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Abstract: The aim of this paper is to replace the traditional 
three phases systems (machine-converter) by other multi-
phases systems, for that a detailed comparison between two 
systems controlled with Field Oriented Control of induction 
machine three and five phases fed a [3x3] and [3x5] matrix 
converters respectively are proposed, emphasizing 
advantages and disadvantages if they exist. 
 The performance of the two systems is evaluated in terms of 
output voltages by simulation and by implementation in real 
time (dSpace 1103) their THDs, torque ripples rate, input/ 
output currents sine waveform, and rapid response of speed 
curves. The analysis has been carried out on the basis of 
results obtained by numerical simulations using Matlab/ 
Simulink for the validation of the proposed control strategy 
and to clarify the main related advantages 
 
Key words: Matrix converter, induction machine, multi-
phases, Field Oriented Control. 
 

1.  Nomenclature  

,  ,  R S TV V V  Input Voltages of matrix 
converter 

,  ,  ,  ,  A B C D EV V V V V  Matrix converter output voltages  

,  i of f  Input/ Output frequency 

,  s ri i  Stator and rotor currents 

,  ,  ,  ds qs dr qri i i i  Stator  and rotor currents d-q axis 
components 

,  ,  ,  ds qs dr qrV V V V  Stator  and rotor voltages d-q axis 
components 

,  d qφ φ  Stator flux d- q axis components 

,  r sR R  Stator- Rotor resistance 

,  d qL L  d- q magnetizing inductance 

,  s rL L  Stator/ Rotor inductance 

mL  Mutual inductance 

emT  Electromagnetic torque 

rT  Load torque 

J  Total inertia 
p  Number of pole pairs 

,  i oω ω  Input/ Output pulse 

Ω  Rotating speed 

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

 
2.  Introduction 

Recently, multi-phases system drives have been 
received more attractive attention due to their potential 
value in high power drives compared with their 
counterparts of traditional three phases system drives 
[1], [2]. It was proved that the multi-phases machines 
have some advantages such as; an increased torque 
pulsation frequency, an increased stator current per 
phase, an improved torque per ampere, an improved 
power density of the electric machine [1]. On the other 
side, the space-harmonic in a multi-phases machine is 
less than three phases machine, whereas the 
redundancy in a multi-phases machine is greater than 
in three phases. Indeed it presents a better fault 
tolerance when one or more phases are lost [3-6]. 
Actually, the applications of multi-phases induction 
motor drives is attracting more attention in the field of 
high power systems with great reliability such as 
marine propulsion, railway traction, electrical vehicles 
and aerospace applications [1-3], [6]. 

The intensive research on Matrix Converters (MCs) 
was started with the first appeared work of Venturini 
and Alesina in 1980 [7]. They presented the 
mathematical model background and introduced the 
name of “matrix converter”. One among the important 
difficulties which have been face in the operation of 
this converter was the commutation of the bidirectional 
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 studied due 
to many desirable features that can be met for ensuring 
power conversion under high flexibility [9-11]. It 
allows to generate variable magnitude and variable 
frequency of the output voltage from an AC utility grid 
input without the need of DC link capacitor storage 



 
 

element at the input side [12-16]. It has sinusoidal 
input/output currents with nearly unity power factor 
and fully regeneration capability [17-19]. 
Unfortunately, there is a major limitation of the 
maximum available output voltage of the matrix 
converter up to 86.6 % of the input voltage within the 
linear modulation range [16]. The matrix converters 
can generally be classified into two main types: direct 
matrix converters (DMCs) and indirect matrix 
converters (IMCs). The direct matrix converters utilize 
only the bidirectional, bipolar (four-quadrant) switches 
[2] based on a direct AC-AC power conversion by 
connecting three-phase input voltages to three-phase 
output loads without bulky capacitor [1]. Whereas, the 
indirect matrix converters utilize four-quadrant 
switches, these kind of converter are based on the same 
idea of classical converter AC-DC-AC (rectifier stage 
and inverter stage) topology. It is obvious that the 
classical converter AC-DC-AC with the intermediate 
capacitor, which has been used for feeding the multi-
phases system drives, has some disadvantages such as 
distorted input current and poor input power factor 
[10]. 
In the past two decades and due to the increased need  
for the improvement of the power quality and the 
efficiency of  the power supply side and the  usage 
side, the matrix converters (MCs) has been proposed to 
become a major modern energy converter that can 
overcome some drawbacks of other converters. The 
main advantages of the MCs are presented as follows 
[11], [20-25]: 

• The Elimination of the bulky DC link 
capacitor,  

• the straight forward Four-quadrant operation, 
which allows an appropriate switching devices 
control,  

• The output voltage and input current contain 
only harmonics around or above switching 
frequency with reduced magnitudes,  

• The output frequency is theoretically almost 
unlimited. The only limit of the output 
frequency is due to the maximum switching 
frequency constraint of the power switches. 

• The ease possibility use of the direct AC-AC 
multi-phases power conversion,  

• The inherent bidirectional power flow 
capability, 

• A compact power circuit because of the 
elimination of bulky reactive elements.  

• A longer lifespan due to the absence of 
capacitor [26]. 

For that, one of the integral inventions in the AC motor 

drives was commonly used field-oriented control or 
vector control, which widened the opportunities for the 
upcoming researches in order to enhance the control 
performance through the research and development 
programs [27]. 
In this paper, the models of three phases and five 
phases induction machine are presented, then followed 
by the study of the two kinds of matrix converters; the 
first one is the [3x3] matrix converter under the control 
strategy of PMW three intervals [32-36]. The second is 
the [3x5] matrix converter under the control strategy of 
the proposed modified PMW three intervals. These two 
machines are controlled by Field Oriented Control 
(FOC) applied to a three and five asynchronous 
machine; the technique of the FOC or vector control 
based on the rotor field orientation applied to the 
induction motor provides the decoupling between the 
torque and flux in a similar way to the DC machine 
[28-31].  Finally, a comparative study between two 
kinds of matrix converter , the [3x3] matrix converter 
feeding three-phase induction machines and the [3x5] 
matrix converter feeding five-phases induction 
machines using the  Field Oriented Control method to 
show the advantages based on the performance 
response and  the THD of the both topologies 
respectively. This study will enable us to identify the 
merits of each of them in order to make a judicious 
choice for their use in matrix converter control 
applications. 
 
3.  Model of the induction motor 

  The three-phases induction motor can be presented 
by the equations of the stator and rotor voltages as 
follows: 

[ ] [ ][ ] [ ]s
s s s

d
V I R

dt

φ
= +                                            (1) 

[ ] [ ][ ] [ ]r
r r r

d
V R I

dt

φ
= +                                            (2) 

 
The electromagnetic torque is expressed as follows: 
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                              (3) 

 
To obtain a simple mathematical model similar to the 

physical model of the system, the Park transformation 
is used to transform a three-phases system (a, b, c) in a 
two-phases equivalent system (d, q). The matrix of 
transformation is defined as follows [33-34]: 
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                                                                       (4) 
Whereas, the transformation matrix for a five-phase 
system to two-phase system is expressed as follows 
[37-38]: 
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Fig. 1. The modeling of three and five phases machine in 

the coordinate d-q. 
 

By the application of Park transformation, to the 
systems presented in (1) and (2). The representation of 
the new systems in d-q frame under a reference frame 
related to the rotating field is obtained [32-33]:     
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Where: 
  

  

  

  

ds s ds m dr

qs s qs m qr

dr r dr m ds

qr r qr m qs
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L I L I
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φ
φ
φ
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                                             (7) 

 The mechanical equation representing the dynamic 

model of the electromechanical torque and the 
mechanical motion provided by the machine are 
expressed in the following equations: 

( )  -

  -

m
em dr qs qr ds

r

r
em r

L p
T I I

L

d
T T J

dt

φ φ =


Ω =


                                 (8) 

   
4.  The [3x3] matrix converter  
     The matrix converter is a static frequency and 
voltage converter which can fulfill the main 
characteristic of conventional DC/AC back to back 
converters (rectifier - inverter). Furthermore the matrix 
converter allows obtaining an output multi-phases 
voltage with variable amplitude and frequency from an 
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]. This 
MC ensures the conversion of the three phases power 
supply to three-phase output voltage using bidirectional 
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]. 
 

φ

 
Fig. 2. Schematic diagram referred to the [3x3] MC. 

 
Since the MC is an idealized coupling, the principle 

of causality leads to precise rules concerning the 
different states of the switches, therefore [1-3] [34]; 

•  Sources that are connected on both sides of 
the MC are necessarily different in nature.  
• At least one switch of the three switches 
connected to one phase should be closed to 
avoid the open circuit effect; 
• Only one  switch of the same leg should be 
closed to avoid the short-circuit of the input 
power supply; 



 
 

It is obvious that under these conditions, the total 
possible switching states configuration is reduced to 33. 
On the other side, the commutation function of each 
leg presents a symmetrical function, and consequently 
a symmetrical control of each leg should be met, Fig.4 
[35-36]. 
 

 

Fig. 3. The cellular commutation of matrix converter 

 

In table. 1, the commutation for one output phase has 3 
possible configurations.  

 

Table.1. MC configuration of one output phase. 

Configuration The value of the output  voltage 
"Phase A" related to the input 

voltages  
E1 VA=VR 
E2 VA=VS  
E3 VA=VT  

 
    The principle of this strategy is to control the matrix 
converter based on the indirect converter which is 
analog to the conversion stages of (rectifier / inverter) 
[32]. To avoid the complexity of the matrix converter 
control, and to benefit from the merits of the 
conventional converter a fictitious intermediate voltage 
is introduced, hence the MC can be studied based on 
two separated virtual stages reflecting the two stages of 
the conventional converter (rectifier - inverter). Based 
on the fact that at any given time, there is at least one 
phase of the power supply voltage is positive and at 
least another phase is negative Fig. 4. The fictitious 
intermediate voltage can be chosen as follows: 
 

  

dU U U+ −= −                                                 (9) 

     
Where:  

Ud: Intermediate virtual voltage. 
U+ : The virtual positive potential. 
U- : The virtual negative potential. 

 

 
Fig. 4.  Model of the MC with middle fictitious circuit 

 
4. 1. Study of the rectifier stage 
       The harmonic spectrum study of the input current 
for this stage is very important. So it is necessary to use 
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 function τ is defined as 
follows: [1] [32-33] 
 

( )
( ) ( )cos 2 / 3

1        0 1
cos

π
τ τ

Φ −
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Φ
                   (10) 

 
Where:  ( ) ( ) ( )mod / 3

/ 6t πω πΦ = −            

 
The connection between the input voltages and the 
virtual potential are represented as follows [19]: 
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Where the expression of voltage V0 is expressed as 
follows: 
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This technique allows the matrix converter to 
eliminate the third harmonics by injecting third 
harmonic voltage in the input voltage. The value of the 
virtual DC-voltage Ud will be varying as function of the 
line phase angle and the rectifier control functions. For 
example, in the interval / 3 2 / 3tπ ω π< < , the switches 
can take the values ( 1, 0 ,  0R S T+ + += = = ) and 
(  0, 1  ,  R S Tτ τ− − −= = − = ). 
The potential:  

                     

* * *

* * *
R S T

R S T

U R V S V T V

U R V S V T V

+ + + +

− − − −

 = + +


= + +
   

                
Considering the symmetry during a recovery period, six 
intervals can be determined as it is shown clearly in 
Fig. 5. 
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Fig. 5. Curve of the input voltages and virtual potentials 

 
4.2. Study of the inverter stage 

   The modulation functions ucmk will be introduced 
to define the modulation matrix [Mr(t)], where Ucmk 
takes continuous values between 0 and 1. This allows a 
link between the middle potential and the output 
voltages of the matrix converter following to the below 
expression: 
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                             (15) 

Taking into account the two blocks rectifier - inverter, 
the matrix [M(t)] allows defining the complete 
algorithm function of frequency conversion. It can be 
presented as follows: 
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         (16) 

 
The output phases reference voltage are defined as 

follows: 

( )_ 0

2
220 2 sin 1

3ref kU t k
πω = − − 

 
                    (17) 

 
    Determining the undulation functions (standard 
reference functions) that are modulating the virtual 
intermediate voltage afore mentioned by following 
expression: 

( ) ( )0

2
cos sin 1 1/ 2

3cmkU r t k
πω = Φ − − + 

 
            (18) 

 
It is well known that the control of the matrix 

converter ensures each output phase to be switched to 
each input phase during specified pulses duration 
within the period of the output voltage. Therefore the 
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. Fig. 6 
shows the time sequence of the switches of one leg 
during one period of the output voltage. It is clear that 
the PWM strategy is characterized by two parameters, 
m and r. 

1τ

2τ

τ

 
Fig. 6. PWM three intervals that control output phase 

 
The equation of the carrier is defined as follows: 
 

       0p p

t
U t T

T
= < <                                           (19) 

The output binary signals Xi of PWM are defined as 
follow [17]: 
 

1             
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                                       (20) 

 
The control signals of the switches of the matrix 



 
 

converter are obtained using a simple logic as: 
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                                             (21) 

 
The previous equations are taken into account, so 

that the reference signals xτ  are defined as follows: 

x1k
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S U S U
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+ −
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Harmonic spectrum and the output voltage VA by 
simulation and by implementation in real time (dSpace 
1103) are represented in Fig.7.  
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a. The output voltage VA by simulation and by 
implementation in real time 
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b. Harmonic spectrum of the output voltage VA 

 

Fig. 7. The output voltage and their harmonic spectrum 
obtained with the proposed algorithm applied to the 
[3x5] MC. 

 
5. The [3x5] matrix converter 
    The converter topology in Fig.8 is characterized by a 
matrix of fifteen switches (matrix [3x5]); three phases 
of the network as input are connected to five output 
phases through bidirectional power switches [39].  
 

φ

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

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

Figure 9. Model of the MC with middle fictitious circuit. 
 
    The study of the rectifier part is the same as 
previously, but the study of the inverter part needs to 
fulfill the multi-phases topology similarly to equation 
(15).  The link between the middle potential and the 
output voltages of the matrix converter can be 
expressed as follows: 
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Taking into account the two blocks rectifier - inverter, 
the matrix [ ]2( )M t which allows defining the complete 

algorithm function of frequency conversion can be 
presented as follows: 
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The output reference voltage phases are defined as 
follows: 

( )_ 0

2
220 2 sin 1

5ref kU t k
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                     (25) 

    Determining the functions of undulation (standard 
reference functions) that are modulating the virtual 
middle voltage afore mentioned: 

( ) ( )0

2
cos sin 1 1/ 2

5cmkU r t k
πω = Φ − − + 

 
           (26) 

The rest of the equations are the same as the equation 
(19), (20), (21) and (22) that are presented in the first 
stage of the [3x3] MC study. 
Harmonic spectrum and the output voltage VA by 
simulation and by implementation in real time (dSpace 
1103) are represented in Fig.10. 
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a. The output voltage VA by simulation and by 

implementation in real time 
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b. Harmonic spectrum of the output voltage VA 

 
Fig. 10.  The output voltage and their harmonic spectrum 

obtained with the proposed algorithm applied to    
the [3x5] MC. 

  

 
Fig. 11. Characteristics of the THDs and the amplitude ratio 

relative to modulation index r of each MC. 
 

6.   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 
aim of the vector control is to obtain a similar dynamic 
as a DC machine, where torque and flux are decoupled 
and hence could be controlled independently.  
Vector control techniques can be separated into two 
categories: Direct and Indirect flux vector orientation. 
Direct field oriented control, published for the first 
time by Blaschke in his pioneering work in 1972, 
consists to adjust the flux by a component of the 
current and the torque by the other component. For this 
purpose, it is necessary to choose a d-q reference frame 
rotating synchronously with the rotor flux space vector, 
in order to achieve decoupling control between the flux 
and the produced torque. This technique allows to 
obtain the behaviors of a DC machine [28] [42]. The 
field orientation is obtained by imposing the condition 
( dr rφ φ= and 0qrφ = ) in the equation.6 to 8. This 

method requires determining the position θe and flux 
Φr whatever the operating conditions.The major 
difficulty in the realization of the FOC is the 
determination of the modulus and phase of the flux, 
because these two parameters are not directly 
measured. 
To determine the position and the flux module, the 
natural idea is to measure the flux in the machine using 
additional coils or Hall Effect sensors. This weakens 
the engine and requires a special construction. 
Asynchronous motor loses its main advantage is 
robustness. The model of the machine is often used to 
determine the position and module of flux. 
The speed regulation is reached by an IP corrector type. 
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Fig.12 .Synoptic scheme of the direct field oriented 
control of an induction machine fed by a matrix converter. 

 
7.   Simulation and results 

   To have an overview about the behaviors of the 
FOC control applied on the three phases and five phase 
MC- Induction Machine models. The both models are 
tested under simulation implementation. The input 
three-phase voltage is a typical three-phase voltage 
system which is characterized by a magnitude of 220V 
and a frequency of 50 Hz, the switching frequency is 
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 are 
presented in Fig. 7 and Fig. 10. The value of the 
fundamental voltage for three phase is 307 V which is 
great than the five phase 274 V, in the same time the 
value of THDs are 43.50% and 64.46 respectively. In 
Fig. 6 and Fig. 7 the characteristics of the harmonic 
spectrum and the characteristics of amplitude ratio 
relative to modulation index r are presented. From the 
both curves presented in Fig. 11, It is obvious that the 
curves of THD has almost the same appearance, 
whereas the curve Rf _ 3 phase presenting the voltage 
output-input ratio shown in fig. 11 has a greater values 
compared to the curve of five-phases. Comparisons of 
the performances of the matrix converter -induction 
motor association controlled by the F.O.C for the both 
models are shown in Fig.13 and Fig. 14. The following 
remarks can be deduced: 

1- The five phase application has the following 
advantages in comparison of the three-phases 
application: 

•••• The speed curve  response time dynamics is 
faster,  

•••• the torque curve has less ripples rate,  

•••• 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). 

2- 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 and follows 
the desired amplitude and frequency.   
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Fig. 13.  Simulation results matrix converter [3x3]-induction 

motor by the F.O.C. 
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Fig. 14. Simulation results matrix converter [3x5]-induction 

motor by the F.O.C. 
 
8.  Conclusion 

In this paper the application of the Field Oriented 
Control on MC-induction machine association is 
presented for the following applications: 
- Three phases induction machine fed by [3x3] Matrix 
converter. 
- Five phases induction machine fed by [3x5] Matrix 
converter. 
As it can be deduced from the presented study the 
multi-phases power supply problem is resolved by the 
arrangement of the second converter [3x5] to avoid the 
requirement of a power supply with five phases, 
instead  a matrix converter [3x5]  can overcome this 
problem to ensure the feeding of five-phase machine or 
even more phases. 
The obtained results show that, the second system (five 
phases machine fed by [3x5] Matrix converter) is 



 
 

better, than the three-phases output matrix converter 
which can be generalized for more than five phase 
output. On the other side; the present study shows that 
the matrix converter [3xn] has some inherent 
advantages that make this application a very promising 
solution, especially when it is connected to multi-
phases machine to profit mainly from all its benefits in 
industrial plants applications.  
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