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Robustness to parameter variations is an important factor that dictates control performance in 
electric drives. This paper explores the suitability of fractional order controllers in combating 
parametric variations that arise in electric drives. The controller design and performance is 
illustrated with indirect field oriented control for an induction motor. Using numerical 
simulations in MATLAB/Simulink, the control performance of the proposed controller is 
compared with a well tuned traditional PID controller when critical motor parameters are 
subject to parametric variations about their nominal values. The parametric variations are 
subject to change with the ambient environment and passage of operation time, but in 
simulations the parameters are varied using sudden (step) change. The step change in 
parameters generates the worst case scenario for the motor under indirect field oriented 
control.  The simulation results are encouraging and indicate that fractional order controllers 
provide a promising alternative for the design of robust controllers in electric drives 
applications.  
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1. Introduction 

 

In electric drives, parameter variations naturally arise from variations in ambient or field 

operating conditions. For example, motor parameters such as stator, rotor, and magnetizing 

inductance are particularly sensitive to variations in operating conditions such as 

temperature variations or magnetization levels. If unchecked, such parametric variations 

can degrade control performance. Several research efforts have evolved in recent years to 

counteract the effect of parametric variations on control performance. Adapting controller 

parameters by tracking machine parameters is one approach [1], but this requires constant 

measurement of system quantities. An overview of current AC drive techniques with 

attention to control development for good dynamic behavior is presented in [2]. Observer 

design (independent of machine parameters) for sensorless vector control [3] adaptive 

schemes based on sliding mode and sliding mode observers [4, 5, 6] adaptive fuzzy sliding 

mode control [7] and robust field-weakening algorithms [8] have been recently proposed to 

tackle the problem of parameter variations. The concept of fractional control [9] has been 

marginally explored for control applications in power electronics [10] and drives [11]. 

In this paper, we show how fractional order controllers can be utilized to stabilize the 

induction motor under parametric variations. The author presented the method to tune the 

fractional order controller. Since, for motion control applications, PI controller is 

sufficient[12].  
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The numerical simulations results obtained using fractional order controller denoted as 

dotted line in Figure 3 are compared with classical tuning technique of PI controller 

denoted with solid line. The reference signals are generated through the controller and no 

parameter based technique is used to generate them. The key parameters, which degrades 

the performance of controller namely magnetizing inductance (
mL ) and rotor resistance 

(
rR ) are considered. The proposed technique averts the need of online estimation, 

additional online parameter estimation, and manual fine tuning with the change in ambient 

environment. 

 

 
Fig. 1 Block diagram of speed control loop 

2.  Notation 

 

The notation used throughout the paper is stated below. 

rR  Rotor Resistance 

mL  Magnetizing Inductance 

sR  Stator Resistance 

sL  Stator Inductance 

eT  Electromagnetic Torque 

eqJ  Inertia 

)(sI
ref

sd  Stator d-axis reference current 

)(sV ref

sd
 Stator d-axis reference Voltage 

σ  Leakage factor of the induction machine 

PI Proportional Integral 

OLG  Open loop transfer function 

FrOC Fractional Order Controller 

ik  Integral Gain 

pk  Proportional Gain 
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λ  Order of the fractional differentiation 

µ  Order of the fractional integration 

 

3. Classical tuning method 

 

The classical tuning method is well defined method for tuning the PI controllers. The 

tuning method involves the following two steps: 

       

( )| | 1OL s s jG ω= =   (1) 

( ) | 180o

OL s s j pmG ω φ=∠ = − +   (2) 

The speed loop in vector control is shown in Figure 1. The electromagnetic torque in 

steady state under vector control conditions is given as: 
2

2

m
em sd sq

r

Lp
T i i

L
=   (3) 

em sqT Ki=   (4) 

where 

2

2

m
sd

r

Lp
K i

L
=  is a constant. 

The open loop transfer function is: 

1
( ) ( )i

ol p

eq

k
G k K

s sJ
= +   (5) 

(1 )i
ol

i eq

p

k s K
G

ks sJ
k

= +   (6) 

So, for bandwidth of ( ) 25 /c rad secω =  and phase margin of 60
o

PMφ = , the 
pk  and 

ik  can be calculated such that equation (1) and equation (2) are satisfied. 

 

Fig. 2 Bode showing the constant Phase over a bandwidth of (
3 3

10 ,10
−

) 
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The σ  in Figure (1. b) for current loop is the unit-less term called the leakage factor of 

the induction machine and is defined as: 
2

1 m

s r

L

L L
σ = −   (7) 

4. Fractional order controllers and tuning procedure 
 

 Fractional Order Controllers (FrOCs) of the form PI D
λ µ

 are a generic form of the 

classical PID controller, where λ  and µ  (not necessarily integers) define the order of the 

differentiation and integration. The transfer function of a fractional order PI Dλ µ
 

controller is: 

( )
( )

( )
p i d

U s
C s K K s K s

E s

λ µ−= = + +   (8) 

 

where ( , 0)λ µ > . If 1λ =  and 1µ = , the classical PID controller is obtained. 

Similarly, ,PI PD
λ µ

  controllers can be obtained by setting one of these coefficients 

to zero, depending upon process or plant requirements. Theoretically, a FrOC behaves like 

an infinite dimensional linear filter due to non-integer coefficients. 

Practical implementations thus require a continuous time band limited approximation. Here, 

we use Oustaloup's approximation technique [13] which is based on selection of band limits 

that are chosen to include frequencies of interest. This is based on approximating a function 

of the form: 

( ) , [ 1,1]
r

H s s r= ∈ −   (9) 

by a rational function of the form over lower and upper band limits  ( , )
l h

ω ω . 

0
ˆ ( )

N
k

k N k

s
H s C

s

ω

ω
′

=−

+
=

+
∏   (10) 

The poles and zeros of the approximation are given by: 

 

 
Fig. 3 Block diagram of speed control of induction motor under vector control 
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2 1( )
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2 1( )
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h k
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Fig. 4 Torque and Speed response at rated values 

 

The PI controller tuning for the induction motor with parameters of controller PI λ
 

namely, 
p

K , 
iK  and λ  are selected as follows: 

1. 
p

K  and 
iK  are selected based on the solution given in section 3. 

2. The selection order of fractional order integral is based on the fact that 

2
PM

r
π

φ =  as shown in Figure 2  with r=-0.7.  

 

 



J. Electrical Systems 10-4 (2014): 406-416 
 

 411

 
Fig. 5 Contour of dq-stator flux at rated values 

 

4.1 Key idea and significance 

 

A key benefit obtainable from FrOCs is the property of iso-damping which refers to a 

flat open-loop Bode phase plot. This yields a constant phase margin, and consequently, 

immunity to overshoots in time domain resulting from gain variations. It is this property 

that motivates this work to examine the suitability of FrOCs to electric drive systems where 

parametric variations naturally arise from changing ambient or field operating conditions. 

 

 
Fig. 6 Torque and Speed response with 

m
L  at 95%  
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Fig. 7 Contour of dq-stator flux with 

mL  at 95%  

5. Results 

 

Numerical simulation results in MATLAB/Simulink are illustrated with a comparison of 

control performance between a classical PI controller and the proposed FrOC. For the 

induction motor a 50%  increase in (
rR ) and magnetizing inductance (

mL ) with 20%  

decrease is considered. Note that exaggerated range for parametric variations is considered 

only to accentuate differences between the two control approaches.  

 

 

Fig. 8 Torque and Speed response with 
mL  at 90%  
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Fig. 9 Contour of dq-stator flux with

mL  at 90%  

The simulations for an induction motor are carried out for indirect field oriented scheme 

in the synchronous reference frame. A classical controller PID controller designed based on 

classical tuning of PI controller [12] is compared with a FrOC subject to variations in 
m

L . 

The dynamic simulation results of speed control of induction motor are presented for the 

following scenarios: 

1. Rated Values of parameters 

2. 
mL  at 95%  

3. 
mL  at 90%  

4. 
mL  at 80%  

5. mL  at 80%  and rR  at 150%  

The simulation results highlight the immunity of fractional controllers to the parameter 

variation considered. 

 

 
Fig. 10 Torque and Speed response with 

mL  at 80%  
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Fig. 11 Contour of dq-stator flux with

mL  at 80%  

 

 
Fig. 12 Torque and Speed response with

mL  at 80%  and 
rR  at 150%  
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Fig. 13 Contour of dq-stator flux with

mL  at 80%  and 
rR  at 150%  

The simulations are set up as follows: 

1. The motor is started with no load. 

2. The half of rated load is applied at time t = 0.8 sec. 

3. All parameter variations are applied at time t=1.5 sec. 

4. The torque and speed response are recorded. 

5. The dq-flux variations are recorded. 

 

 

 

6. Discussion 
 

The rationale for the selection of the parameters mL  and rR  for indirect field oriented 

control is discussed in detail  in [1]. The variation in parameters is temperature dependent 

since, 
mL decreases with increasing temperature and 

rR  increases. The resulting parameter 

variations restrict the system to operate optimally and may cause instability. Since the PI 

controller is tuned at a particular operating condition, its performance degrades with 

parameter variations. The FrOC on the other hand is also tuned for the same set of 

operating conditions but works well under parameter uncertainties because of its nature of 

constant phase. From equation (10), the fractional operator behaves like a filter. With the 

choice of 7.0−=r the behavior of fractional operator is like a low pass filter as shown in 

Figure 2 which helps in reducing oscillations generated due to parameter variations and 

other disturbances introduced. The magnitude response in Figure 2 clearly shows the low 

pass filter behavior for integral fractional operator with constant phase over a desired 

bandwidth showing the iso-damping property. 

The dynamic response at the rated values shows that both controllers perform well in the 

absence of parametric variations and constant applied load torque as shown in Figure 4. The 

speed and torque responses show less overshoot as the load torque varies with FrOC in 

loop. The dq-stator flux is shown in Figure 5, where the variation in flux is small with 
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FrOC compared to classical PI controller. The dq-flux linkages for PI are shown in bigger 

plot while the variation of dq-flux linkage with FrOC is shown in inset. The dynamic torque 

and speed response of induction motor for the variation in
mL , for 95%mL = , 

90%mL = , 80%mL = , and 95%mL = and 150%rR =  are shown in Figures 6, 8, 

10, and 12 respectively. While the PI controller fails to maintain stability with parameter 

variations,  the proposed FrOC is immune to these variations. The filter pattern can also be 

visualized in the dq-stator flux linkages contours as shown in Figures 7, 9, 11, and 13. 

  

 

7. Conclusion 

In a.c. electric drives, control performance (specifically with PI controllers) often 

degrades with parametric variations. This paper proposes fractional order controllers as an 

alternate to PI controllers. Specifically, we consider the case of indirect field oriented 

control. Simulation results indicate that the proposed fractional order controllers preserve 

stability of the parameter variations, unlike traditional PI controllers. Our work suggests 

that the unique benefits of fractional order controllers can be exploited for robust control of 

electric drives.  
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