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Robustness Enhancement of Fractionalized Order Proportional 
Integral Controller for Speed Control of Indirect Field-Oriented 

Control Induction Motor 
 
 

Abstract. This article presents a novel approach for controlling an induction motor (IM) drive using a fractionalized order proportional integral 
(FrOPI) controller within an indirect field-oriented control (IFOC) scheme. In contrast to the conventional Integer Order PI controllers (IOPI), the 
FrOPI controllers demonstrate enhanced performance owing to their nonlinear characteristics and the inherent iso-damping property of fractional-
order operators. The performance of the induction motor is thoroughly assessed under various conditions, including starting, running, speed 
reversal, and sudden changes in load torque. Simulation results are then presented to confirm the effectiveness of the induction motor drive when 
utilizing the FrOPI controller. 
. 
Streszczenie. Ten artykuł prezentuje nowatorskie podejście do sterowania napędem silnika indukcyjnego (IM) za pomocą regulatora ułamkowego 
rzędu typu proporcjonalno-całkowego (FrOPI) w ramach pośredniego sterowania zorientowanego na pole (IFOC). W przeciwieństwie do 
konwencjonalnych regulatorów PI o całkowitym rzędzie (IOPI), regulatory FrOPI wykazują poprawioną wydajność dzięki swoim nieliniowym 
właściwościom i wrodzonej właściwości izodempingowej operatorów rzędu ułamkowego. Wydajność silnika indukcyjnego jest dokładnie oceniana w 
różnych warunkach, w tym podczas rozruchu, pracy, zmiany prędkości i nagłych zmian momentu obciążenia. Wyniki symulacji są następnie 
przedstawione w celu potwierdzenia skuteczności napędu silnika indukcyjnego przy użyciu regulatora FrOPI. (Zwiększenie wytrzymałości układu 
frakcjonowanego Proporcjonalny sterownik całkujący do sterowania prędkością silnika indukcyjnego z pośrednim sterowaniem 
zorientowanym na pole) 
 
Keywords:PI controller, Fractionalized PI controller, Induction motor,  Speed regulator, robustness. 
Słowakluczowe: Regulator PI, ułamkowy regulator PI, silnik indukcyjny, regulator prędkości, solidność. 
 
 
Introduction 
 Firstly, the concept of Indirect Field Oriented Control 
(IFOC) was pioneered by Takahashi and Noguchi in the late 
1970s [1,2]. IFOC is a control technique employed to 
regulate the speed and torque of AC induction motors, 
commonly referred to as asynchronous motors. It 
streamlines the operation of induction motors by eliminating 
the magnetic coupling within the machine, enabling 
separate and independent control of speed and torque. 
Secondly, advancements in the field of power electronics 
have led to the development of numerous electronic 
devices capable of operating at suitable current and voltage 
levels for AC induction motors, thereby facilitating the 
practical implementation of the IFOC method. These 
developments have made it feasible to apply IFOC 
effectively in real-world applications. 
 The effectiveness of linear proportional integral 
derivative (PID) controllers, a widely adopted approach in 
the industry, diminishes due to inherent fundamental 
constraints such as saturation and reduced stability margin 
[3-6]. This is especially evident when these controllers are 
applied to nonlinear systems like induction machines. 
Moreover, the performance of PID controllers is further 
compromised by variations in motor parameters. 
 The application of fractional calculus in PI controllers 
reduces DC drift and improves dynamic response without 
the need for additional hardware. In the case of fractional 
order proportional-integral (FOPI) controllers, the controller 
utilizes a fractional order integral instead of the conventional 
integer order integral (unity). Consequently, the system's 
response under control is affected not only by the 
proportional and integral constants but also by the 
integration order [7-13]. 
 In this research, a Fractionalized Order Proportional-
Integral (FrOPI) control technique is employed for speed 
control within an Indirect Field-Oriented Control (IFOC) 

scheme, specifically applied to an Induction Motor (IM). The 
study utilizes simulation to investigate the impact of 
integration order on the evolution of the controlled variable. 
While the FrOPI strategy has been applied in various 
systems [14-18], its application in controlling induction 
motors has not been explored before. The primary 
innovation of this paper lies in the adoption of a fractional 
order controller to regulate the speed of an Induction Motor. 
 The main contribution of this work is to introduce a 
robust Fractionalized PI speed controller for the IFOC 
induction motor, which is a novel approach. 

The following summarizes the contribution of this paper: 
 This work demonstrates for the first time that a FrOPI 

controller can effectively manage the speed of a detuned 
motor and maximize the induction machine's torque per 
ampere output. 

 The induction motor's performance is examined at several 
stages, including starting, running, and speed reversal, as 
well as when subjected to  a sudden change in load 
torque. 

 

 Fractional Order Systems 
 Fractional calculus is a branch of calculus that uses 
non-integer order to generalize functions, allowing fractional 
approximation techniques to be used in fractional order 
systems. 

The Oustaloup method is based on the function 
approximation from as [16,19]; 

(1)                          Gሺsሻ ൌ S             , α ∈ Rା 

By taking into account the rational function: 

(2)                           Gሺsሻ ൌ K ∏ ୱା୵ౡ
ᇲ

ୱା୵ౡ


୩ୀଵ  

However, the poles, zeros, and gain can be evaluated as; 

w୩
' ൌ wୠ. w୳

ሺଶ୩-ଵ-γሻ/     , w୩ ൌ wୠ. w୳
ሺଶ୩-ଵାγሻ/ , K ൌ w୦

γ 
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Where 𝑤௨ represents the unity gain in frequency and the 
central frequency in a geometrically distributed frequency 
band.  Let 𝑤௨ ൌ ඥ𝑤𝑤, where, 𝑤 and 𝑤 represent the 

upper and lower frequencies, respectively. 𝑁 and 𝛾 are the  
filter and the derivative order, respectively. 
 
Design of integer-order and fractionalized-order 
controllers for speed control IFOC-IM 
 The proposed IFO drive system in this work is controlled 
by using either an Integer order PI controller (IOPI) or an 
Fractionalized order PI controller (FrOPI). 
  
PDT Model of an IFO Drive System 
 In the first step, the induction motor is approximated with 
a first-order plus dead-time (FOPDT) model. Subsequently, 
this model is utilized to determine the controller parameters 
for both IOPI and FrOPI controllers. The design of the 
controllers depends on the time constant 𝑇, the time delay 
𝐿, and the process gain 𝐾 of the system represented in Eq. 
1. 

(1) 𝐺ሺ𝑠ሻ ൌ
షಽೞ

ଵା்௦
   

                                                  
Where 𝐺ሺ𝑠ሻ is the approximation function 

  The electromagnetic torque (𝑇𝑒) for an IFO drive system 
and an induction motor mechanical model are represented 
by Eqs. (1) and (2), respectively. 

(2) 𝐶 ൌ


ೝ
𝜑𝑖௦ 

(3) 𝐽
ௗఠೝ

ௗ௧
ൌ 𝑇 െ 𝑓𝜔 

 
𝐿 is the mutual inductance, 𝐿୰ is the rotor inductance, 𝜑 is 
the rotor flux, 𝑃 is the number of pole pairs, 𝐽 is the moment 
of inertia of the motor, and 𝑓 is the friction coefficient. Eqs. 
(1 & 2) are used to control in open-loop the transfer function 
related to the motor's output speed 𝜔 and the torque 
current 𝑖௦. This transfer function 𝐺ሺ𝑠ሻ is given by equation 
3. 

(4) 𝐺ሺ𝑠ሻ ൌ
ఠೝ

ೞ
ൌ

ುಽ
మ

మಽೝ
ூೞ

∗

ௌା
 

 

 The approximate transfer function is obtained by 
applying a step current command 𝑖௦. An inner PI loop 
ensures that the actual current applied to the motor 𝑖௦ is 
equal to the commanded current. The step response of the 
speed produced by this torque command current is depicted 
in Fig. 1.  

 

 
 

Fig.1. Step response used to obtain the FOPDT model. 
This step response is used to approximate the transfer 

function [20] with a FOPDT model, as given by eq. (1). 
 The parameters 𝐾, 𝐿, and 𝑇 obtained from the FOPDT 
function are: 𝐾 ൌ 2.23𝑒08 𝑟𝑎𝑑/𝑠, 𝐿 ൌ 9.31𝑒 െ 10𝑠, and 
𝑇 ൌ 8.333𝑒06𝑠, respectively (see Eq.5). 
 

(5) 𝐺௫ሺ𝑠ሻ  ൌ
ଶ.ଶଷ଼

଼.ଷଷଷୣୱାଵ
𝑒ିଽ.ଷଵୣିଵୱ 

 
  The actual response in Fig.1 corresponds to the 
response of the FOPDT model, which demonstrates that 
the approximate model of the induction motor obtained is 
indeed accurate. 
 
Integer Order PI Controller 
 The conventional IOPI controller is defined by Eq. (6): 
 

(6) 𝐺ሺ𝑠ሻ ൌ 𝐾  


௦
ൌ 𝐾ሺ1 

ଵ

்௦
ሻ 

 
Where 𝐾 is the proportional gain, 𝐾 is the integral gain and 
ሺ𝑇 ൌ 𝐾 𝐾⁄ ሻ is the time integral constant. 
 
 Ziegler-Nichols (ZN) tuning rules are widely used due to 
their simplicity and ease of implementation, relying on 
system step response without exact process models. While 
Cohen-Coon (CC) tuning rules calculate parameters 'a' and 
'τ' based on gain, delay, and time constant in systems with 
significant time delay. 
 The ZN controller gains 𝐾 and 𝐾 are calculated by Eq. 
(7), in which the parameters 𝐿 and 𝑇 are obtained from Eq. 
(5). 

(7)          ቊ
𝐾 ൌ 0.9

்


𝑇 ൌ 3.33𝐿

 

 
 The tuning rules presented in Eq. (8) for CC are suitable 
for a wider range of plants. 
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Fractionalized Order PI Controller 
 As mentioned in Eq. 6, the PI controller's rule is 
improved by incorporating fractionalization of a part of the 
control system and the integral operator [8,14,17,18]: 
 

(9) 
ଵ

௦
ൌ

ଵ

௦ഀ .
ଵ

௦భషഀ 
 

With 𝛼 ∈ ሿ0 , 1ሾ.   

 The IOPI fractionalization controller named (FrOPI) to 
be generated is given as : 

𝐺ிைூሺ𝑠ሻ ൌ 𝐾 ൬1 
1

𝑇𝑠
൰ ൌ

1
𝑠

൬
𝐾𝑇𝑠  𝐾

𝑇
൰ 

Then, 
 

(10) 𝐺ிைூሺ𝑠ሻ  ൌ
ଵ

௦ഀ

ଵ

௦ሺభషഀሻ ቀ
்௦ା

்
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Where 𝐾 is the proportional gain, 𝐾 is the integral gain, 
and  𝛼 is the integral fractional order.  
 
Controller’s design 

A fractionalized order PI controller, with general design is 
given in Fig. 2.  
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Fig.2. Proposed fractionalized speed control block diagram. 

 
Where 𝑢 represents the control input (𝑇

∗ the 
commanded torque). 
 The SIMULINK block using the Oustaloup 
approximation of the fractional integer order (𝛼ሻ of the 
proposed fractionalized PI controller is illustrated in Fig. 3. 
 
  

 
Fig.3. SIMULINK Block Using the Oustaloup Approximation 

 

 As an illustration, in the case of 𝛼 ൌ 0.3, using equation 9 
yields: 

𝐺ሺ𝑠ሻ ൌ
1
𝑠

ൌ
1

𝑠.ଷ ⋅
1

𝑠. 

 
Using the Oustaloup approximation approach, as 

described in section above, and the approximation 
parameters: 𝜔𝑏 ൌ  0.01 𝑟𝑎𝑑/𝑠 , 𝜔ℎ ൌ  1000 𝑟𝑎𝑑/𝑠 , we get 
the approximated functions 𝐺ఈሺ𝑠ሻ and 𝐺ଵିఈሺ𝑠ሻ given bellow: 

 

(11) 𝐺ఈሺ𝑠ሻ ൌ 𝐺.ଷሺ𝑠ሻ ൌ
.଼ଷ ௦ఱା ଽସ.ଶଽ ௦రାହଷହ ௦యାଶସସଽ ௦మ

ାଽଷଶ ୱ ା ଶଶଷ.ଽ
 ௦ఱାସଵ଼. ௦రାଵଽସ ௦యାଶଷଽଷ ௦మ

ାସଶଵଶ ୱ ା ଷହ.଼

 

 

(12) 𝐺ଵିఈሺ𝑠ሻ ൌ 𝐺.ሺ𝑠ሻ ൌ
0.00202 𝑠5 7.128  𝑠4712  𝑠35348 𝑠2

3363 s  141.3
 𝑠5238.1 𝑠43786  𝑠3 5040 𝑠2

ାସ504.6 s  1.43

 

 
(13) 𝐺ሺ𝑠ሻ ൌ 𝐺.ଷሺ𝑠ሻ𝑋 ൌ 𝐺.ሺ𝑠ሻ  ൌ

            

0.001௦భబ1.283௦వ469௦ఴ4.603e04௦ళ1.536e06௦ల

1.471e07௦ఱ4.857e07௦ర4.603e07௦య1.483e07௦మ

1.283e06 s3.162e04
௦భబା ସହ.௦వାସ.ଽସ௦ఴାଵ.ସହହ௦ళାଵ.ହଷ௦ల

ାସ.ହଷ௦ఱାସ.଼ହ௦రାଵ.ସହହ௦యାଵ.ସ଼ଷ௦మ

ାସ.ହସ௦ାଷଵ.ଶ

 

 

The FOPDT model can be obtained as: 

 

(14) 𝐺௫ሺ𝑠ሻ  ൌ
ଵ

଼ହ.ଽଵୱାଵ
𝑒ିଷ.ସୱ 

 
 The step response of the fractionalized integrator can be 
observed in Fig. 4. 
 
 It is evident that the classical and fractionalized 
integrators exhibit a remarkable similarity. This indicates 
that a good approximation of the FOPDT model is achieved 
with the given parameters. 
 

 

 

Fig.4. Step response used to obtain the FPDT model. 
 
Results and Discussion 
 The objective here is to design a feedback 
Fractionalized order PI (FrOPI) speed controller such that 
the output response tracks a desired speed profile with 
minimum overshoot and settling time.  
 The proposed design process, detailed perviously, was 
employed to compute the parameters of the fractionalized 
order feedback speed controller for the induction motor. As 
many applications using induction motors only use PI 
controllers [21-23] or fractional order PI [21,24-33], we 
opted for, in this section, a fractionalized order proportional-
integral (FrOPI) speed controller (Kd = 0). Therefore, only 
three controller’s parameters (𝐾, 𝐾 , and 𝛼 ) were 
computed. The settings for (𝐾, 𝐾were determined using 
the pole compensation method and for 𝛼 several values 
were considered, including ሼ0.1, 0.2, 0.3, 0.4, 0.5 ሽ  
 The integer order PID controller optimized has the 
following parameters: 𝐾 ൌ 1.5  and  𝐾 ൌ 11.5 .  
 The IOPID controller is given by: 
 

(15)   𝐺ூைூሺ𝑠ሻ ൌ 1.5  11.5 𝑠ିଵ   

 

The fractionalized order PID controller parameters are 
as follows: 𝐾 ൌ 1.5 , 𝑇 ൌ 0.1333  and for 𝛼 ൌ 0.1 the 
PSO/FrOPID controller can be written as: 

 

(16) 𝐺ிைூሺ𝑠ሻ  ൌ
ଵ

௦బ.భ

ଵ

௦బ.వ ቀ
ሺ.ଵଽହ௦ାଵ.ହ

.ଵଷସ
ቁ 

 
The indirect vector control of the an IM based on a 

fractionalized speed controller was numerically 
implemented in Matlab/Simulink. The characteristics of the 
induction motor are: stator resistance 𝑅𝑠 ൌ  1 Ω, rotor 
resistance 𝑅𝑟 ൌ  0.93Ω, stator inductance 𝐿𝑠 ൌ 0.191 𝐻 , 
rotor inductance 𝐿𝑟 ൌ 0.159 𝐻 , mutual inductance 𝐿𝑚 ൌ
 0.152 𝐻, inertia moment 𝐽 ൌ 0.05, frequency 𝑓 ൌ  50𝐻𝑧 and 
pair of pole 𝑝 ൌ  2 . The simulation results will be presented 
for the following operating modes:  

a) No-load start followed by the introduction of the load 
torque.  

b) Reversal of the direction of rotation. 
 

Influence of load torque variation and speed reversal. 
In this section, we will start the machine with no load, 

then apply a load torque of 10𝑁. 𝑚 at 𝑡 ൌ 1𝑠, and at 𝑡 ൌ 2𝑠, 
we will reverse the rotation direction of the machine from 
100𝑟𝑎𝑑/𝑠 to െ100𝑟𝑎𝑑/𝑠. The obtained results are 
presented below. 

 

 

𝜔𝑟  1
𝐽𝑠  𝑓

 + 
+ 

𝐶𝑟  

𝐶𝑒  𝜔𝑛
2

𝑠2  2𝜉𝜔𝑛 𝑠  𝜔𝑛
2 

1
𝑠𝛼 𝑠1െ𝛼 ൫𝐾𝑝 𝑠  𝐾𝑖൯ +-

 𝑒 𝜔𝑟𝑒𝑓  

Proposed controller 

𝐶𝑒
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Fig.5. Performance comparison of Fractionalized Order PI 
controller (for 𝛼 ൌ 0.3) and Integer Order PI controllers for speed 
tracking at 100 Rad/s. 

The Torque, the speed and rotor fluxes of IFOC-IM are show in Fig. 
6a, Fig. 6b and Fig. 6.c 

 
a) Torque 

 
b) Stator currents. 

 
c) Rotor fluxes on the d and q axes. 

Fig.6. IFOC-IM simulation results: a) Torque, b) Rotor fluxes 
on the d and q axes, c)Stator currents. 

In Fig.5, we observe a good speed tracking during the 
initial phase. However, when we overload the motor by 
applying the load torque, we notice a speed drop due to the 
torque application, followed by a good disturbance rejection. 

It is clear from the fig. 5 that the Fractionalized order PI  
outperforms the integer PI in terms of settling time and 
percent overshoot. 

In Figs. 6.a, 6.b and Fig.6.c, we observe some transient 
overshoots during setpoint changes (speed reversal) and 
the application of the load torque, resulting in peaks in the 
torque and stator phase currents as well as in the rotor 
fluxes, which then stabilize in the steady-state. The 
obtained electromagnetic torque ripples are remarkably 
attenuated (see Fig.6.a). Fig. 6.b shows the waveforms of 
the stator currents. The q-axis component of the rotor flux is 
kept at zero (principle of vector control), and the d-axis 
component at the reference value (Fig. 6.c). 

To observe the effect of the fractional integral order on 
the system's response, three fractionalized Order PI 
controllers were implemented, each corresponding to a 
different value of the fractional integral order. 
 Fig.7 presents the speed response for different values of 
the fractional integral order 𝛼  (for 𝛼 ൌ 0.1, 0.2, 0.3) and Fig. 
7.b and Fig. 7.c show the zoomed-in responses at the 
impact of the load at 𝑡 ൌ 1𝑠 and the impact of the speed 
reversal at 𝑡 ൌ 0.2𝑠, respectively. 
Based on Fig. 7, we can see the impact of the fractional 
integral order on the system's response. The tuning 
parameter 𝛼 plays a significant role in determining the 
system's robustness. The fractionalized Order PI controller 
with 𝛼 ൌ 0.3 outperforms not only the Integer Order PI 
controller but also the fractionalized Order PI controllers 
with 𝛼 ൌ 0.1 and 𝛼 ൌ 0.2, respectively (see Figs 7.b and 
7.c). 

 
(a) Speed curves 

 
(b) Speed curves (Zoom 1) 
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(c) Speed curves (Zoom 2) 

 

 Fig.7. Performance comparison of Fractionalized Order PI 
controller and Integer Order PI controllers for speed tracking at 100 
Rad/s. a) Speed curves for several valus of fractional integral order 
(for 𝛼 ൌ 0.1, 0.2 and 0.3 ), b) Zoom on the impact of the load at 
t=1s, c) Zoom on the impact of the speed reversal.  
  

The best Fractionalized Order PI controller, obtained 
with the fractional integral order 𝛼 ൌ 0.3, is compared to the 
other Fractionalized Order PI controllers with fractional 
integral orders 𝛼 ൌ 0.4 and 𝛼 ൌ 0.5. 
 Fig. 8 presents the speed response for different values 
of the fractional integral order 𝛼 (for 𝛼 ൌ 0.3, 0.4, 0.5), and 
Fig. 8.b and Fig. 8.c show the zoomed-in responses at the 
impact of the load at 𝑡 ൌ 1𝑠 and the impact of the speed 
reversal at 𝑡 ൌ 0.2𝑠, respectively. 

 
(a) Speed curves 

 
(b) Speed curves (Zoom 1) 

 
(c) Speed curves (Zoom 2) 

Fig.8. Performance comparison of Fractionalized Order PI 
controller and Integer Order PI controllers for speed tracking at 
100 𝑅𝑎𝑑/𝑠. a) Speed curves for several valus of fractional integral 
order (for 𝛼 ൌ 0.3, 0.4 and 0.5 ), b) Zoom on the impact of the load 
at 𝑡 ൌ 1𝑠, c) Zoom on the impact of the speed reversal.  

 
Based on the information depicted in Fig.8, it is evident 

that the system's response is influenced by the fractional 
integral order. The parameter 𝛼 has a significant impact on 
the system's robustness. 

However, the FrOPI controller with 𝛼 ൌ 0.5 exhibited 
superior robustness compared to both the IOPI controller 
and the FrOPI controllers with 𝛼 ൌ 0.1, 𝛼 ൌ 0.2, 𝛼 ൌ 0.3, and 
𝛼 ൌ 0.4 under varying load and speed reversal conditions. 

 
Conclusion 
 This paper presents a new design of fractionaliazed-
order PI used to control the speed of an induction motor. 
The transient and steady-state performances of the 
proposed fractionalized-order controlled was compared to 
the conventional integer-order. The results show that the 
proposed FrOPI controllers for several fractional integral 
order performs nicely for different reference signals and 
shows robustness to load and speed reversal variations. 
However, robustness test results for five  fractionalied 
controllers revealed that the FrOPI  controller with 𝛼 ൌ 0.5 is 
more robust against load variation and speed reversal than 
the FrOPI controllers with 𝛼 ൌ 0.1, 𝛼 ൌ 0.2, 𝛼 ൌ 0.3, and 
𝛼 ൌ 0.4. 
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