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Abstract

This work investigates the performances of Direct Torque Control (DTC) of Dual Stator Induction Motor (DSIM) powered by two types 

of Matrix Converter (MC), namely the direct and indirect MC. To this end, the design of DTC with conventional Direct Matrix Converter 

(DMC) is firstly presented. Then, in order to illustrate the main feature of Indirect Matrix Converter (IMC) in terms of the output voltages 

and input currents waveforms, the full steps of IMC are well explained. To discuss the performance of each scheme, both techniques 

are simulated in the Matlab / Simulink environment for a 4.5 kW DSIM at different operating conditions. The obtained results show that 

the IMC provides high performance in torque and flux at different conditions and while minimization the Total Harmonic Distortion 

(THD) in the input current compared by the conventional DMC.
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1 Introduction
Multiphase machines exist as alternatives to the conven-
tional three-phase machines to cover various undertakings, 
exceptional benefits such that the power split between the 
different phases, high dependability, reduced rotor losses, 
and torque ripples. Such advantages make the multiphase 
machine very favored in various fields in recent years [1, 2].

Among of these multiphase machines and the most 
common is the DSIM. The modeling, analysis and sev-
eral advanced control strategies of this machine, com-
prise the direct torque control (DTC), field oriented con-
trol (FOC) and model predictive control (MPC), etc., have 
been applied to the DSIM. Recent research improvements 
in the control of DSIM and comparison of some control 
strategies have been reviewed in [3, 4]. Among of the many 
powerful techniques used for the control of the DSIM is 
the DTC technique that was proposed by Takahashi in [5], 
it is characterized by the fast dynamic, simple structure, 
simple decoupled scheme between the electromagnetic 
torque control and stator flux and the robustness [6, 7].

The MC is an AC / AC converter that has the advan-
tage of being free of the bulky dc-link capacitor that exists 

in other AC / AC topologies. The MC has existed to cover 
different tasks and satisfy some requirements such as; 
a sinusoidal waveform of input and output currents 
with adjustable amplitude and frequency, a unity input 
power factor and a bidirectional power flow. The MC can 
be invested to take profit of its great benefits compared to 
the conventional inverters [8, 9].

The first research studies on the MC amount to 
the work of Venturini and Alesina. In the late 1980's and 
early 1990's [10, 11]. A few researchers in presented space 
Vector Modulation (SVM) and Indirect Space Vector 
Modulation (ISVM) [12, 13]. A survey of MC research is 
suggested in and the adjustment techniques are presented 
in [8, 9]. "Casadei" firstly exhibited the use of MC in the 
DTC in [14]. In his work, it is shown that the MC offers 
addition to the flux and torque regulation. This strategy 
has been stretched out to the IMC in [15, 16].

Some research results about the DTC applied to 
the DSIM via a matrix converter has been presented for the 
aim to improve the dynamics, reduce the flux, and torque 
undulation [17-19]. This study aims to do a comparative 
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study between two types of MC, namely the direct and 
indirect MC, in terms of performance of DTC for the 
DSIM. This comparative study particularly focuses on the 
waveforms of the voltages and currents, the THD of the 
input current and the electromagnetic performances.

The remainder of this paper is as follows: Section 2 
presents modeling of the system (DSIM and MC) Section 3 
shows the principle of the DTC for the DSIM. In Section 4, 
the DTC oriented to both DMC and IMC is presented. 
Section 5 presents a simulation study, which illustrates 
the robust performance of IMC. Finally, conclusion and 
perspectives are given in Section 6.

2 Modeling of the system
2.1 The DSIM model
The DSIG consists of a stator contain two identical three-
phases windings displaced by an electric angle γ (γ = 30°) 
and a squirrel cage rotor. With the distribution of its wind-
ings and its own geometry, is very complex to lend itself 
to an analysis taking into account its exact configuration. 
It is then necessary to adopt certain simplifying hypothe-
ses such that: The machine is supposed to be "linear", that 

is to say that the saturation and the hysteresis effects of 
the magnetic circuits are neglected as well as the phenom-
enons causing variations of resistances and inductance, 
the magnetomotive air gap force produced by each winding 
is assumed to have a sinusoidal spatial distribution, which 
amounts to neglecting space harmonics, the air gap is of 
constant width, and it is assumed that the two three-phase 
stator windings are balanced and identical [1, 2]. Seeing that 
the preference of the reference (dq) related to the rotating 
field, a facilitation of the DSIM term is gained by writ-
ing a next consolidated form. The model of the machine is 
expressed by state space representation as follow [20-22]:
dX
dt

AX BU= +  (1)

where

X ds ds qs qs dr qr
T=  ϕ ϕ ϕ ϕ ϕ ϕ

1 2 1 2
 (2)

is the vector of state space,

U V V V Vds ds qs qs
T=  1 2 1 2

0 0  (3)

is the vector control.
Then, the matrices A and B are determinate by:
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The fundamental equation of the movement of 
the DSIM is given by the expression Eq. (4):

d
dt J

T T fem l f
Ω

Ω= − −( )1
.  (4)

The electromagnetic torque expressed as a function of 
the stator currents and rotor fluxes by

T P L
L L

i i i iem
m

m r
dr qs qs ds ds qr=

+
+ − +( )( )( )ψ ψ

1 2 1 2
 (5)

where: P is the number of poles pairs.
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2.2 The MC model
In the structure of the matrix converter, we can present 
two types: DMC and IMC. These types are based on the 
conversion matrix as the following modeling.

2.2.1 DMC
The MC is capable to connect to any input phase at any out-
put phase through nine bidirectional switches four forces 
switching segments. Fig. 1 shows the diagram of MC.

The input currents are formed by the segments of the 
three output currents and the output voltages are created 
by the segments of the three input voltages. The mathe-
matical model of MC is given by [8-11]:

S
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The input MC currents Iin also defined as:
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2.2.2 IMC
The IMC is described as a combination of a rectifier and 
a voltage inverter connected without dc-link capacitor 
as schematized in the Fig. 2. The rectifier formed via six bidi-
rectional switches (S1-S6), and a classical inverter. Also, this 
type based on the direct conversion (AC to AC), but it distin-
guished by the the simplicity of control [15, 20, 21].

Based on the indirect model, the conversion matrix is 
defined as the product of two conversion matrices on each 
side (rectifier and inverter) as written in Eq. (8).
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where Sinv , Srec are the conversion matrices of the inverter 
and rectifier based on the connexion functions of the IMC.

The space vector of output voltage Vo defined by:
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The space vector of the input current IE is specified by:
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The representation of the two space vectors is repre-
sented by Fig. 3.

Fig. 1 Topology of DMC.

Fig. 2 Schematic of IMC.

(a) (b)

Fig. 3 The space vectors of IMC: (a) Output voltage, (b) Input current
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3 A brief review of direct torque control of DSIM
The DTC is based on the direct determination of the con-
trol sequence applied to the voltage inverter switches. 
This choice is generally based on the use of hystere-
sis comparators whose function is to control the state of 
the system, namely the amplitude of the stator flux and 
the electromagnetic torque, is established by the orienta-
tion of the stator flux as following [18, 19]:

ϕ ϕS S S S

t

St V R I dt
1 2 1 2 1 2 1 2

0

1 2
0

, , , , ,
.( ) = −( ) + ( )∫  (11)

By applying an active vector in the sampling period 
0,Te[ ] , the voltage drop of the stator resistance R IS S1 2 1 2, ,( )  

can be neglected with respect to the high-speed regions. 
Then Eq. (11) can be rewritten as follows:
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The relationship between the stator voltage and the sta-
tor flux change can be established as follows:

∆ϕ ϕ ϕS S S S et t V T
1 2 1 2 1 2 1 2

0
, , , ,

.( ) = ( ) − ( ) =  (13)

The relation Eq. (13) means that the stator flux can be 
modified by applying a stator voltage for a time Te . The end 
of the stator flow vector moves in the direction indicated 
by the voltage vector and performs a circular trajectory.

3.1 Stator flux and torque estimation
The estimation of the stator flux is generally carried out 
by the integration of the electromotive force factor. The sta-
tor flux components can be expressed using stator voltages 
and currents in the fixed reference α β,( )  as follow [6, 7]:
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The magnitude and the phase of stator flux is defined by:
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Once the two flux components are obtained, the elec-
tromagnetic torque can be estimated from the following 
expression:

T P I Ie S S S S
 = −( )ϕ ϕ

α β β α1 2 1 2 1 2 1 2, , , ,

.  (17)

We can establish the classical table of the sequences 
below proposed by Takahashi to control the stator flux and 
the electromagnetic torque for the DSIM in Table 1.

4 DTC for MC
4.1 DTC with DMC
The DTC of DMC is based on Table 1, and the control of 
input power factor for fixed that to one, a hysteresis com-
parator is added to confirmed that, whatever is the sec-
tor which the input voltage vector is in, the MC takes any 
time two switching configurations with several directions 
for each VSI output vector selection by the classical DTC, 
this directions allows the possibility to control the input 
power factor by applied one to increase the angle and 
the second to decrease. The all probability switching con-
figuration of MC used in DTC it gives in the Table 2, and 
the space vector diagram of output voltage and input cur-
rent has been shown in Fig. 4 [14, 17, 18].

The overall diagram of DTC based on DMC is in Fig. 5.

Table 2 Switching table of DTC via DMC

Sector 
of Iin

1 2 3 4 5 6

Ψi +1 −1 +1 −1 +1 −1 +1 −1 +1 −1 +1 −1

V1 −3 1 2 −3 −1 2 3 −1 −2 3 1 −2

V2 9 −7 −8 9 7 −8 −9 7 8 −9 −7 8

V3 −6 4 5 −6 −4 5 6 −4 −5 6 4 −5

V4 3 −1 −2 3 1 −2 −3 1 2 −3 −1 2

V5 −9 7 8 −9 −7 8 9 −7 −8 9 7 −8

V6 6 −4 −5 6 4 −5 −6 4 5 −6 −4 5

Table 1 Switching table of DTC

Δφs ΔTe S1 S2 S3 S4 S5 S6

1

1 V2 V3 V4 V5 V6 V1

0 V7 V0 V7 V0 V7 V0

−1 V6 V1 V2 V3 V4 V5

0

1 V3 V4 V5 V6 V1 V2

0 V0 V7 V0 V7 V0 V7

−1 V5 V6 V1 V2 V3 V4

(a) (b)

Fig. 4 Space vector of DMC: (a) Input current, (b) Output voltage
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4.2 DTC with IMC
This method suggested in [15], for the MC. It is rounded to 
the indirect model, which is describe the MC as a combi-
nation between two-stages a two-level inverter and a recti-
fier four quadrant, without dc-link capacitor [16].

The DTC used the IMC it is similar to the ISVM [9, 12], 
the SVM is used to control the virtual rectification 
stage for maximize the output voltage Vdc and fixed 
the input power factor to one. In the other hand Table 2 
is the inverter stage, which is describe before for control 
the torque and the flux of DSIM [22].

4.2.1 Control of rectifier
The purpose is to get the maximum output voltage Vdc of 
the virtual rectifier and to fix the input power factor to one, 
based on SVM, the reference vector can be synthesized 
with these two adjacent vectors Iγ Iδ , and a null vector I0 . 
Just like that 

I d I d Iin = +γ γ δ δ  (18)

Fig. 6 is illustrate that.

The duty cycles of all sector are determined in Eq. (18):
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To guarantee the continuity of the current in the recti-
fier, the following condition must be respected.

S S Sap bp cp+ + =1  (21)

Respecting the relation (Eq. (20)), nine appropriate 
switching collections for rectifier can be utilized (Fig. 6 (b)). 
These Combinations are summed up in Table 3.

4.2.2 Control of inverter
For the inverter stage, the conventional DTC is applied 
according to the torque, flux and sector. The conventional 
DTC chooses the inverter vector that makes it conceiv-
able to guarantee the regard bands of the error bands (flux 
and torque) [20-22].

The overall diagram of this technique is presented 
by Fig. 7.

5 Discussion and results
With a view to compare, the performances of the two sug-
gest techniques, the DTC with DMC and DTC with IMC 
are simulated with 4.5 KW DSIM using Matlab / Simulink. 
The DTC structure applied to DSIM employ two hystere-
sis comparator for both the flux and torque. For the speed, 
we use a PI controller. The parameters used in this simula-
tion are: Rs1 = Rs2 = 3.72 Ω, Rr = 2.12 Ω, Ls1 = Ls2 = 0.022 H, 

Fig. 5 DTC based on DMC.

(a) (b)

Fig. 6 Input current modulation for rectification stage
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Lr = 0.006 H, Lm = 0.3672 H, J = 0.0625 Kg ∙ m2, 
Kf = 0.001 Nm ∙ s ⁄ rad.

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

• The machine's speed pursues exactly its set point, 
also when the load torque is varied as shown 

in Fig. 8 for both techniques, although the DTC of 
IMC faster than DMC.

• Fig. 9 presents the electromagnetic torque for two 
DTC, the couple is equal to the load torque in steady 
state and respect its band for two DTC, but in the 
transient steady the DTC of DMC its contain some 
overshot of its band.

• The flux as well follows its reference and respects 
its hysteresis band for both DTC Figs. 10 and 11. 
Other than when changing the direction of rotation, 
we can remark some overshot, and the DTC of IMC 
is less ripple than DMC.

• Figs. 12 and 13 show the output current, which is 
sinusoidal forms, and changed their amplitude and 

Fig. 7 DTC based on IMC.

Table 3 Switching table of rectifier

Vectors States Ia Ib Ic
IE θin Urec
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Fig. 8 Speed and its reference

Fig. 9 Electromagnetic torque

Fig. 10 Stator flux magnitude

Fig. 11 Stator flux vector
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frequency according to speed reference and load 
torque and, we can see the form of current for IMC 
it's better compared to DMC, and less harmonic.

• The output voltage in both Figs. 14 and 15, its changed 
according the frequency and the load torque in two 
DTC. Then the DTC based on IMC it give best form 
and low harmonics.

• The input voltage and both the unfiltered and the fil-
tered current Figs. 16, 17, 18 and 19, it is in phase, 
that is to say the operation with unity of power fac-
tor, and we can remark the highest quality and low 
harmonics in the DTC of IMC Figs. 20, 21, 22 and 
23, because the fictive rectifier, is switching by con-
stant frequency (SVM).

Fig. 12 Output currents with DMC

Fig. 13 Output currents with IMC

Fig. 14 Output voltage of DMC

Fig. 15 Output voltage of IMC

Fig. 16 Unfiltered input current and voltage of DMC

Fig. 20 Harmonic spectrum of input unfiltered current of DMC

Fig. 17 Input voltage and filtered current of DMC

Fig. 21 Harmonic spectrum of input filtered current of DMC

Fig. 18 Input voltage and unfiltered current of IMC

Fig. 19 Input voltage and filtered current of IMC
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• The results obtained with the IMC are in general, 
better than those obtained with DMC.

• From the point of view of electrical performance, 
the two control give a sinusoidal output current. 

In transient mode, the peak of the current varies 
from one control to the other.

6 Conclusion
In the present work, a comparative survey between the 
performances of two techniques control of DSIM namely 
the DTC with direct and indirect matrix converter 
has been presented. The two techniques are simulated 
in Matlab / Simulink environment for a 4.5 kW DSIM and 
with similar references of flux and speed. The simulation 
results obtained illustrate that the DTC with IMC is supe-
rior to the DTC with DMC, it yields good electrical and 
electromagnetic execution such as the stator flux, electro-
magnetic torque, and total harmonic distortion of input 
current in all operating conditions. Furthermore, the use 
of the IMC simplifies significantly the control scheme and 
makes its implementation easier.
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