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ABSTRACT

This paper proposes a new design of a speed regulator loop based on a reduced-order fractionalized proportional-integral controller (ROFrPI) for direct torque control 
(DTC) of a dual-star induction motor drive with less harmonics in order to improve speed and electromagnetic torque responses. The developed approach employs a 
modified switching table of DTC to control the stator flux in the harmonic subspace and eliminate circulation currents and therefore obtain purely sinusoidal current 
form. The effectiveness of the proposed configuration has been tested under various operating conditions by evaluating transient speed and torque responses. 
Moreover, a comparative investigation has been carried-out to evaluate the performance of the proposed ROFrPI controller for five fractional-order integrator values 
using the Matsuda approximation. For this, the obtained results demonstrate that the proposed controllers in the speed regulator loop exhibit high performance and 
better resilience than the conventional controller in terms of overshoot, settling time, and rise time for speed and torque.
Index Terms—Current harmonics, direct torque control (DTC), dual-star induction motor (DSIM), fractionalized prop ortio nal-i ntegr al-de rivat ive (PID), reduced order 
approximation
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I. INTRODUCTION

Recently, multiphase electric motor drives have become of interest in many industry applications 
due to their benefits such as high reliability, fault tolerance, and medium torque variation, com-
pared to simple three-phase drives. Therefore, dual-star induction motor (DSIM) is widely used in 
electric powertrains of railways, aircraft, ships, electric braking systems, and wind power genera-
tion, due to its advantages such as the suppression of sixth harmonic torque pulsation [1–6]. The 
DSIM machine consists of two three-phase stator stars shifted by 30 degrees electrically, while 
the two neutral points are isolated [7–10]. However, the DSIM suffers from harmonic currents. 
For this reason, the classical model approach based on two shifted stars of three-phase windings 
cannot control the harmonic components [3, 6–8]. In order to control the harmonic components, 
reference [6] proposes the vector space decomposition (VSD) technique based on the decom-
position of the voltage, the current, and the flux of DSIM into three subspaces (α–β), (x–y), and 
(o1–o2), in order to visualize the subspace associated with harmonic components.

In terms of control, many advanced control strategies have been developed, such as field-
oriented control (FOC) and model predictive control [6, 11]. Regarding the robustness under 
parameter system disturbances, simple structure, direct torque control (DTC) becomes the more 
adopted approach to control the DSIM [12-14]. However, the classical DTC based on the pro-
portional integrator regulator of the speed loop control (DTC-PI) can generate a large harmonic 
current caused by the non-zero mean voltage in subspace (x-y) [13–15]. So, the lack of control 
of harmonic currents in the (x–y) subspace increase the total harmonic distortion (THD) signifi-
cantly. In order to minimize harmonic currents, the authors of references [16-19] propose a solu-
tion for five-phase and six-phase induction motors drives. It is based on a modified switching 
table of the DTC where the selection of the appropriate voltage vector depends on the position 
of the stator flux in the (x–y) subspace.
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In addition, the DTC based on virtual voltage vectors in which two 
voltage vectors are applied at each sampling time can lead to a 
zero voltage value in the subspace (x–y) and significantly reduce 
harmonic currents [9, 19-23]. However, in this method, the average 
switching frequency of the inverter power switches can increase 
more than two times and present a difficulty in hardware implemen-
tation. This paper presents a modified DTC method (MDTC-PI) based 
on a two-step approach to control stator flux in (x–y) subspace in 
order to minimize the THD of harmonic currents.

On the other hand, proportional integral (PI) controllers are widely 
used in various industry fields due to the simplicity of implementa-
tion and their robustness. However, PI controllers present limitations 
under system parameter disturbances [24, 25]. In addition, the PI 
controller used in the DTC generates the torque reference, which is 
sensitive to speed and torque variations. Therefore, the fractional-
order controller can improve the dynamic performance of DTC in 
system parameter disturbance conditions.

In multiphase electric drive systems, fractional-order controllers can 
offer better performance than conventional PID controllers [26, 27]. 
Moreover, high performance of the fractional-order PI regulators can 
also be obtained by optimizing the gains of these regulators using 
genetic optimization algorithms [28]. In addition, the PI controller 
can be fractionalized and offer an improvement over the various 
types of fractional-order controllers [29-31].

In this context, this paper presents an improvement of speed and 
torque response by using a fractionalized PI controller (FrPI) of the 
DTC for the DSIM. The Matsuda approximation approach is used to 
transform the fractional-order transfer function of the FrPI into an 
integer order. Furthermore, the paper proposes five approaches 
based on the reduced-order FrPI controller (ROFrPI) for each value of 
the fractionalized order integrator, in order to minimize memory size 
and facilitate implementation of the modified DTC of DSIM (herein-
after referred to as modified direct torque control (MDTC)-ROFrPI).

The structure of this paper is as follows: firstly, modeling of the DSIM 
based on the VSD technique is presented. The principles of classical 
DTC (DTC-PI) are given in the next section. The impact of voltage vec-
tors on the harmonic current minimization of the modified MDTC-PI 
is also treated. The next sections focus on fractional calculus and the 
proposed MDTC-ROFrPI, which is based on the reduced-order FrPI. 
Finally, extensive simulations are carried out to prove the efficiency 
of the proposed method.

II. DEVELOPED DIRECT TORQUE CONTROL TECHNIQUES 
OF DSIM

A. DSIM model
In the model of the DSIM fed by a six-phase voltage source inverter 
(see Fig. 1), the following assumptions have been taken into account: 
the DSIM windings are sinusoidally distributed, the flux path is linear, 
mutual leakage inductances are neglected, and a unitary rotation 
ratio between stator and rotor is assumed [7–8]. An approach was 
developed by [6] using a transformation matrix called VSD, accord-
ing to which the six-dimensional origin space of the double-star 
machine can be decoupled into three subspaces (α–β), (x–y), and (o1–
o2). The fundamental variables of the machine, such as voltage, cur-
rent, and flux, which are related to the electromechanical conversion 
of energy, as well as the harmonics of order h = 12n ± 1, (n = 1, 2, 3, 
...), are projected into (α–β) space. Harmonic components projected 
into (x–y) subspace are unrelated to electromechanical energy con-
version. These harmonics correspond to orders h = 6n ± 1 (n = 1, 3, 5, 
...) such as 5th, 7th, 17th, 19th, ..., which are difficult to control. When 
neutral points (N1 and N2) are isolated, null sequences with h = 3n 
(n = 1, 3, 5, ...) that are projected into (o1–o2) space are not considered. 
The decomposition matrix [T] is presented in equation 1 as follows:
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The final model of the DSIM as a function of voltages, currents, stator 
flux, and torque can be expressed in the three subspaces (α–β), (x–y), 
and (o1–o2) as follows, using the transformation matrix (1):

V R I
d
dt

s s s
s

�� ��
��� �

�
 (2)

� �s s s rL I�� �� �� ��� �  (3)

Fig. 1. DSIM fed by voltage source inverter and drives.
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V R I
d
dt

sxy s sxy
sxy� �

�
 (4)

�sxy ls sxyL I�  (5)

V R I
d

dt
so o s so o

so o
1 2 1 2

1 2� �
�

 (6)

�so o ls so oL I1 2 1 2�  (7)

T p I Ie s s s s� �� �� �� � � �  (8)

where:

Vsαβ, Vsxy, and Vsolo2 are the stator voltages in the (α–β), (x–y), and (o1–
o2) subspaces, respectively.

Isαβ, Isxy, and Isolo2 are the stator currents in the (α–β), (x–y), and (o1–o2) 
subspaces, respectively.

ψsαβ, ψsxy, and ψsolo2 are the stator flux in the (α–β), (x–y), and (o1–o2) 
subspaces, respectively.

Lm, Lls, and Lsαβ = Lls + 3Lm are the magnetizing inductance, leakage 
inductance, and stator inductance, respectively.

P, Rs, and Te: are number of pole pairs, stator resistance, and electro-
magnetic torque, respectively.

B. Modified DTC
Due to the configuration of the six-leg inverter, it can generate 64 
possible switching combinations, i.e., 64 voltage vectors. By neglect-
ing the voltage vectors that are defined by the combination ([1 1 1 
Sa2 Sb2 Sc2], [0 0 0 Sa2 Sb2 Sc2], [Sa1 Sb1 Sc1 1 1 1], [Sa1 Sb1 Sc1 0 
0 0], (Sa1, Sb1, Sc1, Sa2, Sb2, and Sc2: 1 or 0, respectively)), the volt-
age vectors in the two spaces (α–β) and (x–y) are presented in Fig. 2 
according to equations 9 and 10, as follows:
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Fig. 2 shows the voltage vectors used in this paper in the two sub-
spaces (α–β) and (x–y). It is clear that the voltage vectors are aligned 
in the same line and grouped into three dodecagons (DS, DM, and DL), 
and their amplitude in subspace (α–β) is as follows:
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where M is
2
3
Vdc

Fig. 3 shows a diagram of the DTC-PI for DSIM, based on a conven-
tional PI controller for the speed loop. The principle is similar to that 
of the single three-phase machine. The (α–β) space can be divided 
into 12 sectors according to the extended voltage vectors that are 
chosen from the DL dodecagon in order to maximize the utilization 
rate of the DC power supply, as illustrated in Fig. 4. When the stator 
flux is in one of these sectors, and depending on the output of the 
torque hysteresis regulators and stator flux, an appropriate voltage 
vector is selected by means of a switching table, as mentioned in 
Table I.

The DTC-PI applied to the DSIM drive system is very easy to use due 
to its simple structure. However, as indicated by equations 4 and 5, 
the main drawback is the lack of control over the stator flux in the 
(x–y) subspace, resulting in significant harmonic currents.

From equation (5), it is clear that the harmonic components depend 
on the stator flux in subspace (x–y). Therefore, to reduce harmonic 
currents, it is necessary to minimize stator fluxes in subspace (x–y). 
The authors of the papers [16–18, 23] found an effective solution to 
minimize and control harmonic currents in the (x–y) subspace. In 

Fig. 2. Inverter voltage vectors. (a) α–β subspace and (b) x–y subspace.
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this paper, a similar technique is applied to the DSIM with the aim of 
minimizing circulating currents.

As previously mentioned, the three voltage vectors VL, VM, and VS 
point in the same direction and have a similar effect in subspace 
(α–β). However, for example, Fig. 5 clearly shows that in subspace 
(x–y), vectors VL3 and VS3 always point in the same direction, while 
vector VM3 points in the opposite direction. Consequently, the 
stator flux variation in subspace (x–y) can be controlled by the 
suitable voltage vectors depending on the stator flux position for 
each sector.

Fig. 6 shows the MDTC-PI diagram, similar to the paper [16, 23], for 
the DSIM, which features modifications compared to the DTC-PI. The 

Fig. 3. Diagram of the classical DTC for DSIM.

Fig. 4. Definition of 12 large voltage vectors in (α–β) subspace.

TABLE I. SWITCHING TABLE FOR DTC-PI

ψs in Sector k (1:12) ΔTe = 1 ΔTe = −1 ΔTe = 0

Δψs = 1 Vk+2 Vk−3 Vzero

Δψs = −1 Vk+3 Vk−4 Vzero

ψs: Stator flux, Te : Electromagnetic torque, Vk : Appropriate voltage vector.

Fig. 5. Effect of voltage vectors VL3, VM3, and VS3 on stator flux 
variation in subspace (x–y).
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principle of harmonic current minimization is based on a two-step 
process. Clearly, this principle necessitates the addition of a stator 
flux estimator in subspace (x–y), as well as a second switching table. 
As a result, the advantages of DTC-PI, such as its simple structure and 
robustness, are still preserved.

It is clear that the first step in MDTC-PI is to preserve the principle of 
DTC-PI for selecting the appropriate group depending on the output 
of the hysteresis regulators and the position of the stator flux in sub-
space (α–β) using a switching table similar to that of DTC-PI. However, 
if the group is selected, the second step relies on the position of the 
stator flux in the (x–y) subspace with a second switching table that 
selects the suitable voltage vectors based on the sector k where the 
stator flux is located in the (x–y) subspace. To clarify the definition of 
sectors in the two spaces as a function of sector k, it is as follows:

� � �� �� � � �� � � �
� �

� ���
12 6

1
12 6

1 1 2 12k k ks sxy, , , , ..
� �

 (12)

In general, MDTC-PI has demonstrated its capacity to minimize 
harmonic currents, as well as to slightly reduce DC power supply 
compared to DTC-PI, due to the selection of voltage vectors, as 
shown in equation 13. In addition, it maintains its reliability in the 
face of external disturbances, which will be confirmed by simula-
tion results.
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III. PROPOSED DTC METHOD BASED ON FRACTIONALIZED 
CONTROLLER

A. Fractional Calculus Principle
Fractional calculus is an extension of integration and derivation 
to the non-integer fundamental operator α αDt , where α and t are 

the limits of the operation. Integration and differentiation are inte-
grated into the generalized fundamental operator, which is defined 
as follows:
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α is the order of the fractional operator, while the real part of α is 
represented by R(α). Integration is indicated by a negative sign and 
derivation by a positive sign [32].

The Grunwald–Letnikov definition is given as follows:

aD f t
h r

f t rht
h r

t a

h r�
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where �
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r
r

r
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�
�1  represent the coefficients of the polynomial 

(1 − z)α.

The coefficients can also be determined recursively, from:
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The definition of Riemann–Liouville is as follows:

aD f t t f dt
a

t
� �� � � � �

�� ��� �

�
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1 1

�
( )  (17)

where 0 < α < 1.

The definition of the Caputo can be found:

Fig. 6. Diagram of the Modified DTC for DSIM.
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The Riemann–Liouville and Grunwald–Letnikov formulations are 
equivalent for a wide range of functions encountered in various 
technical fields and physical systems [33].

In general, fractional controllers have infinite dimension due to 
the non-integer order of the integration and/or derivation opera-
tor. It is therefore necessary to search for approximations of the 
integer-order for fractional-order systems. However, several stud-
ies have proposed finite-dimensional integer-order approxima-
tion methods. Matsuda’s approximation method is one such 
method used in this paper, having the particularity of approxi-
mating an irrational function by a rational function based on the 
continued fraction technique [34]. The approximation is defined 
as follows:

G s
s s
s s
s s
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where

�
�

i i i i
i i

v s v s G s v s
s s

v s
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� ���, ,0 1
i

B. Proposed DTC Method Based on ROFrPI Controller
In this section, a modification is incorporated into the DTC speed 
regulator loop for the DSIM by replacing the integer-order PI 
controller with a FrPI, as shown in Fig. 7, with the aim of improv-
ing speed response and electromagnetic torque in the transient 
regime, while maintaining the development structure for mini-
mizing and controlling harmonic currents in subspace (x–y). The 
parameters (kp, ki) correspond to the FrPI while 𝛼 represents the 
fractional order.

The conventional PI controller is in the following form:

G s K
k
s

PI p
i� � � �  (20)

Fig. 8 illustrates the principle of modification of the conventional PI 

controller by fractionalizing the integration operator 
1
s

�
�
�

�
�
�  into two 

parts 
1 1

1s
and

s� ��
�
�
�

�
�
� . Equation (21) shows the control law developed, 

resulting in an improved speed loop regulator.

G s K
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K k
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K k
s s

FrPI p
i p i

p i p i� � � � �
�
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s

s s
1 1 1

1� �
 (21)

where 0 < α < 1

Therefore, the transfer functions of the speed regulator loop with 
a FrPI are expressed by the equations from (22) to (26) using the 
Matsuda approximation. This is done for various values of the 
fractional integration order α = 0.1, α = 0.2, α = 0.3, α = 0.4, and 
α = 0.5, in a frequency range from ωb = 0.001 rad/s to ωh = 1000 
rad/s with a filter order of five (n = 5), using the parameters 
Kp = 4.8690 and Ki = 91.4063 of the conventional PI controllers.

Fig. 7. Diagram of the Proposed DTC for DSIM.

Fig. 8. Integral operator 
1
s

�
�
�

�
�
�  fractionalization.
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• Transfer functions of the FrPI controller for α = 0.1:
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• Transfer functions of the FrPI controller for α = 0.2:
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• Transfer functions of the FrPI controller for α = 0.3:
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• Transfer functions of the FrPI controller for α = 0.4:
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• Transfer functions of the FrPI controller for α = 0.5:
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From equations (22) to (26), it is clear that the FrPI, based on 
Matsuda’s approximation method, has a transfer function of order 
11, which affects the memory size of the DTC implementation sys-
tem for the DSIM. Therefore, according to the study [28, 29], it is pos-
sible to reduce the order of the filter while maintaining the same 
performance for the high-level controller. Fig. 9 illustrates the reduc-
tion signal error of the model, while the original model is formulated 
as follows:

G s
b s b s b

s a s a s a

n
n

n n
n n

� � � ��� �
� ��� �

�
�

�
�

1
1

1 0

1
1

1
 (27)

The current objective is to identify a low-order approximation model 
with an integer order, as outlined below [31]:

G s
s s

s s s
r m

r
r r

m m
m m

/ � � � ��� �
� ��� �

�
�

�

� � �
� � �
1 1

1
1

1
 (28)

The objective function shown below is used to reduce the H2 norm 
of the minimization error signal.

K min G s G sr m� � �� � �
�
� �˘

/ 2  (29)

where ϑ represent the parameters to be optimized

� � � � �� � ��� ��1 1, , , , ,r m  (30)

This paper presents a proposed approach, MDTC-ROFrPI, based on 
the reduced-order FrPI in the speed regulator loop to enhance the 
dynamic efficiency of DTC-PI. Equations (31) to (35) show the effec-
tiveness of this approach in reducing the order of transfer functions 
for each value of the proposed fractional order of integration.

• ROFrPI controller for α = 0.1:

G s
s

s
ROFrPI _ .

. .
.

0 1
6 909 129 7

0 0003962
� � � �

�
 (31)

• ROFrPI controller for α = 0.2:

G s
s

s
ROFrPI _ .

. .
.

0 2
9 557 179 4

0 0009179
� � � �

�
 (32)

• ROFrPI controller for α = 0.3:

G s
s

s
ROFrPI _ .

. .
.

0 3
12 55 235 6

0 001515
� � � �

�
 (33)

Fig. 9. Error signal for model reduction.
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• ROFrPI controller for α = 0.4:

G s
s

s
ROFrPI _ .

. .
.

0 4
15 06 282 7

0 002025
� � � �

�
 (34)

• ROFrPI controller for α = 0.5:

G s
s

s
ROFrPI _ .

. .
.

0 5
16 05 301 3

0 002229
� � � �

�
 (35)

IV. VALIDATION RESULTS AND DISCUSSION

This section examines the effectiveness of the various techniques 
proposed using the MATLAB/Simulink simulation tool. The specific 
parameters of the DSIM are presented in Table II. The investigation 
evaluates the effectiveness of the five proposed DTC techniques 
based on the FrPI and compares them with the conventional PI con-
troller. Simulations are carried out for different techniques. The gain 
values of the conventional PI controller and the FrPI are given in the 
previous section. The electromagnetic torque and stator flux hyster-
esis regulator bands are set to 0.2 Nm and 0.00125 Wb, respectively, 
to achieve the desired response.

To prove the effectiveness of the modified DTC for minimizing the 
harmonic components in the (x–y) subspace, Figs. 10–12 present 
the simulation results of the DTC-PI and MDTC-PI of the DSIM drive 
in steady state. The rotor speed is set at 100 rad/s, while the load 
torque is 20 Nm with a reference stator flux of 0.7 Wb. As shown in 

TABLE II. DUAL-STAR INDUCTION MACHINE PARAMETERS

Quantity Magnitude

Rated speed (ω) 100 rad/s

Number of poles (p) 3

Rated frequency (F) 50 Hz

Stator resistance (Rs) 2.03 Ω

Rotor resistance (Rr) 3 Ω

Leakage inductance (Lls) 0.005 H

Magnetizing inductance (Lm) 0.202 H

Stator inductance (Lsαβ) 0.217 H

Fig. 10. Phase currents.

Fig. 11. Currents in x–y subspace.
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Fig. 10, it is obvious that the phase currents of the DSIM by used 
DTC-PI have a non-sinusoidal current form. Moreover, Fig. 11 shows 
significant harmonic currents caused by the uncontrolled stator 
flux in the (x–y) subspace. Fig. 12 shows clearly that the modified 
MDTC-PI based on the two-step process can significantly reduce 
THD from 38.91% to 14.20% compared to the DTC-PI, leading to 
a purely sinusoidal current form and a significant minimization of 
harmonic currents.

Table III shows the THD of the current of the DSIM motor for the dif-
ferent DTC techniques studied in this paper. Simulations were car-
ried out at a constant speed of 100 rad/s with different load torque 
values ranging from 10 Nm to 25 Nm. The five proposed MDTC-
ROFrPI show that the THD can vary by ±2% from the THD value of 
the MDTC-PI. Furthermore, the MDTC-ROFrPI proposed-3 demon-
strates that it can reduce THD compared with the other methods, 
showing that the choice of α = 0.3 can bring improvements in terms 
of harmonic minimization compared with the other α values (0.1, 
0.2, 0.4, and 0.5).

Comparative analysis of the different techniques proposed for the 
direct torque control of DSIM is carried out under other operating 
conditions. Table IV illustrates the torque ripples of several DTC 
strategies, calculated according to paper [19] using the root-mean-
square error method. The rotor speed remains constant at 100 rad/s, 
while the load torque varies by 10 Nm, 20 Nm, and 25 Nm. The com-
parison shows that the proposed MDTC-ROFrPI-3 can slightly reduce 
torque ripples compared to MDTC-PI and the other proposed tech-
niques over the whole torque variation range.

To compare the performance of the FrPI in the speed regulator loop 
with a conventional PI controller, a comparative stability analysis 
was conducted to improve the robustness of the DTC applied to the 
DSIM drive system. The reference speed is stabilized at 100 rad/s, and 
the load torque is set at 10 Nm. Fig. 13 compares the speed response 
to attain its stable speed with the maximum overshoot percentage, 
the rise time (for a tolerance of 10% to 90%), and the settling time 
(for a tolerance of 2%), while the quantitative results are presented 
in Table V. It is clear that the speed response for the proposed MDTC-
ROFrPI-5, proposed MDTC-ROFrPI-4 and proposed MDTC-ROFrPI-3 
quickly attain the reference with an overshoot of 0.7064, 0.7363, and 

Fig. 12. Phase current harmonic spectrum.

TABLE III. QUANTITATIVE THD OF PHASE CURRENT

Different Techniques

Load Torque

10 Nm 20 Nm 25 Nm

DTC-PI 77.86% 38.91% 32.66%

MDTC-PI 31.06% 14.20% 12.09%

MDTC-ROFrPI proposed-1 31.59% 12.49% 11.76%

MDTC-ROFrPI proposed-2 32.14% 14.63% 10.24%

MDTC-ROFrPI proposed-3 29.81% 12.23% 10.17%

MDTC-ROFrPI proposed-4 33.19% 14.27% 12.18%

MDTC-ROFrPI proposed-5 31.29% 13.57% 12.20%

DTC-PI, classical direct torque control with classic PI controller; MDTC-PI, 
modified direct torque control with classic PI controller; MDTC-ROFrPI 
proposed, proposed reduced-order fractionalized controller with modified 
direct torque control.
The values in bold are indicate the importance of the results obtained for the 
proposed techniques.

TABLE IV. QUANTIFICATION OF TORQUE RIPPLES IN SPEED OF 100 RAD/S 
FOR DIFFERENT LOAD TORQUE VALUES

Different Techniques

Load Torque

10 Nm 20 Nm 25 Nm

MDTC-PI 0.4209 Nm 0.3237 Nm 0.2552 Nm

MDTC-ROFrPI proposed-1 04212 Nm 0.3130 Nm 0.2572 Nm

MDTC-ROFrPI proposed-2 0.4178 Nm 0.3406 Nm 0.2628 Nm

MDTC-ROFrPI proposed-3 0.4108 Nm 0.3014 Nm 0.2432 Nm

MDTC-ROFrPI proposed-4 0.4123 Nm 0.3144 Nm 0.2603 Nm

MDTC-ROFrPI proposed-5 0.4111 Nm 0.3247 Nm 0.2552 Nm

MDTC-PI, modified direct torque control with classic PI controller; MDTC-ROFrPI 
proposed, proposed reduced-order fractionalized controller with modified 
direct torque control.
The values in bold are indicate the importance of the results obtained for the 
proposed techniques.
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0.8669, respectively, compared to the other DTC strategies. In addi-
tion, it is essential to note that performance improves considerably 
for different values of α = 0.1 (MDTC-ROFrPI proposed-1) and α = 0.2 
(MDTC-ROFrPI proposed-2) compared to MDTC-PI.

It is essential to improve the torque transient response in DTC for 
the DSIM. Fig. 14 and Table VI present the simulation results of five 
proposed DTC strategies based on the FrPI (for α = 0.1, 0.2, 0.3, 0.4, 
and 0.5), compared with the conventional PI controller (with α = 1), 
when the load torque undergoes an abrupt transition from 10 Nm 
to 20 Nm while maintaining a constant speed at 100 rad/s. It is clear 
that the proposed MDTC-ROFrPI, when used with the reduced-
order FrPI using the Matsuda approximation in the speed regula-
tor loop, has the shortest settling and rise times with minimum 
overshoot. The superiority of the approach using the FrPI for α = 0.5 
(MDTC-ROFrPI proposed-5) is evident, as it outperforms not only 
the conventional PI controller but also the other α values proposed 
in this paper.

Fig. 13. Comparative study between the different MDTC-ROFrPI techniques proposed and MDTC-PI with a speed of 100 rad/s and a constant 
load of 10 Nm.

TABLE V. TRANSIENT RESPONSE RESULTS FOR DIFFERENT TECHNIQUES 
(SPEED: 100 RAD/S, TORQUE: 10 NM).

Different Techniques
Overshoot 

(%)
Settling Time 

(Seconds)
Rise Time 
(Seconds)

MDTC-PI 1.9630 0.6468 0.4221

MDTC-ROFrPI proposed-1 1.4606 0.5920 0.4212

MDTC-ROFrPI proposed-2 1.1032 0.5920 0.4208

MDTC-ROFrPI proposed-3 0.8669 0.5920 0.4206

MDTC-ROFrPI proposed-4 0.7363 0.5920 0.4205

MDTC-ROFrPI proposed-5 0.7064 0.5920 0.4205

MDTC-PI, modified direct torque control with classic PI controller; MDTC-ROFrPI 
proposed, proposed reduced-order fractionalized controller with modified 
direct torque control.
The values in bold are indicate the importance of the results obtained for the 
proposed techniques.

Fig. 14. Responses to external disturbances using different DTC strategies for an external load (10 Nm) is added at time 1.8 seconds with a speed 
of 100 rad/s.



Electrica 2024; 24(2): 450-462
Guedida et al.. ROFrPI Controller-DTC for DSIM with Less Harmonic

460

V. CONCLUSION

This paper presents a DTC technique based on a modified switching 
table and a FrPI of DSIM drive system. In effect, the modified switch-
ing table of the DTC scheme allows to select the suitable voltage 
vectors in order to reduce the harmonic currents in the (x–y) sub-
space. In addition, the proposed fractionalized order controller in the 
DTC, based on a Matsuda approximation method, can improve the 
dynamic performance of the DSIM. Moreover, a reduced-order frac-
tionalized proportional-integral controller has also been also devel-
oped and compared with the FrPI. The validation results indicate that 
the reduced-order fractionalized PI controller presents a promising 
solution for the DTC of DSIM drive system in terms of in transient 
response, reducing rise time, settling time, and overshoot.
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