""double star’* machine models in the literature

The control of multi-phase machines is generally an extension of the control principles used
for three-phase machines. As in the case of a three-phase machine, the control of a multi-
phase machine is based on an appropriate machine model. In the particular case of a six-
phase machine, two different models have been commonly used for the development of the
control, namely the double-dq] model and the VSD model. For the double-dg model, two
separate three-phase decoupling (Clarke) transformations are first applied to the two sets of
energy and to the two sets of three-phase windings. Taking stator currents as an example,
we get two pairs of a-B currents(iq1 —ip1and iq2 —ig2) in the stationary frame. These currents
are then subjected to a rotation transformation (Park), to give two pairs. corresponding d-q
currents (g1 iq1 et a2 ig2). Since the d axis is aligned with the rotor flux, the machine flux is
controlled by regulating id1 and id2, while the machine torque is controlled by regulating
igl and ig2. This is analogous to rotor flux-oriented control (RFOC) in three-phase
machines, except that two sets of d-q current controllers are required instead of just one.

An implementation of current control based on this approach has been reported in An
extension of this model to a nine-phase machine has been demonstrated in for an ultra-high-
speed elevator application, using three decoupling transformations instead of two and three
pairs of d-q current controllers. However, an obvious disadvantage of this model is that its
application is limited to multiphase machines with several three-phase windings. An
alternative to the double-dg model is the VSD model developed in[9]. The VSD model is an
important tool for the analysis of polyphone machines and, subsequently, for the
development of current control methods. Using the VSD approach, an n-phase machine can
be represented using n/2 (or (n-1)/2 for machines with an odd number of phases) orthogonal
subspaces, innate an o-f subspace and several x-y subspaces, as well as the homopolar
components. For a machine with a sinusoidal magneto motive force (MMF) distribution,
only the a-f components contribute to the useful conversion of electromechanical energy,
while the x-y and zero-sequence components only produce losses. Based on the VSD
approach, the a-f equations of a polyphone machine are identical to those of a three-phase
machine, so the direct implementation of standard three-phase vector control becomes
possible. Nevertheless, due to the presence of additional loss-producing components, the
corresponding currents must also be controlled to improve system performance. Compared

to the double-dg model, the VSD model is more general and is applicable to polyphone
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Chapter 1 Multiphase systems: state of the art, problematic and work context

machines of any number of phases. The separation of flux and torque producing
components (a-f) from loss producing components (x-y and zero-sequence) in the VSD
model provides an insightful tool for the development of spatial vector pulse width
modulation ( SVPWM) for multiphase machines, which cannot be done easily using the
double-dg model. In terms of control, it was concluded that similar dynamic performance
can be obtained regardless of the type of model chosen. Nevertheless, it has also been noted
in that six-phase machine vector control using the VSD approach requires voltage
decoupling terms that are less complicated than in the double-dg approach. It should be
noted that although the VSD and double-dg models are essentially applicable to the same
machine, the machine parameters for each model are different. In, it has been shown that if
the mutual leakage inductance between the two three-phase windings is considered
negligible, a simple and direct correlation between the parameters of the two models exists.
The stator resistance and stator leakage inductance are equal for both models, while the
mutual inductance, rotor leakage inductance and rotor resistance of the VSD model are
twice that of the dual model -dg. Despite the various advantages of the VSD model, the
variables are more difficult to physically interpret, unlike the double-dgq model where dql is
clearly tied to the first set of "star 1" windings and dq2 to the second set of "star 2" windings .

Due to this advantage, the double-dg model is the model adopted in this work[8].

1.7 Works carried out for the control of the six-phase asynchronous machine

There are several control techniques have been studied to control the asynchronous
machine. They have been developed to replace vector control, such as direct torque control
DTC and Sliding Mode Control and Sliding Mode Control SMC, providing good
robustness against parameters variations. Among the techniques applied to the control of
the asynchronous machine, the following:

v" Vector Command; Study and Control of a Double Star Asynchronous Machine for
DJABOREBBI Amina 2013. However, producing a speed control for this machine
is of interest.

v" Vector Command; High performance controls of a MADE double star asynchronous
machine via multi-level converters for Mr. Mesai Ahmed Hamza 2019. The main
objective of this work is to present solutions to improve the performance and
increase the control reliability of the machine. dual star asynchronous (6PH-IM).

v’ direct torque control DTC; Contribution to the Control of the Double Star
Synchronous Machine for LAGGOUN Louanasse 2019. the study and improvement
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of the performance of the direct torque control (DTC) of a permanent magnet
double star synchronous machine (6PHIMAP) powered by two inverters Of voltage.

v’ direct torque control DTC; Contribution to the Control of a Double Star
Asynchronous Machine for Brahim KIYYOUR 2020. The aim is to improve the
performance of the Direct Torque Control (DTC) applied to this.

v" Sliding Mode Control; contribution to the control of the double star asynchronous
machine for AMIMEUR HOCINE 2012. contribute to the control of this electric
machine.

v Sliding Mode Control of the Double Star Asynchronous Machine for SOUSSA
CHEMS EDDINE and WALID ABADI and HOUCINE GABOUSSA and
ABDELDGALIL HECHIFA 2022. In this thesis we have adopted PI regulators in

vector control by flux orientation.

1.8 Multilevel converters in the literature

Multilevel converters are finding increased attention in industry application as one of the
preferred choices of electronic power conversion for high-power applications [9] [10] [11]
[12] [13] [14] [15] [16] [17] [18] .They have successfully made their way into the industry
and therefore can be considered a mature and proven technology. Currently, they are
commercialized in standard and customized products hat power a wide range of
applications, such as compressors, extruders, pumps, fans, grinding mills, rolling mills,
conveyors, crushers, blast furnace blowers, gas turbine starters, mixers, mine hoists,
reactive power compensation, marine propulsion, high-voltage direct-current (HVDC)
transmission, hydro pumped storage, wind energy conversion, and railway traction, to
name a few [9]-[18]. Converters for these applications are commercially offered by a
growing group of companies in the field [19]-[26]. Although it is an enabling and already
proven technology, multilevel converters present a great deal of challenges, and even
more importantly, they offer such a wide range of possibilities that their research and
development is still growing in depth and width. Researchers all over the world are
contributing to further improve energy efficiency, reliability, power density, simplicity, and
cost of multilevel converters, and broaden their application field as they become more
attractive and competitive than classic topologies. Recently, many publications have
addressed multilevel converter technology and stressed the growing importance of

multilevel converters for high-power applications [12]-[17]. These works have a survey
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and tutorial nature and cover in depth traditional and well-established multilevel converter
topologies, such as the neutral point clamped (NPC), cascaded H-bridge (CHB), and flying
capacitor (FC), as well as the most used modulation methods. In this thesis an application
of three and five level converters fed the six phase induction machine is presented in

chapter 4.

1.9 Conclusion

In this chapter a state of the art relating to the history of the electric machines with their
constitutions and operating principles, such as the existing topologies, the model types and
the various strategies of controls most for the multiphase systems is presented. The
advantages and disadvantages of each strategy have been addressed using the work already
carried out by several researchers concerning the various control techniques most used in
multiphase systems.

The next chapter will present the modeling and the vector control of the six-phase

asynchronous machine powered by two voltage inverters.
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Chapter Il study and modeling of the six-phase induction machine

1.1 introduction

The modeling of any system is necessary for the application of a particular command. In
this chapter, we will be interested in the modeling of the different parts of the studied
system, which consists of the 6PH-IM, the converters and the continuous bus. in fact the
modeling of the electrical machine calls upon very complex equations , the distribution of
the windings and the specific geometry of the 6PH-IM make its model difficult to
implement. However, the adoption of certain simplifying assumptions makes it possible to
circumvent this difficulty. In this chapter, the modeling of 6PH-IM feed by two power
converters and are presented,

In this study an angular offset of the 6 PH-IM o = 30° (Angle between adjacent phases) is

considered. Finally, simulation results will be presented and commented on.

11.2 Six phase machine description:

The 6PH-IM consists of a stator carrying two identical three-phase windings offset by an
electrical angle a = 30°, and a squirrel-cage rotor. Figure 2.1 schematically represents the
windings of the 6PH-IM. The angles 0r and (6r — a) respectively represent the position of
the rotor (phase ar) with respect to star 1 (phase asl) and star 2 (phase as2). The quantities

relating to the two stars (1 and 2) will be denoted respectively by the indices 1 and 2 [27].

I‘}sl' g2

( Etoile2 )

bsz

Coy Cs2

Figurell.l :Schematic representation of the 6PH-IM windings
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11.3 Simplifying assumptions:

6PH-IM, with the distribution of its windings and its own geometry is very complex to lend
itself to an analysis taking into account its exact configuration, and as we have already
raised, it is then necessary to adopt some simplifying assumptions, [28].
We consider the following assumptions:
e The magnetic circuit is unsaturated, which makes it possible to express the fluxes as
linear functions of the currents.

Losses (by hysteresis and eddy current) are neglected. the magneto motive forces

created by each of the phases of the two armatures have a sinusoidal distribution.

e The effect of the temperature variation on the stator and rotor resistances is
negligible.

e The perfect symmetry of the machine, both magnetic and electric.

e Theair gap is constant.

e Neglected skin effect.
11.4 Modeling of the six-phase machine[8]:
11.4.1 Electrical equation of the six-phase machine:

The voltage equations of the machine six phase represent for each winding the sum of the

holmic drop and the inductive drop due to the flux.

For star 1:
. do
U,q =Ryig +—=
asl sl'asl dt
. de,,
Uy = Rylipg +—= (11.1)
dt
i do
U, =R,i —=L
csl sl'csl dt
For star 2:
. do
U, = Ryl +—22
as2 s2'as2 dt
. do,
Uy = Rl +—222
bs2 s2°bs2 dt (”2)
. do,
Uy = Roglyg, +—-22
cs2 s2°cs2 dt
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For rotor:
0=U,_ =R, +3%
dt
O=Ubr = Rribr +%
dt
O:UCI’ = Rricr +%
dt

In matrix form, we have:

For star 1: [U, |=[Ry, ]-[isl]+%[(/’sl]
For star 2: U, ]=[R,, 1[i52]+%[¢7sz]

For rotor: [U, |= [Rr].[i,]+%[gor]

With :
U asl U as2 U ar
[Usl]: Ubsl ;[USZ]: Usz ;[Ur]: Ubr
chl chz Ucr

[U,]: Star 1 voltage matrix ;
[U.,]: Star 2 voltage matrix;

[U ; ]: Rotor Voltage Matrix.

With :

Iasl Iasz Iar
[Isl]: Ibsl ’[ISZ]: Ibsz ’[Ir]: Ibr

Icsl IcsZ Icr

[isl]:Current matrix of star 1,
[i52 ]: Current matrix of star 2;

li, ]: Rotor current matrix,

With :

University of ElI-Oued

study and modeling of the six-phase induction machine

(11.3)
(11.4)
(11.5)
(11.6)
(I1.7)
(11.8)
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Rasl = Rbsl = Rcsl ; Rasz = Rbsz Rcsz et R R br — Rcr (”9)
Ry, 0 O R, 0 0 R, 0 0

[Rsl] = O Rbsl 0 ; [Rsz]: 0 Rbsz 0 ; [Rr ] = O Rbr O (| | 10)
0 0 Ry 0 0 Ry 0 0R,

[R,,] :Resistance of a star phase 1;
[R,, |: Resistance of a phase of star 2;

[Rr]: Resistance of a phase of the rotor.

(oasl §Das2 (Dar
[¢sl] = (Dbsl [(052] ¢’b52 ; [ r ]: ¢br (l | 11)
(Dcsl (0(:52 (Dcr

[(psl]: Flux matrix of star 1,
[¢sz]3 Flux matrix of star 2;

[ r]: Rotor flux matrix.

11.4.2 Magnetic equations of the six-phase machine:

The stator and rotor fluxes as a function of the currents, the self-inductances and the mutual

inductances, are expressed from the matrix obtained by the following equations :

[Las ] Mo M,

|
[ ( [ sZsl][LSZSZ][MSZr] (1.12)
Mol ][]
[.:] [i,]
[0 ]| =[LO)} [i.] (11.13)

[.] i.]

The sub-matrices of the inductance matrix are expressed as follows:

(L,+L,.) L, cos[z—”j L. cos[ 47[)
3 3
[le,sl] = Lms 003(4{) (le + Lms) Lms COS(%) (I |14)

L. cos(%) L, cos(%[) (L, +L,.)
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(L,+L,) L, cos(z—”j L., cos(4—”j
3 3
[Lsz,sz]= Lms COS(%) (Lsz + Lms) Lms COS(%) (I |15)
L. cos(z—ﬂj L. 003(4—7[) (L, +L,)
L 3 3 -

[Lr,r ] = Lmr Cos(%j (Lr + Lmr ) Lmr COS 27[
L. cos(z—ﬁj L. 003(4—”) (L, +L,)
i 3 3 1 (11.16)

L. cos(e) L, cos(a + 2?7;) Lo cos(a + 4?7[)
4 2
M., ]=| L, cos| &+ 5 L. cos(e) L, cos a+ 5 (11.17)

L. cos(a + 2?”) L. cos[a + 4?”) L, cos(a)

L,cos(6.) L, cos(é’r + 2{) L, cos(é?r + 4?”)
M. ]=| L, cos 6, il L,cos(,)  L,cos 8, +2F
' 3 3

L, cos(er +2§j L, cos(@r +4§j L,, cos(8,)

: (11.18)
I 27 47)]
L, cos(6, —ax) L, cos(er —a+ ?j L, 003(6’r —a+ ?j
M, ]=| L, cos(@, —a+ %”j L cos(0, —a) L, cos(@r —a+ %”j (11.19)
L, cos(é?r —a+ 2?”] L, cos(@r —a+ 4{] L, cos(6, —a)

[M sz,sl] = [M 51,52 ]t ; [M r,sl] = [M sl,r]‘ ; [M rs2 ] = [M s2,r ]‘ (11.20)
2

Lms = I-mr = Lsr = _Lm (”21)
3

With :
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L, :The self-inductance of the statorl;
L., : The self-inductance of the stator2;

L, : The self-inductance of a phase of the rotor;

L, : The maximum value of the stator mutual inductance coefficients;

L., : The maximum value of the rotor mutual inductance coefficients;

L., : The maximum value of the mutual inductance coefficients between a star and the
rotor.

11.4.3 Magnetic energy of the six-phase machine:

We can calculate the magnetic energy stored in the rotor from the following expression.

Wy = T o]+ T oo ]+ i Tl ) (122

11.4.4 Expression of the electromagnetic torque of the six-phase machine:

The expression of the electromagnetic torque is obtained by the derivation of the co energy

with respect to the magnetic angle .

d d
Cem :meag = pwwmag (”23)

mag e
With :
p : pole pair number.

0_.. - magnetic angle.

mag

0, : electric angle

Cor= 2l g I BT+ e 1) a2

With ;
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6. : Rotor position relative to star 1 [rd].

11.4.5 Mechanical equation of the six-phase machine:

dQ
JE:CméC :Cg _Cem —Cf (”25)
With ;
=2 (11.26)
p
On the other hand :
o - dd‘i’r (11.27)

1.5 Park-based transformation:

In order to obtain a mathematical model that is simpler than the physical model of the
system, orthogonal transformations are used. In which simple equations by appropriate
changes of variables are obtained. Among the most used transformations is that of Park
[29].

Park's transformation consists in transforming the system of three-phase stator windings
with axes a, b, ¢, into a system equivalent to two two-phase windings with axes d, q

creating the same magneto motive force

The homopolar component does not participate in this creation of fate as the homopolar

axis can be chosen orthogonal to the plane (d, q) [29].
11.5.1 Park's matrix in general:

For star 1 is defined as follows:

_ cos(9) cos(e - %) cos(é’ + gj _
[P(6,)]= % —sin(@) —sin (9—%} —sin (9+§) (11.28)
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cos(6) —sin(6)

PO, = \/g cos[@ - %) —sin (.9 _ gj
_cos(e + %) —sin [0 + gj

* For star 2 and the rotor, we replace in (11.28) et (11.29) &by (9—0{) and then by

(11.29)

ol - = 1 -

(Hgl =0- Qr) respectively.

11.6 Choice of benchmark:

Three types of frames of reference are interesting in practice, the choice of the frame of

reference made according to the problem to be studied [30].

11.6.1 Frame of reference linked to the stator (wcoor=0).

do,

dt (11.30)
0,=0.+0 (11.31)
do, _,_d6,  do

dt dt dt (11.32)
dg, do

dt dt (11.33)

This reference frame is stationary with respect to the stator, used for the study of starting

and braking of alternating current machines with connection of resistors

11.6.2 Referential related to the rotor (wcoor= wr).

dg,
dt (11.34)
do, do _

dt  dt (11.35)
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This reference frame is stationary with respect to the rotor, used for the study of transient

regimes in asynchronous and synchronous machines.

11.6.3 Referential to the rotating field o; =w. et Oy =0e —®

déo

- = a)s

dt (11.36)
d_g =05 — pQ

dt (11.37)

The latter is used to realize the vector control due to the fact that the manipulated quantities

become continuous.
11.7 Park model of the 6PH-IM:

In our work, we used this reference for the modeling of the 6PH-IM. Because this frame of
reference is generally used with the aim of being able to apply a command of speed, torque,
etc. since the quantities in this frame of reference are continuous. This system of “d, q” axes

is fixed with respect to the electromagnetic field created by the stator windings, hence [8].

()

coor

:a)S

The general expression of the Park transformation is obtained by the projection of the three-

phase quantities of the machine on two perpendicular axes d and g.

quo = P(es )Xabc (“38)
d
N
/" 0 -6,
ay
- i;l F 3
E Vdsi
- 0 —uo
o o A ds2
E idg_' Vds2 Gl -
o O, —a
—~ i ¥ s
< 1dy
= T
N E)r_ asy
N v
q < 8848 mm .L(‘('f‘ﬂ

igsl igs2 Tar
-— e
Vgsi Vgs2

Figure 11.2: The generalized model of 6PHIM along the axes

University of ElI-Oued Page 23



Chapter Il study and modeling of the six-phase induction machine

11.7.1 Matrix equation of 6PH-IM with Park transformation
. d
U dst — Rslldsl + a¢dsl - a)sgpqsl

. d
gsl — Rsllqsl + agoqsl + W Dys1

U
. d
U = Raalgso "'d_(Pdsz — W Pysr
t (11.39)

. d
qu2 = RsZ'qu + a¢q32 + O Py

. d
Udr = erdr +a¢dr — Oy Pyr

. d
Uqr = erqr +a¢qr +a)gl¢dr

Or:
. — @, (11.40)
The components of the stator and rotor fluxes are expressed as follows:

¢dsl = leldsl + I—m (Idsl +lgs2 + Idr)
¢qsl = lelqsl + Lm (Iqsl + Iq52 + Iqr )

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

. . i . 11.41
¢q32 = LsZ'qu +Ln (Iqsl tlgs2 + Iqr) ( )
¢dr = I—ridr + I—m (idsl + idsZ + idr)
¢qr = I—riqr + L (iqsl + iqsz + iqr)

With :
dé
0, =— 11.42
dé
®, =— 11.43
T gt (11.43)
:%_dﬁr =0, -0, (11.44)
dt dt
With :

: Cyclic self-inductance of stator 1. L, + L,
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: Cyclic self-inductance of stator 2. L, + L,

: Rotor cyclic self-inductance. L, + L

3 3 3
L. ==L = 2 L, = > L,, : Cyclic mutual inductance between star 1 and 2 and the rotor.

m ms
2

11.8 Put in the form of an equation of state

Putting the system in the form of a state, we find:

|- EL)- 0, cT-PT) (11.45)
Or:
[B]=diagll 1 1 1 0 0] (11.46)

Command vector:

[U]:[Udsliuqsl’udsz’quz’Udr’Uqr (”47)
State vector :
[I ]: [idsl’iqsl’idsZ’iqSZ'idr’iqr]‘ (”48)
7 d
L =—Il 11.49
{ } dt[ ] (11.49)
_(le + Lm) 0 |_m 0 Lm 0 _
O (LSZ + Lm) O Lm 0 Lm
L 0 L,+L 0 L 0
L= 7 (L L) § (11.50)
0 L, 0 (L, +L,) 0 L,
I-m 0 I—m (Lr + Lm) 0
- 0 Lm 0 m 0 (Lr + I-m )_
0 0 0 © 0 0 ]
0O 0 0 o© 0 0
0 0 0 o0 0 0
c]= 0O 0 0 0 0 0
0 -L, 0 -L, 0 —(L, +L,)
L, 0 L, 0 (L+L,) 0o (1151)
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[ Ry ~o,(Ly+L,) 0 ~ol, 0 -ol,]
oLy +L,) R, oL, 0 ol, 0
D]- 0 —o,L, R,, ~o(L,+L,) 0 -ol, (1152)
oL, 0 ~o,(L, +L,) R, ol, 0
0 0 0 0 R, 0
0 0 0 0 0 R, |

11.9 Expressions of the absorbed power and electromagnetic torque

The power of the 6PH-IM in the system of axes (d, q), while neglecting the homopolar
components is expressed by:

Pa :Vdslldsl +V +Vd52|d52 +V

o522 (11.53)

qsllqsl

By replacing the voltages (Vdsl,vqsl,vdsz,vdsz) by their expressions in the equation we find:

- . . . d@ . d(o ] - d(o . dw 2 .
P, = [RyiZ, + Rily + Rz, + Roi%, [+ =L, +—= 402 4 —2j
a [ s1°dsl s1°gsl 52'ds2 2 qu] d,[ dsl dt sl dt ds2 dt 0s2
Terme 1
Terme 2 (||,54)

+ a)s (wdsllqsl - qulldsl + (Ddszlqsz - q)qszldsz)

Terme 3

This expression is made up of three terms, the first term corresponds to the losses by Joule
effect, the second term represents the variation of the electromagnetic energy (energy

reserve), the last term is the stored electromagnetic power (Pem).

By the comparison between the universal relation of electromagnetic power and the third

term of supplied power:

Pem = Qs ((Ddsliqsl - (Dqslidsl + (DdsZiqu - ¢q32id52 ) (11.55)
We find:
Cem = p((”dsliqsl - ¢qslidsl + (Ddsziqsz - (Dqszidsz) (”-56)
P P
C = em _ em
ey P o, (11.57)
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Other expressions of the electromagnetic torque are possible. By replacing the

expressions(11.40) in (11.56), we get :
Cem = me {(iqsl + iqszﬁdr - (idsl + idsZ )iqr} (”'58)

From the rotor flux equations (@, et g, ) expressed by (111.40), we get

1

idr = Lm + I—r [(/)dr - I-m (idsl + idsz )] (”59)
. 1 . .
Iqr = Lm N Lr [wqr - Lm (Iqsl + Iqu )] (”60)

By replacing (111.59) and (111.60) in the equation (111.58), we will have the relation of the

electromagnetic torque in the Park frame (d, q) as follows:

Cem = pﬁ {(iqsl + iqsz )¢dr - (idsl + idsz )¢qr } (”61)

11.10 Simulation of the 6PH-1M powered by sinusoidal voltages

The simulation consists of implementing the electromechanical model of 6PH-IM under the

Mat lab/Simulink environment[31].

Ws

s

tensions Vdgs2

Figure 11.3 :The simulation block diagram
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Chapter Il

11.10.1 Simulation Results:
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Figure 11.4: Performances de la six phase induction machine lors d’un démarrage a vide.
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Figure I11.5: Performances de la six phase induction machine avec application d’un couple
de charges Cr=14 N.m between 2s et 3s .
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11.10.2 Discussion of the results

We simulated the operation of the asynchronous double stator machine powered directly from
the standard network (220/ 380V, 50Hz), empty and loaded.

The simulation results given by the figures (Figure 1.5 and Figure 11.4), these figures
represent the evolution of some fundamental variables of the asynchronous machine, namely
the speed of rotation (w,), the electromagnetic torque (Cem), stator phase currents (isa1, isa2),

currents according to axes d and q (isdz isd2, isq1 isq2) and rotor flux (flux rd, flux rq).

At start-up and during the transient speed, the speed increases and evolves in an almost linear

manner and reaches 313.8 rad/s at~0.8s (start of permanent diet).

The electromagnetic torque, at the beginning reaches its maximum value of 85.4N.m, and
presents oscillations that disappear after 0.4 s, where it reaches 42.4 N.m, then it decreases in
an almost linear way and stabilizes at its minimum value of 0.314 N.m, which is due to
friction. The stator currents (stars 1 and 2) show excessive exceedances inducing strong
current calls of about 4 times the nominal current, but which disappears after some
alternations to give rise to sine forms of constant amplitude. The stator currents along the
direct and quadrature axes evolve in a manner roughly analogous to the evolution of the
velocity; nevertheless, there are slight oscillations at the level of the latter during
approximately 0.3s. The evolution of rotor flows is almost identical to that of the

electromagnetic couple.

Applying a strong torque load, Cr = 14 N.m (engine-running machine) from the moment t =
[2,3]s, we see that the speed and currents according to (d,q) decrease and stabilize
respectively at wi= 298 rad/s , igs1 = igs2 = —1.97A et igs1 = igs2 = —4.13A; in contrast, increases
are observed in the electromagnetic torque, stator currents (stars 1 and 2) and at the rotor flow
level according to (d,q), which stabilize respectively at Cem = 14.33 N.m (slightly more than
the load torque), iast = las2 = 3.74 A, flux dr =—1.11wb et flux qr=0.11wb.

However, in motor operation, the slippage of the machine becomes a little more important
than at vacuum, the supply voltage Vas1 and stator current issiare almost in phase and of the
same sign; however, the offset behind the current in relation to the voltage due to the
inductive effect of the machine, the two quantities are of the same sign means that the

direction of transition of the power is positive.
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11.11 Conclusion :

In this chapter, we studied the modeling of 6PH-IM machine as motor. This modeling
allowed us to establish a mathematical model of this machine whose complexity was
reduced by numbers of simplifying hypotheses. Thus, we applied Park’s transformation to
the equations of system in order to facilitate their implementation through Matlab Simulink.

Then we interpreted the obtained results.

The insertion of the load causes a variation in speed and shows the strong coupling that
exists between the two axes (d ) which makes separate control very difficult. To solve this
problem, we propose in the next chapter the vector control technique which based on the
flux orientation which allows a decoupling of the system and facilitates the independent

adjustment of each axis.
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Chapter III Field oriented control of the 6PH-IM powered by two-level converters

I111.1 Introduction

Vector control was initially introduced by Blascke in 1972 . However, it could only be
implemented and used with advances in microelectronics. Indeed, it requires Park
transform calculations, evaluation of trigonometric functions, integrations, regulations

etc., which could not be done in pure analog.

In this chapter, we will apply vector control by orientation of the rotor flux on the 6PH-
IM. However, we first present a reminder of the principle and the different methods of
vector control, we then give the application of the latter on the MASDE, and we will
finally comment on the provided performance by this type of adjustment after the

obtaining and illustrating simulation results.

111.2 Modelling of the machine feed.

In the supply of the variable frequency machine the static converter is used, which
delivers, controls the frequency and amplitude of the stator voltages or the amplitude of
the stator currents. The frequency is proportional to the speed of the machine. In this

study, the static converter consists of three stages:

A rectifier connected to the three-phase power supply network, which transforms the AC
voltage into a continuous, LC low-pass filter that reduces current and voltage ripples, and
for the existence of the two stator windings require two inverters controlled by MLI which
allow to supply the machine by a system of alternating voltage with variable frequency.

The general structure of feeding is given in figure (111.1).

The required characteristics of the electric actuator depend on the machine, the power
supply of the network and the type of control applied to the frequency converter. Thése

characteristics are [32] :

- Atorque with the minimum possible ripple, controllable by the smallest number
of variables, in both dynamic and steady state.

- A wide range of speed variation.

- Low electrical and mechanical time constants.

- The three-phase power source is assumed to be symmetric, frequency and

constant amplitude
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Figure 111.1: synoptic diagram of a 6PH-IM and its power supply.

111.2.1 Rectifier Modeling:

Diode and thyristor rectifiers provide continuous alternative conversion, fed from the
single-phase or three-phase network, they provide the output with a continuous voltage of
fixed or variable value, either for direct feeding to a receiver, or to power another

converter. [33]

In our work, we are only interested in the 3-phase, uncontrolled dual-alternation rectifier
with diode components (Figure 111.2). Rectifier power is supplied through the three-phase

power grid where the voltage system is balanced.

i, P
x “~
1 D7 D2 D=

vd

L4

Vo
vb

nJ
v
nJ

O T

Figure 111.2: Representation of the three-phase diode

This rectifier has three diodes ( D;, D,, D) with common cathode providing current and

three diodes (D,, Ds, Dg) common anode ensuring current return.

The rectifier is powered by a balanced three-phase system with constant voltage and
frequency amplitude. Voltage drops and losses in the diodes are ignored. The rectifier is

then powered by the following three-phase system:
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U,(t) =V, sin(wt) (1.2)
Up(£) = Yy sin (wt — =)

(11.2)
Ue () = Vpsin(wt — =) (1113.)

The voltage at the rectifier output is given by :

Ured (t) = Max[Ua (t)' Ub (t)' Uc (t)] - Min[Ua(t): Ub (t): Uc(t)] (| | |4)

And its average value is given by :

V3. 1, (111.5)
Uqg moy — T
Its ripple factor is given by:
(111.6)
K% = Ud max ~ Udmin = 704,
2.Ug moy

The diagram in Figure 111.3 shows the speed of the three-phase voltage system

(Ug, Up, U,) at the rectifier bridge inlet and the straightened voltageU, at the exit

of this one.
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400 \'U "m\,w '/'A‘\v""’\ /’VA\ :{‘A 1{",, A f o ¥ - I - v a w‘mx a/"" \ Y a @"A\ f . g - I a I b w"‘/\ «J"A\ :{"A\ :{‘A :/ o N} .
= 200 AN SAN/AN SN NN
[ \ ) ) \ \ \ \
E Y NN
D o \ \
OOODOU
/ . ' A \ /A J . /3
-200 h NG NN N/
-400 * - - - ;
(@) 0.02 0.04 0.06 0.08
temps|s]

Figure 111.3: Supply voltages and rectified voltage.
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The voltage obtained by this rectifier has significant ripples, which requires a filter to
decrease these ripples.

111.2.2 Filter modeling:

Between the rectifier bridge and the two voltage inverters, a LC filter is inserted
(passebas) to decrease the ripples of the voltage source and continuous current as shown in
figure(111.4).

Figure I11.4: Filter diagram.

- Capacity Cy allows to obtain at the input of the inverter a substantially constant
voltage U, and to absorb the negative current returned by the load.

- inductance Ly can reduce current ripples i,.
This filter is modeled by the following equations:

dig

w_ 1y (111.7)
ar ¢, (ia =D
The filter transfer function is given by the following relation :
_u@s) _ 1
F(S) - Uga(s) - LfoSZ+1 (I“8)
This is a second order function, the cut frequency is:
fo = — (111.9)

~/Lf.Cf
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To size the filter, the choice of values of inductance and capacity can be obtained by
laying down the simple condition that consists in eliminating harmonics of order greater

than or equal to two. Resonant pulse is significantly higher than the use pulse.

111.3 Modeling of the two level inverters

A stand-alone inverter (with PWM control) is a static converter which ensures the
transformation of the energy of a continuous source into an alternative energy, which can

be at fixed or variable frequency

The speed and torque control of the 6PH-IM is carried out by simultaneous action on the
frequency and on the amplitude of the stator voltage, based on variable frequency voltage
inverters. Each 6PH-IM star is connected to a three-phase inverter with controlled
switching. The latter consists of three branches where each is composed of two pairs of

supposedly perfect switches and whose commands are disjoint and complementary;

<11

. K
\ I
| Vg
,f)ll

—

a

1 - T
E ~© b Ven

ic —
_ < L Ky K e
E Ty, Tz:ﬁ %3 =
2 A —£
Dy Da; Das
' |

(s}

—

Figure 111.5: Scheme Two-level three-phase voltage inverter.

Each switch (transistor + diode) (Figure 11.5), (,i=1, 2 or 3 j =1 or 2), supposedly
idealized. We can establish the relations:

V-V, +V, -V,, =0 (111.10)
V,, -V, +V, -V, =0 (11.11)
Adding these equations, we get:

Ny—2N,+V, +V, -V, -V, =0 (111.12)

The single voltages form a balanced three-phase system such as:
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V,+V, +V, =0

(111.13)
In(111.12), we can replace by and we get
V, = %(2le ~V,, —Vs)
V, =%(—v10 +2V,, = Vs, ) (111.14)
V, = %(—v10 ~V,o +2V,,)

each switch is represented by a transistor-diode pair which is modeled by two states
defined by the following logic connection function:

_J1 lintérrupteur i est fermé (K; conduit, K bloqué)
O I'int érrupteur i est ouvert (K, blogue, K conduit)

With:

fo+f=1 et i=1.3.
The equation in matrix form we have:

V, c 2 -1 -1|f,

Vv, =3 -1 2 -1|f, (111.15)
V, -1 -1 2| f,

111.4 Inverter control strategy

The control of the inverter by PWM (Pulse Width Modulation) makes it possible to
produce from a source at fixed frequency and voltage, alternating voltages variable in
amplitude and frequency, with a low harmonic content. For our study we apply the sine-

triangle PWM control strategy [34].

111.4.1 Control by sine-delta modulation

The sine-triangle PWM is produced by comparing a low-frequency modulating wave
(reference voltage) to a triangular-shaped high-frequency carrier wave.

The instants of switching are determined by the points of intersection between the carrier
and the modulating. The switching frequency of the switches is fixed by the carrier [34].

The sinusoidal reference voltages are expressed by:
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For the first star:

Vg =V, SIN( 27£t)

Vg =V,, Sin( 27ft — %) (111.16)

Vi =V, SIN( 27ft + %)

For the second star; It suffices to replace in the system of equations , by and the index
1 by 2.

V4T )-1 Si 0<t<T_ /2
Vo l-alyT,)+3] si T,/2<t<T,
This technique is characterized by the following two parameters:
e The modulation index m,,, equal to the ratio of the modulation frequency( f )

on the reference frequency (f);

e The voltage adjustment coefficient r equal to the ratio of the amplitude of the
reference voltage (V,,) at the peak value of the modulation wave (v )

I11.5 Association of the 6PH-IM with static voltage converters controlled
by PWM control

The schematic representation of the association of the 6PH-IM with two voltage inverters
with sine-delta PWM control is given by the figure 111.6

E
~h .
Viefll lasl
Veefl2 | ONDULEUR L
_ viefld J MLIN®1 fesl :
Fy
Porteuse | WA
E
- h .
Vief21 N 1as? >
Veep? |  ONDULEUR ibs2
VieD3 | MLIN®2 fes? |
A

Porteuse

Figure 111.6 : Association of the 6PH-IM static voltage converters with PWM control
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111.6 Origins of Vector Control :

The origins of vector control, contrary to popular belief, go back to the end of the XIXth
century and to the works of A. Blondel on the theory of the reaction of the two axes.
However, given the technology used at that time, there was no question to transfer this
theory to the control of electrical machines. It is only towards end of the fifties thanks to
the use in Eastern Europe of the method of [35].

I11.7 Principle of Vector Control :

The principle of vector control (or oriented flux control) consists in directing one of the
stator, rotor or air gap flux components on an axis of the reference frame rotating at the

speed ws.

The purpose of this command is to assimilate the behavior of the six-phase induction
machine to that of a DC machine with separate excitation figure (111.7).

Indeed in a DC machine the armature current Ia controls the torque and the field current
If controls the flux [36].

The expression of the electromagnetic torque of the MCC is given by:
Cem = K®Io=K1a1y.

With:

@ : Flux imposed by the excitation current/f.

Ia: Armature current.

K, K': Constants.

idSl
Découplage
Iq If iqsl (d-q)
Machine a Courant
L'dsz Découplage
fes2|  (d-q)

Figure 111.7: The principle of vector control
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In the expression of the electromagnetic torque of 6PH-IM, if we apply the orientation
condition.

Com = D=2 [(igsr + igsz)Par — Gigs1 + iasz)Dgy] (111.18)

Ly+Ly

The equation then becomes:

Com = P —2—[(igs1 + igs2)®r] = K8, 4 (111.19)

Lm+Ly
111.8 Flux orientation process
There are three types of Flux orientation
Orientation of the rotor flux with the conditions @4.= @,04,=0
Orientation of the stator flux with the conditions @;,= @;0,,=0
Air gap Flux direction with conditions @ 4,,,= @, @ =0

Many researchers use the orientation of the rotor flux for the control of the electric
machine . In our study, we opted for the technique

orientation of the rotor flux. For the six-phase induction machine, vector control consists
in decoupling the quantities generating the electromagnetic torque and the rotor flux. In
the expression of the electromagnetic torque of the 6PH-IM, (3.2), if one coincides the

rotor flux with the axis (d) of the reference frame related to the field

turning, that is to say: : @4,= @, @4-=0.

Lm . . . .
Cem = pm [(lqsl + lqsz)(bdr - (ldsl + ldsz)wqr] (“I-ZO)

The equation then becomes:
Lm . o
Cem =P 2 [(igs1 + lgs2) 817K 01 4 (1n.21)

From equation (IV.3) we find that the electromagnetic torque results from the interaction
of a flux term and a current term. This expression refers to the torque of the separately
excited DC machine. It is therefore concluded that the operation of the six-phase induction
machine, with its vector control, is similar to that of the DC machine with separate

excitation[37].
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111.9 Vector Control Methods
The vector control technique of the 6PH-1M can be either direct or indirect [38].

111.9.1 Direct control Method

This method consists in determining the position and the modulus of the flux whatever the

operating regime. Two methods are used for this:

— Measuring the flux in the air gap of the machine using a sensor, the main
drawback of this technique lies in the fact that the flux sensors are mechanically
very fragile.

— Flux estimation using mathematical methods. This method is sensitive to

variations in machine parameters
111.9.2 Indirect control method

This method does not use the amplitude of the rotor flux but only its position, it does not
require the use of a rotor flux sensor but requires the use of a position (speed) sensor or

estimator rotor.

The major drawback of this method is the sensitivity of the estimate towards the variation
of the machine parameters due to the magnetic saturation and the variation of the

temperature, especially the rotor time constant.
111.10 Speed control by the direct method:

Direct vector control requires knowledge of the module and the position of the rotor flux.
For this purpose, an estimator of the rotor flux ¢r is implemented from the measurements
of stator currents and the transformed into ids1, igsl, ids2 etiqs2 and the slip pulsation

[39]. The figure (I11.8) represents the simplified block diagram of the flux-orientedcontrol.

L 7
d);f dl

Commande a flux Orienté FOC %

(Fielc riented Control)
. Field Ori 1C 1
Cem ' > Va2

Figure 111.8: Simplified block diagram of flux oriented control (FOC)

University of El-Oued Page 43



Chapter III Field oriented control of the 6PH-IM powered by two-level converters

By applying the orientation of the rotor flux to the system equations (11.61) becomes:

1

Idr = m [Q)r - Lm(idsl + idsz)] (|“22)
—Lm . .
Iqr = m (lqsl + lq52) (|“23)

Substituting (2.3) and (2.4) in (1.42) we find
Das1 = Mlags1 + Linigs, + 00y
Bgs1 = Mlgs1 + LiNigss
Das2 = Ayigsy + Linigsy + 105y (1.24)
Dgsz = Azlgsz + LyNigs:

With:
= Aap=liysy + Ly (111.25)
And we have :
@7 = L (igs1 + las2) (111.26)
Ior = _w%@ (111.27)

By replacing in the system of stator voltage equations (11.39), we obtain:

. d . eer -
Vas1 = Rs1lass + Lsa dt lgs1 — Ws (Ls1igsy + Tr(brwgl)
i . d. . . .
Vgs1 = Rsllqsl + LSlE lgs1 — Ws (Ls1igs1 + Qr) (“I-28)

* _ . d . * . * *
Vasz = Rs2lgsz + L2 dt las2 — Ws (Lszlqsz + Tr(brwgl)

. _ ] d . " . "
quz - Rsllqsz + LsZ E lgs2z — Ws (Lszldsz + (Dr)

Sur un:

i+ iy, = Lmthn) o (111.29)
qsi qs2 — PLm @ em .
Wi = M (x4t ) (111.30)
9L WmtLpyoy S AT T NAs2

The torque expression shows that the reference flux and the quadrature stator currents are
not perfectly independent. For this, it is necessary to decouple the torque control and the

flux control of this machine by introducing new variables:
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Vas11 = Rslidsl + le E idsl

, a .
Vgsu = Rsllqsl + Ly dat lgs1 (|||31)

Vasa1 = Rsplgsy + L a las2

Vgs2 = Ry, iqsz + L, a iqsz
The system (III.15) implies that the stator voltages and currents are directly related. To

compensate for the error introduced during decoupling, the reference stator voltages are

introduced:

v2$1 = Vas1t — Vasic

v;ﬂ = Vgsu + Vgsic

Vasz = Vasat — Vaszc (111.32)
v;SZ = Vgs21 + Vgs2c

With:

Vasic = Ws (Lsiigsy + Tr@rwg;)

Vgs1c=Ws (Ls1igs1 + @7)

Vasze = W5 (Lszlgsy + T 0rwg;) (111.33)
Vgszc = W3 (Lsalgsy + @7)

For a perfect decoupling, we add the regulation loops of the stator currents idsl, idsl,

igsl, igs2 we obtain at their outputs the stator voltages, .Vds1, Vds2, Vgs1, Vas2.

I11.11 Synthesis of Pl controllers

The purpose of using controllers is to ensure better robustness against internal or external
disturbances[40].

The identification of the parameters of the PI controllers of the systems whose transfer

function is of the first order, such as :

1
as+b

H(s) = (111.34)
Generally done as follows:

The transfer function of a PI regulator is:
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Ki
C(s) =K, +3 (111.35)
With:
Kp: the proportionality coefficient;
Ki: the coefficient of integration;

The representative diagram of the regulation loop of a first order servo system with unit
feedback regulated by a PI is given by the figure

Perturbation Z

Sortie Y

Entrée X-I_;- Erreur Cs) + H(s) >

Y
Y

e=X-Y

PI FT

Figure 111.09: First-order servo system controlled by a PI.

The disturbance is generally neglected in the steps of identifying the parameters of the

controllers.

The open loop transfer function of the servo system is:

KpS+K;
T(s) = C()H(s) = Lt (111.36)
In closed loop we get:
F(s) = —&) KpSHKi (111.37)

T 1+T(s)  aS?+(Kp+b)S+K;

In control to have a behavior of a first control system whose transfer function is of the

form:
1
G(s) = — (111.38)
It suffices to identify (11.23) with (11.24) as follows:
K,S+K;
p>t =1L (111.39)

aS2+(K;+b)S+K;  rs+1

Which give:
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aS? + (Kp + b)S + K; = KptS? + (Kp + K;1)S + K;

(111.40)
(111.41)
(111.42)

111.11.1 Parameters of current Pl controllers:

Figure (111.10) shows the diagram of the stator current regulation loop (stars 1 and 2).

*

Isl‘qu + k‘l 2 K vsl‘qu N 1 Isl_.2d1:|
il, + >
- S S L,,s+R,,
Figure 111.10 : Stator current regulation loop.

With:
Kpy =2 et Kp, =2 (111.43)

RS RS
K1 = 71 Kz = Tz

We take r = r,/6 to have fast process dynamics, with rr = Lr/Rr being the electrical
(rotor) time constant of the system.

The voltage decoupling block diagram (Field Oriented Control: FOC) is shown in Figure
(11.12).

d.° R,+H{L+L.)S > .
Lt L )2 e y .
r 4 Laa + P1 Vg +=® \,m;
2R 4 -4 v
+ stde
Y +
~ . - I3 -+ y
Cum (L+Ly) L1 _’? ol Pl l : "slq > \’slq >
Zpl.,L —I‘I \".xlqu —
- o ) p )
Llaia Isal
A fe—al
Ly ™ Ishy
i K Lot —
sla
-;® ‘I Pl I V24 = 0. I Verd -
T e 1
Vs2de
(L) o o g
< ) ; (0N >
2pl.,, + 8 Voo + Vs:q'_
> Pl l ; + i
Vslq -
En (0. -o0) .
P e !rml
1 isld A ‘—IL
’ - i e —Jac2
ls'_‘q K
w,

Figure 111.11 : Voltage decoupling block diagram
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111.11.2 The parameters of the speed PI controllers:

The speed regulation diagram is given by the following figure 111.12:

kv 1 ®
4K, —
s Js+ f
Figure 111.12: Speed regulation block.
Following the same steps as in the previous calculation, we find:
Kpy =2 (111.44)
f
Kiv == (111.45)
We take: r = ;.
The command must be limited by a saturation device defined by :
Cem = Comst|Com| < CORF (111.46)

Cem  signe(Cem)Si|Cor | = Com™
111.12 Field weakening block:

The principle of this method consists in directly determining the component of the rotor
flux from the mechanical speed of rotation of the rotor using a speed sensor, this is

achievable for a de fluxing block defined by the following nonlinear function[41].
Drrer = Dnsi|Q] < Qy (111.47)

Q, .
Orref = On = silQ] > Qy (111.48)

It is schematized by the following figure:

- N
1 ¢1‘7'ef

\
[

\

—Q, Qn Q

Figure 111.13 : Field weakening scheme
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The flux is generally kept constant at its nominal value, for rotor speeds less than or equal
to the nominal speed of the machine wn, for higher speeds the flux decreases when the

speed increases in control to limit the voltage at the terminals of the machine.

Inverterl

Vabes1 Vabes1

—

Inverter 2 @

Vabes2

£

h PI
_’&' @)

Vabes2

labes1
dl
-

g 12

labes2

P(6s-a) |«

N—

Figure 111.14: Field oriented control of the 6PH-IM

11.13 Simulation and interpretation of results :

The evolution of 6PH-IM characteristics with speed regulation by the indirect method,
with the application of loads Cr = 14Nm respectively between time intervals t = [1,1.5] set
Cr=-14Nm danst= [3.25,3.75] s, followed by the inversion of the latter by 314 a—314a from
the time t = 1.65s. it shows that:

At start-up and during empty operation, the speed (w(rad/s)) reaches the setpoint = 0.73s. Le
electromagnetic torque(Cem (N.m)) reaches the maximum value of 54.5N.m at = 0.049s,
subsequently, at the beginning of the permanent regime (at = 0.75s). Then it stabilizes

throughout due to friction (close to 0).

The stator currents (stars 1 and 2) observe an input current of about 2 times the nominal
current, and then during the steady state they evolve in a sinusoidal way. The current in

quadrature (igs1(A)) developing the same pattern as the electromagnetic couple.

the stator current (igs1(A)) reached approximately 15A during regimetransitory, and stabilized
at Os steady state. The rotor flows progress in a manner similar to that of the electromagnetic
torque during the transient speed, however they stabilize and evolve according to their

instructions during the permanent speed.
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The application of the load Cr = 14N.m (engine operating) during the interval detemps t = [1,
1.5] s, increases in electromagnetic torque, stator currents and rotor current, which stabilize at
Cem=14N.m

las1=las2=6.2A, Igs1= 7A etiy= 12A, and for the application of the load Cr = -14N.m (engine
operating) during the interval detemps t = [3.25,3.75]s, on a le couple qui se stabilize
respectively at Cem=-14N.Mias1=1as2=6.2A, igs1=-7A. Speed and rotor flows remain fixed as
they continue instructions. However, in motor operation the voltage (vas1(V)) and current
(las1(A)) are almost in phase and of the same sign, which means that the power is of positive
sign, that is, the machine absorbs active and reactive energy from the source, necessary for the
supply of the load and for its magnetisation, which still results in the phase shift backwards

(inductive effect) current to voltage.

On the other hand, the inversion of the 314 a—314rad/ s from the moment t = 1.65s. The
results obtained clearly show that: the speed perfectly follows its set and reverses after 1.1s.
This leads to an increase in the current of the same magnitude as observed during the initial
transitional regime, which stabilizes after 1.12s, to give rise to sinusoidal forms of constant
amplitude. The electromagnetic torque reaches —14N. As the speed reverses, which stabilizes,
the speed reaches its referencing value. The current igs1(A) evolves in a couple-like manner.

Rotational flows along both axes show a slight disturbance during the inversion of speed.
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Figure 111.15: Speed control of the 6PH-IM by indirect method

111.14 Conclusion:

This chapter is devoted to the vector control by orientation of the rotor flux of the six
phase induction machine, the objective being the regulation of the speed by the indirect
control. However, the study of the latter led us at best to highlight the characteristics of the
vector control on the 6PH-IM. In control to optimize the performances of the 6PH-I1M,
multilevel converters are proposed to replace the classical two-level converters in the next

chapter.
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Chapter IV Performance optimization of the 6PH-IM by multilevel converters

V.1 Introduction:

Power-electronic inverters are becoming popular for various industrial drives
applications. In recent years also high-power and medium-voltage drive applications
have been installed To overcome the limited semiconductor voltage and current
ratings, some kind of series and/or parallel connection will be necessary. Due to
their ability to synthesize waveforms with a better harmonic spectrum and attain
higher voltages, multi-level inverters are receiving increasing attention in the past few
years . However, the increasing number of devices tends to reduce the overall
reliability and efficiency of the power converter. On the other hand, solutions with a
low number of devices either need a rather large and expensive LC output filter to
limit the motor- winding insulation stress, or can only be used with motors that do

withstand such stress.

IVV. 2 Multilevel converter driven applications

Multilevel converters are considered today as a very attractive solution for medium
voltage high power applications. In fact, several major manufacturers commercialize
NPC, FC or CHB topologies with a wide variety of control methods, each one strongly
depending on the application. Particularly the NPC has found an important market in
more conventional high power ac motor drives applications like conveyors, pumps, fans
and mills among others, which offer solutions for industries including oil and gas, metals,
power, mining, water, marine and chemistry.

The back to back configuration for regenerative applications has been also a major hit of
this topology, used for example in_regenerative conveyors for the mining industry, or grid
interfacing of renewable energy sources, like wind power. On the other hand FC
converters have found particular applications for high bandwidth high switching
frequency applications such as medium voltage traction drives. Finally the cascaded H-
bridge has been successfully commercialized for very high power and power quality
demanding applications up to a range of 31MVA, due to its series expansion capability.
This topology has also been reported for active filter and reactive power compensation
applications, electric and hybrid vehicles, photovoltaic power conversion, uninterruptible
power supplies, and Magnetic Resonance Imaging. As an example of a commercial
multilevel power converter a 34kV-15MW three-phase six-cell CHB converter from
SIEMENS for regenerative drives is shown in A summary of multilevel converter driven

applications is illustrated [42] .
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IV.3 Asymmetric and Hybrid Multi-Level Inverters

Asymmetric multi-level inverters use different intermediate-circuit capacitor voltages
in various parts of the inverter. By addition and subtraction of these voltages, more
different output-voltage levels can be generated with the same number of
components, compared to a symmetric multi-level inverter. Higher output quality can
be obtained with smaller circuit and control complexity, and output filters can be

remarkably shrunk or even eliminated.

The various parts of an asymmetric multi-level inverter execute different functions in
the power conversion. Equipped with several different semiconductor devices, a
hybrid converter exploits their individual advantages and strengths. The main
power is supplied with high reliability and low losses by one device, the output
harmonic content is reduced by another. By using state-of-the-art semiconductor
devices, this can lead to a better overall design for medium-voltage drives.

In order to further simplify the power part and increase the efficiency of such a
converter, we can remove some of the power supplies and let those parts of the
converter supply only reactive power. We obtain a very interesting solution in terms
of power quality, efficiency, reliability and cost.

However, the resulting system is unstable, and without control the non- supplied
intermediate-circuit capacitor voltages will quickly run away from their nominal
values. An appropriate converter control method is needed to stabilize those
voltages, preferably without deteriorating the output voltage. In general, this
cannot be done instantaneously by lack of an equilibrium state, but only on an
average in time. Apart from normal operation, also the pre- charging of the non-
supplied intermediate-circuit capacitors upon converter start-up is an issue to
consider[43].

1V.4 Multilevel static converters

Multi-level static converters offer huge advantages over 2-level inverters. These advantages

are visible from both a technological and functional point of view [44] :

» Technological advantages: In multi level static converters, the voltage distribution
is obtained in a natural way at the set speed, allowing each semiconductor to be

switched independently of the others. This makes the converter more robust and
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more efficient during switching. The voltage switched is of reduced amplitude and
the switching is therefore easier to manage.

» Functional advantages for the converter: Possibility to access higher power
applications. Better compromise between static performance (saturation voltage)
and dynamic performance (switching time, switching losses, switching frequency).

» Functional advantages for the machine: The number of voltage generated by a
multi-level static converter is higher than that of the static converter at 2-voltage
levels, which improves the quality of its waveform, which will result in a reduction
in its harmonic distortion. This can lead to considerable advantages, such as a
reduction in iron losses, an increase in the life of insulators or a reduction in

electromagnetic radiation from machine windings.

Below, we briefly present the main topologies of the multi-stage static converters

mentioned in the literature.

IVV.5 Multilevel topologies
It is a fact that, until today, multilevel topologies are the best alternative to implement low-
frequency based inverters with low output voltage distortion. This chapter makes a review
about most common multilevel topologies and shows which ones are more suitable to
implement inverters for SARES[45].
The multilevel concept and notation.
A multilevel inverter can be defined as a device that is capable to produce a stepped
waveform. The generalized stepped waveform is shown in figure 1.Usually, and also in this
work, the follow definitions apply:

p:number of steps in a quarter-cycle;
2*p + 1: number of levels of a converter

4*p:number of steps of a converter.

Y

Figure 1V.1: The generalized stepped waveform is shown
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V.6 Types of Multilevel Inverter:

Multilevel inverters are three types.

IV.6.1 Cascaded H-Bridge Multilevel Converters

A single H-bridge structure is capable of producing three voltage levels, namely
+Uudc,0,-Uge. A series connection of these individual bridges yields a staircase output
waveform wherein each step corresponds to each individual bridge. To obtain higher levels
in the output waveform, more H-bridges need to be connected. Typically for an n level
converter, (n-1)/2 H-bridges are required per phase. Some of the advantages associated with

this topology are summarized below [46]:

% It requires the least number of components compared to the other topologies for
thesame voltage level required.
% It possesses a modularized circuit layout and does not require any extra diodes
orclamping capacitors.
The disadvantage of such a topology is the requirement of separate DC sources hence

makingit difficult for extending to higher levels.
A single phase of an n- level cascaded H-bridge structure with separate DC sources is

o3
LB

Figure 1V.2: Single phase cascaded H-Bridge structure

shown in FigurelV.2.

IV.6.2 Flying Capacitor Multilevel Converters
In 1992 the Flying capacitor converter was introduced for the first time. The work of

Meynard and Foch upgrades the technique where series connection of switches was
needed, adapting the system to higher voltage conversions. High-voltage conversion
requires semiconductors capable of keepingthe desired voltage at a certain level. The
paper shows positive results, such as control simplicityand a more desirable output
waveform. Other studies also show that the flying capacitor converter shows good

performance for high and low modulation index [47].
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{

0
(a) )]

Figure IV.3 : Circuit of a Flying Capacitor (a) two-level converter for one

phase leg(b) three-level converter for one phase leg

1VV.6.3 Diode Clamped Multilevel Converters
The diode clamped multilevel inverter has almost the same structure as the flying
capacitor, but instead of capacitors this inverter type uses diodes as clamping devices,

creating the desired output voltage. The voltage across each capacitor is defined as

Ve /(m=1), m being the number of levels and (m—1) the amount of capacitors

needed. So, for a two-level inverter the voltage is Vpc and for that case one capacitor
is used. For a three-level inverter the voltage is Vpc/2 and therefore is in need of two
capacitors. This specific design makes it possible to increase the number of levels just
by increasing the amount of capacitors. In this context the terminology “neutral point
clamped” is often used. It describes the neutral point between two capacitors
connected across the DC-bus adding an extra level to the system. If m is an even
number, the neutral point is not utilized, so then it is usually called a multiple point
clamped converter. Experience show that higher levels than the three-level converter
causes voltage balancing problems, so it is common to use the three- level inverter, but

there are studies demonstrating SVPWMs with self balancing systems[47].
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B

Figure 1V.4: A Diode Clamped converter for a (a) three-level inverter
(one phase leg) andfor (b) five-level inverter (one phase-leg)

1V. 7 Modular multilevel converter

The modular multilevel converter (MMC) was first proposed for high voltage
applications by Dr. Lescinar in . The MMC is a three-phase converter composed of
low voltage semiconductor valves that can be manipulated to behave like controlled
voltage sources in medium and high voltage applications. The MMC is a scalable
technology with many advantages over more conventional two and three level voltage
source converters (VSCs). Its modular topology allows for scalability of medium to
high voltage ranges, as well as for control of harmonic distortion by varying the
number of sub modules used in the design. This converter topology also allows for
lower switching frequency requirements, which significantly decreases the converter’s
switching losses. Modular multilevel converters are also suitable for use in interfacing

renewable energy power sources to the conventional AC grid [48].
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Lower
arm

Figure 1V.5: A Diode Clamped converter

1.8 Generalized Multilevel Inverter

The generalized structure was introduced by Peng in 2001 (Peng, 2001). This topology
has ability to balance the capacitor voltage itself. As it is illustrated in FigurelV.6, this
configuration can be expanded easily and generate more levels while self-balancing the
voltage.

Being symmetrical allows deriving many other configurations from this complete
configuration e.g. NPC and FC. On the other hand, using too many switches and
capacitors isa limitation of this topology. However, it is a good reference of switch
combinations to study and analyze the multilevel inverter structures that can result in

proposing new topologies withless components and self-voltage-balancing feature[49].

[
2-level line H
—

3-level line

—
4-level line

o e s

___Basic P2 cell.

FigurelV.6:Generalized multilevel inverter topology
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1VV.9 NPC Structure 3-Level UPS Overview

The three-stage NPC three-phase static converter in Figure 1V.7 has two DC voltage
sources and three symmetrical arms. Each arm is made up of four pairs (diode - GTO), each
representing a bidirectional switch and two middle diodes, allowing to have the zero level
of the inverter output voltage. This structure requires the use of controllable switches at
initiation and blocking.

The N.P.C structure uses two input voltages: UC1 and UC2. It consists in creating a middle
point on the E-value DC voltage stage (UC1+UC2 = E), allowing to generate amplitude -
E/2, 0, +E/2 whose combination makes it possible to have a wave closer to the sinusoid
than with the conventional two-stage inverter structure.For an input voltage E, the switches
of a three-tier UPS support half the voltage of a two-tier UPS.[50].

+

Sa St St

Uci |[—=c,
Saz Sha S.,

o hase a hase b Phase ¢

Sb3 SC3

Ucs | = 2
Sb4 Sc4

FigurelV.7 : Electrical diagram of the three-phase static converter with NPC structure.

This structure called neutral point "clamped™ is one of the structures of static converters at 3
voltage levels. It has many advantages, such as the number of voltage generated is higher,
less distortion harmonic and low switching frequency [51].

By combining the four switches of the same arm, 24 possible sequences are obtained. Only
three sequences are functional, the others cause either short circuits of the DC voltage
sources, or disconnection of the load [52].

Figure 1V.8 shows the NPC type inverter bar configurations corresponding to the following

three functional sequences:
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E2_— E2_—

Og

B2 B2 B2

(a) (b) ()
Figure 1V.8: Functional sequences of a three-phase static converter arm.

An arm (K) of the three-stage static converter can be represented by a switch (Sk) in three
states:
S, =—1 for the configuration C,; V,,, =-U.=[00 1 1] : switches ki2, k’12
are closed and k11, k'11 are open, if the energy transfer is done from the AC side to
DC the current goes through the thyristors k12 and k'12, if the opposite goes
through D'1 and D'2.

e S, =0 for the configuration C, ; V,, =0=[01 1 0] : switches k1, k12 are closed

and k11, k12 are open, if the energy transfer is done from the AC side to DC the
current goes through the thyristor k12 and the diode D'cl, otherwise it goes through
the k11 et pe1.

e S, =1for the configuration C, ; V,,, =U.,= [1 1 0 0] : switches ki1, k’11 are
closedet kio, k’12 are open, if the energy transfer is done from the DC side to AC the
current passes through the thyristors ki et k’11, If not, it goes through D1 and D2.

The control of the switches and the voltages at the output of an inverter arm are given by

the following table:

Tension a la sortie d’un bras k

, , K S
Configuration | K, Ke s | K ‘ par apport au point milieu M

C, 0 0 |1 1 | Vim =-U,
Cl 0 1 1 0 0 VkM =0
C, 1 1 0 0 1 Vim =U,

Tableau V.1 : Electrical quantities of a three-stage static converter k-arm.
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The voltages at the converter output relative to point (n) are:

Va| [2 -1 1]V
V, [==-1 2 -1|V,, (IV.1)
V., ~1 -1 2 |v,,

We have: V,, =S,U.(V.37)

By replacing the voltages with their expressions, the simple voltages applied to the machine
become:

Va] |, [2 -1 -1]s,
Vi | =21 2 1], (IV.2)
A ~1 -1 2|s,

voltage vector depending on the sequences and the continuous source is : The voltage

vector according to the sequences and the continuous source is:

V, = \E(v raV,, +a’V, )= \E(s +as,+a>s, U, (IV.3)

Previous relationships show that there are twenty-seven (33=27) switching states for the
UPS. Depending on these states, there will be 19 different VS voltage vectors in the
module. The representation of these vectors, Figure (V.20), shows that they are classified
into four groups according to their modules[52]. We distinguish then: The vector voltage
null Vz, the small voltage vectors (V1S,V2S, V3S, V4S, V5S, V6S,), the medium voltage
vectors (V1IM, V2M,V3M,V4M,V5M,V6M,), and the large voltage vectors (V1L,
V2L,V3L,V4L, V5L, V6L,).

Faar
Figure 1V.9 : Diagram of the voltage vector V, in the mark af.

University of El-Oued Page 62



Chapter IV Performance optimization of the 6PH-IM by multilevel converters

Table (1V.2) below shows the classification of stress vectors in four groups according to

their amplitudes:

group of vectors Voltage vector V, (S,,S,,S,)

VlL(l,'l,'l) 1 V2L(1|1!-1) 1 V3L('1a1a-1)

Large Vectors (Large Vectors) Veu(-11.1) : Var(-1.-11) : Ver(1-1.1)

VlM(l,O,'l) 1 V2M (011!-1) 1 V3M(_1a1a0)

Means vectors (Middle Vectors) Vam(-1,0,1) ; Vsm(0,-1,1) ; Vem(1,-1,0)

Vis[(1,0,0) (0,-1,-1)] ; Vas[(1,1,0) (0,0,-1)]

Small Vectors V3s[(0,1,0) (-1,0,-1)]; Va4s[(0,1,1) (-1,0,0)]
Vs5[(0,0,1) (-1,-1,0)] 5 Ves[(1,0,1) (0,-1,0)]
Zero Vectors V[(1,1,1) (0,0,0) (-1,-1,-1)]

Table V.2 : Groupe des vectrices tensions.

IVV.10 Control strategies for three-tier static converters

Voltage inverters can be controlled according to several strategies. At low frequencies, they
will be controlled in full wave; the control signal will be at the same frequency of the
desired voltage at the output and the continuous source must be adjustable (using a thyristor
rectifier or chopper). At high frequency, they will be controlled in pulse width modulation.
This allows you to adjust both amplitude and frequency by keeping the continuous source
constant (diode bridge). In order to produce an output voltage close to the sinusoid,
different strategies of pulse width modulation have been proposed such as: triangulo-
sinusoidal modulation, Current hysteresis control and vector modulation. Here we are

interested in the first technique.
» Control by sinus-triangle modulation

The general principle of control by PWM sinus-triangle has been introduced in section
(111.4.1). a)). The basic diagram of this technique applied to the three-stage static converter

is given in the figure (1V.10).
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Figure 1V.10 : Dual-carrier PWM control of a three-phase NPC static converter.

To generate the PWM-ST control pulses of the three-phase static voltage converter, two
triangular carriers are required. These carriers have the same frequency fp and amplitude
Up. They are then compared to the reference signal (sinus) of amplitude Ur and frequency.
Each comparison gives 1, if a carrier is greater than or equal to the reference, 0 otherwise.
Thus, the control signals of the switches of the first arm (T12, T13) and (T11, T14), the
second arm (T22, T23) and (T21, T24), and the third arm (T32, T33) and (T31, T34) are

complementary.

400
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Figure 1V.11: The three reference voltages with two unipolar carriers.

V.11 Simulation and interpretation of results

To validate the proposed algorithm, we present in this part the results of numerical
simulation illustrating the performance of vector control with 6PH-IM multi-level

converters. We have placed the 3-level converter under the same conditions as the previous
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case with 2-level converters, namely: the sampling period Te, the gains of the current and
speed controllers and the input voltage of the converter. The simulation results in Figure
V.23 show the high performance of the proposed FOC-3N strategy.
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Figure 1V.12: Speed control by indirect method based on three-
level converters
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V.12 Performance comparison between the two-level and the three level
converters

Figure 1V.13 shows that in the case of FOC-3N, good torque and current performance
is achieved with fewer oscillations. Figure 1V.13-b shows that using the 3-level UPS will

decrease the stator current ripples, and in the established regime the current becomes purely
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Figure I1V.13: Current signal of phase a: (a) with 2-level converter,(b) with 3-level converter
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Figure 1V.14 : Harmonic analysis of current spectra: (a) with 2-level converters, (b) with 3-level
converters.

From the results in Figure V.14 it can be seen that the total harmonic distortion of the
currents is considerably reduced compared to the FOC-2N. So the use of multi-level

inverters in general improves some of the performance of the conventional FOC, such as

torque and flow ripples.

1VV.13 Conclusion

In this chapter, we studied the multi-level inverters and the types of topology, and a
comparison was made between the three-level and the two-level, and we noticed that the
higher level provide better output voltage and the less desirable the amplitude of harmonics,

and we conclude from that that the three level is better than the two level in terms of

control.
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General Conclusion

The work presented in this thesis exposes the synthesis of a reliable and high-
quality control technique, for the speed regulation of a six-phase induction machine
(6PH-1M), once by vector control based on two-level converters and another time
based on multi-level converters. The main objective of this thesis is to improve the
control performance in terms of quality, reliability and accuracy. This study was made
in four chapters:

In the first chapter, we examined the six phase machines and their properties, and
discovered that they are the typical example of these machines. In which, the six
phase machine offers a good technical and economic compromise for high energy
applications such as pumps, fan, cement plants etc.

In Chapter Il, our efforts were dedicated to the modeling of the 6PH-IM, the
model that describes the equations of 6PH-IM was developed in the vertical and
horizontal axis system thanks to the Park conversion matrix. Remember that the study
was conducted at a shift angle of 30 degrees between the two stars.

Chapter 111 provides indirect control of the vectors of the six-phase induction
machine, whose principle is to have a torque similar to that of the DC device. To do
this, we base on the indirect rotor flow guideline that is applied to control speed using
two traditional PI-type regulators, and then the device is attached to two voltage
converters controlled by the PWM pulse width modulation technology, which
produces torque harmonies, but it remains low compared to traditional three-phase
machines.

In the last chapter, we studied multilevel converters in order to improve control
performance. We have compared the three and the two-level converters. From the
obtained results, it can be noticed that the three levels converter provides better results
than the two-levels in terms of control quality and reliability.

After consulting the obtained results from chapters three and four, it is possible to
envisage interesting perspectives and practical developments that could help to exploit
this machine better:

- Using other multi-level converters topologies;

- Application of other robust control techniques, such as fuzzy logic, predictive

control, neural networks, genetic algorithms, etc.
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-Finally, experimental validation in real time of the proposed methods.
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Annexe

»D.1- Paramétres de la machine asynchrone a double étoile :

Symbole of parameters Numerical value

Rated Power P, 4.5 KW
Rated current |, 6.5A
Rated voltage V, 220/380 V
Rated frequency f, 50Hz
Résistances statorique Ry, R, 3.72Q
Résistance rotorique R, 212 Q
Inductance statorique Ly, L, 0.022 H
Inductance rotorique L, 0.006H
0.3672 H

Inductance mutuelle L,
Coefficient de frottementfv
Tension du bus continu U .

Moment d’inertie J
Nombre de paires de pbles p

0,001 Nm s/rd
1200V

0.0625 kg.m?
1
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Abstract:

In recent years, Multiphase machines are increasingly used in high power applications for
reasons of reliability and power segmentation. The six-phase induction machine (6PH-IM)
was one of such machines. It consists of two sets of identical three-phase windings in the
same stator, and supplied by two voltage converters. Several researches are currently
directed towards the applications of multilevel converters to improve the performance of
control algorithms. This thesis aims to study by simulation the field oriented control (FOC)
of a six-phase induction machine driven by two multilevel voltage converters.

Key words:

Multiphase machines, Six phases induction machine (6PH-1M), Field oriented control
(FOC),Multilevel power converters.

Résume:

Ces dernieres annees, les machines multiphases sont de plus en plus utilisées dans les
applications a haute puissance pour des raisons de fiabilité et de segmentation de puissance.
La machine asynchrone a six phases (6PH-IM) était 1’'une de ces machines. Il se compose
de deux ensembles d’enroulements triphasés identiques dans le méme stator, et alimentée
par deux convertisseurs de tension. Plusieurs recherches sont actuellement orientées vers
les applications de convertisseurs multiniveaux pour améliorer les performances des
algorithmes de contrdle. Cette mémoire vise a étudier par simulation la commande de flux
orientée (FOC) d’une machine asynchrone a six phases entrainée par deux convertisseurs
de tension multiniveaux.

Mots cles :

Machines multiphases, Machine asynchrone a six phases (6PH-IM), Commande a
orientation de flux (FOC), Convertisseurs de puissance multi-niveaux.
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