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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 Pl 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 artykut prezentuje nowatorskie podejécie do sterowania napedem silnika indukcyjnego (IM) za pomoca regulatora utamkowego
rzedu typu proporcjonalno-catkowego (FrOPI) w ramach posredniego sterowania zorientowanego na pole (IFOC). W przeciwienstwie do
konwencjonalnych regulatoréw Pl o catkowitym rzedzie (IOPI), regulatory FrOPI wykazujg poprawiong wydajno$¢ dzieki swoim nieliniowym
witasciwosciom i wrodzonej wtasciwosci izodempingowej operatoréw rzedu utamkowego. Wydajno$¢ silnika indukcyjnego jest doktadnie oceniana w
réznych warunkach, w tym podczas rozruchu, pracy, zmiany predkosci i nagtych zmian momentu obcigzenia. Wyniki symulacji sg nastepnie
przedstawione w celu potwierdzenia skuteczno$ci napedu silnika indukcyjnego przy uzyciu regulatora FrOPI. (Zwiekszenie wytrzymaftosci ukfadu
frakcjonowanego Proporcjonalny sterownik catkujacy do sterowania predkosScia silnika indukcyjnego z posrednim sterowaniem

zorientowanym na pole)

Keywords:PI controller, Fractionalized PI controller, Induction motor, Speed regulator, robustness.
Stowakluczowe: Regulator PI, utamkowy regulator P, silnik indukcyjny, regulator predkosci, solidnosc.

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 Pl 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 Pl speed controller for the IFOC
induction motor, which is a novel approach.
The following summarizes the contribution of this paper:

e 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.

e 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
approximation from as [16,19];

is based on the function

(1) Ge(s) = S© ,a € R*

By taking into account the rational function:
_ N S+Wf(

2) Gr(s) = Koy Tt

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

(2k-1-y)/N (2k-1+y)/N

Wy = Wp. Wy, , Wi = Wh. Wy ,K=w;’1
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Where w,, represents the unity gain in frequency and the
central frequency in a geometrically distributed frequency
band. Let w, = /w,w,, where,w, and w, represent the
upper and lower frequencies, respectively. N and y 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 Pl 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.
Ke—Ls
(1) Gappro(s) = 137s

Where Ggppro(s) is the approximation function

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

PLp .
) Ce = L_T<prlqs

3) JEE=T, — fo,

L, is the mutual inductance, L, is the rotor inductance, ¢, 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. Egs.
(1 & 2) are used to control in open-loop the transfer function
related to the motor's output speed w, and the torque
current i . This transfer function G (s) is given by equation
3.

PLZ «
2Ly ds

JS+f

(4) Gy(s) = % =

The approximate transfer function is obtained by
applying a step current command i,;. An inner Pl loop
ensures that the actual current applied to the motor iy is
equal to the commanded current. The step response of the
speed produced by this torque command current is depicted
in Fig. 1.
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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 =2.23e08rad/s, L =9.31e—10s, and
T = 8.333e06s, respectively (see Eq.5).

2.23e08

—-9.31e-10s
s) =———e
aPPT"X( ) 8.333€065+1

(5) G

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 Pl Controller
The conventional IOPI controller is defined by Eq. (6):

K; 1
(6) GC(S) = Kp + 5 = Kp(l + T_,s)
Where K, is the proportional gain, K; is the integral gain and
(T; = K,,/K;) 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
'T' 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).

T
@) {Kp =09
T; = 3.33L

The tuning rules presented in Eq. (8) for CC are suitable
for a wider range of plants.

®) K::‘E(Tl oo

a 1-7
_33-37
T 1412t

T;

Fractionalized Order Pl 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) t=so

s sa’gl-a

Witha €10 , 1].

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

1 ) 1 (KpTis + Kp)
s

Grropi(S) = Kp (1 + Ts) =5 T

Then,

(10) 1.1 (M)

Grropi(s) = @ s0-® T;
Where K, is the proportional gain, K; is the integral gain,
and « 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 wusing the Oustaloup

approximation of the fractional integer order (a) of the
proposed fractionalized Pl controller is illustrated in Fig. 3.
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Fig.3. SIMULINK Block Using the Oustaloup Approximation

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

1 1 1

6 =5=ws 507
Using the Oustaloup approximation approach, as
described in section above, and the approximation

parameters: wb = 0.01rad/s , wh = 1000 rad/s , we get
the approximated functions G, (s) and G,_,(s) given bellow:

0.0803 5%+ 94.29 s*+5357 s3+24490 52
+9372 5 +223.9
55+418.6 s*+10940 s3+23930 52
+4212 s + 35.87

(1) Ge(s) = Gos(s) =

0.00202 5%+ 7.128 s*+712 5345348 5%
+3363 s+ 1413
5°+238.15*+3786 53+ 5040 s?
+4+504.65 + 1.43

(12)

Gi1-a(s) = Go7(s) =

(13) G(s) = Go3(s)X = Go5(s) =
0.001510+1.2835%+46958+4.603¢0457 +1.536e065°
+1.471e075°+4.857¢075* +4.603¢0753 +1.483¢0752

+1.283e06 s+3.162e04
5104+ 405.75°+4.69€0458+1.455€0657+1.536e07s°
+4.653€0755+4.857€075%+1.455€0753+1.483e0652
+4.057e045+316.2

The FOPDT model can be obtained as:

100 —3.64s
85.9107s+1

(14) Gapprox (s) =

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.

Step Response
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Fig.4. Step response used to obtain the FPDT model.

Results and Discussion

The objective here is to design a feedback
Fractionalized order Pl (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 Pl [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 a ) were
computed. The settings for (K,,, K;were determined using
the pole compensation method and for a several values
were considered, including {0.1,0.2,0.3,0.4,0.5 }

The integer order PID controller optimized has the
following parameters: K, = 1.5 and K; = 11.5.

The IOPID controller is given by:

(15) Gropi(s) =15+ 115571

The fractionalized order PID controller parameters are
as follows: K, =15,T; =0.1333 and for a=0.1 the
PSO/FrOPID controller can be written as:

_ 1 1 ((0.19565+15
(16) Grropip(S) —S[TSOT(W)

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 Q, rotor
resistance Rr = 0.93Q), stator inductance Ls =0.191H ,
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 att = 2s,
we will reverse the rotation direction of the machine from
+100rad/s to —100rad/s. The obtained results are
presented below.
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Fig.5. Performance comparison of Fractionalized Order PI
controller (for a = 0.3) and Integer Order Pl 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
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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 Pl 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 g-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 a (for @ = 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 a plays a significant role in determining the
system's robustness. The fractionalized Order PI controller
with a = 0.3 outperforms not only the Integer Order PI
controller but also the fractionalized Order Pl controllers
with @ = 0.1and a = 0.2, respectively (see Figs 7.b and
7.c).
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(a) Speed curves
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(b) Speed curves (Zoom 1)
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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 « = 0.1, 0.2 and 0.3 ), b) Zoom on the impact of the load at
t=1s, ¢) Zoom on the impact of the speed reversal.

The best Fractionalized Order PI controller, obtained
with the fractional integral order a = 0.3, is compared to the
other Fractionalized Order PI controllers with fractional
integral orders a = 0.4 and a = 0.5.

Fig. 8 presents the speed response for different values
of the fractional integral order a (for « = 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.
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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 ¢ = 0.3, 0.4 and 0.5 ), b) Zoom on the impact of the load

att = 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 a has a significant impact on
the system's robustness.

However, the FrOPI controller with ¢ = 0.5 exhibited
superior robustness compared to both the I0PI controller
and the FrOPI controllers with « = 0.1, = 0.2, = 0.3, and
a = 0.4 under varying load and speed reversal conditions.

Conclusion

This paper presents a new design of fractionaliazed-
order Pl 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 @ = 0.5 is
more robust against load variation and speed reversal than
the FrOPI controllers with a =0.1,¢ = 0.2, = 0.3, and
a = 0.4.
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