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Abstract: The aim of this paper is to replace the traditibng k
three phases systems (machine-converter) by othki- m
phases systems, for that a detailed comparisondagtivo
systems controlled with Field Oriented Controlrafuction

machine three and five phases fed a [3x3] and [3r&}rix

converters

respectively are proposed,

advantages and disadvantages if they exist. _
The performance of the two systems is evaluateds of value in high power drives compared with their
output voltages by simulation and by implementatioral
time (dSpace 1103) their THDs, torque ripples ratput/

output currents sine waveform, and rapid resporfispeed
curves. The analysis has been carried out on treéshef
results obtained by numerical simulations using Itat
Simulink for the validation of the proposed consiategy

and to clarify the main related advantages

1, 2 and 3 in three phase
1, 2, 3, 4 and 5 in five phase

2. Introduction

emphasizingRecently, multi-phases system drives have been

received more attractive attention due to theieptidl

counterparts of traditional three phases systeweslri

[1], [2]. It was proved that the multi-phases maeisi

have some advantages such as; an increased torque
pulsation frequency, an increased stator current pe
phase, an improved torque per ampere, an improved
power density of the electric machine [1]. On ttieeo

Key words: Matrix converter, induction machine, multi- Side, the space-harmonic in a multi-phases madsine
phases, Field Oriented Control.

1. Nomenclature

less than three phases machine, whereas the
redundancy in a multi-phases machine is greater tha
in three phases. Indeed it presents a better fault

VR’ Vs, VT

Input Voltages of matrix

converter

tolerance when one or more phases are lost [3-6].
Actually, the applications of multi-phases induntio
motor drives is attracting more attention in theddiof

VA, VB’ Vc, VD’ VE

Matrix converter output voltage

S high power systems with great reliability such as

fi, fo

Input/ Output frequency

marine propulsion, railway traction, electrical icbs

ig, i

Stator and rotor currents

and aerospace applications [1-3], [6].

Stator and rotor currents d-gq a

is The intensive research on Matrix Converters (MCs)
was started with the first appeared work of Vemiuri

isand Alesina in 1980 [7]. They presented the
mathematical model background and introduced the

s name of “matrix converter”. One among the important

idS’ iqsvi dni qr
components

Viss Vas Var Var Stator and rotor voltages d-g a
components

B B Stator flux d- g axis component

R, R Stator- Rotor resistance

Las Lq d- g magnetizing inductance

L, L, Stator/ Rotor inductance

L Mutual inductance

Tem Electromagnetic torque

T, Load torque

J Total inertia

p Number of pole pairs

a, @ Input/ Output pulse

Q Rotating speed

difficulties which have been face in the operatifn
this converter was the commutation of the bidicewl
switches [8]. However, this problem has been solved
by introducing intelligent and soft commutation
techniques.

The matrix converter is recently being a popular
converter topology which has been actively studigs
to many desirable features that can be met forrargsu
power conversion under high flexibility [9-11]. It
allows to generate variable magnitude and variable
frequency of the output voltage from an AC utitityd

input without the need of DC link capacitor storage



element at the input side [12-16]. It has sinudoiddrives was commonly used field-oriented control or
input/output currents with nearly unity power factovector control, which widened the opportunitiestfer

and fully regeneration capability [17-19].upcoming researches in order to enhance the control
Unfortunately, there is a major limitation of theperformance through the research and development
maximum available output voltage of the matripprograms [27].

converter up to 86.6 % of the input voltage wittiie  In this paper, the models of three phases and five
linear modulation range [16]. The matrix converterphases induction machine are presented, then fedlow
can generally be classified into two main typesedai by the study of the two kinds of matrix convertéhe
matrix converters (DMCs) and indirect matrixfirst one is the [3x3] matrix converter under thatcol
converters (IMCs). The direct matrix converteragi strategy of PMW three intervals [32-36]. The sedsnd
only the bidirectional, bipolar (four-quadrant) shies the [3x5] matrix converter under the control siggtef

[2] based on a direct AC-AC power conversion bthe proposed modified PMW three intervals. These tw
connecting three-phase input voltages to threegphasachines are controlled by Field Oriented Control
output loads without bulky capacitor [1]. Wherdhg, (FOC) applied to a three and five asynchronous
indirect matrix converters utilize four-quadrantmachine; the technique of the FOC or vector control
switches, these kind of converter are based osetime  based on the rotor field orientation applied to the
idea of classical converter AC-DC-AC (rectifiergga induction motor provides the decoupling between the
and inverter stage) topology. It is obvious tha thtorque and flux in a similar way to the DC machine
classical converter AC-DC-AC with the intermediat§28-31]. Finally, a comparative study between two
capacitor, which has been used for feeding theimulkinds of matrix converter , the [3x3] matrix contegr
phases system drives, has some disadvantagesssudieeding three-phase induction machines and the [3x5
distorted input current and poor input power factanatrix converter feeding five-phases induction
[10]. machines using the Field Oriented Control metlood t
In the past two decades and due to the increasstl nshow the advantages based on the performance
for the improvement of the power quality and theesponse and the THD of the both topologies
efficiency of the power supply side and the usagespectively. This study will enable us to identifig
side, the matrix converters (MCs) has been propmsednerits of each of them in order to make a judicious
become a major modern energy converter that cahoice for their use in matrix converter control
overcome some drawbacks of other converters. Thpplications.

main advantages of the MCs are presented as follows

[11], [20-25]: 3. Modd of theinduction motor
« The Elimination of the bulky DC link The three-phases induction motor can be presented
capacitor, by the equations of the stator and rotor voltages a

+ the straight forward Four-quadrant operatiorfollows:
which allows an appropriate switching deviceTV 1=[1[R]+ d[e]

hl 8.7 1)
control, dt

e The output voltage and input current contai d[g
only harmonics around or above switchingvr]z[R][ Ir]+T ()

frequency with reduced magnitudes,
* The output frequency is theoretically almost Thg glectromagnetic torque is expressed as follows:
unlimited. The only limit of the output
frequency is due to the maximum switching q
frequency constraint of the power switches. ¢ =(p/2) ['JT [Ls,rJ[lr]
* The ease possibility use of the direct AC-AC
multi-phases power conversion,

* The inherent bidirectional power flow Tq optain a simple mathematical model similar & th

©)

d

capability, o physical model of the system, the Park transfoionati
* A compact power circuit because of thgs used to transform a three-phases system (hirbac
elimination of bulky reactive elements. two-phases equivalent system (d, q). The matrix of

* A longer lifespan due to the absence ofransformation is defined as follows [33-34]:
capacitor [26].
For that, one of the integral inventions in the iGtor



2[ cos@) cosf- 2/ 3) co&+ 727 3 model of the electromechanical torque and the
P(©) = 5{—sin(0) —sin@- 27/ 3) - sing+ 27/ 9} mechanical motion provided by the machine are
expressed in the following equations:

4
Whereas, the transformation matrix for a(fizle—phas Temzﬂ(% | o=@ ds)
system to two-phase system is expressed as follows L (8)
[37-38]: T o1=399%
5| 050) cost-Z') cos- ) s ) oax™ T
P@:\E..m.m.m.m
~Sin@) —sinf-—") —sing-—") - sing-—) = si——_ 4. The[3x3] matrix converter
(5) The matrix converter is a static frequency and

voltage converter which can fulfil the main
characteristic of conventional DC/AC back to back
converters (rectifier - inverter). Furthermore thatrix
converter allows obtaining an output multi-phases
voltage with variable amplitude and frequency fiaom
input multi-phases voltages power supply [39]. The
topology of the [3x3] MC is shown in Fig.2; it is
characterized by a matrix of nine switches [3x3]isT
MC ensures the conversion of the three phases power
supply to three-phase output voltage using bidoeat
power switches. Each switch can be modeled by two
diodes and two transistors where the main aim is to
reduce the number of possible configurations of the
matrix converter [39].

Matrix Converter

—

Fig. 1. The modeling of three and five phases nmechi JSTM JSIH il 3133; ‘

the coordinate d-g. b S -

! T

By the application of Park transformation, to thet | - 7‘
systems presented in (1) and (2). The representatio H% .
the new systems in d-q frame under a referenceefran ¢/ ﬁs;,:jfﬁv

related to the rotating field is obtained [32-33]:

de
V. =R | +—8 ¢
ds Rs ds dt sqoqs
Ve =R I+ dé”ss +0 P4 Fig. 2. Scﬁematic diagram referred to the [3x3] MC.
(6)

¥ Since the MC is an idealized coupling, the prireipl
ar

0 =R I, +3% ¢ 4 ! : .
of causality leads to precise rules concerning the

0 =R | +d(ﬂqr N 2 different states of the switches, therefore [133]]]
T odt s » Sources that are connected on both sides of
Where: the MC are necessarily different in nature.
@=L L * At least one switch of the three switches
L1 4L connected to one phase should be closed to
%5 s Qs mqr . . .
@) avoid the open circuit effect;
P =blg +halg * Only one switch of the same leg should be
@=L g+l g closed to avoid the short-circuit of the input

The mechanical equation representing the dynamic ~ power supply;



It is obvious that under these conditions, theltota Ug: Intermediate virtual voltage.

possible switching states configuration is reduoed]. U" : The virtual positive potential.
On the other side, the commutation function of each U™ : The virtual negative potential.
leg presents a symmetrical function, and conseguent
a symmetrical control of each leg should be meL4Fi [ Rectifier Part |
[35-36]. TR ]

R\ s\ T S\ge o

Uk
Us
Ur

T W R'W s W L ‘
N N
Fig. 4. Model of the MC with middle fictitious cinit

Uy

Load

AT A

4. 1. Study of therectifier stage

The harmonic spectrum study of the inputemnir
for this stage is very important. So it is necesgause
a modulation function to achieve an input current
waveform nearly sinusoidal, while maintaining the
same power to be transmitted via the intermediate
circuit. This modulation functiont is defined as
follows: [1] [32-33]

Fig. 3. The cellular commutation of matrix converte

In table. 1, the commutation for one output phaseh

ossible configurations.
P J cog(®-27/3
r=—— 74

cos(®)

1 (7<) (10)

Table.1. MC configuration of one output phase.

Configuration The value of the output voltage] Where: & = (al)mod(,,,g) ~(716)
"Phase A" related to the input
voltages . .
= VA=Y, The connection between the input voltages and the
A—TR virtual potential are represented as follows [19]:
E2 \Aq:\/s
E3 \AA:\/T V
+ + inl
ur| |R" § T V (11)
The principle of this strategy is to contra@ thatrix |y-| |rR~ s T ™
converter based on the indirect converter which is Vins
analog to the conversion stages of (rectifier eiter) [ V,, =V, +V,
[32]. To avoid the complexity of the matrix conwagrt L=V +Y, 12}

control, and to benefit from the merits of the
conventional converter a fictitious intermediatéage

is introduced, hence the MC can be studied based on _

two separated virtual stages reflecting the twgestaf Vhere the expression of voltage ¢ expressed as
the conventional converter (rectifier - invertd@psed ClIOWS:

on the fact that at any given time, there is adtleae

v,
Vs =Vi +Y,

in3

phase of the power supply voltage is positive and g = - Max(Vyy, 2and 3 rer) ¥ MIN(Viy1 5ang 3 1er) (13)
least another phase is negative Fig. 4. The bt 2
intermediate voltage can be chosen as follows: V, =220V 2 sin{ o 1)
V, =220V 2sin(w, t- 27 14
Ud =yU*-u- (9) S r( i / $ ( )

V, =220V 2sifw t- 47/ 3
Where:



This technique allows the matrix converter tdollows:
eliminate the third harmonics by injecting third _ . 2
harmonic voltage in the input voltage. The valuthef User & =220V 2sir) e ?(k )
virtual DC-voltage Y will be varying as function of the
line phase angle and the rectifier control fundidfor  petermining the undulation functions (standard
example, in the intervair/3< at < 277/3, the switches (eference functions) that are modulating the virtua
can take the values R'=1,S =0, T =C) and intermediate voltage afore mentioned by following
(R=0,S=1-1,T=r1). expression:
The potential: U, =1 cos(®) si.—(%t —2—”(k - ;lj+ 1/: (18)
U'=R™*\,+S* {+ T* V 3
U =R*V,+ S* [+ T*

17)

It is well known that the control of the matrix
converter ensures each output phase to be switohed
' each input phase during specified pulses duration
Y within the period of the output voltage. Thereftire
pulse period has to be divided into three intervals
(Number of output phases) [37-39].
The obtained control signals by phase have binary
values, indicating the state of power switches. Big
shows the time sequence of the switches of one leg
during one period of the output voltage. It is cliwat
the PWM strategy is characterized by two parameters

Considering the symmetry during a recovery pesod
intervals can be determined as it is shown clearl
Fig. 5.
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Fig. 5. Curve of the input voltages and virtualepials 1
4.2. Study of theinverter stage R S T >t
The modulation functions ucmk will be introduced TrA Tsa Tra
to define the modulation matrix [§)], where U X, 1
takes continuous values between 0 and 1. This abow . 1
link between the middle potential and the output ~* (1’
voltages of the matrix converter following to thedw RX 0
expression: SX 0
T 1
A Upm 1-Ugy u* °
Vs |=|Uee 1-Ug, - (15) . .
vV U 1-U U Fig. 6. PWM three intervals that control output gha
T cm3 cnB
(M. ()] The equation of the carrier is defined as follows:
Taking into account the two blocks rectifier - intee,
the matrix [M(t)] allows defining the complete ¢ 0ct<T 19
algorithm function of frequency conversion. ltdam ~r " T p (19)
presented as follows: The output binary signals; f PWM are defined as
Val| |Uem 1-Ugy R s T Ve follow [17]:
Vo |Z|Uae 1-Ugy |:R_ S .I_j| Vg (16)
Vel |Uie 1-Ugg Vv, X, = 1 T >U, (20)
[M(t)] 0 if not

The output phases reference voltage are definedTse control signals of the switches of the matrix



converter are obtained using a simple logic as:
TA_R = Xl
TB_R :Yl & Xz
TCfR = X3

(21)

The previous equations are taken into account,
that the reference signaly are defined as follows:

{ TXlk = R+ Ucmk +R (1_ Ucmk)

Z-><2k = S+ Ucmk + S (1_ Ucmk)
Harmonic spectrum and the output voltage By
simulation and by implementation in real time (dSpa
1103) are represented in Fig.7.

(22)
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Fig. 7. The output voltage and their harmonic spmat

obtained with the proposed algorithm applied to theu

[3x5] MC.

5. The[3x5] matrix converter
The converter topology in Fig.8 is charactetizg a
matrix of fifteen switches (matrix [3x5]); three sdes

Matrix Converter

S

Rge N

Switch

Fig. 8. Schematic diagram of the [3x5] MC.

The model of the matrix converter with middle
fictitious circuit is represented as follow:

| Inverter Part |

A*\B* \C* \D*\E* ia

| Rectifier Part
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Figure 9. Model of the MC with middle fictitiousrcuit.

The study of the rectifier part is the same as
previously, but the study of the inverter part reetm
fulfill the multi-phases topology similarly to edien
(15). The link between the middle potential and th
output voltages of the matrix converter can be
expressed as follows:

Ua _Ucml 1-U

Ug U 1-U_p .

U |=|U,, 1-U,, {3} (23)
U, 1-U_.,

_UE Uss 1-Us

Taki_ng_into account_the two blocks rectifier - inez,
the matrix[M, (t)] which allows defining the complete

algorithm function of frequency conversion can be

of the network as input are connected to five outppresented as follows:

phases through bidirectional power switches [39].



_UA_ _Ucml 1_Ucml._ D;
Ug | [Uyp 1-U u -\
B cm2 cm2 R+ S+ .r R Z \
UC = UCmS 1_Ucn3 _ U s (24) K ——THD_3
R S T L _\..\ —m—THD_5S
Up Upme 1-Ugm U, ui —
_UE_ _Ucrrﬁ 1_Ucm5_ o v—T
[Mz(t)] - 1) 0,2 Q.1 0.6 0.8 1 1.2
The output reference voltage phases are defined -
follows: ve S
_ . 27T 0.6 // —e—Rf 2
U « =220V 2sin apt === (k- ) (25) . A N
_ 5 . F
Determining the functions of undulation (stamda
reference functions) that are modulating the virtu¢ ~ ° » es  0e  os : 2
middle voltage afore mentioned: Fig. 11. Characterlstlcs of the THDs and the amgétratio

relative to modulation index r of each MC.

U =1 COS(P) sw(ag,t—— (k- ;Lj+ 1/: (26)

The rest of the equations are the same as theamqua?
(19), (20), (21) and (22) that are presented irfithe
stage of the [3x3] MC study.

Harmonic spectrum and the output voltage By

Field Oriented Control
In the early 1970, the appearance of the vector
control allowed a considerable increase of dynamic
performance of the induction motors (IM) [42]. The
simulation and by implementation in real time (dSpa aim of the vect_or control is to obtain a similandynic
as a DC machine, where torque and flux are decduple

1103) are represented in Fig. 10. .
P I =T = LR sor, and hence could be controlled independently.

| Vector control techniques can be separated into two
categories: Direct and Indirect flux vector oridiua.
Direct field oriented control, published for thesfi
time by Blaschke in his pioneering work in 1972,

| consists to adjust the flux by a component of the
Bl g EE LT current and the torque by the other componenthir
soo purpose, it is necessary to choose a d-q refefeamoe
2, ™ m‘ M l M‘i ii " I"“m " mm ""'m m _rotating synchronously Wi'[h. the rotor flux spacetae,
LTI LLVINY) VL Nuﬂ\ Ij lj ~ inorderto achieve decoupling control betweerithe
Ml m W [ ||\|\ 1 W |||||\|\ 1 W ||| Il and the produced torque. This technique allows to
Bl 1] ”|| ||\| | “m“l" |||m|| obtain the behaviors of a DC machine [28] [42]. The
= |- -

1
ML | field orientation is obtained by imposing the cdiuai

|
[
|
[
|
1
) ©.0= 004 006 o.o8

a. The output voltaegeps); by simulation and by (% =@and ¢, =0) in the equation.6 to 8. This

implementation in real time method requires determining the positimand flux

®r whatever the operating conditions.The major
difficulty in the realization of the FOC is the
determination of the modulus and phase of the flux,

200

A

~FFT

Fundamental (50Hz) = 274 , THD= 64.46%
T T T T T

Fundamental (50Hz) = 274 , THD= 64.46% 4

N
S

P
3
1
fag (% of Fundamen E

Mag (% of Fundamental)

o o |IIlIL Lol because these two parameters are not directly
20 ‘) 0 20 40 60 80 100 B measured.
e e e 0 To determine the position and the flux module, the

Harmonic order

natural idea is to measure the flux in the machsieg
additional coils or Hall Effect sensors. This weake

Fig. 10. The output voltage and their harmoniccpen the eﬂgme and treqL:Ires a}t Spec.lal ((:jonsttructlon.
obtained with the proposed algorithm applied t(f‘synC ronous motor 0ses 1S main advantage IS

the [3x5] MC. robustness. The model of the machine is often tesed
determine the position and module of flux.
The speed regulation is reached by an IP corrggier

b. Harmonic spectrum of the output voltagg V
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7. Simulation and results

the value of the output voltage of converter is
higher,

Furthermore the amplitude of the output

currant in five phase is reduced compared to
the three-phase (from 4.5 A to 3.5 A) which

can prevent deterioration of the windings; use
smaller gauge switches (reduce the cost of
purchase and maintenance).

The two applications has nearly the same

advantages:

where the curves of input voltage and output
current has almost a sine waveform,

When the same disturbance is applied to the
both machines, the curves of speed in the two
cases have the same behaviors of load
compensations (the decrease and increase of
the speed due to the variation of the load are
quickly corrected by the PI controller).

It is clearly that the voltage is periodic amtidws

To have an overview about the behaviors of tHB€ desired amplitude and frequency.

FOC control applied on the three phases and fiasg@h
MC- Induction Machine models. The both models are
tested under simulation implementation. The inpu
three-phase voltage is a typical three-phase \mltaé
system which is characterized by a magnitude 05220
and a frequency of 50 Hz, the switching frequerscy i
chosen to be 1550 Hz with a modulation index r =0.8
The output voltages by simulation and by
implementation in real time and their THDs obtained
by the applications of the proposed methods a
presented in Fig. 7 and Fig. 10. The value of thrg
fundamental voltage for three phase is 307 V wisch
great than the five phase 274 V, in the same thme t
value of THDs are 43.50% and 64.46 respectively. In
Fig. 6 and Fig. 7 the characteristics of the hailimon
spectrum and the characteristics of amplitude rati
relative to modulation index r are presented. Fiioen
both curves presented in Fig. 11, It is obvious the
curves of THD has almost the same appearancé
whereas the curve Rf _ 3 phase presenting thegmltag
output-input ratio shown in fig. 11 has a greasdugs
compared to the curve of five-phases. Comparisbns
the performances of the matrix converter -inductio
motor association controlled by the F.O.C for théhb g
models are shown in Fig.13 and Fig. 14. The folhai E
remarks can be deduced:

1- The five phase application has the following
advantages
application:
faster,
the torque curve has less ripples rate,

1500
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The speed curve response time dynamics is
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problem to ensure the feeding of five-phase madatine

even more phases.

The obtained results show that, the second syéiten (
phases machine fed by [3x5] Matrix converter) is



better, than the three-phases output matrix coewvert’
which can be generalized for more than five phase
output. On the other side; the present study stioats
the matrix converter [3xn] has some inherent
advantages that make this application a very pingis

solution, especially when it is connected to multito.

phases machine to profit mainly from all its betsdfi

industrial plants applications. 20.
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