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1Abstract—In this paper, a new control strategy is deve-

loped; an adaptive fuzzy controller based on Lyapunov’s 
stability theory (AFLC) recalculates the real-time PI-fuzzy 
gains and combines the advantages of two robust techniques 
i.e. the fuzzy logic control and the adaptive one. For the new 
adaptive fuzzy control, we followed two steps: in the first one, a 
PI-fuzzy controller is designed, in the second step, the gains of 
a fuzzy regulator are determined. Extensive simulation results 
are presented to validate the proposed technique. The system is 
tested at different speeds and a very satisfactory performance 
has been achieved. 
 

Index Terms—adaptive control, fuzzy control, Lyapunov 
method, dual star induction motor. 

I. INTRODUCTION 

The use of the dual star induction motor (DSIM), 
especially for high-power applications, has largely replaced 
asynchronous machines, whose role were predominant in 
the industry [1–8]. The dual star induction motor is 
constituted of two windings whith a phase displacement of 
30 electrical degrees. These windings are usually powered 
by a six-phase inverter fed at variable speed. The main 
advantages of the DSIM are  their higher torque density, 
higher efficiency, reduced harmonic content of the DC link 
current [9].  

In [1-10], a model of the dual star induction motor is 
developed. The associated vector control is based on the 
decomposition of the 6-dimensional space in three 
orthogonal spaces. The authors deduced that the torque of 
the double star asynchronous machine is produced only by 
the flux/current interactions in a plane, conventionally called 
(d, q) as in the case of three-phase machines. However the 
control of DSIM is complicated because is is difficult to 
decouple the torque from the flux. To surmount these 
difficulty, high-performance algorithms have been 
developed [10-18]. 

In [11], the Popov stability criterion is used and the suffi-
cient stability condition for control loops having a non-
linear element was found. In fact, this amounts to find a 
linear characteristic that approximates the non-linear one of 
the mono-input regulator. In the case of a two-input regu-
lator, the fuzzy controller is assimilated to a conventional 
PI-controller. 

In [12-14], the authors present a sliding-mode control 
algorithm of a DSIM, the control ensures a good tracking 
performance, a fast dynamics and a short response time. 
However, the control law presents some disadvantages 
which can be summarized in two points. The first one 

consists of the need to have a precise information about the 
evolution of the system in the state space. The second 
disadvantage lies in the tracking phenomenon when a load 
torque is applied; it is possible to have a static error in the 
speed response, chattering phenomenon, which consists of 
sudden and rapid variations of the control signal, may occur.  

 
1 

The fuzzy logic has been a real success not only in the 
modelling but also in the control of double star asynchro-
nous machines. An application using fuzzy systems has been 
developed in [13-19]. 

The Self-Tuning mechanism for induction motor has been 
introduced in order to tune the fuzzy parameters online in 
case when any disturbances occurred [20-22]. 

In [30-35], the authors suggested an automatic adaptation 
of the fuzzy rules that guarantees the stability of the control.  

The present paper proposes a new control strategy based 
on the Lyapunov stability theory and the corresponding 
adaptive fuzzy controller that combines the advantages of 
two robust techniques, i.e. the fuzzy logic control and the 
adaptive control. 

The remaining part of this paper is structured as follows: 
in Section II the mathematical model of the DSIM is 
presented. In Section III a vector control of the DSIM is 
introduced. A PI-Fuzzy control of the DSIM is proposed in 
Section IV. The simulation results and their discussion are 
presented in Section V. Finally, conclusions and future work 
were presented in Section VI. 

II. MATHEMATICAL MODEL OF DSIM  

By applying the Park transformation to the three-phase 
model of the DSIM (Fig. 1), we obtain the following equa-
tion system, expressed in the (d, q) reference frame [9]: 
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The stator and rotor fluxes are expressed, respectively, 
by: 

       37
1582-7445 © 2018 AECE

Digital Object Identifier 10.4316/AECE.2018.03006

[Downloaded from www.aece.ro on Wednesday, September 05, 2018 at 16:35:41 (UTC) by 193.194.69.52. Redistribution subject to AECE license or copyright.]



Advances in Electrical and Computer Engineering                                                                      Volume 18, Number 3, 2018 

 

 
 

 
 

1, 2 1, 2 1, 2 1 2

1, 2 1, 2 1, 2 1 2

1 2

1 2

φ

φ

φ

φ

ds s ds m ds ds dr

qs s qs m qs qs qr

dr r dr m ds ds dr

qr r qr m qs qs qr

L i L i i i

L i L i i i

L i L i i i

L i L i i i

   

   

   

   

 (2) 

The model is completed by the mechanical equation: 

 d

d e r rJ T T f
t


     (3) 

where the following notations have been used:  
J - inertia;  
fr - friction coefficient;  
Te - electromagnetic torque;  
Tr - load torque;  
Ω - mechanical speed of the rotor. 

The expression of the electromagnetic torque Te is [2]: 

 )()( 2121 dsdsqrqsqsdr
rm

m
e iiii

LL

L
pT 


  (4) 

where p is the number of pole pairs. 

Fig. 1 shows the schematic representation of the stator 
and rotor windings of the DSIM. 

 
Figure 1. Schematic representation of motor windings of the dual stator 
induction motor (DSIM). 

III. FIELD ORIENTED CONTROL OF A DSIM  

The objective of the vector control of DSIM is to obtain a 
decoupled control of the electromagnetic torque and the 
rotor flux as in DC machines [17, 22, 35].  

The Indirect Field-Oriented-Control (IFOC) is the most 
commonly used because of its relative simplicity and low 
implementation cost. The indirect rotor field  oriented con-
trol (IRFOC) [17, 31] consists of annulling the quadrature 

component of the rotor flux . Consequently, the 

reference flux is .  

0qr

drr *

By applying this principle into Eqs. (1), (2), (3) and (4), 

with , we obtained: rsg 
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By replacing Eqs. (5) into Eqs. (2), the stator flux equa-
tions become:  

  (6) 
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By replacing Eqs. (6) in Eqs. (1), the following voltages 
equations can be expressed by:
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 (7) 

According to this model, we notice that the voltage 
equations Vds1, Vqs1, Vds2, Vqs2  influence the current system 

ids1, iqs1, ids2, iqs2, the flux and the torque Te  drr *

For decoupling the axes d and q, we define a new set of 
four command variables: Vds1a, Vqs1a, Vds2a, Vqs2a : 

  (8) 
1, 2 1, 2 1, 2
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ds ds a ds
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The terms of compensation that must be added are: 
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Fig. 2 shows the reconstitution of voltages Vds1, 2, Vqs1, 2. 

 
Figure 2. Reconstitution of voltages Vds1, 2 and Vqs1, 2. 

 

Thus, Eqs. (7) are replaced by:    

 

1, 2
1, 2 1, 2 1, 2 1, 2
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d

d

d

d

ds
ds a s ds s

qs
qs a s qs s
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t

i
V R i L

t

 

 

 (10) 

Hence, the actions on the d and q axes are completely 
decoupled. The decoupling procedure may be observed in 
Fig. 3. For the adjustment of the speed of the DSIM, starting 
from the reference speed and the real speed, the fuzzy 
controller (FC) provides the torque reference Tref. The bloc 

of Field Weakening generats the reference flux . The 

indirect field oriented control (FOC) principle is used to 

*
r
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generate the corresponding reference voltages Vds1, 2 and 
Vqs1, 2. A Park reverse transformation (dq-abc) calculates the 
stator reference voltages. These voltages are used to fix the 
control of each  PWM inverter.  

 
Figure 3. The decoupling procedure of the actions on the d and q axes. 

IV. PI FUZZY CONTROL 

We consider a nonlinear system whose dynamic control 
equation is described in the following iterative form: 

      e1ref ref dc nrefT t T t K T t     (11) 

where ΔTnref (t) is the error variation and Kdce is an adapting 
coefficient. 

A. Fuzzification 

The error between the reference signal and the process 
signal acts directly on the control (the gains of the fuzzy 
regulator are recalculated in real time as a function of this 
error). The speed, error denoted e(t) is defined by: 

  (12)    ω ωref re t t 

The derivative of the speed error is approximated by: 

      d 1

d s

e t e t e t

t T

 
  (13) 

where Ts is the sampling period. 
The error and the derivative of the error are given 

respectively by: 

 

   
   d d

d d

e n

n
de

e t K e t

e t e t
K

t t




 (14) 

where Ke and Kde are two adaptation coefficients. 

B. Inference table 

Once the fuzzy presentation stage has been completed, the 
gains estimated by the adaptation mechanism using the 
Lyapunov theory are sent to the fuzzy controller to construct 
the output Tref(t). The fuzzy rules take the following forms 
[14, 27]: NB - Negative Big; NS - Negative Small; EZ: 
Equal Zero; PS - Positive Small; PB - Positive Big. 
Considering the variation of the fuzzy sets associated with 
the control, the inference rule matrix is given in Table 1. 

 
 
 
 

TABLE I. INFERENCE RULES 

en 
ΔTnref NB NM EZ PM PG 

NB NB NB NS NS EZ 

NS NB NS NS EZ PS 

EZ NS NS EZ PS PS 

PS NS EZ PS PS PB 

 

PB EZ PS PS PB PB 

 

C. Defuzzification 

For the defuzzification, the center-of-gravity method 
described in [13] was used:  
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 (15) 

where the following notations have been used:  
Sj - the function surface of belonging the decision of 

the rule;  
Cj - the gravity center of  the function of belonging to 

the rule decision;  
j  - the current number of the fuzzy rule. 

D. Structure of the proposed adaptive fuzzy controller 

In order to minimize the instantaneous error between the 
actual speed and the reference speed, the gains Ke, Kdce are 
recalculated in real-time by applying a Lyapunov adaptation 
algorithm. Fig. 4 illustrates schematically the principle of 
the proposed adaptive fuzzy control. 

E. Determining the gains of PI-fuzzy controller 

The mechanical equation of the DSIM is expressed in the 
following form: 

    d
ω

d
r

r e r r

fJ
t C C t

p t p
   ω  (16) 

Eq. (16) can be rewritten in the form below: 

      d
ω ω

d r p r p et a t b T t d T
t

    p r  (17) 

where ap, bp, dp are constants of the DSIM. 
 On the adaptive fuzzy control based on the Lyapunov 

stability theory, the control is matched by the electromag-
netic torque: 

        1 .e ref ref dce nrefT t T t T t K T t      (18) 

By replacing (18) in (17), we obtain the following 
equation form: 

 
     

 

d
ω ω 1

d

.

r p r p ref

p dce nref p r

t a t b T t
t

b K T t d T

   

  



)(ten

 (19) 

 

The error and its derivative are used to construct the basis 
of the adaptation mechanism of the adaptive fuzzy con-
troller. They are given by: 
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Figure 4. Structure of the proposed adaptive fuzzy control. 
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Since, 0
d

d
.,  refref t

const , and the derivative of 

the speed error becomes: 

    d d
ω
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t t

   (21) 

F. Analysis of the stability  

We consider the Lyapunov function: 

 2 2 2

1 2

1 1 1
(

2 γ γe d )ceF e k k    (22) 

The time derivative of the Lyapunov function is: 

 
1 2

d dd d

d d γ d γ d
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Bt replacing, the expression of time derivative of the 
Lyapunov function becomes: 
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2
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with: 

   ω 1p ref p refA a b T t    (25) 

The gains of a fuzzy regulator must be defined consi-
dering the only necessary and sufficient condition of 
Lyapunov stability: 

 d
0

d

F

t
  (26) 

The inequality is verified by imposing the following 
adaptation conditions: 

 1γ de nK e A t   (27) 

  2γ ddce p e n nrefK b K e dC t t   (28) 

where 1 and 2 are positive constants. 
Finally, we obtain: 

 2 2d

d p e n

F
a K e

t
   (29) 

The Lyapunov function will determine the gains of the PI-
fuzzy controller to ensure the convergence of the actual 
speed of the DSIM to its reference value. 

The parameters of the Lyapunov function are chosen to 
ensure an always negative derivative of the Lyapunov 
function. 

For the adjustment of the speed of the DSIM by the 
adaptive fuzzy controller based on the Lyapunov theory 
(AFLC), the method presented in Fig. 4 is applied. 

V. SIMULATION RESULTS 

In order to show the feasibility of the proposed AFLC, 
simulation studies of the drive system based on the DSIM 
were carried out using MATLAB/Simulink.  

The nominal values of the parameters used in the 
simulations are listed in the Appendix.  

The parameters of the proposed AFLC are selected as 1 

and 2 and have the values 0.56 and 6, respectively. 
Therefore, the initial values of the gains ke and kdce are 15.5 
and 6.2, respectively.  

To illustrate the effectiveness of the proposed controller, 
the closed-loop system is examined under four scenarios, 
i.e., the step change of load torque, the speed reversal, the 
variation of the inertia coefficient and the robustness against 
parameter uncertainties. 

The block diagram of the investigated field oriented 
control for a voltage source inverter fed DSIM is presented 
in Fig. 5. 

 
Figure 5. Control of the DSIM based on the AFLC. 

 

A. System Behaviour by Variation of Load Torque  

To investigate the effectiveness of proposed robust 
control, the performance of the PI-FLC and PI-AFLC are 
compared (Figs. 6, 7). 

This test concerns the speed evolution and the disturbance 
rejection of the two controllers when the DSIM is operated 
at 100 rad/s under no load and a load torque variation 
14 Nm is suddenly applied at then moment t=1 s and 
removed at the moment t=2 s, respectively.  

Fig. 7 shows that the PI-AFLC gives good performances, 
rejects the load disturbance very rapidly.  

 40 
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Figure 6. Dynamic response of the speed.  

 
In contrast, the PI fuzzy controller significantly deviated 

from the reference speed value with an overshoot. 
Fig. 8 shows the electromagnetic torque. The AFLC algo-

rithm reacts faster than the PI-fuzzy controller when load 
torque is suddenly applied and removed. 

Fig. 9 shows the evolution of the PI-AFLC gains Kdce, Ke. 
The adaptive gains change automatically to compensate 

the variation in the speed, hence driving the motor speed to 
the desired response even though the motor plant dynamics 
have changed.  

The gains increases gradually until the command speed is 
reached. After that, the gains are kept constant. 

B. System Behaviour by Speed Reversal 

At the moment t=1.5 s, the motor reference speed is 
changed from +100 rad/s to -100 rad/s. The performance of 
the proposed PI-AFLC for such kind of speed reverse is 
shown in Figs. 10-12, respectively, which present plots of 
the actual speed, electromagnetic torque and adaptive gains.  

It can be observed that the adaptive gains change automa-
tically to compensate the speed variation.  

 
Figure 7. Zoom of the speed response. 

 
Figure 8. The electromagnetic torque variation. 

 

 
Figure 9. Evolution of the AFLC gains Kdce and Ke.  

 

 
Figure 10. Speed response. 
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Figure 11. The electromagnetic torque. 

 

 

 
Figure 12. Evolution of the AFLC gains Kdce, Ke.  

 

C. System Behaviour by Variation of the Inertia 

Figs. 13-15 show the drive dynamic under different 
values of the inertia with a constant reference speed equal to 
100 rad/s by using the PI-FLC controller and PI-AFLC 
controller. The speed tracking is significantly enhanced by 
using the improved schemes, when the inertia J increases by 
150% and decreases by 50%, respectively. 

D. System Behaviour by Variation of the Rotor Resistance 
 

The rotor resistance is sensitive to the temperature which 
changes gradually with respect to the load and the ambient 
temperature. In order to test the influence of DSIM 
parameter variations on the performances of the proposed 
PI-AFLC, the rotor resistance parameter sensitivity is tested 
for the two scenarios for increases by 150% and decreases 

 
Figure 13. Simulation results for inertia coefficient variation 

 
Figure 14. Zoom of  the speed response.  

 

 

 
Figure 15. Evolution of the AFLC gains Kdce, Ke. 

by 50%. 
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Figure 16. Simulated results for rotor resistance variation.  

 

 
Figure 17. Zoom of speed for rotor resistance variation. 

 

 
Figure 18. Evolution of the AFLC gains K  and K . dce, e

The actual speed, the zoom of speed and the adaptive 
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