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Abstract: Fractional calculus is the most popular form of control engineering in many fields,
including electric drive applications. One of the most common applications in all fields of electric
drives is the control of the dual-star induction machine (DSIM). Several control techniques have
been proposed for this type of multiphase motor, ranging from classical PID-based methods to
the most sophisticated advanced methods, including fractional-order controllers. Furthermore,
in the case of a DSIM, which has been widely studied recently, inevitable harmonic currents
are generated, which is a major problem and leads to increased losses and reduced system
efficiency. Therefore, this paper presents a fractional order controller optimized using a dedicated
method to improve system performance while minimizing overshoot, reducing response time,
and minimizing rejection time, and a modified switching table has been developed to reduce
harmonic currents using virtual voltage vectors. Simulation results validate the effectiveness of

the proposed method.

Copyright © 2025 The Authors. This is an open access article under the CC BY-NC-ND license
(https://creativecommons.org/licenses/by-nc-nd/4.0/)

Keywords: Direct torque control (DTC), Dual star induction motor (DSIM), harmonic
currents, fractional order proportional-integral (FOPI), oustaloup approximation.

1. INTRODUCTION

Multiphase drive systems have been researched extensively
for nearly five decades due to their superior characteris-
tics compared to traditional 3-phase drive systems. The
inherent redundancy of phase in these drives offers addi-
tional benefits, such as free-phase detection and improved
fault-tolerant behavior Levi (2008); Duran et al. (2017).
DSIM drives are considered an attractive topology among
polyphase drives due to their robust mechanical design and
flexible three-phase structure.

The Direct Torque Control (DTC) strategy is among the
most extensively researched methods for managing mul-
tiphase electric drive systems. It operates by employing
a switching table to choose suitable voltage vectors that
regulate both the electromagnetic torque and the stator
flux. The DTC has the advantages of a simple structure,
rapid torque response, and independence from machine
parameters. However, since large voltage vectors are in use,
the machine is inevitably associated with significant har-

monic currents. Hence, reducing these harmonic currents
is essential to enhance the overall efficiency of the system
Guedida et al. (2023); Boukhalfa et al. (2022).

Moreover, enhancing the dynamic performance of DTC in
multiphase drive systems is crucial, and numerous studies
have been conducted to achieve superior response char-
acteristics Guedida et al. (2024); Terfia et al. (2023).
Moreover, it is important to emphasize that the conven-
tional speed control loop commonly employs a Propor-
tional-Integral (PI) controller, whose performance relies
on the accuracy of the system’s mathematical model. For
this reason, a recent study proposes a technique for tuning
the PI controller of the DSIM speed loop, based on DTC
control, using genetic algorithms and neuro-fuzzy schemes
to improve machine performance Belal et al. (2024). How-
ever, determining the appropriate parameters of the con-
ventional PI controller is challenging when dealing with
external disturbances or variations in machine parame-
ters, making it difficult to achieve fast response, minimal
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overshoot, and high precision in terms of both speed and
electromagnetic torque.

Fractional-order proportional-integral (FOPI) controllers
have recently attracted considerable academic and indus-
trial interest Idir et al. (2025). This controller represents
an extended version of the classical PI controller, which
was first proposed by Podlubny Podlubny et al. (1999)
in 1997. Several studies have indicated that implementing
FOPI controllers yields superior performance compared
to approaches utilizing the classical PI controller Chagam
and Devabhaktuni (2022). Furthermore, according to the
study conducted by Gude et al. (2023), they demonstrated
good performance, noise rejection, and robustness when
comparing the performance of the classical PI controller
and the fractional-order PI controller, which were tuned
using a particle swarm optimization (PSO) and differential
evolution optimization algorithm for speed control of a DC
motor.

This paper presents a modified DTC for the DSIM, based
on the use of virtual voltage vectors and a FOPI controller.
The aim of employing virtual voltage vectors is to mini-
mize harmonic currents and to generate purely sinusoidal
phase currents. Furthermore, this work also uses the ad-
vantages of a FOPI controller with a PSO optimization
algorithm in the speed controller loop to improve speed
and torque response in the machine. The dynamic perfor-
mance of the proposed technique is tested by simulation
results. These results demonstrate a substantial reduction
in harmonic currents and a notable improvement in the
transient responses of both electromagnetic speed and
torque.

2. MATHEMATICAL MODEL OF THE DSIM

Figure 1 shows the DSIM drive system powered by a six-
leg inverter. By applying the vector decomposition method
(VSD), the 6-dimensional electromechanical model can be
separated into three decoupled subspaces. Zhao, Y., and
Lipo, T. A. (1995).

The harmonic components of order 1=12r+1 are mapped
onto the (o — ), whereas those of order 1=6r+1 are
projected onto the (z — y). The components of zero-
sequence, corresponding to harmonics of order 1=3r ,
are represented in the (ol — 02) subspace. However, the
components in (ol — 02) when the neutral points are
separated, as shown in Figure 1(b).

The DSIM model obtained can be formulated as follows
Guedida et al. (2023):

Vias = Rulios + 22 0

Vo = Loaploap + braf. (2)

Viry = Rulay + 20028 3)

Gary = Lilany (4)

Vioren = Rulaotos + 2020122 (5)
VYso102 = LisIso102 (6)
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Where:

Visags Vszy, Vsolo2 @ are the stator voltages.
Lsag, Lszy, Iso102 : are the stator currents.
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: is the rotor voltage.

: are the stator flux.

VvTaB

I,qp : is the rotor current.

Ly, Lis, Lyog = Lis+ %Lm and Lsop = Lis+ 3L, are the
magnetizing inductance and the leakage inductance of the
rotor and stator.

Ry, R., p and T, are the stator and rotor resistance,
the number of pole pairs, and the electromagnetic torque,
respectively.
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(b) DSIM fed by voltage source inverter
Fig. 1. Dual star induction motor and VSI-fed drive

As indicated in (9), the electromagnetic torque produced
by the machine is influenced solely by the components of
the subspace (o — ). Conversely, (3) and (4) show that
the subspace (z—y) components are the main contributors
to the significant harmonic currents resulting from low
impedance.

Figure 1 illustrates the DSIM supplied by a six-leg inverter.
By using the binary representation of the voltage vectors
(Sa15p15615a25p25¢2), it is possible to generate 64 switch-
ing combinations. As illustrated in Figure 3, it is clear
that the 60 non-zero voltage vectors are distributed among
four distinct dodecagons, designated as Dy, Do, D3, and
D,. The voltage vector amplitudes for each dodecagon in
(a—B) are provided as follows Guedida et al. (2023, 2025);
Ren et al. (2014):
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Vps = %Vdccos(lf))o = @vdc (10)
Vps = %Vdccos(élf))o = ngc (11)
Vb2 = %Vdc (12)

Vb1 = %Vdccos(75)0 - @Vdc (13)

Fig. 2. Voltage vectors of the inverter in two subspaces:
(a) a-f subspace, (b) z-y subspace

3. BASICS FRACTIONAL CALCULUS

Fractional calculus is a field of mathematics that extends
traditional concepts of integration and differentiation to
include non-integer orders. When the order n takes val-
ues of irrational-fractional complex, FC provides a frame-
work for computing n-fold integrals or derivatives, such as
d"y/dt™. In recent years, there has been a significant in-
crease in fractional calculus (FC) applications. The math-
ematical properties of these approaches make it possible
to achieve a high level of accuracy in characterizing a
real object compared with conventional methods based on
integer-order mathematics. The following notation repre-
sents the generalized fundamental operator:

dOL
il? ,R(Oé) >0

,R(a) =0

aDy = .
/ ()" R(a) <0

(14)

Where:

a represents the lower limit of integration.
t represents the upper limit of integration.

It is important to note that « € R, Sabatier et al. (2003).

The definition of the Grunwald-Letnikov (GL) fractional
derivative is presented as follows:

Where w!® = (—=1)" (g) is the polynomial coefficients of
(1-2)°

Furthermore, the coefficients can be obtained recursively

from:
a+1

r

wy =1, w=(1- Jwe 1, r=1,2,3,... (16)
The Riemann-Liouville (RL) definition is expressed as
follows:

b
I(a)

With 0 < a < 1, h is step time, and « generally
taken to be zero, indicates the first occurrence. Hereafter,
differentiation is expressed as D; * f(t).

aD;i f(t) = / (t—n) " f@dr  (17)

The Caputo definition is given as follows:

1 Py i)
mw)/a Gy T

The Riemann—Liouville and Grunwald—Letnikov formula-
tions have been shown to be equivalent for many functions
encountered in real physical systems and a wide range of
industrial applications Garrappa, R. (2014).

0D, “y(t) = (18)

4. IMPROVEMENT OF THE DTC SCHEME FOR
THE DSIM

4.1 DTC Based on Virtual Voltage Vectors

In order to minimize harmonic currents in the (x-y)
subspace, a modification to the switching table of the
DTC is necessary. The idea is based on replacing the 12
traditional voltage vectors with 12 virtual voltage vectors.

Figure 2 illustrates that the voltage vectors located in
dodecagons Dy, D3, and D, share the same direction in the
(o — B) subspace, whereas the vectors of Dy and Dy have
an opposite direction to that of D3 in the (z —y) subspace.
The objective is to generate a new voltage vector whose
amplitude is close to that of Dy in the (o — ) subspace
and zero in the (z — y) subspace.

According to (19) and (20), and Fig. 3(b), the magnitude
of the tension vectors of dodecagons D3 and Dy in (x-y)
can be defined as follows:

VB V2

Yo Yoy,

VD4—;cy = 6 c (19)
V2
VDB—zy = ?Vdc (20)
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Fig. 3. Block diagram of the modified DTC based on
virtual voltage vector

Therefore, to minimize the stator flux magnitude in the
(x — y) subspace, the durations Tps and Tps of the
corresponding voltage vectors within one sampling period
are defined as follows:

VG- V2 V2

VacTps = —VacTbs
6 3
Tpy+Tp3 =T

(21)
(22)
From (21) and (24), it is possible to calculate the action
times of the tension vectors of dodecagons D3 and Dy as

follows:
Tps = (V3 —1)T,

Tps = (2—V3)T,

(23)
(24)
Therefore, by using the voltage vectors of the two do-
decagons D3 and D4 with their new action times for one

sampling period, it is possible to reduce harmonic currents
in subspace (x — y) effectively.

Table 1. Switching table for DTC

Sectork epr=1 epr=—-1 ep=0
Eyp = 1 Vk+2 Vk—3 Vzero
Eyp = -1 Vk+3 Vi_yg Vzero

The functional block diagram of the DTC system utilizing
a switching-table with virtual voltage vectors is illustrated
in Figure 3. The appropriate voltage vector is selected
based on the torque control, the stator flux control, and
the stator flux position, as defined in Table 1. The flux
and torque control are generated through controllers, re-
spectively. When these virtual voltage vectors are applied
in the (o — ) subspace, their corresponding amplitudes in
the (z — y) subspace effectively reduce harmonic current
components.

4.2 DTC-FOPI Speed Controller Design

Conventional PI controllers are extensively applied across
various domains because of their straightforward imple-
mentation and simple structural design. The dynamic re-
sponse of electromagnetic speed and torque in DTC for
multiphase drives can be enhanced by the use of a FOPI
controller. The basic principle of the classic PI controller
consists of applying two actions, proportional and integral,
to control the error signal. The transfer function of the
classic PI controller is given by:

K
GP](S) = Kp +

i
s

(25)
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Fig. 4. Block diagram of the proposed DTC

Where:
K,: is proportional gain.
K: is integral gain.

The FOPI controller shown in (26) is an enhanced exten-
sion of the classical PI controller, incorporating a A-order
integration that can take any positive real value.

K;
Grori(s) = K, + > (26)
Where:
A: is fractional order integration.

In order to compensate for the error between the desired
speed and the measured value, a proposed approach is
based on the FOPI controller using a PSO optimization
algorithm in modified DTC for DSIM. Figure 4 shows the
speed controller loop with the PSO/FOPI controller using
the Oustaloup approximation Oustaloup et al. (2000).
The purpose of employing these filters is to approximate
the fractional-order transfer function with an equivalent
integer-order representation.

5. SIMULATION RESULTS

In this section, simulation results have been obtained
using MATLAB/SIMULINK software to demonstrate the
benefits of using a FOPI controller based on the PSO
optimization algorithm in the modified DTC control of
the DSIM. The machine-specific parameters are identified
and provided in Nesri et al. (2020).

The parameters of the FOPI controller are obtained us-
ing the PSO optimization method as follows: K, =
14.5387Nms/rad, K; = 274.9991Nm/rad, and A =
0.8955.

274.999

Gpso/ropr(s) = 14.5387 + 508955

(27)
Therefore, the Oustaloup approach with N = 5, w, =
0.001rad/s and wy = 1000rad/s results in the following
loop transfer function for the FOPI controller used as the
speed regulator:

15.15° + 1654s* + 3.39 x 1073+

1.003 x 10°s? 4+ 2.142 x 10*s+

275

s° +77.85* +3.599 x 10°s>+
1.043 x 10%s% + 1.902 x 10%s+
0.002058

Gpso/ropi(s) = (28)

Figures 5 and 8 show the steady-state simulation results
of the conventional DTC and the proposed DTC of DSIM.
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Fig. 5. Performance of Classical DTC.
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Fig. 6. Performance of Proposed DTC.

As shown in Fig. 5, the circulating current in subspace
(x —y) is clearly not controllable with conventional DTC,
resulting in high harmonic currents. Figure 6 demonstrates
the impact of integrating virtual voltage vectors into the
switching table, which notably decreases the harmonic
current components within the (z — y) subspace. Figures
5 and 6 also show the total harmonic distortion (THD) of
the phase current. It is evident that the proposed method
reduces the 5th, 7th, 17th, and 19th order harmonics of the
THD from 34.75%, 11.55%, 0.51%, and 0.96% to 4.21%,
1.46%, 0.13%, and 0.08%, respectively.
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Fig. 7. Dynamic performance of Speed.

30 T T T T

T
—Classical DTC
—Proposed DTC |
~—Reference

5
S

-
S

Torque (Nm)
.

s o

T

PR

o
S
T

L L L
0 0.5 1 15 2 25 3
Time (s)

(a) Torque response

T T T T

8

Torque (Nm)

15 —Classical DTC |
—Proposed DTC
—Reference

L L L L
0.02 0.06 0.1 0.14 0.18
Time (s)

(b) Zoom

Fig. 8. Dynamic performance of Torque.

In order to analyze the speed reversal characteristics of
the DSIM, simulations were performed using the following
reference speed profiles: from 0 rad/s to 100 rad/s, from
100 rad/s to 0 rad/s, and from 0 rad/s to -100 rad/s,
under a load of 10 Nm. As the machine speed increases
from 0 to 100 rad/s and decreases from 100 rad/s to -100
rad/s, the speed response accurately tracks the reference
in both control strategies, as illustrated in Figure 7. Under
these conditions, the proposed FOPI controllers achieved
the reference speed with a lower overshoot compared to
the classical PI controller.
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In addition, the proposed DTC shows a significant im-
provement in torque response, with lower overshoot and
faster response time compared to the classical DTC. Fur-
thermore, it is important to note that the critical parame-
ters used for comparison, such as overshoot, settling time,
and rise time, also support the use of the fractional-order
controller in the DTC control of the DSIM (see Figure 8).

Table 2. Transient response comparison for
various control methods (Speed = 100 rad/s,
Torque = 10 Nm)

Different Overshoot  Settling Rise
Techniques (%) Time (Sec) Time (Sec)
Classical DTC 1.9630 0.6468 0.4221
DTC method
Guedida et al. (2024) 0.7064 0.5920 0.4205
Proposed DTC 0.7928 0.4916 0.3267

Table 2 shows a comparative study between the proposed
technique, a recently published control strategy. It is
worth mentioning that our approach exhibits dynamic
performance similar to that of Guedida et al. (2024), with
a better response compared to that of the classical DTC.

6. CONCLUSION

The classical DTC scheme for the DSIM suffers from sig-
nificant harmonic currents. Moreover, the dynamic speed
and torque performances obtained with conventional PI
controllers can be improved. The main goal of this work
is to eliminate components associated with harmonic sub-
space and obtain a better performance response of speed
and torque. This work has been carried out by using 12
virtual voltage vectors and FOPI controllers based on
the PSO algorithm with Oustaloup approximations. The
simulation results indicate that the proposed DTC offers
significantly enhanced dynamic performance, such as low
overshoot and fast response, with a significant reduction
in current harmonics compared to the classical DTC.
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