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Abstract

The present paper deals with a comparative study of the Sliding Mode Control (SMC) technique application on three-phase Dual 

Star Induction Motor (DSIM) topology and the Dual Open-End Winding Induction Motor (DOEWIM). Where, in these two topologies 

the Space Vector Pulse Width Modulation (SVPWM) has been used for the control of the two two-level inverters and the four two-

level inverters, which have been used to power the two motors under application respectively. The main objective of this study is 

to demonstrate the higher performances of the DOEWIM under the application of SMC combined with SVPWWM, which aims to 

overcome the main drawbacks faced when using the conventional topology DSIM in industrial applications. Especially in terms of 

decreasing the harmonics content in the stator current, reducing the overall ripples of the developed electromagnetic torque, the 

elimination of the common mode voltage and increasing the robustness against the load torque variation and speed reverse. The 

obtained simulation results show clearly the main advantages of using the topology of DOEWIM compared to the DSIM topology which 

present a very promising application especially in heavy industrial requiring high power motors.
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1 Introduction
Recently, the multi-phase machines have attracted the 
attention of many researchers, manufacturers and industrial 
due to their main features in overcoming many problems 
faced with the conventional three-phase machines. Indeed, 
the multi-phase machines offer an interesting alternative 
to reducing constraints on switches and windings where 
the multiplication of the number of phases allows split-
ting the power and currents among more number of phases. 
In addition, these machines can reduce the amplitude 
and the ripples of the developed torque, moreover, grants 
increased reliability by enabling operations in the event of 
one phase fault or two no-consecutive faulty phases [1, 2]. 
This feature allows them to have many properties such as 
low maintenance, robustness, scalability. Consequently, 
they gains more characteristics of flexibility and comfort, 
which pave the path for them to become widely used in 
high power applications, such as railway traction, naval 
propulsion, compressors and cement mills [2, 3]. 

One of the most common examples of multiphase 
machines is the DSIM, which is considered a six-phase 
machine. The use of this machine which was practically 
only on three-phase machines, has two coils with a certain 
offset between them at the level of the stator. This config-
uration allows to benefit from the advantages of the clas-
sic induction machine that was extensively used in most 
industrial applications [4]. Furthermore, the DSIM offers 
in addition to the advantages of induction machines, those 
of multiphase machines, such as: power segmentation, 
minimization of torque ripples and rotor losses, reduction 
of harmonic currents, high reliability against power supply 
faults and it can be used in high-power applications [3–6]. 
In order to improve the service quality of the DSIM and 
ensure their control in different industrial applications 
with higher reliability, this kind of machine is proposed 
to be used with the topology of open stator windings, so 
the machine is no longer a DSIM but it is a dual Stator 
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open-end winding IM (DOEWIM) [7–10]. Under this new 
configuration, it is necessary to control the machine using 
four three-phase voltage systems with specific shift phases 
between the four power voltage systems to ensure the elim-
ination of the common-mode voltage which is considered 
one of the inherent characteristics when high frequency 
DC/AC converters are used to ensure their control [11, 12] 
such as the bearing currents and shaft voltages, which 
leads to rapid failures of machine bearings and shafts. On 
the other side due to the use of two inverters from each side 
of the both windings, the voltage applied to each phase will 
be seen as multi-level voltage, hence the quality of applied 
voltage will be improved [7, 8, 13–15 ]. 

However, to improve the output voltage, various modu-
lation strategies have been developed. Among these strat-
egies, the SVPWM, which represents the most adopted 
modulation method in asynchronous machines control 
due to its ability in eliminating the undesired harmon-
ics components in the voltage applied at the motor ter-
minals, which guarantees the reduction of torque ripples, 
moreover, this control technique allows maintaining the 
switching frequency non-variable [16–18]. 

For many years, several control approaches have been 
applied for the control of the DSIM, in particular the Field 
Oriented Control (FOC) which has shown good perfor-
mance in transient and permanent regimes [5, 19, 20]. But 
these performances may be insufficient, because this con-
ventional control law is not robust especially when the 
requirements on the accuracy and other dynamic charac-
teristics of the systems are strict due to its sensitivity to 
parametric variations [19]. In this paper, it is proposed the 
application of the sliding mode control which is part of the 
family of Variable Structure Controllers (VSC). Indeed, 
the originality of the present work reside on the applica-
tion of the SMC with DSIM under stator open-end wind-
ing which has not been presented before in the literature 
as a main research work. On the other side, this paper 
focusses also in minimizing the influence of FOC prob-
lems thank to main advantages of SMC such as the high 
precision, the fast dynamic response, the stability, the sim-
plicity of design and implementation and robustness to the 
variation of internal or external parameters [21, 22]. 

This paper is divided to the introduction, four main sec-
tions (Sections 1 to 5) and a conclusion (Section 6), the 
Section 1 presents the modeling of the DSIM with high-
lighting the new configuration of this machine based on 
opening of the two ends of each stator windings to con-
vert it to DOEWIM. The Section 2 presents the theoretical 

background of SWPWM and its application on the con-
trol of the inverters driving the proposed motor topology. 
Section 3 is reserved to the presentation of the SMC and 
its application in combination with the FOC and SVPWM 
on the DSIM and the proposed motor topology DOEWIM. 
Section 4 a comparative study based on simulation results, 
between these two motors is carried out taking into 
account a deep analysis of the performance of each motor 
under different practical situations. Finally, this paper 
ends with a conclusion. 

2 Description and modeling of DSIM and DOEWIM
2.1 DSIM modeling 
In the classical configuration, the DSIM stator winding 
is compound of two identical balanced three-phase wind-
ings, which are shifted by an electric angle of (π/6 rad) 
and they have the same number of poles. Whereas, the 
rotor structure remains similar to the three-phase machine 
induction machine which is considered in this study as a 
quarrel cage [23]. The equivalent windings circuits of the 
stator and rotor are shown in Fig. 1.

Fig. 1 The presentation of DSIM winding

Fig. 2 The principle of DSIM fed by two inverters
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In this configuration of the DSIM the both windings are 
fed by two identical separated inverters, which are pow-
ered by a two similar separated DC sources in this study 
as shown in Fig. 2.

In this study, the reference frame fixed to the rotating 
field was chosen, for the purpose of having constant values 
in steady state. It is then easier to control the motor, so the 
Park model of the DSIM is given as follows:

1. The stator and rotor voltages:
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with:
Rs1 , Rs2 : Stator resistances of star 1 and 2, respectively.
Rr : Rotor resistance.
Vsd1 , Vsq1 : First star voltages in the Park referential 
(d, q).
Vsd2 , Vsq2 : Second star voltages in the Park referen-
tial (d, q).
Isd1 , Isq1 : First star currents in the Park referential 
(d, q).
Isd2 , Isq2 : Second star currents in the Park referential 
(d, q).
φsd1 , φsq1 : First star fluxes in the Park referential 
(d, q).
φsd2 , φsq2 : Second star fluxes in the Park referential 
(d, q).

2. The stator and rotor flux expressions are:
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with:
Ls1 , Ls2 : Stator inductance of star 1 and 2, respectively.
Lr : Rotor inductance.  
Lm : Mutual inductance.  
Ird , Irq : Rotor currents in the Park referential (d, q).
φrd , φrq : Rotor fluxes in the Park referential (d, q).

3. The mechanical equation:

J
P
d
dt

T T
K
P

r
em L

f
r

ω
ω= − − , (3)

where:
Tem : electromagnetic torque.
TL : Load torque.
P : Number of pole pairs.
J : Moment of inertia.
Kf : Friction coefficient.

4. The electromagnetic torque:

T P
L

L L
I I I Iem
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m r
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+
+( ) − +( ){ }ϕ ϕ1 2 1 2 .  

(4)

2.2 DOEWIM with four level configuration
The DOEWIM is a machine that has twelve stator termi-
nals, six for each stator winding, Hence, four groups of 
three terminals are obtained, which require four three-
phase inverters to ensure powering and controlling the 
studied machine. As shown in Fig. 3. Indeed, two two-
level three-phase inverters 1 and 3 are used for the first 
winding, while the two two-level three-phase inverter 3 
and 4 are used for the second stator winding.

In this configuration to ensure the required input power 
for the four inverters two separated DC-sources are used 
for each winding, Hence the voltage which will be applied 
to the first winding and to the second winding will be 
seen as they are powered separately by two three-phase 

Fig. 3 The principle of DOEWIM fed by four inverters
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inverters having an output voltage with levels greater than 
two-levels. On the other side an interesting advantage 
appears that there is no coupling among the phase's wind-
ings in both stator windings and therefore the common 
voltage is vanished as shown in Fig. 3. In the present work, 
to achieve a four-level output voltage that will be applied 
to the both windings, asymmetrical DC-sources are cho-
sen for powering the inverters. In this case the output volt-
age of DC-sources of inverter 1 and 2 are chosen equal 
to (2/6)VDC and (1/6)VDC , respectively as proposed previ-
ously in [24, 25]. In the same way, the inverters 3 and 4 
are power by Dc sources of (2/6)VDC and (1/6)VDC , respec-
tively where the main constraints that the sum between 
two DC-sources voltages applied to each winding will be 
equal to (2/6)VDC, here VDC a fixed values taken as a refer-
ence depending on the application and the used machine. 

It is important to clarify that the absence of a common 
mode voltage in each three-phase stator winding allows 
eliminating the flow of current through the motor case, 
thus we the bearing lifespan will be increased remark-
ably [25]. The voltages Va1, Vb1, Vc1, Va'1, Vb'1, Vc'1 are, 
respectively the output voltages at the terminals of the 
inverters 1 and 2, which are feeding the first ends of the 
both sides of the first stator winding, and  are, respectively 
the output voltages at the terminals of the other inverters 3 
and 4, which are feeding the second ends of the both side 
of the second stator winding. So, the voltage across each of 
three-phase of both stator winding can be obtained by the 
difference between the voltages applies at the terminals of 
each phase as follows:

• The first stator winding:
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• The second stator winding:
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The resulting space vectors of the two voltages applied 
to the two-stator winding can be furthermore represented 
based in vector form as follows:
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3 SVPWM technique
The SVPWM control technique is widely for all the topol-
ogies of inverters in several applications, especially for 
electrical machines control due its main advantages com-
pared to other control techniques such as low harmonics 
content in the output voltage, less loses in the semicon-
ductor switches and high ratio of voltage conversion [26]. 
In this paper, the SVPWM is used to ensure the control of 
the four inverters where the main aim is that the voltages, 
which will be applied across the both stator windings with 
less harmonics.

3.1 Two level DC-SVPWM algorithm
The four used inverters will be controlled in the same 
way using the same technique. Indeed, the basic idea of 
the three-phase two-level inverter is well known, it is 
composed of three legs to ensure the three-phase out-
put voltage. Two switches are placed in each leg, which 
are controlled in a complementary manner to avoid the 
short-circuit of the DC input power supply and the inter-
ruption of the current flow in the corresponding phase. All 
the six switches constituting the inverter can have eight 
possible combination switching states [23].

The main objective of SVPWM technique is the deter-
mination of the time portions (modulation time) that must 
be allocated to each voltage vector during the sampling 
period in order to reconstruct the reference output voltage 
vector Vsref from eight voltage vectors shown in Fig. 4 and 
which are corresponding to each possible switching state 
of the three-phase two level inverter. This reference volt-
age is representing the voltage which should be applied 
to one winding side of the DSIM presented in this paper.

A reference voltage vector Vsref is calculated globally and 
approximated over a modulation period Te by an average 
voltage vector Vsmoy, the latter is elaborated by the appli-
cation of the adjacent voltage vectors and the null vectors 
V0 and V7 . Each two adjacent vector represent a sector, in 
the present case there are six sectors. Fig. 4 shows the rep-
resentation of the eight state voltage vectors of the three-
phase two-level inverters in the α, β frame,six non-zero 
vectors are the active vectors and two zero vectors.

Assuming that the reference vector is in sector 1. 
The time of the application of the adjacent vectors is given 
as follows:
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T V TV T Vs ref = +1 1 2 2 , (10)

V T
T
V T

T
Vref

s s
= +1

1
2

2
, (11)

where: Ts = T1 + T2 + T0 , and Ts : is the inverter switching 
period.

3.2 Proposed four level DC-SVPWM algorithm
The SVPWM of the DOEWIM depends directly on the 
commutation states and their space vector locations 
resulting from the two-by-two combinations of the four 
inverters feeding the two-stator windings. It uses specific 
voltage vectors that do not produce zero-sequence volt-
ages and therefore eliminates of unwanted zero-sequence 
currents [27]. 

Fig. 5 illustrates all the possible space vector locations 
from the inverters 1 and 2 that feed the first stator wind-
ing independently, the space vector locations from other 
inverters 3 and 4 that feed the second stator winding are 
identical to those provided by inverters 1 and 2.

As we mentioned before that each inverter has the abil-
ity to produce eight commutation states, so in this new 
configuration which is based on the combination of two 
inverters, it can ensure the generation of 64 (82) commu-
tation states corresponding to 37 different possible space 
vectors, these vectors divide the plane into 54 sectors of 
equilateral triangles, their vertices are presenting the ends 
or tips of the space vectors and their edges have a length of 
VDC/6 as shown in Fig. 6 [24, 25].

The vectors OT and O'T' with the magnitudes (|Vref|,|V'ref|) 
and the phases (δ, δ − π/6), respectively, represent the two 
reference voltage space vectors, which must be synthesized 
from the combination of the two inverters in both stator 
windings to ensure the four levels voltage to be applied 
across the different phase windings within the both stator 
windings of the DOEWIM. It is important to clarify that 
the two inverters which are connected to the same wind-
ings such as the first winding or second winding, have to 
generate an outputs voltage with a phase shift of 180°(π rad) 
between the output voltages of the two, inverter of the same 

Fig. 4 The representation of space vectors corresponding to each 
switching states of an inverter

Fig. 5 The location of the space vectors for the two inverters feeding the 
first stator: inverter-1 (left) and inverter-2 (right)

Fig. 6 The resultant space-vector combinations of the two dual-inverters scheme
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stator winding. So that each of the two space vectors OT 
and O'T' is decomposed into two opposite components, 
the first one is decomposed to OA 2 3′ ( )( )Vref , arg δ  
and AT ′ −( )( )Vref 3 ,arg δ π , while the second one 
is decomposed to ′ ′ ′ −( )( )O A Vref2 3 6,arg δ π  and 
′ ′ ′( −( ))A T Vref 3 7 6,arg δ π  as shown in Fig. 6, such that 

the vector OA and AT are synthesized by the two inverters 
of the first stator winding O'A' and A'T' are synthesized by 
the two inverters of the second stator winding [26].

As long as the four inverters, which are used for power-
ing the DOEWIM are two-level inverters, each inverter is 
responsible of producing an output voltage with two val-
ues. On the other side, these inverters are operated with 
separated DC sources with voltages of 2VDC/6 for inverters 
1 and 3, and of VDC/6 for inverters 2 and 4. Consequently, 
the voltages of the outputs take the two values VDC/6 or 
VDC/6 for inverters 1 and 3, and VDC/12 or VDC/12 for the 
inverters 2 and 4. The resulting voltages applied across 
the both winding is presenting the difference of voltages 
between inverters 1 and 2 for the first stator winding, and 
of inverters 3 and 4 for the second stator winding as pre-
sented in Table 1 [10, 28].

4 Sliding mode control design
4.1 Theory of sliding mode control 
The sliding mode control is a nonlinear control strategy 
which is based on forcing the system state trajectory to 
reach a predefined sliding surface and hence converging 
to a permanent mode along this sliding surface. Indeed, 
the design of the SMC takes into account two main prob-
lems such as the stability and the improved performance 
in a systematic way [23, 29]. This issue can be achieved 
within three ordered complementary steps which are 
defined as follows: 

• choice of the sliding surfaces;
• establishment of existence and convergence condi- 

tions;
• determination of the control law.

4.1.1 Choice of the sliding surfaces
A general time-varying surface function was proposed 
in [30] to ensure the convergence of the state variable x to 
its reference value x*. This function is expressed as follows: 

S x t d
dt

e x
r

,( ) = +





 ( )
−

λ
1

, (12)

with: S(x,t): Sliding surface of the variable x.
λ is a strictly positive gain, e(x) = x* – x is the error 

on the state variable to be regulated, r is the sliding mode 
degree which presents the smallest positive integer such 
that ∂Ṡ(t)/∂t ≠ 0 ensures the controllability. 

4.1.2 Establishment of existence and convergence 
conditions
The conditions of existence and convergence are the cri-
teria which allow the different dynamics of the system to 
converge towards the sliding surface and to remain there 
independently of the disturbances [31]. Among these cri-
teria, the Lyapunov approach which is used in this paper. 
Consequently, to fulfill the requirements of the existence 
of the convergence conditions for the sliding mode the fol-
lowing expression should be verified [32]:

S x S x( ) ( ) ≤ 0 . (13)

4.1.3 Determination of the control law
The sliding mode controller structure consists of two 
parts, one for exact linearization (Ueq) and the other for 
stability (Un) [33]. Accordingly, the control algorithm is 
described as follows:

U U Ueq n= + . (14)

Ueq represents the equivalent control which serves to 
maintain the variable to be controlled on the sliding sur-
face S(x) = 0. It can be defined considering that the deriv-
ative of the surface is zero Ṡ(x) = 0.

Un presents the discrete control, which is used to ensure 
the convergence condition even under the presence of the 
imprecision on the parameters of the system model. 

The simplest form that the discrete control can take 
is that of a sign function. However, this kind of function 
generates on the sliding surface some ripples, which are 
known as the phenomenon of chattering. It is generally 

Table 1 Pole and phase voltages of the 4-level inverter

Pole-voltage of
inverter 1

Pole-voltage of
inverter 2

Stator 1 phase 
voltage

–VDC/6 VDC/12 –VDC/4

–VDC/6 –VDC/12 –VDC/12

VDC/6 VDC/12 VDC/12

VDC/6 –VDC/12 VDC/4

Pole-voltage of
inverter 3

Pole-voltage of
inverter 4

Stator 2 phase 
voltage

–VDC/6 VDC/12 –VDC/4

–VDC/6 –VDC/12 –VDC/12

VDC/6 VDC/12 VDC/12

VDC/6 –VDC/12 VDC/4
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undesirable because it adds to the spectrum of the con-
trol high frequency components [34, 35]. Therefore, for 
the elimination of the chattering, the sign function can be 
replaced by an adequate saturation function that allows the 
filtering of the high frequency components found in the 
control spectrum. The definition of the saturation function 
Sat(t) is given as follows:

Sat t S
S m

( ) =
+

. (15)

with: m is small parameter.

4.2 Application of SMC on DSIM and DOEWIM
The synthesis of the control laws of sliding mode control, 
which will be applied to the DSIM motor with a classical 
topology and open stators windings topology, is based on 
the decoupled model obtained by the FOC method. Hence, 
the system presenting the state is given as follows:
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,  (16)

where:
*(exhibitor): reference value;
.(exhibitor): derived value;
ωr : fundamental electrical pulsation of rotor quantities;
ωs : fundamental electrical pulsation of stator quantities;
ωgl : fundamental electrical pulsation of sliding.

4.2.1 Application of sliding mode control on the DSIM
The control of the DSIM based on SMC will focus mainly 
of the control of the three variables such as the rotor speed, 
the rotor flux and the stator currents. The main idea process 

of such control is presented in the following sub-sections 
for the three aforementioned variables, respectively.
The speed surface control
The speed regulation surface whose relative degree r = 1 
is of the following form:

S r r rω ω ω( ) = −* . (17)

The derivative of Eq. (17) is obtained as follows:



 S r r rω ω ω( ) = −* . (18)

By introducing the equation of ω̇ r Eq. (16) into Eq. (18), 
Eq. (19) is obtained:



S P
J

L
L L

I I
K
J

P
J
Tr r

m

m r
sq sq r

f
r Lω ω ϕ ω( ) = −

+
+( ) + +* *

2

1 2 . 

(19)
Assuming that:

I I Isq sq sq1 2+ = , (20)

and taking into account that:

I I I Isq sq sqeq sqn= = +* . (21)

Using Eqs. (19)–(22) is obtained as follows:


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J
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I P
J
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I
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J
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r r
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m
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* * *
2 2

LL .

 (22)

Based on the explanation given after Eq. (14), the equiv-
alent control can be obtained from Eq. (22) as follows:

I J
P
L L
L

K
J

P
J
Tqeq

m r

m r
r

f
r L=

+
+ +








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
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2 ϕ

ω ω
*

*
 . (23)

The discrete control can be obtained based on the cho-
sen function as follows:

I K
S

Sqn
r

r
r

r

=
( )

( ) +ω
ω

ω
ω ξ

, (24)

where Kωr , ξωr are positives constants. 
The gain K is chosen positive to satisfy the condi-

tion (Eq. (13)). The choice of this gain is very influential, 
because, if it is very small the response time will be very 
long and therefore reducing the system robustness, and if 
it is chosen very large, we will have broadened the chatter-
ing effect in the control unit.

In this article, we have relied on the Reaching Law (RL) 
to determine the k value, in particular the reach approach 
with a potency rate, which is given as follows:
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S k S sign S= − ( )α , (25)

with: 0 ˂ α ˂ 1.
The control of the rotor flux surface
The rotor flux surface is considered to have the same form 
as the speed:

S r r rϕ ϕ ϕ( ) = −* . (26)

Its derivative is obtained as follows: 


 S r r rϕ ϕ ϕ( ) = −* . (27)

By substituting the expression of φ̇r in Eq. (27), the 
derivative of the rotor flux surface can be rewritten as 
follows: 


S R
L L

R L
L L

I Ir r
r

r m
r

r m

r m
sd sdϕ ϕ ϕ( ) = +

+
−

+
+( )*

1 2 , (28)

taking:

I I Isd sd sd1 2+ = , (29)

and:

I I I Isd sd sdeq sdn= = +* . (30)

Hence Eq. (28) can be re-expressed taking into account 
Eqs. (29) and (30):
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. (31)

By applying sliding mode theory, the two Eqs. (32) 
and (33) can be obtained, which represent, respectively the 
equivalent control and the discrete control:

I
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R
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I K
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( ) +ϕ
ϕ

ϕ

ϕ ξ
, (33)

where Kφr , ξφr are positives constants. 
The control of the surface of the stator currents 
We take the following surfaces for all the four stator cur-
rent components as follows:

S I I Isd sd sd1 1 1( ) = −* , (34)

S I I Isq sq sq1 1 1( ) = −* , (35)

S I I Isd sd sd2 2 2( ) = −* , (36)

S I I Isq sq sq2 2 2( ) = −* . (37)

Their derivatives can be represented as follows, 
respectively:

  S I I Isd sd sd1 1 1( ) = −* , (38)

  S I I Isq sq sq1 1 1( ) = −* , (39)

  S I I Isd sd sd2 2 2( ) = −* , (40)

  S I I Isq sq sq2 2 2( ) = −* . (41)

By substituting the expressions of the stator currents 
derivatives (    I I I Isd sq sd sq1 1 2 2, , and ), which have been pre-
sented in the state system given in Eq. (16), the derivative 
of the surfaces can be re-expressed as follows:

S I I
L

R I

L I

V
sd sd

s

s sd

s s sq r r gl

sd

1 1

1

1 1

1 1

1

1( ) = −

−

+ +( )
+






* * * *ω τ ϕ ω














, (42)
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We assume that:

V V V Vsd sd sd eq sd n1 1 1 1= = +* , (46)

V V V Vsq sq sq eq sq n1 1 1 1= = +* , (47)

V V V Vsd sd sd eq sd n2 2 2 2= = +* , (48)

V V V Vsq sq sq eq sq n2 2 2 2= = +* . (49)

By substituting Eqs. (46)–(49) in Eqs. (42)–(45), respec-
tively, the derivatives can be rewritten as follows:
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Finally, by applying sliding mode theory, the two groups 
of equations can be obtained, which represent, respec-
tively the decoupling control voltages (which represent 
the equivalent control in Eqs. (54)–(57) and the switching 
control voltages (which represent the discrete control in 
Eqs. (58)–(61)).

V L I R I L Isd eq s sd s sd s s sq r r gl1 1 1 1 1 1 1= + − +{ }* * * *ω τ ϕ ω , (54)

V L I R I L Isq eq s sq s sq s s sd r1 1 1 1 1 1 1= + + +{ }* * *ω ϕ , (55)

V L I R I L Isd eq s sd s sd s s sq r r gl2 2 2 2 2 2 2= + − +{ }* * * *ω τ ϕ ω , (56)

V L I R I L Isq eq s sq s sq s s sd r2 2 2 2 2 2 2= + + +{ }* * *ω ϕ , (57)
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where KIsd1 , ξIsd1 , KIsq1 , ξIsq1 , KIsd2 , ξIsd2 , and KIsq2 , ξIsq2 are 
positives constants.

Fig. 7 gives the general diagram of the control structure 
by sliding mode of a DSIM supplied by two three-phase 
inverters and controlled in speed, rotor flux and stator cur-
rents in a non-linear control plane. This control technique 
is combined with the SVPWM for the purpose of achiev-
ing high performance.

4.2.2 Application of sliding mode control on DOEWIM
For the application of the sliding mode control on DOEWIM, 
the same steps as the one used in Sub-subsection 4.2.1 will 
be used here for the determination of the different control 
surfaces for the three variables such as the rotor speed, the 
rotor flux and the stator currents, where the main aim is 
to obtain finally the two components of the surface control 
such as the equivalent control and the discrete control.
The speed surface control 

The equivalent control and the discrete control for the 
rotor speed surface are obtained as follows:
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r
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ω
ω ξ , (63)

where K'ωr , ξ'ωr are positives constants. 

Fig. 7 The sliding mode control scheme applied on DSIM



Sellah et al.
Period. Polytech. Elec. Eng. Comp. Sci., 66(1), pp. 80–98, 2022|89

The control of the rotor flux surface
With similar process, the equivalent control and the dis-
crete control of the rotor flux surface of the DOEWIM can 
be obtained as follows:

I L L
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R
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r m

r m
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+

+
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r
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( ) + ′ϕ

ϕ

ϕ
ϕ ξ

, (65)

where K'φr , ξ'φr are positives constants. 
We can note here that the two control components are 

the same as for the case of DSIM.
The control of the surface of the stator currents 
With the same process the components of the equivalent 
control and the discrete control of the stator currents sur-
faces are obtained as follows: 
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where K'Isd1 , ξ'Isd1 , K'Isq1 , ξ'Isq1 , K'Isd2 , ξ'Isd2 , and K'Isq2 , ξ'Isq2 are 
positives constants.

We cannot here that these components are similar to 
those obtained with the DSIM, except that each equiva-
lent component is presenting the differences between the 
equivalent components of the voltages applied in each side 
of the winding.

Fig. 8 shows the structure of the same control tech-
nique associated with the SVPWM and which was shown 
in Fig. 7, but in this figure, it is applied on the DOEWIM 
motor to ensure the control of the same variables as in 
the previous case. It can be seen clearly in this figure that 
DOEWIM is supplied by four three phase two-level invert-
ers. Indeed, each inverter is connected to one stator wind-
ing end, which are in our case four stator winding ends.

5 Simulation results and discussions
In Section 5, the application of the sliding mode control on 
both three-phase topologies of Dual Star Induction Machine 
(DSIM) and Dual Open-End Winding Induction Machine 
(DOEWIM) have been carried out under simulation tests, 

Fig. 8 The sliding mode control scheme applied on DOEWIM
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where the same machine with the characteristics given in 
the Appendix, has been used for these tests.

The main objective of this simulation is to present a de- 
tailed comparison between both topologies performances 
based on the analysis of the dynamic behavior of the chosen 
electrical, electromagnetic and mechanical variables subject 
of the proposed control such as stator current, electromag-
netic torque, rotor flux and rotor speed. For such purpose 
two main operating mode tests have been performed for 
both topologies under similar operating conditions and same 
controller parameters. The first one has been performed 50% 
of motor rated speed operation taking into account the steps 
of starting up under no load, load torque application and 
speed reverse. The second one has been performed under 
low-speed operation about 3% of the motor rated speed 
under the same operation conditions as in the first test.  

5.1 Normal speed operation
The simulation of the both topologies DSIM and 
DOEWIM have been performed under normal speed in 
steady state which is chosen to be 50% of the rated speed 
of the machine in both directions. Indeed, this simulation 
includes a sequence of steps, which can imitate the prac-
tical cases in industrial applications. The machine starts 
up at t = 0 s with no load following an imposed reference 
speed profile, at t = 1.0 s a load torque of TL = 5 N m is 
applied that is considered as an external perturbation, at 
t = 1.5 s the applied load torque is increased to TL = 10 N m, 
then at t = 2.0 s the applied load torque is removed which 
means that TL = 0 N m. the second part of this simulation 
presented the dynamic behavior of the proposed control 
against the speed revers, where at t = 2.5 s the reference 
speed is reverse without the application of any torque load.

The voltage obtained by the two topologies DSIM and 
DOEWIM are shown in Fig. 9 (a) and (b), respectively. 

It is clear that for the case of the DOEWM the voltage applied 
to each phase winding is seen as if it is power by four-
level inversion contrary to the topology of DSIM which is 
powered by two-level inverter, this advantage leads to less 
rated voltage applied at the used power switches which is 
nearly reduced to the half due to the fact that the DOEWIM 
dual inverters are power by a DC voltage which is equal to 
the half of the DC voltage used at the input side of DSIM 
topology inverters. Fig. 10 (a) and (b) show the harmonic 

Fig. 9 The voltage applied on the first stator winding of phase "a"; 
(a) DSIM, (b) DOEWIM

(a)

(b)

(c)
Fig. 10 (a) The harmonics spectrum of the voltage applied on the first 
stator winding of DSIM  at phase "a", (b) The harmonics spectrum of 

the voltage applied on the first stator winding of DOEWIM at phase "a", 
(c) The voltage harmonics spectrum comparison of both topologies 

along the variation of the load from non-load to rated load
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spectrum of the obtained voltage at phase 'a' of the first sta-
tor winding for the both topologies. It is obvious that in the 
case of the DSIM the harmonics content is more import-
ant with THDV = 47.74% in comparison with the case of 
DOEWIM which is characterized by THDV = 38.52%. 
Fig. 10 (c) summarizes a comparison of the evolution of the 
THDV in both cases along the load torque variation from 
zero to the rated torque value which is given by the con-
structor as presented in Table. 2 (in Appendix), where it is 
clear that the proposed topology has less THDV which can 
contribute positively for obtaining better current quality 
and less electromagnetic torque ripples. 

Fig. 11 (a) and (b) present the dynamic evolution of the 
reference and the motor rotor speeds of the both topolo-
gies, respectively. It can be seen clearly that the rotor speed 
tracks the reference speed during all the speed profile. It is 
important to mention here that during the reference speed 
the speed passes from N = 157 rad/s to –N = 157 rad/s in 
a linear manner which imitates the real practical case. 
So, it can be said that this dynamic evolution of the speed 
in comparison with the imposed speed reference is very 
satisfactory in all aforementioned operating modes within 
the load torque variation intervals, where there are no 
impact on the tracking quality of the rotor speed during 

these modes. However, the second topology has relatively 
faster dynamics in tracking the reference speed with less 
ripples and less error between the references speed and the 
developed speed by the machine, especially during start 
up as shown in the depicted zooms of Fig. 11 (a) and (b). 

Fig. 12 (a) and Fig. 13 (a) show the electromagnetic 
torque  Tem developed by both IM topologies, respectively. 
It is obvious in that in both cases that the Tem tracks the 
load torque within a very short time of 0.04 s and 0.05 s 
for DOEWIM and DSIM, respectively without any kind of 
disturbances impact on the quality of the speed as shown 
in Fig. 11 (a) and (b), on the other side the overshoots of the 
developed Tem in both cases for different loads are nearly 
neglected. It is important to clarify that the DSIM and 
DOEWIM are considered as multi-phase machines where 
the torque ripples are reduced considerable in compari-
son of their counter parts three-phase machines. However, 
the DOEWIM topology presents a very interesting advan-
tages, where the resulting Tem ripple are significantly 
reduced in comparison to the DSIM topology as it can 
be noticed clearly in the Fig. 12 (b) and Fig. 13 (b). This 
advantage allows reducing the mechanical stresses along 
the shaft and bearings and obtaining less noise and vibra-
tions in the DOEWIM. It is due to the fact that the quality 

(a)

(b)
Fig. 11 (a) The rotor speed of the DSIM topology, (b) The rotor speed of 

the DOEWIM topology

(a)

(b)
Fig. 12 (a) The electromagnetic torque developed by the DSIM, 
(b) Zoom of the electromagnetic torque developed by the DSIM
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of multi-level voltage applied to the winding and the less 
impact of the chattering phenomenon with the proposed 
topology DOEWIM compared to the conventional config-
uration DSIM where the ripples level are more apparent. 
The non-exact congruence of the load torque and the aver-
age value of the developed Tem is due to the difference pro-
duced by the relating friction torque which depends essen-
tially on the friction coefficient mentioned in Table 2 (in 
Appendix) and the motor rotor speed, in the present case 
this friction torque is Kf .ωr = 0.157 N m. 

The currents in the three phases of the first stator wind-
ing for the two topologies are shown, respectively in 
Fig. 14 (a) and Fig. 15 (a) along the aforementioned simu-
lation steps. It can be noticed clearly that the start-up peak 
current and the time for this transition are nearly the same 
for both topologies. However, a zoom visualization of these 
currents within three steps with different torque loads 
such as TL = 0 N m, TL = 5 N m and TL = 10 N m are shown 
in Fig. 14 (b) and Fig. 15 (b), it can be deduced that the 
harmonics content is less in the case of open-end winding 
which lead to a better quality of the stator current and less 
ripples in the electromagnetic torque. In Fig. 16 many tests 
have been performed with different load torques ranging 
from zero to TL = 5 N m where the improved THD of the 

proposed topology is well proved. Indeed, this feature can 
be considered as one among other advantages of using the 
DOEWIM topology compared to the conventional topol-
ogy that may lead to improve the overall performance of 
the system based on the open-end winding.

Fig. 16 shows the rotor fluxes for the DSIM and 
DOEWIM topologies following the d, q axis where very 
satisfactory responses behavior are achieved during the 
start-up which are characterized by of short duration 
before reaching the value of 1 Wb and 0 Wb for the two 
rotor flux components following the d, q axis, respectively. 
On the other side, these results prove that the impacts of 
the load torque variation and the rotation direction inver-
sion have no influence on the obtained rotor fluxes for 
both topologies which can be explained by the accurate 
control of SMC combined with SVPWM applied in this 
paper for both topologies where its ability of different dis-
turbance rejection is proved clearly. The DOEWIM topol-
ogy allows us to achieve a significant improvement in the 
rejection of harmonics in the rotor flux, this can be con-
firmed by the observation of Fig. 17, which shows that the 
rotor flux in the DOEWIM topology is improved com-
pared to the DSIM topology.

(a)

(b)
Fig. 13 (a) The electromagnetic torque developed by the DOEWIM, 
(b) Zoom of the electromagnetic torque developed by the DOEWIM

(a)

(b)
Fig. 14 (a) The stator phase currents of DSIM, (b) Zoom of the stator 

phase currents of DSIM
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Another important advantage of using the DOEWIM 
is the elimination of the common mode voltage related to 
the star point in both stator winding of the DSIM. Indeed, 
in DOEWIM the star point are cancelled and hence the 
current circulation in the metallic parts of the motor 
toward the ground due the CMV is reduced significantly, 
contrary to the DSIM topology where the two star points 
give birth to a relatively important difference of potential 
between the each star point and the ground allowing the 
generation of stress currents, which contribute drastically 
for the degradation of some parts of the motor especially 
in the bearings and the surface contact of shaft with bear-
ings. Fig. 18 (a), (b) and (c) present the CMV spectrum 
related to the first star point, the second star point and the 
produced voltage between these two points, respectively. 
It is well noticed that these voltages are important and 
can lead to many problems in industrial application when 
the DSIM topology is used, however with the use of the 
DOEWIM this problem can be avoided totally.

5.2 Low speed operation test
The simulation test of the both topologies DSIM and 
DOEWIM have been performed under low speed in 
steady state which is chosen to be under of 3% of the 
rated speed of the machine in both directions. In fact, this 
simulation test was carried out following a set of steps 
to make deep comparison of the performances under a 
wide range of speed variation. The first step, the machine 
starts up at t = 0 s with no load following an imposed ref-
erence speed profile, at t = 0.5 s a load torque TL = 5 N m 
is applied, at t = 1.5 the applied load torque is removed 
which means that TL = 0 N m while within the second 
step of this simulation, the reference speed is reverse at 
t = 2.0 s without the application of any torque load to show 
the dynamic behavior of the proposed control for both 
topologies against the speed revers.Fig. 16 The two components of the rotor flux; (a) DSIM, (b) DOEWIM

Fig. 17 The rotor flux: (a) DSIM, (b) DOEWIM(a)

(b)

(c)
Fig. 15 (a) The stator phase currents of DOEWIM, (b) Zoom of the 

stator phase currents of DOEWIM, (c) The current harmonics spectrum 
comparison of both topologies along the variation of the load from non-

load to rated load
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Fig. 19 (a) and (b) present, respectively the dynamic 
evolution of the reference and the motor rotor speeds of 
the DSIM and DOEWIM topologies. It is evident that the 
rotor speed tracks well the reference speed along the two 
steps, where the profile of the reference rotor speed passes 
from 0 rad/s to 10 rad/s and then from 10 rad/s to –10 rad/s 
reflecting the real practical case. Regarding the applica-
tion of torque or its removal, it can be noted clearly that it 
does not affect the quality of the tracking of reference rotor 
speed. But, the second topology has better dynamics in 
reducing the overshoot value when changing the direction 

of rotation of the machine, making its performance to be 
better than the first topology, and this is shown clearly in 
zooms of Fig. 11 (a) and (b).

Fig. 20 (a) and (b) show the electromagnetic torque  
developed by both IM topologies, respectively. It can be 
seen that in both cases, the Tem quickly tracks the load 
torque without any overshoots, and without any kind of 
disturbances impact on the quality of the speed as shown 
in Fig. 11 (a) and (b). Whereas, it is clear that the DOEWIM 
topology presents a very interesting advantages, where 
the resulting Tem ripple are significantly reduced in com-
parison to the DSIM topology as it can be noticed in the 
zoomed parts of Fig. 11 (a) and (b). This makes the new 
topology a preferred choice to minimize chattering phe-
nomenon even at low speeds.

The phases currents of the first stator winding for the 
two topologies are shown, respectively in Fig. 21 (a) and 
Fig. 22 (a). Indeed, it is obvious that these currents in the two 
configurations are extremely similar in terms of peak cur-
rent and the current dynamics in transient interval during 
start up, respectively. However, Fig. 21 (b) and Fig. 22 (b) 
which represent the zoom visualization of the phase currents 
during the application and the cancellation of load torque for 
the two topologies DSIM and DOEWIM, respectively show 

(a)

(b)

(c)
Fig. 18 (a) The first winding common mode voltage (CMV) of DSIM, 

(b) The second winding common mode voltage (CMV) of DSIM, 
(c) The common mode voltage (CMV) between the two-star points of 

the both stator windings of DOEWIM

(a)

(b)
Fig. 19 (a) The rotor speed of the DSIM topology at low values,  

(b) The rotor speed of the DOEWIM topology at low values
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that the harmonics content is less in the case of open-end 
winding which lead to a better quality of the stator current 
and less ripples in the electromagnetic torque.

The rotor flux of both structures is shown in Fig. 23. It is 
obvious that the DOEWIM structure allows us to achieve 
a significant improvement in harmonics rejection in rotor 
flux, making it much softer than in the DSIM topology, 
and this is shown in the obtained zooms of Fig. 23.

6 Conclusion
In this paper, the sliding mode control technique com-
bined with the space vector pulse width modulation has 
been applied to ensure the control of two topologies of 

(a)

(b)
Fig. 21 (a) The stator phase currents of DSIM at low speed, (b) Zoom of 

the stator phase currents of DSIM at low speed

(a)

(b)
Fig. 22 (a) Stator phase currents of DOEWIM at low speed, (b) Zoom of 

the stator phase currents of DOEWIM at low speed

Fig. 23 The rotor flux at low speed: (a) DSIM, (b) DOEWIM

(a)

(b)
Fig. 20 (a) The electromagnetic torque developed by the DSIM at low 
speed, (b) The electromagnetic torque developed by the DOEWIM at 

low speed
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dual stator winding induction motor such as the dual star 
induction motor and the dual open-end winding induction 
motor. The proposed control of SMC which is applied to 
both topologies is based on three variables control such as 
the stator current, the rotor flux and the rotor speed. 

The main objective of the present study is to highlight 
the main advantages of the DOEWIN topology compared 
to the conventional topology, especially in industrial appli-
cations requiring motors with high power where the appear-
ance of the rotor flux ripples, the electromagnetic torque 
ripples and the increased common mode voltage value can 
lead to drastically problems over time such as decreased 
the lifespan of some mechanical parts of the industrial pro-
cess, especially along the bearings and shafts. On the other 

side, the use of the DOEWIM topology allow reducing 
remarkably the harmonics content in the stator currents, 
which means that better power quality can and improved 
power factor can be achieved, hence avoiding equipment 
aging and reducing power consumption costs in industrial 
plants when the DOEWIN is used with the adequate con-
trol technique SMC combined with SVPWM. 

It can be concluded that the application of sliding mode 
control based on FOC and combined with SVPWM on 
dual open-end winding induction motor offers improved 
dynamics performance against load torque and rotor speed 
variation which makes this kind of motor to be a promis-
ing solution for high power industrial application requir-
ing more reliability.
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Appendix
Table 2 The parameters of the machine used for the both topologies of DSIM and DOEWIM

Parameter Value Parameter Value

Lm : Mutual inductance 0.3672 H Kf : Friction coefficient 0.001 N m (rad/s)–1

Lr : Rotor inductance 0.006 H P : Number of pole pairs 1

Ls1 = Ls2 : Stator inductances 0.022 H J : Moment of inertia 0.0625 Kg m2

Rs1 = Rs2 : Stator resistances 3.72 H Vn : Nominal voltage 220 V

Rr : Rotor resistance 2.12 H Pn : Nominal power 4.5 Kw
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