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Abstract: This paper presents, first a simple model and an 
indirect field oriented control of a double star induction 
motor; seconds a fuzzy logic controller to control the 
speed of DSIM. To achieve a control of this machine two 
voltage source inverter of PWM techniques are 
introduced. A comparison with a traditionally (PI) 
controller is discussed. The computer simulations are 
provided to demonstrate good performances and 
robustness of the proposed fuzzy controller in presence of 
load disturbances and parameter variations. 
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1. Introduction  
 In high power variable-speed AC machine drives, 
the performance, the robustness are required, and in 
many applications, such as ship propulsion and 
locomotive traction require a great reliability [1]−[3]. 
 One typical solution to improved the reliability, 
the performance and the robustness is to increase the 
number of phases in the drive and to find suitable 
control techniques [4] [5]. Nowadays, multi-phase 
drives are used in all applications requiring 
reliability, since a multi-phase drives can operate 
with an asymmetric winding structure in case of loss 
of one or more inverter legs/machine phases [4] [6]. 
Other potential advantages of the multi-phase drives 
when compared to the standard three-phase are [2] 
[6]−[9]: (1) the possibility to divide the controlled 
power on more inverter legs, (2) the current stress of 
the semiconductor devices decreases proportionally 
with the phase number, (3) reducing the torque 
pulsations at high frequency, rotor harmonic 
currents, and current per phase without increasing 
the voltage per phase. 
 The double star induction machine has two sets of 
three-phases windings spatially phase shifted by 30 
electrical degrees with isolated neutral points and 
each star windings is fed by a three-phase voltage 
source inverter (VSI). However, a disadvantage of 
multi-phase machine is the complexity of the control 
algorithm. The indirect field-oriented control (IFOC) 
method is today widely used in various AC drives 
applications to achieve high performance control of 
three phase machines, can be extended to multi-
phase machines [8] [10] [11]. The controller design 
of an IFOC AC machine drives plays a crucial role in 
control performance, the conventional PI and PID 

controllers is employed in speed and current 
controller. These controllers are very sensitive to 
machine parameter variations, load disturbances and 
along with step changes of command speed 
[12]−[14]. 
 In order to obtain high performance and 
robustness under all conditions operation, numerous 
methods such as fuzzy logic controller (FLC) have 
been proposed to replace PI controller schemes, 
because the FLC has several advantageous compared 
with PI and PID such as [13] [15]−[17]: (i) it 
provides a systematic method to incorporate human 
experience and implement nonlinear algorithms, 
characterized by a series of linguistic statements, into 
the controller, (ii) the design of the FLC does not 
need the exact mathematical model of the system, 
(iii) the FLC is comparatively strong robustness, 
(iiii) the response trajectory of a fuzzy controller will 
change significantly when the system parameter 
changes are occurred. 
 This paper, therefore, presents the mathematical 
modeling and a simple high performance fuzzy logic 
speed controller of an IFOC-DSIM fed by two 
PWMVSI. Furthermore, this paper provides a 
comparison between the performances of FL speed 
controller of indirect field oriented control DSIM 
with those obtained from conventional PI controller 
under various conditions operation (parameters and 
reference speed variations etc.). It is found that the 
proposed FLC is insensitive to rotor resistance and 
inertia variations, and load torque disturbances. The 
FLC could be a suitable replacement for the 
conventional PI controller for high-performance 
variable-speed AC machine drives. 
 
2. Machine model 
 The modeling and control of DSIM in the original 
reference frame would be very difficult. For this 
reason, it is necessary to obtain a simplified model to 
control this machine. As consequence, also the 
mathematical modeling approach of DSIM is similar 
to the standard induction machine ones and usually it 
is obtained under the same simplifying assumptions: 
the windings are sinusoidally distributed and the 
rotor cage is equivalent to a three-phase wound rotor; 
the magnetic saturation and the core losses are 
neglected and both stars have the same parameters. 
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 The following voltage equations are written for a 
DSIM in the synchronous reference frame [11] [18] 
[19]: 

 

 

 

 

 

 

 The expressions for stator and rotor flux linkages 
are: 

 

 
 

 
 

 
 The torque and rotor dynamics equations can be 

expressed as 

 

 
Where ωs, ωr speed of synchronous reference frame 

and rotor electrical angular; p denotes differentiation 

w.r.t. time; ls, lr stator and rotor inductances; Lm 

resultant magnetizing inductance; P number of pole 

pairs; J moment of inertia; TL load torque; Kf total 

viscous friction coefficient. 
 

3. Indirect field oriented control of a DSIM 

 The indirect field oriented control theory applied 

to the DSIM aims at obtaining a decoupled control of 

the machine flux and torque. The d-axis is aligned 

with the rotor flux space vector. In ideal field 

oriented control, the rotor flux linkage axis is forced 

to align with the d-axis, and it follows that: 

 

 

 The commands/references voltage (v*
ds1, v*

qs1, 

v*
ds2 and v*

qs2) are derived by substituting the (15) 

and (16) in (1)-(4) 

 

 

 

 

 

 The component references of stator current and 

slip speed ωsl can be expressed as 
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Fig. 1. IFOC based on PI controllers. 

 
Fig. 2. IFOC based on FL controllers. 
 

 
  

 The d- and q-axes currents are relabeled as flux-
producing (i*

ds) and torque-producing (i*
qs) 

components of the stator current phases, 
respectively. Tr denotes the rotor time constant. 
 For generate two sets of command/reference 
voltage vectors (v*

ds1, v*
qs1, v*

ds2 and v*
qs2) two 



 

independent pairs of PI controllers are introduced as 
shows in Fig. 1, when we replace the PI by the FLC, 
the non-linear terms ω*

s() in (17)-(20) can be 
eliminated since the FLC is non-linear regulator, a 
new IFOC diagram block based on FLC is developed 
Fig. 2. 

 
4. Fuzzy logic speed controller for IFOC-DSIM 
 The main feature of fuzzy logic controllers 
(initiated by Mamdani and Assilian based on Fuzzy 
Set Theory suggested by Zadeh in 1965 [20] [21]) is 
that linguistic, imprecise knowledge of human 
experts is used. 
 A comprehensive review on the design and 
implementation of FLC’s are found in a number of 
nonlinear processes and complex systems [15]. It is 
known that FLC consists of input, output scaling 
factors, fuzzification, fuzzy inference and 
defuzzification, by providing an algorithm; they 
convert the linguistic control strategy based on 
expert knowledge into an automatic control strategy 
[22]. 
 The schematic diagram of the FL speed control of 
DSIM based on IFOC is shown in Fig. 3. The 
reference speed is compared with the actual speed 
E=Ω*−Ωr; this error and the change in error 
∆E(k)=E(k)−E(k -1) are used as the input of FLC. 
The error and change in error are scaled by Ge and 
G∆E respectively for normalize them in the universe 
of discourse [−1, 1]. 

4.1. Fuzzification interface  
 The fuzzification interface transform the accurate 
input variables to fuzzy variables according to the 
prescribed membership functions and gives the 
degree of each crisp input belongs to the 
corresponding fuzzy set. In this paper, seven 
linguistic values are adapted and membership 
function for triangular type is adopted as shown in 
Fig. 4. The linguistic variables are represented by 
positive big (PB), positive medium (PM), positive 
small (PS), zero environ (ZE), negative small (NS), 
negative medium (NM) and negative big (NB), for E 
and ∆E Fig. 4(a) and for the output ∆Tem Fig. 4(b). 

4.2. Fuzzy inference 
 The fuzzy inference related the inputs EN and ∆EN 

with the change in output control ∆T*
em. The control 

rules are represented as: IF (condition) THEN 
(action) rules, for example, if EN is PB and ∆EN is 
NB then ∆T*

em is PB. A 7×7 rule base for the 
conventional FLC is given in Tab. 1, to obtain the 
control decision. The Max-Min inference method is 
used. It is possible to generate several control 
actions. The output of the fuzzy controller is the 
reference torque. 

4.3. Defuzzification 
 The defuzzification operation produce a non-fuzzy 
output control action that best represents the 
recommended control actions of the different rules; 
seven singleton membership functions are selected 

for the command torque presents in the table 1. For 
calculate the crisp value of the output command 
torque, the centre of area is used equa (27). 

 

Where, m is the total number of rules (49 rules); 

μ(∆Temi) – the membership grade for ith
 rule; ∆Temi – 

the position of the singleton in rule ith
. 

Finally the reference electromagnetic torque T*
em 

(input of IFOC block in Fig. 3) is obtained by the 

following equations [23] [24] 

 

 
 
Where, k is the sampling instant. 

Tab. 1. Fuzzy rules for computation of ∆Temi. 

 

      ∆Temi 

∆EN 

NB NM NS ZE PS PM PB 

 

 

 

EN 

NB NB NB NB NB NM NS ZE 

NM NB NB NB NM NS ZE PS 

NS NB NB NM NS ZE PS PM 

ZE NB NM NS ZE PS PM PB 

PS NM NS ZE PS PM PB PB 

PM NS ZE PS PM PB PB PB 

PB ZE PS PM PB PB PB PB 

 
5. Simulation results  

 Many tests were performed to evaluate the 

performance of the FLC of an IFOC-DSIM, In order 

to compare the performances of the speed-control 

IFOC-DSIM; the same tests are made with the PI 

controller. The speed responses are observed under 

different operating conditions such as a sudden 

change in command speed, step change in load, etc. 

Some sample results are presented in the following 

section. 

 Table 2 shows the parameter of the used DSIM 

for simulation whose general specifications are 

4.5kW, 2753rpm, 220/380V, 2 poles. 

Tab. 2. DSIM parameters used for simulation. 

Stator resistance Rs  3.72Ω 

Rotor resistance Rr  2.12Ω 

Stator leakage inductance ls  0.022 H 

Rotor leakage inductance lr  0.006 H 

Resultant magnetizing inductance Lm  0.3672 H 

Moment of inertia J  0.0662 kg.m
2
 

Viscous friction coefficient Kf  0.001 kg.m
2
/s 



 

 

 
Fig. 3. Block diagram of fuzzy speed control of IFOC-DSIM. 

 
(a) 

 
(b) 

Fig. 4. Membership functions of (a) E, ∆E, (b) ∆Tem. 

 The PI controller is tuned at rated conditions in 

order to make a fair comparison between the speed 

control of the DSIM-IFOC by a PI and a FLC is 

presented in all figures. This comparison shows 

clearly that the FLC gives good performances and 

it’s more robust than PI. 

 The Fig. 5 presents the transient responses for 

IFOC of DSIM drive using the proposed PI and FLC 

with applying a step increase in load (from zero to 

rated torque) then removing the load after 1 second, 

the reference speed is 2500 rpm. At both speeds, the 

FLC offers a faster response time with no overshoot, 

and rejects the load disturbance very quickly with 

smaller overshoot/undershoot, Fig. 5(a), the 

overshoot of PI is 51rpm and the maximum drop of 

speed is 38rpm. The harmonics magnitude of 

electromagnetic torque produced by the FLC is 

inferior than produced by PI, Fig. 5(b). 

 The Fig. 6 presents the speed and electromagnetic 

torque response of the DSIM to a step change in 

command speed at no load. The change in command 

speed is realized as following: ([0 1] sec 

Ω*=1000rpm), (]1 2] sec Ω*=2000rpm) and (]2 3] 

sec Ω*=2500rpm). The rotor speed obtained by the 

FLC track very quickly the desired reference speed 

than the one obtained with PI, Fig. 6(a). The Fig. 

6(b) shows that the DSIM developed an 

electromagnetic torque in any change of speed 

reference for forcing the actual rotor speed to follow 

the desired reference. 

 The Fig. 7 presents the performances of FLC and 

PI speed control when the rotor resistance is 

changed. It is shown that the FLC insensitive to 

constant time variation contrary to the PI, the speed 

oscillations appeared at the applying of load torque, 

Fig. 7(a). These oscillations due to the 

electromagnetic torque harmonics, Fig. 7(b). 

 The Fig. 8 presents the performances of FLC and 

PI speed control when the moment of inertia is 

varied. It is shown that the FLC gives the same 

performances obtained when the moment of inertia 

not varied, Fig. 8(a), contrary to the PI controller, 

Fig. 8(b).  



 

 

 
(a) Rotor speed (rpm). 

 
(b) Electromagnetic torque (N.m). 

Fig. 5. Simulated responses to step reference speed from 

standstill to 2500 rpm followed by applying rated load 

torque (14N.m) then removing the load after 1 sec. 

 

 

 
(a) Rotor speed (rpm). 

 
(b) Electromagnetic torque (N.m). 

Fig. 6. Simulated responses to a stairs of reference speed 

with no load. 

 

 

 
(a) Rotor speed (rpm). 

 
(b) Electromagnetic torque (N.m). 

Fig. 7. Simulated responses for a step reference speed 

with an increased rotor resistance (∆Rr% = +50% at t = 

1s followed by applying load torque (14N.m) at t = 2sec 

then removing the load after 1 sec. 

 

 
(a) Rotor speed (rpm). 

 
(b) Electromagnetic torque (N.m). 

Fig. 8. Simulated responses for a stairs of reference speed 

with an increased moment of inertia (∆J% = +50%) at t = 

1sec under no load. 

 

 

 

 

 



 

 

6. Conclusion  
 In this paper, the performances of speed FL and 

PI controllers for indirect field-oriented DSIM drive 

are presented, the simulation results show that the 

FLC gives a superior performances compared with 

traditional controller (PI). The robustness tests show 

too that the FLC is more robust than the PI 

controller with the parameter (rotor resistance, 

moment of inertia) variations. 
 The FLC is an useful tool for replacing the PI in all 

applications (high power variable-speed multi-phase 

induction machine drives) requiring a good performance 

and a great robustness. 
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