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ABSTRACT 

This paper proposes a sliding mode controller based on backstepping approach, to control 

the speed of a dual star induction machine (DSIM), to get best performances of the system. 

A control strategy based on the coupling of these two methods (Backstepping and sliding 

mode controllers) are used to guaranteeing the stability and the robustness of the machine 

and to force the rotor angular speed to follow a desired reference signal. The simulations 

results obtained from MatLab/Simulink of the proposed controller are finally presented and 

discussed; the obtained results show that the controller can greatly alleviate the chattering 

effect, in enhancing the robustness of control systems with high accuracy. 
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1. INTRODUCTION

The dual star induction machine (DSIM) is the more used 

as motor or generator particularly in autonomous system [1], 

each series of three-phase windings is usually fed by a three-

phase voltage source inverter for the variation of speed [2, 3, 

4], this type of multi-phase machine habitually with a squirrel 

cage rotor [5]. DSIM is very often treated in the literature in 

reason of its several advantages, such as: lower torque ripple, 

speed and torque capacity, reliability, high power, higher 

efficiency, decreases rotor harmonic currents, less dc-link 

current harmonics [3-7], one important advantage compared to 

the classic three phases system is its large fault-tolerance in 

reason to the large number of phases they possess [5]. The 

DSIM is used in applications requiring high power such as 

electric vehicles, locomotive traction, and naval applications 

[4, 6, 7]. 

DSIM is economic and doesn't need maintenance because is 

magnet-less and brushless [5]. The maximum decrease of 

torque pulsations is obtained in case the two three-phase stator 

winding series are shifted by π/6 electrical radians [8]. The 

multi-phase induction motor can continue to function even 

with open-phase faults because the fundamental component of 

the air-gap magnetic field is retained, this fault tolerance 

without additive hardware increasing the use of multi-phase 

machine and become very important especially in systems that 

requires safety conditions as the field of aerospace, in offshore 

wind energy systems where the troubleshooting depends on 

weather and in traction applications [9]. 

Recently, the Sliding mode control of nonlinear systems 

remains an important area of research in the field of machine 

control.  Like this, considerable efforts and different works are 

carried out in the sliding mode, namely a sliding mode control 

(SMC) associated to the field oriented control (FOC) of a dual-

stator induction generator (DSIG) based wind energy 

conversion systems (WECSs) [10], the fault tolerant control 

(FTC) of the induction motor (IM) in order to improve its 

performances under faulty state, starting from [11]. 

In the last few years, few researches proposed another 

control methods for application on the DSIM to improve its 

performances starting from [7], where the speed reference 

tracking is examined for two double star induction motors 

connected in parallel to a single six-phase inverter supply. In 

that papers authors make a comparative study between two 

control structures, indirect field oriented control (IFOC) using 

fuzzy logic controller (FLC) based only on four rules and 

IFOC with classic proportional integral (PI). Each control 

method is applied on one DSIM. In the first method, FLC 

which does not need an accurate mathematical model of the 

system ensures high performance in speed response under 

different operating conditions more than PI controller. In [3] 

another comparative analysis between the two IFOC using 

traditional PI and FLC, the both control design are applied on 

DSIM under load torque and rotor resistance variations, the 

simulation results shows clearly the robustness of the FLC 

approach because the development of this intelligent control 

does not depend on parameters variations. In [4] a DSIM under 

load disturbances and parameter variations (rotor resistance, 

inertia moment) is inspected. The IFOC using FLC apply on 

DSIM shows robustness against parameter variations and 

guarantee a good performance in transient regime and steady 

state more than IFOC using classic PI. A fault tolerant control 

(FTC) operation of DSIM has been recently analyzed starting 

from [2]. 

To prove the efficiency and robustness satisfactory of the 

sliding mode controller based on backstepping approach, a 

comparative study between the strategy of the proposed 
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control and the rotor flux oriented control (RFOC) 

accompanied by simulation results and analysis. 

The principal contribution of this paper is to develop a 

control technique based on the development and the synthesis 

of a control algorithm based upon sliding mode based on 

backstepping approach ensuring the locally asymptotic 

stability. 

This paper is organized as follow in section 2 a description 

and modeling of DSIM. In section 3 a sliding mode control 

based on backstepping approach is designed for the DSIM 

which assures to steer the speed and flux to their desired 

references and reject the effect of speed variation (inversion), 

during this section the stability of the closed loop system is 

verified by Lyapunov stability theory. Some simulation results 

and their interpretation are given in section 4. The last section 

is reserved for conclusion. 

 

 

2. DESCRIPTION AND MODELING OF DSIIM 

 

The windings of the dual star induction machine are 

represented in figure 1, the DSIM is composed by two stars 

separate with three phases winding fixed and standard simple 

squirrel-cage rotor composed three rotors phases moving. The 

two stators is displaced by angle (α=π/6), their axes are shifted 

from each other an electrical angle equal to (2π /3) with 

isolated neutrals [10, 12-13]. Therefore, the orthogonality 

created between the two oriented fluxes, which must be strictly 

observed, leads to generate decoupled control with an optimal 

torque [14, 15]. 

 

 
 

Figure 1. Representation of the DSIM winding 

 

2.1 DSIM model 

 

The Park model of DSIM in a (d-q) rotating frame is 

presented below. 

Electrical equations used to model of the DSIM given by: 
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Expression of the electromagnetic torque of DSIM is given 

by: 
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In field oriented control, the flux vector is forced to align 

with the d-axis (ϕq =0) in order to have decoupling model 

which is similar to a DC motor. The system of state equation 

of the DSIM in the reference (d, q) is given by Eq. (3): 
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                                                                     (3) 

 

The field oriented control (FOC) of with a conventional PI 

speed controller is required in principle by some industrial 

processes. It is easy to design and implement, but it has 

difficulty in dealing with parameter variations, and load 

disturbances [14, 16]. 

With the problems posed, the PI controllers lose their 

performance and should be badly regulated, to overcome these 

problems, a robust control strategy based on synthesis of the 

hybrid backstepping and sliding mode to control speed and 

flux of the double star induction machine. 
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3. SLIDING MODE CONTROL BASED ON 

BACKSTEPPING APPROACH 

 

The Sliding Mode Control (SCM) is an effective control 

strategy in modern control because of its robustness and 

simple realization, it is consists in bringing the state trajectory 

of a system towards a chosen manifold in the state space, 

called the sliding surface and making it switch by means of a 

suitable switching logic around it to the equilibrium point [17]. 

A problem of the conventional sliding mode controller 

technique is produces high frequency oscillations and 

dangerous vibrations in its outputs called chattering. 

Chattering is undesirable in conventional sliding mode 

controller in practice, because it can excite the high frequency 

dynamics of the system. In order to guarantee the performance, 

stability and robustness of the sliding mode controller to the 

uncertainties it has eliminated the chattering. 

The basic idea of the backstepping control (BSC) design is 

that can effectively linearize a non linear system such as DSIM 

in the presence of uncertainties. The BSC decompose the 

global law of control, by dividing the Backstepping design into 

various design steps using the intermediate control (virtual 

control) result in each step deals with a single input–single-

output design problem, and each step as reference signal for 

the next design step until completion of the control design 

(actual control). The objective of the controller is to build an 

adequate function of Lyapunov guaranteed that the system is 

asymptotically stable and to achieve the objectives tracking. 

The recursive nature of the proposed control design is 

similar to the standard backstepping methodology. However, 

the proposed control design uses backstepping to design 

virtual controllers with a zero-order sliding surface at each 

recursive step. The benefit of this approach is that each virtual 

controller can compensate for unknown bounded function 

which contains unmodelled dynamics and external 

disturbances [18]. 

The choice of this method is not fortuitous considering the 

major advantages it presents [19]: 

− It ensures Lyapunov stability.  

− It ensures the robustness and all properties of the desired 

dynamics.  

− It ensures the handling of all system nonlinearities. 

The block diagram of the sliding mode control based on 

backstepping approach is shown in Figure 2; it contains an 

equivalent control part and discontinues control. 

 

 
 

Figure 2. Diagram of the equivalent control part and 

discontinues control 

 

Sliding mode control based on backstepping approach for a 

double star induction motor can be achieved in two successive 

steps. The bloc diagram of the proposed controller is shown in 

Figure 3. 

Step 1: Speed and Flux regulators 

The sliding surface requires to as to retain, so the error on 

the sliding surface s (e, t) =0, if for that which brings back us 

to define the speed equivalent control and the rotor flux 

module in the following way: 
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The rotor speed and the rotor flux surface Sω and Sϕ are 

defined by: 
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Derivative of the sliding surface Sω and Sφ are calculated by: 
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Replacing the derivate of the speed ωr and flux ϕ from Eq. 

(3) in Eq. (6), thus one obtains the following equations:  
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Figure 3. Diagram of the sliding mode control based on 

backstepping approach 

 

We define the first function of Lyapunov 𝑉1  which 

constitutes the speed and flux sliding surface as follows by: 
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1

1
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2
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                                                               (9) 

 

The time derivative of Eq. (9) is obtained by: 
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1V S S S S   = +
                                                           (10) 

 

Accounting Eq. (7) and Eq. (8), one can rewrite Eq. (10) as 

follows: 
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The chosen low for the attractive surface of Eq. (11) 

stratifying the necessary condition of sliding (si.ṡi) < 0 is given 

by:  
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According to the required sliding condition obtained in Eq. 

(12) we propose: 
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Assuming that: 𝑖𝑑𝑠1𝑟𝑒𝑓 + 𝑖𝑑𝑠2𝑟𝑒𝑓 = 2𝑖𝑑𝑠1𝑟𝑒𝑓 = 𝑖𝑑𝑠𝑟𝑒𝑓  So 

1 2

1

2
ds ref ds ref dsrefi i i= =

  
 

2 (S )r
rref r fs

m r

r m
dsref

m r

R
K T FLC

L L

R L
i

L L

  + +
+

=
+

                        (15) 

 

Finally, the reference current ids is determinate from the 

following expression: 
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Similar to the Idsref1 case; the Eq. (13) becomes: 
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The reference current iqs is determinate by the following 

expression: 
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Step 2: Currents regulators 

In this step four new errors of the components of the stator 

current given by: 
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The augmented Lyapunov function for the second step is 

given by:  
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We take note that V2 is chosen in such a way that permit 

achieving control law. 

The derivative of the positive definite function V2 is:   
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By applying the Lyapunov stability theorem as in the first 

step, we obtain: 
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Finally, by putting equivalence between system of Eq. (22) 

and Eq. (12), we obtain Eq. (23) who is represented the real 

control. 
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We can write equation Eq. (23) as follows:   
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The chosen low for the attractive surface of Eq. (21) 

stratifying the necessary condition of sliding (si.ṡi) <0 obtained 

in Eq. (24): 
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As for the sliding mode control based on backstepping 

approach, we must find a control law to reach it and stay 

thereafter:   
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where ueq is the equivalent control. It makes the derivative of 

the sliding surface equal to zero to stay on the sliding surface, 

us is the discontinuous control. 

The condition to stay on the sliding surface is �̇�𝑖 = 0 ; 

therefore, the equivalent control is: 
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At this present stage, the control discontinuous control law 

usi is designed as: 
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4. SIMULATION RESULTS 

 

The proposed control strategy of the speed and flux 

regulation of 4.5 Kw dual stator induction machine designed 

in this work has been done and validated by Matlab and 

Simulink® software, whose parameters are given in Table 3 in 

Appendix B. 

Following figures (4-7) shows the simulated responses of 

speed, rotor field, electromagnetic torque, and the d-q axis 

stator currents respectively. 

 

 
 

Figure 4. Simulated results of Speed response 

 

 
 

Figure 5. Simulated results of rotor flux 
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Figure 6. Simulated results of Torque under a load Cr=14 

N.m in 2 s 

 

 
 

Figure 7. Simulated results of currents stator (iqs1, ids1) under 

a load Cr=14 N.m in 2 s 

 

The initial rotation speed of the motor is 200 rd/s, to 3 sec 

up to -200 rd/s during a period of 0.3 s and after it is fixed a -

200 rd/s, while the other parameters are held constant. The 

initial load torque of the motor 14 N.m is abruptly applied at 2 

sec (Figure (5)), until the end and pursued by an inversion of 

speed reference between ± 200 rd/s at 3 s. 

In figure (5), the decoupling of torque-flux is maintained in 

permanent mode. 

The torque rises quickly when you the load disturbance 

torque increased from 0 to 14N.m (Figure (6)), this increase 

showing the effectiveness of the proposed control, who is 

rejects the load disturbance very rapidly, the other side the 

torque decreases quickly to attain the commanded value, once 

the speed degraded and reaches the value -200 rd/s, thereafter 

the torque settles to provide only the losses of the machine. 

Figure (7) shows that the response of the current of the q 

axis which controls the torque is similar to that of the 

electromagnetic torque, whereas the current of the axis d 

which controls the flow of the rotor remains constant. 

In order to compare the performance of the sliding mode 

controller based on backstepping approach with RFOC based 

on proportional-integral (PI) controller in the similar test, the 

Figures 8, 9 and 10 shows the simulated results comparison for 

the speed responses and currents stator (iqs1; ids1) of 

conventional PI and the proposed controller. 

Fig. 8.a shows the speed responses for the two control 

methods, in both controllers we clearly see that the speed 

responses follows its reference value with negligible overtake 

and without oscillations, but the response of speed of the 

sliding mode controller based on backstepping approach can 

handle the rapid change in load torque with a response time 

inferior a 0.2 sec, whereas the PI controller has the response is 

not as fast as compared to the proposed controller, she reached 

0.4 sec. 

 

 
 

Figure 8. Simulated results of speed response of the 

proposed controller and FOC 

 

 
 

Figure 9. Simulated results of currents stator (iqs1, ids1) under 

a load Cr=14 N.m in 2 s of the proposed controller 

 

 
 

Figure 10. Simulated results of currents stator (iqs1, ids1) 

under a load Cr=14 N.m in 2 s of the FOC controller 

 

It can be seen in Figures 09 and 10 show the behavior of the 

currents iqs, ids of the first stator, the current iq of the q axis 

controls the torque for the two control methods, but the 

obtained results summarize and reflect the response swiftness 

of our proposed controller compared to the RFOC. 

Those results confirm the high performance of the proposed 

controller demonstrates robustness under various operating 

conditions and assure global stability of this machine. 
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5. CONCLUSION 

 

This paper developed a hybrid non-linear control based on 

sliding mode controller and backstepping approach in order to 

make the error converges to zero and guaranteeing the stability 

and the robustness of the system. 

The simulation results have confirmed the efficiency of the 

proposed controller and presented satisfactory dynamic 

performances, robust and assures global stability, it allows to 

have fast response without overtaking, settling time in speed 

response minimize and complete decoupling between the flux 

and the torque.  

Finally; the experimental implementation of the proposed 

control scheme will be addressed in the future work. 
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APPENDIX A 

 

Nomenclature of the parameters DSIM model. 

 
Vds,VqsVdr, Vqr Stator and rotor voltages d-q axis components 

 ids , iqs, idr, iqr Stator and rotor currents d-q axis components 

φs, φr stator - rotor flux 

φd, φq Stator flux d- q axis components 

ωs,  ωr stator and rotor pulsation respectively 

ωsref,  ωrref Stator and rotor pulsation references 

respectively 

φrref rotor flux control reference 

Rs , Rr Stator- Rotor resistance 

Tr Load torque 

ω Mechanical speed 

ωglref Sliding speed reference 

Cem Electromagnetic torque 

Ls , Lr Stator- and Rotor inductance respectively 
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Lm Mutual inductance 

J  Total inertia 

p Number of pole pairs 

Kf Friction coefficient 

 

APPENDIX B 

 

DSIM motor parameters. 

 
Item Symbol Data 

DSIM Mechanical Power 

Nominal Voltage 

Pw 

Vn 

4.5 kW 

220 V 

Nominal Current 

Nominal speed 

Pole pairs number 

Stators resistances 

rotor resistance 

Stators self inductances 

rotor self inductance 

mutual inductance 

Moment of inertia 

friction coefficient 

Nominal Frequency 

In 

ωn 

p 

Rs1= Rs2 

Rr 

Ls1= Ls2 

Lr 

Lm 

J 

Kf 

f 

6.5 A 

300 rad/s 

1 

3.72 Ω 

2.12 Ω 

0.22 H 

0.006 H 

0.3672 H 

0.625 kg.m2 

0.001Nms/rad 

50 Hz 
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