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Abstract- This paper proposes a novel field-oriented control (FOC) strategy with a neural-modified super-twisting algorithm
(NMSTA) controller for a category of nonlinear systems. This designed control is used to adjust the speed and torque of the
asynchronous machine (AM) to enhance the dynamic response, tracking error, and robustness. Also, to reduce the torque,
current, and flux undulations of the AM. The FOC-NMSTA technique of the AM has been simulated in MATLAB and
compared with the FOC technique. The comparative results obtained under different operating conditions prove the superior
performance and robustness of this proposed new intelligent nonlinear technique (FOC-NMSTA). In all four tests, the current
harmonic distortion value was improved by 85.96% and 77.91%. Also, the FOC-NMSTA provided a better ripple value of
flux than the FOC, where the reduction rates in all tests were 87.76% and 86%. Torque overshoot in all tests was also reduced
compared to the FOC with percentages estimated at 41.02% and 44%. These relatively high percentages indicate the extent
of FOC-NMSTA's competence and ability to improve the features of the control system.

Keywords Field-oriented control, neural modified super-twisting algorithm, dynamic responses, and asynchronous machine.

1. Introduction

Authors There are many electric machines (EMs), as they
are used in many diverse scopes, such as traction. Recently, it
has been used in the area of renewable energies to produce
electrical power and overcome the problem of global
warming. These electrical machines can be classified
according to the type of current into alternating current
electrical machines and direct current EMs. Accordingly,
there are synchronous machines (SMs) [1], asynchronous
machines (AMs) [2], stepper electric machines [3], direct
current EMs [4], brushless electric machines [5], universal
electric machines [6], reluctance electric machines [7], and
linear EMs [8]. These electrical machines differ from each
other in terms of cost, maintenance, working principle,
efficiency, ease of control, and regular maintenance.

Traditionally, AMs are considered one of the most famous
and widespread in various fields because of their many
advantages. These machines are characterized by high
robustness, easy to control, inexpensive, and do not require

regular maintenance, which makes them among the most
suitable and reliable solutions [9]. AMs are of many types,
such as linear AMs [10], doubly-fed AMs [11], and squired
cage AMs [12].

As is known, most of the energy consumption resulting
from industrial and commercial applications in the world is
responsible for AMs due to their advantages such as high
efficiency, robustness, and practicality. However, the
occurrence of unexpected malfunctions may affect their
proper operation, leading to unnecessary malfunctions with
economic repercussions. For this reason, developing control
approaches that ensure the proper operation of these EMs is
very important. These control approaches are varied,
highlighting that many nonlinear, linear, hybrid, or intelligent
approaches have recently proposed in the literature. In the
work [13], the author used field-oriented control (FOC) to
control the 3-phase AM, where a proportional-integral (PI)
regulator was used to control the feature quantities. Also, the
pulse width modulation (PWM) control was used to run the
AM inverter. This control was realized in MATLAB using
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numerous tests. This control has a fast dynamic response (DR)
with undulations at the torque and current levels, which is a
negative matter that limits its spread in the control area.
Sliding mode control (SMC) is a nonlinear approach that was
proposed in the paper [14] to control the AM, where the use
of this control depends on knowing the mathematical model
(MM) of the AM. In addition to knowing the MM of the AM,
this control depends on estimating both flux and torque, which
makes it affected in the event of a fault in the AM. However,
the results showed the higher efficiency of this control
compared to the FOC, which is positive.

As is known, several nonlinearity approaches have been
applied to AMs, such as backstepping control (BC) [15],
adaptive control [16], super-twisting control (STA) [17], and
so on. Therefore, the STA is considered one of the most
prominent nonlinear techniques, robust, simple, and easy to
implement [18]. Also, this approach has a small number of
gains which makes it easy to adjust compared to many other
techniques such as BC. Using the STA does not require
information on the MM of the EM under study, which makes
it one of the most appropriate and reliable solutions for
regulating motors [19]. In [20], the author conducted a
comparative study between the STA and synergetic control
(SC) to find out which control can improve the features of a
power system based on the asynchronous generator (AG).
First, the disadvantages and advantages of each order were
highlighted, stating the MM for each approach. Second, the
necessary equations were given to be able to test the control
powers of this approach. Third, a simulation of the approaches
was completed using a 1.5 MW generator, where the
necessary results were extracted. The results obtained show
the advantage of the SC over the STA in terms of energy
response time (RT) and stream total harmonic distortion
(THD). Accordingly, this completed work shows that the STA
has drawbacks that distinguish it compared to other
approaches.

In the area of control, several techniques have been
proposed to defeat the cons of the STA, such as the use of
genetic algorithm (GA) [21], fuzzy logic (FL) [22], fractional
calculus [23], neural networks (NNs) [24], interval type-2 FL-
NN technique [25], particle swarm optimization [26], integral
action approach [27], SC [28], and NN-FL technique [29]. In
the work [30], the author designed a new STA named
simplified STA technique to replace the traditional STA
technique. This designed approach has been applied to an AG
to get better fineness of power and current. The features of the
simplified STA are that it is easy to realize, uncomplicated,
simple, and has few gains compared to the STA. Results show
that the simplified STA has better numerical results than the
Pl approach. But, despite its performance, this approach has
cons that lie in its reliance on estimating distinct quantities and
being affected by changes in system parameters, and this is
demonstrated by the robustness test, where degradation of the
performance parameters (ripple, overshoot, current THD, and
steady-state error (SSE)) is observed. In the work [31], the
author used super-twisting integral SMC (ST-ISMC) as a
suitable solution to replace the traditional approach, where
nonlinear extended state observer (ESO) was used to increase
efficiency and stability. This designed control differs from
other approaches in terms of the number of gains, competence,

working principle, and reliance on the MM of the system. The
behavior of the designed control was compared with the Pl
approach, and the results showed the high efficiency of this
control in getting better the features of the permanent magnet
SM compared to the PI approach. The cons of this approach
lie in the complexity due to its use of ESO and the presence of
an important number of gains, which makes it hard to adjust
the DR and the use of intelligent algorithms in calculating
gains values. Another improved approach for STA was
proposed in [32] based on the use of a finite time ESO
(FTESO), where this approach was proposed for quadcopter
UAV formation. Compared to the STA, this designed control
appears more robust and efficient, having remarkable
competence and being very effective in getting better the
features of the studied EM, and this is demonstrated by the
results. However, this designed technique has drawbacks,
which lie in the high level of complexity resulting from the
use of FTESO and the existence of an important number of
gains. Also, it is observed that there is a negative effect on the
performance when changing the system parameters, which is
undesirable.

The dual STA technique is the solution that was adopted
in the work [33] to defeat the defects of the STA of AG, where
two different STA controllers were used in parallel for this
purpose. This dual STA technique was used to control powers
and determine voltage reference values, but it should be
mentioned that its use led to an increase in the level of
difficulty, the number of gains, the costs, and the degree of
difficulty in the experimental implementation of the system.
But despite these drawbacks, the results in all tests showed
that the dual STA technique has high efficiency and great
robustness, and this is demonstrated by the performance
indicators (energy undulations, stream's THD, overshoot, and
SSE) that are better compared to STA. Third-order continuous
STA was designed in [34] as an alternative to the STA
approach, where this designed regulator was used to get better
the energy quality produced by the 5-phase permanent magnet
synchronous wind generator. The designed controller differs
from the conventional controller in terms of the number of
gains, performance, durability, and ease of realization. The
outputs of the designed approach are reference voltage values
(RVVs), and these values were used to create functioning
pulses for the machine inverter. MATLAB was used to realize
this designed control and compare it with the PI control in
terms of minimizing energy undulations and current THD.
Results demonstrate the high efficiency of the third-order
continuous STA compared to the PI control in terms of getting
better the features of the studied EM. This designed control
has drawbacks that lie in the presence of a significant number
of gains and a maximal level of intricacy than the PI control,
which makes it expensive and undesirable.

One of the smart approaches that is considered the most
widespread and widely used in the area of control is NNs. This
approach has been used to better the features of several
approaches such as direct torque control (DTC) [35], direct
power control (DPC) [36], and FOC technique [37]. Using this
approach led to an increase in the characteristics of control
techniques, such as robustness and competence, this is a
positive thing that shows the extent of the ability of NNs to
enhance competence. The strength of NNs lies in the fact that
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their use does not require information about the MM of the
EM, which gives them high competence in the event of a fault
in the studied system. Also, NNs are characterized by high
accuracy, which makes them give superior results compared
to other strategies. In the work [38], the author used NNs to
improve the characteristics of the space vector modulation
(SVM), where experimental work was used to confirm the
extent of the ability and efficacy of NNs in improving the
features of the SVM. Compared to both PWM and SVM, the
use of NNs in the SVM led to getting better current THD and
improved controllability of the fundamental signal (50Hz).
Fractional calculus and NN were combined to find a regulator
with high stability and the ability to ameliorate the AG
features [39]. This proposed regulator is categorized by
simplicity, few gains, and ease of realization, which makes it
one of the most important solutions that can be relied upon in
the future. Also, its application does not require information
on the MM of the equipment under study, which gives it an
advantage in the event of a fault in the equipment. The results
show that the fractional-order NN has a distinctive efficiency
compared to the PI control, and this is shown by the reduction
ratios determined for the main performance indicators. The
cons of this approach lie in its reliance on energy estimation,
which makes it slightly affected in the robustness test by
changing system parameters. In [40], NNs were used to
improve the features of the PI-DPC. Neural Pl control is a
modification of Pl control, which is categorized by simplicity,
small number of gains, inexpensive, and easy to realize. The
use of NNs led to better characteristics compared to the Pl
control, and this is demonstrated by the results obtained in all
tests. In the work [41], FL and NN were combined to control
the powers of an AG. The designed control is simple,
uncomplicated, and easy to realize. This approach relies
heavily on the designer's experience, as it does not need to
know the MM of the EM under study. Experimental results
show the high advantage of this approach in minimizing
stream and torque undulations. Also, this suggested control
has a fast DR, which makes it suitable in the future for
regulating equipment. Despite the high performance of this
control, the experimental results show that current and torque
undulations remain present.

In [42], NNs were used to ameliorate DPC features using
the SC-STA strategy (a combination of the synergetic control
with super-twisting control). So, the NN-SC-STA is a
modification of the SC-STA, which is categorized by
simplicity, small number of gains, inexpensive, and easy to
apply. The use of NNs led to getting better features of the NN-
SC-STA compared to the SC-STA, and this is demonstrated
by the results obtained in all tests. This approach was
implemented using MATLAB and compared with the Pl and
other scientific works, and the numerical results showed the
performance of this control in improving the currents THD
and power quality. The cons of this approach lie in the use of
energy estimation, which makes it give unsatisfactory results
in the event of a fault in the EM, as it is observed that the value
of the stream/power undulations, and the value of THD,
overshoot, and SSE are higher in the robustness test compared
to the reference tracking test, which is undesirable. One of the
applications of NNs in the area of control is the work done in
[43], where this control was used to get better features of the

modified SMC of the AGs. The NN approach was relied upon
for its high competence and ability to improve the features of
approaches, as it was used to replace the function sign(u) of
modified SMC. The resulting control is simple, inexpensive,
does not require information on the MM of the equipment, has
a small number of gains, and can easily be accomplished
experimentally. The results showed the high competence of
the suggested control in getting better the features of the
studied system and this is demonstrated by the numerical
values of undulations, overshoot, RT, and SSE compared to
the PI control and some papers. In the work [44], NNs were
used to defeat the cons of the DTC of dual AMs, where these
two machines are fed by only one inverter. The designed
system is simple, inexpensive, and of great significance in the
industrial field. A NN was used to compensate the lookup
table for the DTC and create the pulses needed to work the
inverter. This suggested control was verified in MATLAB,
with results compared to the DTC. Results in all tests show
that the use of NNs led to a minimization in current
undulations and a significant increase in the DTC robustness
of dual AMs. Also, the stream THD, SSE, and overshoot are
reduced compared to DTC.

The analysis of the works mentioned above, shows that
the integration of NN and STA can generate a new control
with high characteristics. This proposed work presents a
solution characterized by great effectiveness and distinctive
competence, as it is designed to use a modified STA based on
NN to improve the features of the AM-based control system.
So, the neural modified STA (NMSTA) is the main
contribution of this study, as this suggested controller differs
from the controllers mentioned above in terms of efficiency,
robustness, number of gains, degree of complexity, simplicity,
and ease of realization. This suggested controller is used to
control AM operation using FOC. So, the FOC-NMSTA is the
second major contribution of this paper. The FOC-NMSTA is
a modification of the FOC-PI, as it is based on the use of the
PWM to create the pulses needed to activate the AM inverter.
High robustness, outstanding competence, and great
effectiveness in minimizing torque and current undulations are
among the biggest positives of this designed FOC-NMSTA.
MATLAB was used to realize this FOC-NMSTA strategy,
where numerous tests were implemented to study the
competence and compare the results with the FOC-PI. By
implementing the FOC-NMSTA, the following objectives
were achieved:

e Significantly improvement in current THD

e Improved torque and flux quality compared to the PI-
FOC-PI approach

e Significantly increased control system durability

e Reducing overshoot and SSE values compared to the
FOC-PI approach

e Improving AM's FOC features

The paper has six sections. The AM model is described in
Section 2. In Section 3, a mathematical representation of the
NMSTA technique is presented along with the advantages and
disadvantages of this designed controller. The FOC-NMSTA
approach of AM is presented in Section 4. The comparison
simulation outcomes for an AM drive are displayed in Section
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5. The last section contains the conclusions obtained from this
completed study.

2. AM Model

In this work, a squirrel cage type AM is used, considered
one of the most famous types in the industrial area due to its
ease of control, high robustness, and low repairs. Also, this
type of motor has a low cost which makes it suitable for any
industrial application [45]. The rotor of this motor is in the
shape of a squirrel cage, which makes it more rigid than any
other type [46, 47]. The Park transform is the most widely
used method to provide an MM for any electrical machine, as
this theory is used to give the mathematical equations that
express the operation of the machine. Therefore, using the
Park transformation allows the MM to be given for each part
of the machine, as the machine has an electrical part and a
mechanical part.

According to the work [48], the machine voltage is
expressed by Equation (1).

[ Vas = Rolas + 3 as — @ Pgs

| Vas = Rslgs +%¢qs + wgs
0 = Relgr + - Par — (@ = @) Ygr
0 = Relgy + 5ty + (0 — @) gy

@

Where, Rr and Rs are the rotor and stator resistances;

Wds, Was » War, and yqr are the rotor and stator dg-axis fluxes;
Vs, Vgs, Var, and Ve are the stator and rotor dg-axis voltage;
o and o are the rotation speed and reference rotation speed.
Equation (2) considers the flux of the machine, where
this flux is related to the current. Therefore, to know the
change in flux, the change in current must be known.

{lpds = Lglgs + Mlgy
ilpqs = Lglgs + Mlg, @)
Yar = Lylar + Mlgg
0=LIg + My

Where, Ls and L, are defined as stator and rotor self-
inductance, respectively [47, 48].
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The evolution of the speed change is shown in Equation
(4), where the rotation speed change is related to the difference
between the machine torque and the load torque. Therefore,
this equation is responsible for the operation of the AM,
motor, or generator. This equation expresses the mechanical
part of the AM.

da
= (T =Ty~ £0,) @)

Where, 2 is stated as the mechanical rotor speed, Ty is the
mechanical torque, and Te is the torque.

Equation (5) expresses the torque of the AM, where this
torque is related to the stream and flux values. In order to
change the torque, it is enough to change the current.

T, = Z,—Zp(ll}drlqs - lpquds) (5)
3. Proposed Intelligent Nonlinear Approach

In this part, a novel regulator is proposed that is based on
the combination of two different approaches: NNs and the
MSTA technique. To understand the characteristics of the
designed control, the MM of the studied system, and the pros
and cons, the MSTA technique must be addressed first.

3.1 MSTA Technique

The MSTA is a change and amendment of the STA. The
latter is a nonlinear approach that was proposed by Levant in
1993 to replace the SMC approach [49]. The STA approach
has been used to improve the effectiveness, performance, and
robustness of many techniques such as the DTC strategy [50]
and the DPC approach [51]. According to the work done in
[52], the STA can be easily applied to complex systems, which
gives it an advantage over numerous other controls such as BC
approaches. The authors see in the two works [53, 54] that the
STA is a development and modification of the Pl controller
and a simplification of the use of second-order SMC.
However, the use of the STA is accompanied by a set of cons
that limit its spread, as in the event of a fault in the EM, this
control provides unsatisfactory results, which is undesirable.
Numerous solutions were designed to defeat the cons and their
shortcomings, where the most prominent solutions were the
use of smart approaches and nonlinear approaches.

The MSTA is a new idea to improve the ability,
efficiency, competence, and robustness of the STA. This
approach is a change and adjustment of the STA, where the
MSTA can be expressed using Equation (6). The MSTA is
robust, simple, and easy to realize. Also, having few gains
makes it easy to adjust.

u(t) = wy (t) +uy (t) +usz () (6)
With:

u, (t) = Ky \/ISISign(s) 7)
u, (t) =K, [Sign(S)dt ®)
uz () =S )

Where, K1, Ky, and Kzare the positive gains. By means of the
values of these gains the DR can be regulated and changed.
S is the sliding surface.

The mathematical form in Equation (6) can be illustrated
by Figure 1.
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Fig. 1. The MSTA controller.
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The use of the sign(U) function in the MSTA approach
creates several problems and disadvantages and limits the
spread of this control in the future. Therefore, to increase the
efficiency and robustness of this control, it is designed to
compensate for the sign(U) using an NN controller, and in the
next subsection, sufficient information is given about this
accomplished change.

3.2 Neural MSTA Strategy

The control designed in this subsection is a change and
development of the MSTA, where NNs were used as a
solution to increase competence and robustness. Neural
algorithms have been adopted as a solution due to their ease
of use, high robustness, and imperviousness to internal or
external factors within the system, enabling high performance.
Furthermore, this algorithm boasts a rapid dynamic response,
allowing its use in systems to significantly improve response
time. Furthermore, accuracy is a key feature of neural
algorithms, making them a reliable solution in the field of
control.

The neural MSMC approach combines a neural algorithm
with an MSTA controller to produce a new approach with high
robustness and strong operational performance. Based on
Equation (6), the mathematical model of the proposed
approach is derived, where a neural algorithm is used in place
of the sign(U) function of the MSTA. This improves the
performance and efficiency of the MSTA controller. The MM
of the neural MSMC approach is represented by Equation
(10).

y(t) = Ky \/IS| x Neural(S) + S + K, [ Neural(S)dt (10)

Equation (10) can be represented by Figure 2 to further
clarify the proposed NMSTA technique, where robustness,
ease of completion, simplicity, small number of gains, and
high performance are among the most important features of
this proposed NMSTA technique.

The NMSTA technique's gain values can be calculated
using intelligent strategies such as genetic algorithms or Grey
Wolf optimization. Additionally, experimentation and
simulation can be used to calculate these gain values. This
method does not require complex programming or time, as is
the approach used in this paper.

In terms of computational complexity, the NMSTA
technique does not require complex calculations, as it can be
easily applied to complex systems without needing to know
their mathematical models. This feature makes the proposed
approach a promising solution in the field of control.

[/
s p| Neural TIE_. 1/s vit)

Sqrt(u) X

Fig. 2. The NMSTA controller.

The type of NN approach used in this study is a trainable
cascade backpropagation network, and newcf is the function
used in MATLAB to call it. The neural controller used has
only one input and one output, and the gradient descent
with momentum and adaptive LR (ALR) was used to achieve
it. The parameters of the ALR used are represented in Table
1.

Table 1. ALR parameters

ALR parameters Values
Trainparam.show 50
Functions of activation Tensing, Purling, and
Traincgb
Trainparam.|Ir 0.01
Coeff of acceleration of 0.8
convergence (mc)
Trainparam.goal 0
Number of neurons in the hidden 10
layer.
Trainparam.eposh 1000
Number of hidden layers 1
Trainparam.mu 0.08

Figure 3 shows the graphical properties of the NN used to
improve the features of the MSTA approach. Figure 3a shows
the validation checks, gradient, and step size. From Figure 3a
the best value for gradient was 0.19623 at epoch 50. Also, the
best value for validation checks was 0 at epoch 50. The best
value for step size is 0.0072211 in the case of epoch 50. In
Figure 3b the training performance of the NN technique is
shown, where the best training performance is 0.0033822, at
epoch 50. Figure 3c shows the target of the NN approach, as
from this figure the output value can be known. The output
value is the multiplied two numbers (target and 1) plus 0.021.
This figure expresses the degree to which the output follows
the input, as it is noted that training: R=1, which indicates that
the NN controller has a high-performance response.

In Figure 4 the internal organization of the NN technique
is given, as it consists of two layers. In Figure 4b and 4c, the
internal structure of each layer is given.

Gradient = 0.19623, at epoch 50

gradient

Step Size = 0.0072211, at epoch 50

5 10 15 20 3C 35 40 45 50

50 Epochs

(@)
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Fig. 3. Graphical properties of the NN used: a) Gradient,
validation checks, and step size, b) Training, and c) Target.

0

Process Input Layer 1 aft}

a{l] Process Output *

(@ NN controller

(b) Layer1

a1}

[

(c) Layer2
Fig. 4. Structure interne of NN controller.

4. Designed AM Control

The approach designed in this part is based on the use of
the FOC, as the regulator proposed in the previous part is used
for this purpose. The FOC-NMSTA aims to ameliorate the
features of the FOC and significantly increase the machine's
performance. Also, to ameliorate the current quality and thus
minimize the peak torque and flux undulations. So, to
understand the working principle of FOC-NMSTA, the FOC-
Pl MM must be presented first because FOC-NMSTA is a
development of FOC-PI.

4.1. Conventional FOC Method

Conventionally, the FOC is considered one of the most
prominent nonlinear controls that appeared in the last century
for controlling machines, especially AMs, as it has a fast DR.
This control depends on the use of a Pl in the internal loops
and on the use of the PWM to create operating pulses for the
AM inverter.

The FOC is based on the principle shown in Figure 5,
where this principle lies in aligning the rotor flux vector with
the d-axis of the rotational reference frame.

G =0

¥ Be
W j We
AN
er _/ iy

Fig. 5. Principle of FOC technique.

Using the work done in [55], where =0 is made, the flux

can be written according to Equation (11).

(e =0 @

To apply the FOC approach to an AM machine, the MM
for this machine must be given according to the Park
transformation using dq axes. Using the Park transformation,
the machine can be represented by a set of nonlinear
differential equations with two magnetic and two electrical
coordinates, where the stator voltages represent the two
mechanical inputs to the system. According to the two works
[56, 57], AM can be described by the following equations:
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d 1 M? M
Elds = - (_ + —) Igs + wslqs + 5L—rTrwdr + 6Vys

oTs 6L, Ty
d 1 M? M
aclas =~ (U_Ts + 6LTTT) lqs = wslas = 5Ly War + Vs (12)
d M 1

dt¢d1 T, IdS
dt

In the d-q axes, the MM is defined by two equations:

- T_,.lpdr

=3 _L_ [t
- ZlLrpltquIqS J ]Q

% = A[x] + B[u]
2 )
With: & = [Ius Igs Yar Yarls W= [VasVisls v = Uas lgs]

The Equations (14) and (15) represent the MM of the system
in the form of matrices.

I 1 M? M M 7
_(O'_TS+5LrTr) 0 8L, T, 6Ly
1 M2 M
A= 0 _(U_TS+5LTTr) _6_Lr SLyTy ‘B =
M 1 !
- -= 0
Tr Ty
0 Tﬂ 0 —Ti
6 0
0 9
14
0 0 (14)
0 0
1 o0 0 0
C_[O 1 0 0] (15)
With:TS=:—z;Tr=;—:; 6=JLLS;0=LZT

Figure 6 shows the FOC-PI for the AM motor, as it is
noted that it uses four Pl-type controllers, and the PWM
approach is used to control the process of the AM inverter.
This approach relies on the use of a speed pickup to calculate
the speed error, which makes it an experimentally expensive
approach. Also, it is noted that this approach does not use
estimation of both flux and torque, which makes it simple and
uncomplicated.

The reliance of this control on Pl-type controllers causes
undulations at the level of both torque and current in the event
of a fault in the AM. Also, this control offers a high current
THD compared to some existing controls.

Fig. 6. The FOC-PI technique of the AM.

In the next subsection, the proposed solution is discussed
to defeat the cons and drawbacks of the FOC of AM.

4.2. Proposed FOC-NMSTA Approach

The FOC-NMSTA is a new proposal that was designed
for the first time in this paper to control the AM rotation speed,
as it is considered a hybrid approach. The proposed approach
relies on integrating both NNs and the MSTA to control the
characteristic magnitudes. This designed technique aims to
decrease the flux undulations and torque of the AM. This
designed technique is an adjustment and development of the
FOC-PI, where the Pl controllers were replaced with
NMSTA-type controllers. One of the most prominent features
of this designed FOC-NMSTA is its flexibility and not being
affected by changing AM parameters, which makes it give
good results in terms of current and torque fineness.

Figure 7 shows the proposed FOC-NMSTA approach for
controlling machine torque and flow, where four NMSTA
controllers are used for this purpose. This suggested approach
relies on the use of internal loops (current loops), wherein in
the first loop the reference values of the current are determined
based on the velocity and flux errors. In the first episode, an
NMSTA controller is used. The second loop uses an NMSTA
control, where the RVVs are determined based on the current
reference values. These VRVs are used to run the AM inverter,
and the PWM is used for this purpose.

This designed FOC-NMSTA technique is described by
high effectiveness, outstanding competence, and robustness in
minimizing torque and current fluctuations more than the
FOC-PI. In Table 2, the differences and similarities between
the designed and FOC-PI approaches are given in terms of
number of gains, ease of completion, degree of complexity,
etc.

dq

l‘ll
o

F Y WY

Fig 7. The FOC-NMSTA of the AM drive.
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Table 2. Comparative analysis of the conventional and
developed FOC approaches

FOC-PI FOC-
NMSTA
Dynamic response Slow Fast
Modulation strategy PWM PWM
Controller Pl NMSTA
Block of estimation Yes Yes
Estimation of torque and flux No No
Robustness Low High
Torque ripple High Low
Simplicity Simple Simple
Current THD value High Low
Implementation Easy Easy
Applied to multi-phase Easily Easily
generator
Flux quality Low High
Number of controllers used Four Four
Current quality Low High
Completion cost Not Not expensive
expensive

To prove the stability of the FOC-NMSTA, Lyapunov's
theory or the Bode curve can be used for this purpose.
Therefore, using the Bode curve to prove the stability of the
approach is considered one of the easiest methods, as it is
considered a graphical method that does not require complex
calculations. MATLAB can be used to extract the Bode curve,
as a curve is extracted for both phase and magnitude. Using
these two curves, the stability of the FOC-NMSTA can be
confirmed. Figure 8 represents the frequency curves using the
Bode technique for both the FOC-Pl and FOC-NMSTA. From
this figure it can be seen that both phase and magnitude values
change with angular frequency, as the angular frequency
increases, the magnitude value decreases in the case of the two
controls. The value of magnitude in the case of the FOC-PI
changes from -50 dB to -250 dB, and in the case of the FOC-
NMSTA it changes from 25 dB to - 200 dB. Therefore, the
value of magnitude in the case of zero frequency was -75 dB
and -8 dB for FOC-PIl and FOC-NMSTA, respectively. Phase
changes in the range from 360° to -360° in the case of FOC-
Pl, and the case of FOC-NMSTA it changes from 720° to -
180°. In the case of zero frequency, the phase value is 180°
and 300° for FOC-PI and FOC-NMSA, respectively.

Bode Diagram
T T
: i
g
¢
3 = - =iy
2
i .
i
i SO PPN
Frequency (radi)
a) FOC-PI

BodeDiagram

.__‘_1‘\

Fraquency (rads)

b) FOC- NMSTA
Fig. 8. Bode curve.

In the next section, the proposed FOC-NMSTA strategy
will be implemented on a 1.5 kW AM drive, where the
competence, robustness, effectiveness, and efficiency of the
FOC-NMSTA will be verified compared to the FOC-PI.

5. Results

In this part, the safety, robustness, and competence of the
FOC-NMSTA applied to a 1500 W AM are verified, where
MATLAB is used for this purpose. The FOC-NMSTA is
compared with the FOC-PI using different tests in terms of
minimizing flux and torque undulations, current THD, RT,
and the value of both overshoot and SSE. The AM parameters
are: R=4.05 Q, Ls=0.5763 H, R=5.35 Q, L,=0.5763 H,
Lm=0.556 H, f=0 N.m.s, f=50 Hz, J=0.0498 Kg.m2, p=2.

a) Testl

This test involves tracing the dynamics of the presented
FOC-NMSTA at a constant control speed with a load torque
changed in time (from 0 to 4 N.m at 1.5 seconds). Figure 9
displays the results that were obtained. Speed and torque
follow the reference well for both controls (Figures 9a and 9b),
as it is noted that the FOC-NMSTA provided a much better
RT to speed than the RT provided by the FOC-PI. Also, the
FOC-NMSTA significantly minimized torque undulations
compared to the FOC-PI. At the moment 1.5 seconds when the
load torque is applied, it is noted that the rotation speed in the
FOC-PI has been affected and this appears through its value
decreasing for a period of time and then returning to the
reference value. However, in the case of the FOC-NMSTA, it
is noted that the speed was not affected by the change in the
torque value at the time point of 1.5 seconds, which indicates
the extent of its ability to improve the features of the AM.

The flux and current are shown in Figures 9¢ and 9d,
respectively. It is noted that the flux of the two approaches
follows the reference well, with the FOC-NMSTA having an
improvement over the FOC-PI in terms of overshoot value,
RT, and undulations. Also, the flux is affected by changing the
torque value, as this effect is large in the case of the FOC-PI,
but in the FOC-NMSTA this effect does not exist, as the flux
value remains well following the reference at the time point of
1.5 s. The current for the two controls is sinusoidal with its
value related to the torque (Figure 9d), as it is observed that
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when the torque value increases, it is accompanied by an
increase in the current value for the two controls. Also, the
FOC-NMSTA technique reduced the value of current
undulations, as the value of fluctuations was 0.29 A and 0.103
A for both the FOC-PI and FOC-NMSTA, respectively.
Therefore, the suggested technique reduced current ripples by
an estimated 51.72 % compared to the FOC-PI.

The current THD for the two approaches is represented in
Figures 9e and 9f. In the FOC-NMSTA technique, the value
of THD was 0.48 % and in the FOC-PI, the value was 3.42 %,
which makes the reduction value about 85.96 % for the FOC-
Pl. Also, it is noted that the two approaches have the same
value of the amplitude of the fundamental signal (FS) (50 Hz),
where the value of this capacity was 1.471 A.
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Fig. 9. First test results.

In Table 3, the numerical values obtained from the first
test are shown for RT, ripples, undershoot, SSE, and
overshoot. The FOC-NMSTA provided better numerical
results than the FOC-PI, and this is demonstrated by the
determination minimization rates. Accordingly, the FOC-
NMSTA reduced the RT to speed, flux, and torque compared
to the FOC-PI by ratios estimated at 10.44 %, 40.29 %, and
52.77 %, respectively. Also, the SSE value for velocity and
flux was reduced by 30.76 % and 68.91 %, respectively. The
FOC-NMSTA reduced torque and flux ripples by rates
estimated at 76.19 % and 54.72 %, respectively, compared to
the FOC-PI. The FOC-NMSTA reduced speed, torque, and
flux overshoot compared to the FOC-PI by rates estimated at
95.99 %, 41.02 %, and 55.55 %, respectively. On the other
hand, the undershoot value for speed, flux, and torque was
minimized compared to the FOC-PI by ratios estimated at
99.73 %, 90.85 %, and 81.08 %, respectively.

These obtained percentages prove the high efficiency and
competence of this control in ameliorating the features of the
control system.
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Table 3. Statistical results in the Test 1

Techniques \w,(rad/sec)Q:(Wb) [T (N.m)

FOC-PI 0.67 0.67 0.36

RT FOC- 0.06 0.04 0.17
NMSTA

Ratios (%) | 10.44 40.2952.77

FOC-PI 00.26 [00.74 -

SSE FOC- 00.18 [00.23 -
NMSTA

Ratios (%) | 30.76 68.91 -

FOC-PI 0.63 [0.027 0.78

Overshoot|  FOC- 0.028 [0.012 0.46
NMSTA

Ratios (%) | 95.55 55.5541.02

FOC-PI - 0.0021] 0.36

Ripples FOC- - 0.00050.163
NMSTA

Ratios (%6) - 76.1954.72

FOC-PI 1.27 0.07 0.46

Undershootl  FOC- 0.0034 0.00640.087
NMSTA

Ratios (%) | 99.73 90.8581.08

b) Second test: Variation of the reference speed

In this test, the characteristics and competence of the
FOC-NMSTA are studied in terms of changing the rotation
speed from 80 rad/s to 157 rad/s while applying a load at an
instant of 2.2 seconds. The results obtained are represented in
Figure 10. Through Figures 10a and 10b, the values of both
speed and torque follow the references. The FOC-NMSTA has
an advantage in terms of speed RT and torque undulation
value compared to the FOC-PI. When the speed is changed at
the time point of 1.5 s, it is observed that the torque value is
affected by this change, as its value increased to about 11 Nm
and 12 Nm for both the FOC-NMSTA and FOC-PI,
respectively. This is normal because there is a relationship
linking torque and speed (mechanical equation).

The flux and current are represented in Figures 10c and
10d for the two controls, as their values are affected by the
change in the torque value and this appears at the time frames
of 1.5 and 2.2 seconds. Also, the flux follows the reference
well with an overshoot value in the case of using the FOC-PI,
but in the case of using the FOC-NMSTA, the overshoot value
is nil, which is a positive thing. It is observed in the period
from 1.4 to 2.4 seconds that the flux value in the case of using
the FOC-NMSTA is not affected by the change in the torque
value compared to the FOC-PI that was affected, which is a
good thing that proves the strength and robustness of the FOC-
NMSTA. Also, the current continues to take a sinusoidal
shape with fewer ripples if the FOC-NMSTA is used, as these
ripples were 0.42 A and 0.28 A for both the FOC-PI and the
FOC-NMSTA, respectively. So the FOC-NMSTA reduced
current ripples by an estimated 93.33 % compared to the FOC-
PI.

Figures 10e and 10f show the value of both fundamental
and current THD of both techniques. So the FOC-NMSTA
provided a lower value for THD (0.57 1%) compared to the
FOC-PI (3.64 %), as this reduction was estimated at 84.34 %,
which shows that the current quality is very high if the FOC-
NMSTA is used. Also, it is noted that the FOC-NMSTA has
an amplitude of the FS that is relatively lower than the
amplitude provided by the FOC-PI, as the value of this
amplitude was 1.47 A and 1.464 A for both the FOC-PI and
FOC-NMSTA, respectively. Therefore, the value of the
amplitude of the FS is the negativity of the FOC-NMSTA in
this test.
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Fig. 10. Second test results.

The values and minimization ratios for each of the
undulations, undershoot, SSE, RT, and overshoot for the
second test are shown in Table 4. From this table, it is noted
that the FOC- NMSTA gave much better values than the FOC-
Pl and this is shown by the calculated reduction percentages.
Accordingly, the FOC-NMSTA reduced the values of
response time, SSE, overshoot, ripples, and undershoot of flux
by ratios estimated at 40.29 %, 30 %, 77.82 %, 87.76 %, and
86.29 %, respectively. Also, the values of RT, overshoot,
ripples, and undershoot torque were reduced by ratios
estimated at 52.77 %, 62.79 %, 72.41 %, and 55.55 %,
respectively, compared to the FOC-PI. In the case of speed,
the FOC-NMSTA reduced the values of RT, SSE, overshoot,
and undershoot by ratios estimated at 10.44 %, 66.07 %, 89.92

%, and 95.05 %, respectively, compared to the FOC-PI.
Therefore, the FOC-NMSTA has high competence, and this
appears through the high reduction rates.

Table 4. Numerical results in the Test 2

Techniques wy(rad/sec)Qr(wb) Te (N.m)

FOC-PI 00.67 [00.67 0.36

RT FOC- 0.06 0.04 0.17
NMSTA

Ratios (%) | 1044 10.29 52.77

FOC-PI 0.056 0.12 -

SSE FOC- 00.19 0.084 -
NMSTA

Ratios (%) | 66.07 30 -

FOC-PI 1.29 0.046 0.86

Overshoot FOC- 0.13 0.0102 0.32
NMSTA

Ratios (%) | 89.92 77.82 62.79

FOC-PI - 0.076 0.58

Ripples FOC- - 00.093 0.16
NMSTA

Ratios (%) - 87.76 7241

FOC-PI 1.65 0.054 0.36

Undershoot|  FOC- 0081 | 0.0074 0.16
NMSTA

Ratios (%) | 95.09 86.29 55.55

€) Third test: Variation of the stator resistance

This test differs from other tests, as the stator resistance
value is changed according to Figure 11a to study the extent
to which the competence of the FOC-NMSTA is affected
compared to the FOC-PI. In this test, the reference speed is
made to take a constant value of 157 rad/s, and a load of 4 N.m
is applied at the moment for 1.5s.

Figures 11b and 11c represent the torque and speed for the
two controls, where the speed and torque follow the
orientation values well, with the FOC-NMSTA having an
advantage in terms of RT and undulations compared to the
FOC-PI.

The speed in the case of applying FOC-NMSTA is not
affected by the change in torque compared to the speed in the
case of the FOC-PI.

In Figures 11d and 11e, the flux and current for the two
controls are represented, where the value of the stream is
connected to the torque and its change. When the load torque
is applied, a noticeable increase in the current value is
observed for the two controls, with FOC-NMSTA having an
improvement in terms of current undulations compared to the
FOC-PI. Also, the current remains sinusoidal. The value of the
stream fluctuations was 0.206 A and 0.103 A for both the
FOC-PI and the FOC-NMSTA, respectively. So the FOC-
NMSTA minimized stream undulations by an estimated 50%
compared to the FOC-PI.

The flux for both controls follows the reference well,
except exceeding the reference value when using the FOC-PI.

11
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Also, when a load torque is applied, it is observed that the flux
is affected in the case of using the FOC-PI with this flux,
unlike the FOC-NMSTA, there is no effect or exceeding the
limit value, which gives it an advantage.

The THD for the two controls is represented in Figures
11f and 11g, where its value was 0.60 % and 3.68 % for both
the FOC-NMSTA and FOC-PI, respectively. So the FOC-
NMSTA minimized the THD compared to the FOC-PI, as this
reduction was estimated at 83.69 %. Also, the amplitude of the
FS (50 Hz) was 1.467 % and 1.47 % for both the FOC-
NMSTA and FOC-PI, respectively. So, the FOC-NMSTA
provided a lower amplitude than the amplitude offered by the
FOC-PI. This negativity can be attributed to the values of the
NMSTA controller parameters, as this negativity can be
defeated in the future using genetic algorithms.
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Fig. 11. Third test results.

The numerical values for test 3are listed in Table 5, where
the necessary minimization ratios were determined. Through
this table, the FOC-NMSTA minimized the RT compared to
the FOC-PI by ratios estimated at 10.44 %, 40.29 %, and 52.77
% for speed, flux, and torque, respectively. Also, the FOC-
NMSTA reduced the SSE value for both flux and speed
compared to the FOC-PI, where the minimization percentages
were estimated at 39.39 % and 70 % for both speed and flux,
respectively. Both flux and torque undulations were

12
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minimized by rates estimated at 82.22 % and 55.26 %,
respectively, compared to the FOC-PI. Also, the FOC-
NMSTA minimized the undershoot value speed, flux, and
torque having ratios estimated at 97.38 %, 92 %, and 81.08 %,
respectively, compared to the FOC-PI. The overshoot values
for speed, flux, and torque were also minimized compared to
the FOC-PI, as this minimization was estimated at 95.56 %,
57.24 %, and 41.02 %, respectively. So the FOC-NMSTA has
a high competence in this test, and this is shown by the
determined minimization rates.

Table 5. Numerical results in the Test 3

Techniques \w(rad/sec)Q«{(Wb)  [Te (N.m)
FOC-PI 00.67 |00.67 0.36
RT FOC- 0.06 0.04 0.17
NMSTA
Ratios (%0) | 10.44 40.2952.77
FOC-PI 0.033 00.8 -
SSE FOC- 00.2 |00.24 -
NMSTA
Ratios (%) | 39.39 [70 -
FOC-PI 0.65 |0.028 0.78
Overshoot FOC- 0.028 [0.012 0.46
NMSTA
Ratios (%) | 95.56 57.14441.02
FOC-PI - 0.0045 0.38
Ripples FOC- - 0.0008 0.17
NMSTA
Ratios (%) - 82.2255.26
FOC-PI 1.3 0.08 0.46
Undershootf  FOC- 0.034 0.00640.087
NMSTA
Ratios (%0) | 97.38 [92 81.08

d) Fourth test: Change the direction of rotation of
the speed

This test aims to study the effectiveness of FOC-MSTA
in the case of changing the direction of rotational speed
compared to the FOC-PI, where the speed is changed from 157
rad/s to -80 rad/s. The test results are shown in Figure 12. It is
noted that the torque, flux, and speed follow the references
well, with the FOC-NMSTA having an advantage in terms of
RT, overshoot, and undulations compared to the FOC-PI. The
FOC-NMSTA did not exceed the limit value for both flux and
speed, which gives it an advantage and proves its high
performance. The stream for the two controls is shown in
Figure 12d, where the value of the current remains related to
the system and the torque changes. The value of the current is
affected by a change in the direction of the rotation speed, as
it is observed at the moment of 1.5 seconds that the value of
the current increases while remaining in a sinusoidal shape.
The value of the current ripples was 0.39 A and 0.025 A for
both the FOC-PI and the FOC-NMSTA, respectively. So, the
FOC-NMSTA minimized the current ripples by an estimated
rate of 93.58 %, which indicates that the current fineness is
high if the FOC-NMSTA is used, which is desirable.

The current THD is present in Figures 12f and 12e for the
FOC-NMSTA and FOC-PI methods, respectively. The THD
is 4.03 % for the FOC-PI method and 0.89 % for the FOC-
NMSTA technique. So the proposed FOC-NMSTA
minimized the THD by about 77.91 % compared to the PI-
FOC. Also, the two controls provided the same amplitude for
the FS (50 Hz), as the value of this capacity was estimated at
1.467 A.
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Table 6 shows that the FOC-NMSTA has better numerical

values than the PI-FOC in the fourth test. The proposed FOC-
NMSTA minimized the undulations in the flux and torque
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compared to traditional FOC with PI controllers. The torque
undulations are 0.55 N.m for the FOC-PI and 0.14
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Fig. 12. Fourth test results.

N.m for the designed FOC-NMSTA approach. So, the
FOC-NMSTA minimized the torque ripples by about 74.54 %
compared to the PI-FOC. The FOC-NMSTA also reduced flux
ripples by an estimated 86 % compared to the FOC-PI.

The RT for speed, flux, and torque is better when using
the FOC-NMSTA compared to the FOC- PI. The response
time minimization was estimated at 10.44 %, 40.29 %, and
52.77 % for speed, flux, and torque, respectively.

The FOC-NMSTA reduced the value of both overshoot
and undershoots for flux, speed, and torque compared to the
FOC-PI.  Accordingly, the FOC-NMSTA minimized
overshoot by percentages estimated at 64.56 %, 73.50 %, and
44 % for speed, flux, and torque, respectively. Also,
undershooting was reduced by 99.81 %, 75 %, and 73.07 %
for speed, flux, and torque, respectively. These relatively high
ratios prove the high efficiency of the FOC-NMSTA in this
test.

Table 6. Numerical results in the Test 4

Techniques w(rad/sec) | Q/(Wb) | Te (N.m)
FOC-PI 00.67 0067 [0.36
RT  [FOC-NMSTA|  0.06 004 [0.17
Ratios (%0) 10.44 4029 B2.77
FOC-PI  [0.052 00.71 -
SSE  [FOC-NMSTA| 002 0.39 -
Ratios (%) [61.53% 45.07% -
FOC-PI 1.27 0.02 0.75
Overshoo[Foc-NMSTA| 045 0.053 0.42
t Ratios (%) [64.56 735 44
FOC-PI - 0005 0.55
Ripples  |[Foc-NMSTA - 0007 014
Ratios (%6) - 86  [74.54
FOC-PI 18 0.02 0.26
Undersho|eoc-NMSTA.034 0.05 0.07
ot Ratios (%) [99.81 75 [7307

In Table 7, the change in the THD for the two approaches
in the tests is studied compared to the first test. Through this
completed study, it is noted that the THD changed in all tests
for the two controls, as its value increased from one test to
another. The THD value of FOC-PI was estimated to change
in ratios of 6.04 %, 7.06 %, and 15.13% for test 2-test 1, test
3-test 1, and test 4-test 1, respectively. It is noted that this
percentage of change is increasing, which indicates that the
THD in Test 4 has changed a lot. The same observations are
made for the FOC- NMSTA. It is noted that the THD has
changed a lot from one test to another, as in Test 4 the value
was much greater than the THD in the first test. Therefore, the
percentages of change for THD in the case of the FOC-
NMSTA were 15.78 %, 20 %, and 46.06 % for test 2 -test 1,
test 3 - test 1, and test 4 - test 1, respectively. From the ratios
presented, it is noted that the FOC- NMSTA provided greater
ratios of change compared to the FOC-PI, where the largest
ratio was 46.06 % in the case of using the FOC-NMSTA (test
4 - test 1).

Table 7. Study of the change in the THD for the both controls.

THD (%)
FOC-PI FOC-NMSA

Test 1 3.42 0.48
Test 2 3.64 0.57
Test 2-Test 1 0.22 0.09
Ratios (%0) 6.04 15.78
Test 3 3.68 0.60
Test 3-Test 1 0.26 0.12

Ratios (%) 7.06 20
Test 4 4.03 0.89
Test 4-Test 1 0.61 041
Ratios (%) 15.13 46.06
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In Table 8, the advantage of the FOC-NMSTA technique
over some existing approaches is highlighted in terms of the
current THD value. This table highlights that the FOC-
NMSTA gave a value for THD that is much lower than several
nonlinear approaches such as SC and hybrid strategies such as
fuzzy DTC, which makes this FOC-NMSTA technique a
promising solution for controlling machines in the future.

Table 8. Comparison with other papers in terms of the stream
THD values

References Controls THD (%)
[58] sC 11.80
[48] Parallel Pl-based FOC 1.86

7-level DTC 26.92
[59] 7-level NN-DTC 12.29
[15] Third-order SMC-based BC 1.09
[60] Predictive DTC 134
DTC 27.03
Test1 NN-DTC 18.49
DTC 40
[44] Test2 N-DTC 32.14
DTC 40
Test3 NN-DTC 18.44
[45] FOC based on SC-STAs 0.51
DTC 11.86
[61] Fuzzy DTC 751
DTC 7.98
[62] Ant colony algorithm-based 4.82
DTC
Test_1 0.48
Test 2 0.57
FOC-NMSTA Test 3 0.60
Test 4 0.89

6. Conclusions

In this study, a new control called FOC-NMSTA was
presented and tested for AM operation. This designed control
relies on using the PWM to control the inverter, which makes
it simple and uncomplicated. This designed technique was
compared with the FOC-PI, where MATLAB was used for
this purpose under diverse working conditions, such as
changing the direction of rotation and changing the value of
the Rs. The most prominent conclusions and performances of
FOC-NMSTA can be summarized in the following points:

e Reducing the THD value compared to FOC-PI (by
percentages estimated at 85.96 %, 84.34 %, 83.69 %,
and 77.91 % in the tests performed)

e Improving the DR of torque, speed, and flux
compared to FOC-PI

® Increasing the robustness of the proposed control
system

e Improving the SSE value of both flux and speed

e Improved undershoot/overshoot value of speed, flux,
and torque compared to FOC-PI

In future work, the FOC-NMSTA approach will be
experimentally tested using dSPACE 1104 and compared with
other strategies. A genetic algorithm will be proposed to
calculate the control parameters. Furthermore, the proposed
approach could be combined with other strategies, such as
fractional calculus, to further enhance performance and
efficiency.
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