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Abstract- This work investigates a si mple d esign of  the 

new P I-Fuzzy Sliding Mo de Controller ( FSMC) f or s peed 
regulation o f a n in direct f ield-oriented d ual s tar induction 
motor (DSIM). The fuzzy controller is driven by the error of 
the s peed, and i t c hange. T he sl iding m ode controller is    
designed b ased on  a p lant model. The influence o f d ifferent 
combinations of  t he F LC an d S MC on  t he performance 
control i s i nvestigated an d i llustrated b y som e si mulation 
results at different d ynamic op erating conditions su ch as 
sudden change in command speed, step change in load torque 
and some k ey p arameters d eviation. F inally t he p roposed 
controller is i nsensitive t o p arameter variations and load 
disturbances. 

Index Terms- IFOC, Dual Star Induction Machine (DSIM), 
Fuzzy S liding Mo de Co ntroller ( FSMC), key p arameters 
variation, robustness. 
 

1. INTRODUCTION 

     Since  the  last  of  1920s  years,  AC  double  star  
machines known  as  six  phases  machines  have  been  
used  in  many applications (such as pumps, fans,  
compressors,  rolling mills, cement mills, mine hoists [14]) 
for there advantages in power segmentation, precision and 
electromagnetic torque pulsation minimization [1], [7], 
[15]. Double star machine supplied with non-sinusoidal 
waveforms causes perturbations in the torque (Harmonics 
in torque). Today,  with  semi conductors  development, 
voltage sources inverters can operates with high 
commutation  frequency and  can  gives sinusoidal 
waveforms,  add  at  this  multilevel  structures  which  
reduce harmonics in output voltages [2]. Nowadays   the   
researchers   concentrate   their   efforts   to develop the 
techniques of control.  Several techniques are developed as 
scalar control or field oriented control. The main difficulty  
in  the  asynchronous  machine  control  resides  in  the fact  
that  complex  coupling  exists  between  machine  input  
variables, output variables and machine intern variables as 
the field,   torque   or   speed.   The   space   vector   
control   assure decoupling  between  these  variables,  and  
the  torque  is  made similar as the one of a DC machine 
[3], [4]. The origins of the space vector control, contrary 
to received ideas  carry  up  at  the  end  of  the  last  
century  to  A.  Blondel works on the reaction of the two 
axes theory. 
In  this  paper  a  space  vector  control  is  applied  to  the 
machine. This technique is based on field orientation, that 
it is the stator field, the rotating field or by rotor field 
orientation. The  last  one  will  be  applied  to  the  DSIM  
machine using mode sliding regulators and fuzzy regulators 
type. Fuzzy sliding mode  regulators  have  been  
successfully  used  for  a  few numbers of non linear and 

complex processes, (hybrids) are robust and their  
performances are insensible to parameter variations 
contrary to  conventional regulators.  Recently several 
researchers make efforts to improve   the   robustness   and 
performances of   the (hybrid) by using sliding mode and 
neuron and   genetic algorithms [6], [12]. 
 
2.  MACHINE MODEL 
 
      A schematic  of the stator  and rotor windings  for  a 
machine dual  three phase  is  given  in  Fig.  1.  The  six  
stator  phases  are divided  into  two  Wye-connected  
three  phase  sets  labelled As1 Bs1 Cs1 and As2 Bs2 Cs2 
whose magnetic axes are displaced by an arbitrary  angle Į.  
The  windings  of  each  three  phase  set  are uniformly  
distributed  and  have  axes  that  are  displaced  120° 
apart.  The three phase rotor windings Ar, Br, Cr   are also 
sinusoidal distributed and have axes that are displaced 
apart by 120° [1], [5]. 
 
The following assumptions are made: 
–     Motor windings are sinusoidally distributed; 
–     The two stars have same parameters; 
–     Flux path is linear. 
The voltage equation is [2]: 
 

abc.s1 s1 abc.s1 abc.s1

abc.s2 s2 abc.s2 abc.s2

abc.r r abc.r abc.r

dV = R I +
dt
d[V ] = [R ][I ] +
dt

dV = [R ][I ] +
dt

ϕ

ϕ

ϕ


        





  

       (1) 

 

abc.s1 s1.s1 s1.s2 s1.r abc.s1

abc.s2 s2.s1 s2.s2 s2.r abc.s2

abc.r r.s1 r.s2 r.r abc.r

L L L I
= L L L I

L L L I

ϕ
ϕ
ϕ

                            
                       
                            

        (2) 
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Fig1 schematic of the dual star 
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The detail of the submatrixes is given at the Appendix. 
where 

1 2 1 2,s s s sR R L L= =  and msL  are  the  stator  resistance,  
leakage inductance and magnetizing inductance; 

,r rR L and mrL  the  rotor  resistance,  leakage  inductance  
and magnetizing inductance 

srM  Maximal mutual inductance between stator and rotor. 
The electromagnetic torque can be expressed [7]: 

em abc.s1 s1.r abc.r abc.s2 s2.r abc.r
δ δT = I L I + I L I
δθ δθ

 
                    

   (3) 

The Park   model   of DSIM is presented   below   in   the 
references frame at the rotating field (d, q) [5], [16], [17],  
 

( )
( )

ds1 s1 ds1 ds1 s qs1

qs1 s1 qs1 qs1 s ds1

ds2 s2 ds2 ds2 s qs2

qs2 s2 qs2 qs2 s ds2

dr r dr dr s r qr

qr r qr qr s r dr

v = R i + pφ - ω φ

v = R i + pφ + ω φ

v = R i + pφ - ω φ

v = R i + pφ + ω φ

v = R i + pφ - ω - ω φ

v = R i + pφ + ω - ω φ













                       (4) 

The expressions for stator and rotor flux are: 
 

( )
( )
( )
( )

( )
( )

ds1 s1 ds1 m ds1 ds2 dr

qs1 s1 qs1 m qs1 qs2 qr

ds2 s2 ds2 m ds1 ds2 dr

qs2 s2 qs2 m qs1 qs2 qr

dr r dr m ds1 ds2 dr

qr r dr m qs1 qs2 qr

φ = L i + L i + i + i

φ = L i + L i + i + i

φ = L i + L i + i + i

φ = L i + L i + i + i

φ = L i + L i + i + i

φ = L i + L i + i + i













                       (5) 

with m
ms mr sr

3Ldp = ; = L = L = L
dt 2

  

In the induction machines, rotor windings are short-
circuited 
Hence, i.e. 0; 0.dr qrv v= =  
 

A. Mechanical Equation 
 

The mechanical equation is given by [5], [7]: 

em r f
dΩJ = T - T - KΩ
dt

                                     (6) 

 
With 

( ) ( )m
em dr qs1 qs2 qr ds1 ds2

m r

L
T = pφ i + i - φ i + i

L + L
 
          (7) 

 
3. FIELD ORIENTED CONTROL 
 
       The  objective  of  space  vector  control  is  to  
assimilate  the operating  mode  of the asynchronous  
machine  at  the  one  of  a DC machine with separated  
excitation,  by decoupling  the torque and the flux control. 
With this new technique of control and  microprocessor  
development  we  can  obtain  speed  and torque   control  
performances   comparable   at  those  of   DC machine 
[9]. 
By applying  this  principle ( )*

dr r qrφ = φ ,φ = 0  equations   

(4)   (5)   and   (7),   the   final   expression   of   the 
electromagnetic torque is: 

( )* * * *m
em r qs1 qs2

r m

L
T = pφ i + i

L + L
                        (8) 

And  

( )* * *r
g qs1 qs2

m r

R
ω = i + i

L + L
                                    (9) 

( )
( )
( )
( )

* * * *
ds1 s1 ds1 s1 ds1 s s1 qs1 r r g

* * *
qs1 s1 qs1 s1 qs1 s s1 ds1 r

* * * *
ds2 s2 ds2 s2 ds2 s s2 qs2 r r g

* * *
qs2 s2 qs2 s2 qs2 s s2 ds2 r

v = R i + L pi -ω L i + T φ ω

v = R i + L p i+ω L i + φ

v = R i + L pi -ω L i + T φ ω

v = R i + L p i+ω L i + φ











  (10) 

The  goal of the  regulation  is  to  assure  a best  
robustness  to intern  or  extern  perturbations. 
In this work, a new PI-fuzzy sliding mode regulator   has   
been used.   The decoupling   bloc   scheme in voltage 
(Indirect Field Oriented Control IFOC) is given in Fig (5) . 
Accepting that * *

ds1 ds2i = i   and  * *
qs1 qs2i = i  

 
4. SILDING MODE CONTROL  
     A sliding mode controller is a variable structure 
controller. Basically, a includes several different 
continuous functions that can map plant state to a control 
surface, and the switching among different functions is 
determined by plant state that is represented by a switching 
function [5, 6, 7,11].       Without lost of generality, 
consider the design of a sliding mode controller for the 
following second order system: refC , is  the inputs to the 
IFOC system ; the following is a possible choice of the 
structure of a sliding mode controller [8, 9]: 

            )(. 11 ssignks −=
•

                                  (11) 

       Where 1s  is called surface change which is used when 
the system state is in the sliding mode. K is a constant and 
it is the maximal value of the controller output  s1 is called 
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switching function because the control action switches its 
sign on the one sides of the switching surface 1 0s = , 1s  is 
defined as:  

( )1 2 refs = y -ω                                                (12)                                            
 Where  ( )ssign  is a sign function, which is defined as: 

 




<−=
≥=

=
0,1)(

0,1)(
)(

11

11
1 sssign

sssign
ssign               (13) 

. The control strategy adopted here will guarantee the 
system trajectories move toward and stay on the sliding 
surface 01 =s , from any initial condition if the following 
condition meets: 

      
•
11s s 0                                                      (14) 

 
5. FUZZY CONTROL 
 
     A fuzzy controller comprises four principle elements; 
fuzzification, fuzzy control rules, fuzzy inference engine, 
defuzzification, the design of the fuzzy controller is 
described as follows: 

5.1Fuzzification  

    In the proposed fuzzy controller, the system variables 
are defined as follows: 

      r refe =ω - ω                                                  (15)                            

 e∆   :is  change of the error. 
 ek∆  :is the gain of the fuzzification. 

ek :is    the gain of the fuzzification. 

2yr =ω :is the speed rotation of the rotor . 
 
5.2 Fuzzy inference engine 
    In a fuzzy inference engine, fuzzy logic principles are 
used to combine the fuzzy IF_THEN rules in the fuzzy 
control rules. 
Where ( )k  is calculate by a fuzzy inference mechanism. 
Because the data manipulated in the fuzzy inference 
mechanism is based on fuzzy set theory, the associated 
fuzzy sets involved in the fuzzy control rules are defined as 
follows: 

NG : Negative big NG : Negative big 

NS : Negative small NS : Negative small 

EZ : Zero EZ : Zero 
PS : Positive  small PS : Positive small 

PG : Positive big PG : Positive big 

 
And their universe of discourses are assigned to be 
between [-1, 1] for the inputs (e and e∆  ), and [-1, 1] for 
the output variable u∆ ). 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2: Membership functions of inputs e and Δe  
 
 
 
 
 

 

 

 

 

Fig. 3: Membership functions of output u∆  

 
With fuzzy inference mechanism, the parameter u∆ is 
transformed to an adjustable control and hence the sliding 
mode s1 can not be used to control the system . 

5.3. Fuzzy control rules 

      The fuzzy inference mechanism contains twenty-five 
rules for each output. The resulting fuzzy inference rules 
for the tow outputs variables u∆ are as follows:  
 

ee ∆
 

NG NS ZE PS PG 

NG NG NG NS NS EZ 
NS NG NS NS EZ PS 
ZE NS NS EZ PS PS 
PS NS EZ PS PS PG 
PG EZ PS PS PG PG 

5.4. Defuzzification 

     The fuzzy output u∆ can be calculated by the centre of 
area defuzzification as: 

1
25

1 25
i i

¨25 Ti 1
25 25

i i
i 1 i 1

w
c c

w c
w

u W
w w

=

= =

 
    
  ∆ = = = υ

∑

∑ ∑

 

    (16)                

        ( )u∆  

  -1    -1/2   0   1/2   1 

      NG   NS   EZ   PS  PG 

        ( )ee,∆  

  ( )ee µµ ,∆  

 

 
  -1    -1/2   0   1/2   1 

      NG   NS   EZ  PS   PG 
  ( )uµ  

IC
EO'11

263



  

Where [ ]1 25c cυ =  , 1c troughs 25c are the centre 
of the membership functions of u∆  and 

[ ]
25

1 25
1

i
i

W w w w
=

= ∑                         (17) 

 
6. FUZZY SLIDING MODE CONTROL (FSMC) 
 
     A block diagram of the proposed PI-fuzzy sliding mode 
speed controller for an indirect field oriented Induction 
motor drive is shown in fig.4,which  consists of  the 
induction  motor  drive ,the sliding mode controller and  
the fuzzy controller ,in the design of the proposed  
controller, the parameters of the sliding mode controller 
can be determined  according  to the design method of  a 
conventional  sliding  mode controller ,the inputs of the 
fuzzy  controller  are  the  error (e) ,and the error change  
Δe , 
When the switching function   errors (s1) is larges, the 
sliding mode is control the value of the   ( refC ). 
The value of ( )k  is constant for a particular type of the 
conventional (SMC),but  the gain of our PI_ fuzzy sliding 
FLC does not  remain  fixed  while the controller  is in 
operation ,rather  it is  modified  in each sampling  time by 
the gain ( )α  . 
Depending on the trend of the controlled process output, 
the reason behind this 
 
 

 

rω  
 
 
 
 
 
    
 

 

Fig 4:  The block diagram of the proposed controller. 
 
On _line gain, variation is to make the controller respond 
according to the desired performance specifications. We 
already explained how the desired variation in ( )α can be 
achieved using the rule base in fig (Fuzzy control rules) 
Let the output of the Fuzzy controller engine for 
adaptation gain is given as: 
 

k = f(α)                                                        (18) 
Where ( )k   is calculates by a fuzzy inference mechanism 
(FLC).  
Where  refC  is calculate by a sliding mode controller 
SMC).  
 

 
Fig (5) Speed fuzzy sliding mode controller for DISM 
 
7. RESULTS AND DISCUSSIONS 
 
     Figs.  6.  and  7  show  that,  the  speed  reaches  its  
reference value  at 0..3s  without overtaking,  the  
electromagnetic  torque compensate  the  resistant  torque  
et  and  presents  at  starting  a value equal to 30N.m. The  
Fig. 9  and  8,  show  respectively  the  behaviour  of  the 
DSIM when Rr is 100% increased of its nominal value and 
J is  increased  100%  of  its  nominal  value.  The  
simulation  results show   the  insensibility  of   the   
control   with   fuzzy   (PI_fuzzy sliding mode  regulator)  
at Rr  variations,  only  the  inertia  variation  increase the 
inversion time of the speed but without overtaking. 
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Fig. 6: The response  of the  machine  when it is operated  at 100 
[rad/sec]  under  load 10 N.m  is  suddenly  applied  at 0.5 sec 

 

 
 

Fig. 7: The response of the machine when it is operated at -100 
[rad/sec] under no load is suddenly applied at 0.5 sec. 
 

 
 
Fig. 8: Simulated results test of robustness the fuzzy sliding mode 
controller (J=Jn, J=2*Jn) 

 
 

Fig.9: Simulated results test of robustness the fuzzy sliding mode 
controller (Rr; Rr ; 2*Rr) 

 
8. CONCLUSION   
     In this paper, a model of a double star asynchronous 
machine is presented using Park transformation.  The 
simulation results have shown that the PI-fuzzy sliding 
mode regulators has a very interesting dynamic 
performances  compared with  the conventional PI- fuzzy 
regulator and sliding mode controller , It allows to have 
fast response without overtaking and minimize in  the  case  
of  the  rotation  sense  change.  Otherwise,  the robustness  
tests  have  shown  that  it  is  insensitive  to  rotor 
resistance variation. 
 

APPENDIX 

The sub matrixes 
ms ms

s1 ms

ms ms
s1.s2 s1 ms

ms ms
s1 ms

-L -LL + L 2 2
-L -LL = L + L2 2
-L -L L + L2 2

 
 
 

    
 
 
  

 

 
ms ms

r ms

ms ms
s2.s2 s2 ms

ms ms
s2 ms

-L -LL + L 2 2
-L -LL = L + L2 2
-L -L L + L2 2

 
 
 

    
 
 
  

 

mr mr
r mr

mr mr
r.r r mr

mr mr
r mr

-L -LL + L 2 2
-L -LL = L + L2 2
-L -L L + L2 2

 
 
 

    
 
 
  

 

 

s1.s2 ms

cos(α) cos(α + 2π/3) cos(α + 4π/3)
L = L cos(α + 4π/3) cos(α) cos(α + 2π/3)

cos(α + 2π/3) cos(α + 4π/3) cos(α)

 
     
  

 

s1.r sr

cos(θ) cos(θ + 2π/3) cos(θ + 4π/3)
L = L cos(θ + 4π/3) cos(θ) cos(θ + 2π/3)

cos(θ + 2π/3) cos(θ + 4π/3) cos(θ)

 
     
  

 

s1.r sr

cos(γ) cos(γ + 2π/3) cos(γ + 4π/3)
L = L cos(γ + 4π/3) cos(γ) cos(γ + 2π/3)

cos(γ + 2π/3) cos(γ + 4π/3) cos(γ)

 
     
  

 

With 
γ = θ - α  

T T T
s2.s1 s1.s2 r.s1 s1.r r.s2 s2.rL = L ; L = L ; L = L                        
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