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 This paper presents a nonlinear Integral backstepping control approach based 
on field-oriented control technique, applied to a Double Star Induction 
Machine ‘DSIM’ feed by two power voltage sources. We present this 
technique of integral backstepping by using reduced and complete 
mathematical model. The objective is to improve the robustness of machine 
under internal parameter variation with nonlinear Integral backstepping 
control. The robustness test results obtained by simulation prove the 
effectiveness of control with using complete model of DSIM. 
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1. INTRODUCTION 

For many years DSIM have been used in many applications, for their advantages, among others: 
Minimise the electromagnetic torque and the rotor losses, uses a power electronics component which allows a 
higher commutation frequency and the improvement of reliability by offering the possibility of operating 
correctly in degraded regimes (one or more open phases) [1]-[3]. A lot of research has approached the control 
of the DSIM for more than 20 years, while seeking to have a very good rejection of disruption and good 
robustness in the face of changing parameters.  

In this paper we propose in this article a Backstepping control using the complete mathematical 
model of the machine, we will then make a comparison of these performances with the Backstepping control 
using reduced model. we use this technique to design a robust control based on the principle of field oriented 
control, this new version of backstepping with integral action solves the problem of constant static error and 
sensitivity to Noise appeared in the classic version of backstepping. The effectiveness of this proposed 
control structure is verified by simulation using the reduced and complete model of DSIM, with this 
proposed control, the load disturbance rejection capability is highly improved. 
 
 
2. DESCRIPTION OF THE DSIM 

This machine is based on the principle of a double stators displaced by γ=30°. The stators are similar 
to the stator of a simple induction machine and fed with 03 phase alternating current and provide a rotating 
flux, each star is composed by three identical windings with axes spaced by α=γ= 30 ° [1]-[3], [10]-[12]. 
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3. MODELLING OF THE DSIM IN (D-Q) REFERENCE 
DSIM with the distribution of its windings and its own geometry is very complex to lend itself to an 

analysis taking into account its exact configuration, it is necessary to adopt certain simplifying assumptions. 
In addition to the hypotheses of the generalized machine, it will be assumed that the two stator three-phase 
windings are balanced and identical (the six phases therefore have the same electrical characteristics) [1]-[3], 
[11-12]. 
 
 

4. DIRECT FIELD ORIENTED CONTROL FOR DSIM 
The principle of field Oriented Control strategy is to eliminate the coupling problem between the 

two direct axes (d) and quadrature (q), which makes it possible to assimilate the asynchronous machine to an 
independently excited DC machine as its main advantage to be easily controllable. Indeed, the inductor 
current is a flux generator while the armature current is a torque generator. The FOC consists in making 
φqr=0 while the rotor direct flux φdr converges to the reference φr* [3]-[5]. 
 
4.1. Complete model of DSIM 

The Complete mathematical model of the Double star induction motor can be expressed in the (d-q) 
synchronous rotating frame by the following nonlinear equations, Taking into account that the rotor of the 
DSIM is short-circuited [1]-[3].  

 

 

 (1) 

 

 

4.2. Reduced model 
By applying the Field Oriented Control principle to the complete mathematical model (1), we put 

(φqr=0 and φdr=φr) and the system of equation in (d,q) for the DSIM in reduced model become [1]-[3]: 
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5. BACKSTEPPING CONTROL 

The basic principle of backstepping control is to make closed loop systems equivalent to first-order 
subsystems in cascade that are Lyapunov stability, This gives ensures robustness and asymptotic global 
stability [2], [10], [11].  

Our objective is to control the flux and speed variables, so we chose as intermediate variables, the 
stator currents (ids1, iqs1, ids2, iqs2), to let them follow their references values defined by the “virtual controls”, 
finally, we compute the stator voltages controls (Vds1,Vqs1,Vds2,Vqs2) required to let the “virtual controls” 
converge to the desired values with regards to the stability of the associated Lyapunov function [6]-[8].  
 
5.1. Application of nonlinear integral backstepping control to DSIM 

In our work, we use Integral backstepping control by using both reduced and complete model of 
oriented induction machine (1-2).  

Our objective is to synthesize the expression of the control variables Vsd1,Vsd2 and Vsq1,Vsq2 to let the 
state variables of the DSIM follow the desired references Figures 1, 2, and 3. By making a variables change, 
the new ones are the errors between the set points and the state variables. This control is presented in six 
steps shows in Figure 2, as we will show in this section [9]. 
 
5.2. Nonlinear integral backstepping control using the reduced model 

In this part we use the reduced mathematical model (2) of the DSIM[9]. 
 
5.2.1.First step “Speed Loop”:  

This first step consists in identifying the errors e1 which represent the error between real speed “ω” 
and reference speed ‘ω*’, for the electrical speed “ωr”, we define the racking error as: 

*
1e     (3) 

 
And their dynamics are given by:  

*

1e  
  

   (4) 

)(
21

*

sqsqqs
iii   Then the error dynamical equations are:
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With C1 is a positive constant.  

The derivative of the Lyapunov function becomes: 2
1 1 1 1( ) 0V e c e


    
Since the current iqs is not a control input and is only one variable of the system with its own dynamics. We 
will use it to introduce the integral action, so we choose the desired dynamic behavior of the virtual control 
’iqs*’ as following:  
 

*
* 9 8 1 1

1 1
7

r
qs

r

b b C e
I x

b

  


  
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(8) 

 

with λ1 is positive constant and 
 
0 11

)( dex
is the integral action brought in accordance with the 

following error "e”. By introducing this integral in the virtual control, we ensure the convergence of tracking 
error to zero in steady state shows in Figure 1.  
 
 

 
 

Figure 1. Integral action backstepping diagram 
 
 

5.2.2.Second step “iqs1 Current Loop”: 
For this step, our goal is the replacement of the virtual current control by computing  

control voltages. 
We define the error of the (q) axis component of the stator current and its reference: 

1

*

2 Sqqs
iIe   (9) 

 
The derivative is written as: 

* *

2 1qS qSe I i
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Its derivative is:   2 22 2( )V e e e
 


    

*
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 
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(12) 

 

For a negative error derivative e2, we must choose as the first control voltage: 
*

*
1 1 2 2 3( )qs qsV I C e b



   . 

2
2 2 2 2( ) 0V e C e


  
 
With C2 is a positive constant. 

 
5.2.3.Third step “iqs2 Current Loop”: 

We define the tracking error as: 

*
3 2qs qse I i   (13) 

 
The derivative is written as:  

*
3 2qs qse I i

 

 
 

(14) 

 

*
3 2 2 3/qs qse I V b



  
 
With:  

31111221242 /)( bdaiaaibaib rdsdsqs  
 

2

333 2

1
)( eeV 

 

(15) 

 
Its derivative is:      

3 33 3( )V e e e
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
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For a negative error derivative e2, we must choose as the second control voltage. * *
2 2 3 3 3( )qs qsV I C e b


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2
3 3 3 3( ) 0V e C e


  
 
With C3 is a positive constant. 

 
5.2.4. Step four “φdr Flux Loop”: 
We define the tracking error as: 
 

*
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
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And its derivative with respect to time leads to: 
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(19) 

with C4 is a positive constant.  
The derivative of the Lyapunov function becomes:  
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2
4 4 4 4( ) 0V e C e


  
  

We choose the desired dynamic behaviour of the virtual control ids* as following: 

*

* 6 4 4
2 2

5

r r
ds

b C e
I x

b

  


 
 

 

(20)

 
 
With λ2 is positive constant and 

 
0 42

)( dex    is the integral action brought in accordance with the 

following error ‘’e’’ By introducing this integral in the virtual control, we ensure the convergence of the 
tracking error to zero in steady state. 
 
5.2.5.Step five “ids1 Current Loop”: 

*
5 1ds dse I i



    (21) 

 
Its derivative is written as:   
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Its derivative is 

* *
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For a negative error derivative e5, we must choose as the Third control voltage
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With C5 is a positive constant. 

 
5.2.6.Step Six “ids2 Current Loop”: 
 

*
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Its derivative is written as: 
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Its derivative is: * *
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For a negative error derivative e5, we must choose as the fourth control voltage
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With C6 is a positive constant. 

 
5.3. Nonlinear Integral Backstepping Control Using Complete Model  

In this part we use the complete mathematical model of the DSIM. 
 
5.3.1.First Step “w Speed Loop”:  

This first step consists in identifying the error ‘e1’which represent the error between real speed ω 
and reference speed ω*. 
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We will use iqs* to introduce the integral action, so we choose the desired dynamic behaviour of the virtual 

control” Iqs*” as following: 
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With k1 is a positive constant 

 
5.3.2.Second Step “iqs1 Current Loop”: 

The Replacement of the virtual current control by computing control voltages, we define the error of 
the (q) axis component of the stator current and its reference: 
 

*
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Its derivative is written as: 
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For a negative error derivative e2, we must choose as the first control voltage.

*
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With k2 is a positive constant. 

 
5.3.3.Third Step “iqs2 Current Loop”: 

We define the tracking error as: 
 

*
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The derivative is written as: 
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With k3 is a positive constant. 

 
5.3.4.Step Four “φdr Flux Loop”: 
We define the tracking error as: 

*
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And its derivative with respect to time leads to:     
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The derivative of the Lyapunov function becomes:      2
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 We choose the desired dynamic behavior of the virtual control ids* as following: 
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With λ4 is positive constant and 
 
0 44

)( dex    is the integral action brought in accordance with the 

following error "e”. By introducing this integral in the virtual control, we ensure the convergence of the 
tracking error to zero in steady state.  
 
5.3.5.Step five “ids1 Current Loop”: 
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For a negative error derivative e5, we must choose as the third control voltage 
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5.3.6.Step Six “ids2 Current Loop”: 
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For a negative error derivative e5, we must choose as fourth control voltage  
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Figure 2. Backstepping diagram of double star Induction machine (DSIM) using Complete Model 
 
 

6. SIMULATION RESULTS (ON LOAD) 
The effectiveness of the Integral Backstepping control applied to DSIM with both complete and 

reduced models has been validated by numerical simulation (Matlab Simulink),With application of resistant 
torque of (10Nm) at t=[1.5 2.5], the DSIM has the same behavior for both models in the load test with good 
rejection of disturbance in the graph of the rotor speed, The direct and quadrature rotor fluxes (φdr, φqr) and 
the two stator currents of axis (d-q) stabilize to theirs reference values. 
 
 

7. RESULTS DISCUSSION 
The rotor speed follow very well its reference value with a good rejection of disturbance even with 

the application of the load due to the backstepping regulation, and the integral action allowed us to maintain 
the static error at a value of zero Figures 3, 4, and 7. 
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Figure 3. Reduced model performance 
 
 
 

 

 

Figure 4. Complete model performances 
 
 

7.1. Robustness Test 
In this part we have increase the rotor resistance by application of the load (Rr=2xRrn) at time  

t =[1.5-2.5] sec in order to verifying the robustness of non-linear Integral Backstepping regulation under 
DSIM parameters variations, Figures 5-6 shows the responses of different variables states. 
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Figure 5. Reduced model robustness test with 
(Rr=2xRrn) 

Figure 6. Complete model robustness test with 
(Rr=2xRrn) 

 
 

 
 

Figure 7. Static error with a reference speed (100 rad/sec) 
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7.2. Discussion of Robustness Test Results (Rr=2xRrn) 
Reduced model test shown in Figure 5 prove that the decoupling between the Flux And the Torque 

is lost and the static error has appear because of the simplification adopted in field oriented control who 
makes (φqr=0) and renders this model incapable of adapting to the change of internal parameters. 

Complete model test shown in Figure 6 responded well to the change of the internal parameter Rr, 
because, the expression of ‘ωgl’ in the complete model is derived from the regulation loop with backstepping 
using the ‘φqr flux loop’, that’s allowing to take into consideration the variation of ‘φqr’ which depend to ‘Rr’ 
and ωgl with: (ωgl=ωs-ωr) (1), intervenes so as to maintain this coupling constant. 

 
 

8. CONCLUSIONS 
Several researchers based on the reduced model of the double-star asynchronous machine in their 

works, in this paper we presented a nonlinear integral backstepping of the DSIM based on field oriented 
control principle followed by a comparative robustness test between reduced and complete models of DSIM. 
Firstly we saw that the non linear integral backstepping control of the DSIM gave satisfactory results in 
comparison with the PI vector regulator in terms of response time, static error and disturbance rejection, we 
can see also that the integral action in Figures 1-7 allow us to highly reduce the static speed error.  

In the analysis of the results of the empty and load test, with the nominal parameters we obtained 
satisfactory and quasi identical simulation results for the two models. But the results of the robustness test 
obtained, proved the high performance by using complete model in control against the reduced model, it can 
be seen that all the state vectors converged to their desired real values  in Figures 5 and 6 with a total 
rejection of disturbance and maintaining of the decoupling between the flux and the torque. We already know 
that the internal parameters and especially the rotor resistance in practice increases during operation of the 
machine and if we looking for a model that corresponds to the DSIM in real operation of course with the 
simplifications already quoted in ‘paragraph 3’, This leads us to opt for the complete model. 
 
 
NOMENCLATURE 
s: Index Stator.  
r: Index Rotor. 
Vds1, Vqs1, Vds2, Vqs2: Stator voltages d–q axis components. 
ids1, iqs1, ids2, iqs2: Stator currents d–q axis components. 
Rs1, Rs2: Stators resistances. 
φdr, φqr: Rotor flux d–q axis components. 
Rr, Rrn: Rotor resistance, nominal resistance 
Ls1, Ls2: Stators inductances. 
Lr: Rotor Inductance. 
Lm: Mutual inductance. 
a) Reduced Model Constants are: C1=C4=C6=10 000, C2=C3=C5=1000, λ1=0.698, λ2=10. 
b) Complete Model Constants are: k1=1500, k2=k3=3000, k4=20 000, k5=K6=k7=1000, λ3=0.001, λ4=0.1. 
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APPENDIX 
P=4.5W,  V=220v, I=6.5A, Wn=2840 rpm, Rr=2.12 Ω, Ls1=Ls2=0.011H, Rs1=Rs2=1.86 Ω, 
Lr=0.274H, Lm=0.3672H, P=1, J=0.0625kg.m2, fc=0.008N.m.s/rd. 
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