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ABSTRACT Electrical vehicles (EVs) play a crucial role in reducing greenhouse gas emissions and
promoting environmental sustainability. To achieve stable, reliable, and satisfactory performance, these
vehicles must be equipped with appropriate motor drives and control systems. Although various motors such
as DC and AC induction motors can be used in EVs, the choice of motor should be based on operational
features. PermanentMagnet SynchronousMotors (PMSMs) provide superior performance compared to other
conventional motors used in early EV models, making them a desirable choice for EV drives. However,
PMSMs require efficient drive systems and proper control schemes to ensure fast dynamic response,
immunity to parameter changes, and disturbances. The choice of control method is a critical factor in
enhancing motor efficiency, extending battery life, and increasing driving range. This review provides a
comprehensive overview of the various speed control methods used for PMSM drives in EVs, offering
insights into the key challenges and opportunities in this rapidly evolving field.

INDEX TERMS Motor drives, electrical vehicles (EVs), sustainable energy mobility, control system, power
electronics.

I. INTRODUCTION
The transportation industry is a major contributor to the issue
of global warming [1]. In order to achieve emission reduction
targets, it is imperative to focus on the transportation sec-
tor and adopt clean transportation technologies [2]. Electric
vehicles (EVs) play a crucial role in reducing greenhouse gas
emissions and preserving environmental sustainability [3].
These ‘‘zero-pollution’’ vehicles offer a solution to the envi-
ronmental problems caused by fossil fuel vehicles and are
seen as the vehicles of the future due to their potential to
mitigate rising fuel costs and air pollution [4]. To meet this
future demand, EVsmust be equippedwith appropriate motor
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drive and control systems for stable, reliable, and efficient
performance at various speeds. The choice of motor, such
as DC or AC induction, should be based on operational
characteristics.

The Permanent Magnet Synchronous Motor (PMSM)
drives are widely used in a range of industrial and public
applications, such as high-speed urban trains [5], and EVs [6],
[7], [8]. The popularity of PMSMs is due to their high power
and torque density, high efficiency, good dynamic perfor-
mance, wide speed range, and simple structure [9], [10],
[11]. Additionally, PMSMs are smaller, lighter, and have
a high-power factor compared to other conventional motor
drives [12], [13]. This, along with their superior torque-speed
characteristics and quiet operation, makes PMSMs ideal for
use in EVs and a preferred choice over the early DC motor
drives [3].
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The PMSMs require an appropriate drive system and con-
trol scheme to achieve fast dynamic response and immunity
to parameter changes and disturbances [12]. The modern
variable speed drives used in EVs, pumps, fans, and air
conditioners are powered by power electronics-based invert-
ers. Voltage source inverters (VSIs) are commonly used in
adjustable speed drives, and various control strategies have
been proposed for them [10]. The two-level VSI, com-
monly used in low-power applications, has the advantage
of suppressing switching harmonics and limiting circulat-
ing current [13]. This topology is also employed in the
PMSM drives used in EVs [10]. The VSI connects the bat-
tery of the EV to the PMSM and modulates the three-phase
current waveforms driving the PMSM motor [14]. Fig. 1
shows a two-level VSI converting DC voltage from the bat-
tery to three-phase AC voltage by modulating sinusoidal
waveforms [14], [15].

The most widely used switching method to control power
electronics-based drives is Pulse Width Modulation (PWM)
[12]. The selection of unsuitable switching method may
cause additional torque ripple and mechanical stress to the
EV motor [16]. Thus, modern electrical drives must have
flexible and simple control schemes to generate the required
PWM signals. The control method is crucial for improv-
ing motor efficiency, extending battery life, and increasing
driving range [1]. A suitable control method for adjustable
speed drives can also reduce energy loss and improve EV
efficiency [17].
Speed control methods for PMSMs can be broadly clas-

sified into conventional methods and artificial-intelligence
(AI)-based methods. Conventional methods control PMSM
through separate current and speed loops, each with its own
controller. This control method is favored for its simple
design, ease of implementation, and satisfactory behavior in
normal operating conditions. Conventional methods include
input-output feedback linearization (IOFL), model predictive
control (MPC), and various types of sliding mode control
(SMC). AI-based speed control methods for PMSMs include
various artificial neural network (ANN) methods, including
online and offline trained methods, fuzzy-based controllers,
and hybrid methods. A comprehensive review of these meth-
ods will be presented in the next sections.

It is also noted that, in addition to the need to select and
implement the effective control methods for PMSMs that
are used in EV applications, other issues that may impact
the performance of the speed controller and consequently
degrade the EV comfort should also be considered when
EV motor drives are designed. In this regard, the presence
of the parasitic torque ripple, which cause periodic speed
oscillations and mechanical vibrations, should also be known
and investigated. Therefore, methods presented to realize
the smooth speed control for PMSMs, by use of torque
ripple reduction algorithms, are also summarized in this
paper.

The rest of the paper is organized as follows: Section II
introduces the construction and dynamic model of the

PMSMs to facilitate understanding of the reviewed methods
in the subsequent sections. Section III focuses on the conven-
tional speed control methods for PMSMs, while Section IV
provides an overview of the AI-based control schemes. Both
sections compare and summarize the characteristics of the
methods introduced in the respective sections using tables.
Section V compares and discusses all the reviewed speed
control methods. Section VI highlights the control methods
presented for reducing the harmful effects of the torque ripple
and current harmonics on the PMSM performance and speed
control, due to their significance. Finally, the conclusions are
summarized in Section VII.

II. PERMANENT MAGNET SYNCHRONOUS MOTOR
A. PMSM CONSTRUCTION
The synchronous motor is an AC electric motor that features
an AC armature winding on the stator and a DC excitation
component on the rotor. The three-phase balanced source
powering the stator creates a variable flux in themotor air gap,
rotating at a synchronous speed that depends on the supply
frequency and pole number. The DC source powering the
rotor generates a fixed magnetic flux, resulting in mechanical
torque from the interaction of rotor and stator fluxes. The
rotor rotates at a constant synchronous speed, unaffected by
changes in the mechanical load. The stator windings can
either be concentrated or distributed, with the latter requiring
more copper but reducing current harmonics. The rotor can be
constructed with excitation windings or permanent magnets,
the latter being lighter and smaller and producing a fixedmag-
netic flux. These are referred to as wound rotor synchronous
motor (WRSM) and permanent magnet synchronous motor,
respectively [18].
PMSMs can have either salient or non-salient pole rotors,

with magnetic flux being uniform over the air-gap in the non-
salient type and concentrated along the poles in the salient
type. PMSMs can further be classified into axial flux and
radial flux based on the direction of the magnetic flux, where
the rotor flux is in the same direction as the rotor axis in axial
flux and perpendicular to the rotor axis in radial flux [19].

B. PMSM DYNAMIC MODEL
To understand the transient behavior of PMSMs, it is bene-
ficial to convert all of their electrical parameters to the d-q
reference frame. This simplifies the analysis of the motor.
Fig. 2 illustrates the vector diagram of the PMSMfluxes in the
d-q reference frame, which rotates at the synchronous speed.
As shown in Fig. 2, the voltage equations of the PMSMs in
the rotating d-q frame are presented as [19]:

vds = Rsids +
dλds

dt
− ωrλqs (1)

vqs = Rsiqs +
dλqs

dt
+ ωrλds (2)

where vds, vqs, ids, iqs, λds and λqs represent the voltages,
currents, and magnetic fluxes of the stator in the d-q axis,
respectively. Rs is the stator resistance and ωr is the motor
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speed, equal to the synchronous speed. Additionally, the
flux-current relationships are expressed as:

λds = Lsids + Lmidr (3)

λqs = Lsiqs + Lmiqr (4)

where Ls and Lm represent the self-inductance of the stator
and the mutual inductance, respectively.

FIGURE 1. The structure of voltage source inverter fed PMSM drive [11].

The self-inductances of the d and q axis, Ld and Lq, are not
always equal to Ls due to the salient pole construction of the
rotor. As a result, the linkage fluxes of the d and q axis are
described as follows:

λds = Ld ids + λr (5)

λqs = Lqiqs (6)

where, λr is the permanent magnet excitation of the rotor.
This value is assumed to be constant and modeled as a current
source, if , with a generated current that is zero along the q
axis. The matrix form of the equations can then be expressed
as follows:[

vds
vqs

]
=

[
Rd + pLd −ωrLq

ωrLd Rq + pLq

] [
ids
iqs

]
+

[
0

ωrLmif

]
(7)

It’s important to note that in (7), p represents the deriva-
tive operator ( ddt ). Fig 3 illustrates the equivalent circuit of
the PMSM in the d-q frame, which is generated based on
equation (7). The electrical torque of the motor, on the other
hand, can be expressed as:

Te =
3
2
P
2

{
λdsiqs − λqsids

}
(8)

where, P represents the number of poles.

III. CONVENTIONAL CONTROL METHODS
The conventional vector control method for PMSM drives
involves the use of two loops for speed control: an inner
current loop and an outer speed loop. Separate controllers are
used to track each loop, and linear control is the most widely
used approach due to its simplicity, ease of implementation,
and favorable behavior under normal conditions [21], [22],

FIGURE 2. The schematic diagram of a PMSM [20].

[23]. However, when used as the main controller in a PMSM
drive, its static zeros and poles can cause deviations from
desired performance when the drive is subjected to uncer-
tainties, nonlinearities, or external disturbances [24]. These
deviations result in a lack of fast response, accuracy, and
robustness to perturbations.

In the following sections, various conventional control
methods that are used for the speed control of PMSMs are
reviewed and compare.

A. INPUT OUTPUT FEEDBACK LINEARIZATION
In control systems, linearization methods are often necessary
for the implementation of linear methods. The Input-Output
Feedback Linearization (IOFL) is a popular alternative for
linear approaches in nonlinear and perturbed environments.
The goal of IOFL is to simplify the nonlinear dynam-
ics of the plant to linear dynamics, allowing designers to
use linear methods to control nonlinear systems. In [25],
the IOFL approach was used to control the speed of a
PMSM drive, with positive results compared to a fuzzy
tuned PID method. The IOFL method was based on the
assumption of a frictionless environment and only focused
on tracking the reference speed command, ignoring external
disturbances.

Variations in the system model or using an inaccurate
model can result in deviation from the desired behavior of
the controlled plant. To improve the control performance,
researchers have suggested combining IOFL with robust
approaches such as SMC. A hybrid adaptive IOFL-SMC
speed control scheme was presented in [26], in which the
IOFL approach was used as the current control loop con-
troller and the nonlinear SMC approach was utilized as the
supervising controller to handle disturbances. The simulation
results showed that the overall system was stable and the
reference signal was tracked with the minimal error, even in
the presence of numerous disturbances.

Another speed control implementation using the IOFL
scheme is described in [27], with its topology depicted
in Fig. 4. Like [26], the authors utilized the hybrid
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FIGURE 3. The equivalent circuit of a PMSM in the d-q frame.

FIGURE 4. Control block diagram of PMSM drive using sliding mode input-output feed-back linearization with extended state observer [27].

IOFL-SMC method with a multi-loop control structure.
Through the application of Lyapunov’s stability theorem,
the authors compared conventional IOFL with the proposed
IOFL-SMC. The simulation results clearly demonstrate the
superiority of the proposed scheme in addressing unmod-
eled dynamics, perturbations, and nonlinearities over the
conventional IOFL.

One scheme presented in [28] involves using a feed-
back linearization approach to control two parallel PMSMs
with one inverter (MID-PMSM). However, this scheme faces
challenges such as unbalanced load torque, system non-
linearity, and coupling between the transient behaviors of
the two machines, which may affect the controller perfor-
mance. The approach involves linearizing the plant through
order reduction, applying state feedback linearization to the
reduced-order plant based on the LTI state space model, and
using a state feedback controller with an integrator to sepa-
rately compensate for the PMSM load torques. This method
offers a closed-loop control solution and stability improve-
ment technique for both PMSMs, even when connected to
different loads simultaneously.

B. MODEL PREDICTIVE CONTROL
Model predictive control (MPC) is another widely used
approach in dynamic system control. It involves generating
the best control signal based on the available dynamic model
of the system and by predicting its behavior in the next time
step, in order to minimize a specific function [29]. MPC
has several advantages such as the ability to control multi-
variable systems [30], good dynamic performance, and the
capability to handle constraints and uncertainties [31]. As a
result, MPC has been applied in various fields, including
trajectory tracking [32], fuel cells [33], UAV control [34],
EVs [35], and electrical drive systems [36]. There have also
been efforts to implement MPC in PMSM drive control [31],
[37], [38]. In one of these efforts, the researchers studied the
use ofMPC for automotive traction using a PMSMdrive [37].
The controller designer must consider handling limitations,
and the authors employedMPC control and cascade design of
control loops to address this challenge. Additionally, a single-
step window MPC was used to implement the proposed
scheme, considering the dynamics of the inner loops, and an
observer was utilized to minimize model dependence. The

119618 VOLUME 12, 2024



M. Monadi et al.: Speed Control Techniques for PMSMs in EV Applications

FIGURE 5. The block diagram of a PMSM drive working based on the MPC method [39], [40].

proposed scheme showed desirable tracking performance in
its implementation.

Another effort to use MPC as the speed controller for a
PMSM drive was presented in [38]. The researchers explored
the feasibility of using MPC to control such systems, given
their complexity and limitations in the under-controlled plant.
To address the dependence of MPC on the plant structure,
a parameter estimation method based on stability examina-
tions was proposed. The method involves using an observer
to estimate the states and selecting optimal gains. The
multi-objective capability of MPC was utilized to achieve
suitable control of various states under different conditions.
The effectiveness of the proposed approach in control-
ling the PMSM drive was validated through experimental
implementation.

In [31], MPC’s multi-objective capabilities were utilized
to achieve improved prediction, reduced model dependence,
reduced construction cost, and reduced torque transient oscil-
lations. The authors proposed adding torque-related terms to
system dynamics and implementing a torque observer in the
control loop, which was validated through simulation and
demonstrated its effectiveness in maintaining desired PMSM
drive performance.

Model dependence remains a key challenge in MPC-based
control design. Additionally, MPC schemes face issues
with guaranteeing stability under various operating condi-
tions, high computational demands, and high implementation
costs. Accordingly, an indirect reference-vector-based MPC
is proposed in [41] to enhance MPC performance. The
dynamic performance of the motor is improved through equal
time-interval division and use of discrete space vector modu-
lation, reducing current and torque ripples. The method uses
a cost function based on motor current to obtain appropriate
prediction vectors, and reducing calculation demands. The
reference vectors are controlled by a bang-bang comparator.
On the other hand, error in parameter estimation in classic
MPC is known as a challenge in MPC implementation that
reduces the accuracy of this control methods. To enhance
the robustness of the MPC, and hence improve the controller

performance, a virtual-vector MPC was presented in [42].
In this method, the negative effects of the errors in motor
parameter estimation are suppressed; therefore, the motor
can be used in various applications, including EVs. More-
over, in [43] an adaptive parameter observer is used in
parallel with a sliding mode observer. This hybrid observer,
reduce the dependency of the MPC to the model parame-
ters and improves the MPC performance under parameter
uncertainty.

MPC is also applied in applications where precise torque
control is critical. Fig. 5 shows an MPC-based control
scheme using the maximum torque per ampere (MTPA)
method [39]. The cost function incorporates torque rip-
ple reduction, current error reduction, switching frequency
reduction, and current limitation, with empirical weighting
factors for torque error and current limit violation. This
reduces current harmonics and results in less torque and
flux ripple. Another MPC approach, the finite set MPC with
constant switching frequency (CSF), is presented in [40] and
can be combined with PWM modulation. The cost function
evaluations are performed based on the VSI’s discrete nature
and finite switching states, with the switching state having
the minimum cost function being selected as the next control
action. The MPC-CSF implementation on an FPGA chip
offers effective cost function optimization with acceptable
performance.

C. SLIDING MODE CONTROL
Variable structure control, particularly sliding mode control,
is a promising alternative to conventional control methods.
The SMC is known for its simple and low-cost implemen-
tation, robustness to disturbances, and fast response. The
variable structure nature of SMC allows for guaranteed sta-
bility in a wide range of operating conditions with proper gain
adjustments [44], [45]. As a result, SMC has been widely
used as the speed controller for PMSM drives in industrial
environments [46], [47], [48], [49], [50]. In [46], the authors
proposed a hybrid controller combining SMC and IOFL to
regulate the PMSM drive’s speed. The single-loop control
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FIGURE 6. The control block diagram of a PMSM drive using a sliding mode disturbance observer [51].

of speed-current improved the controller’s response speed,
and the observer was used to minimize chattering’s impact
on drive performance. The results showed improved tracking
performance with the proposed scheme and observer.

In [47], Cheema et al. explored the simultaneous control of
speed and thrust in a linear PMSM. They employed a nonlin-
ear dynamic model and integral type SMC to produce proper
control signals and minimize steady-state error. To enhance
reliability and accuracy while reducing implementation costs,
observers were also utilized. The stability of the overall sys-
tem was proven using Lyapunov’s theory, demonstrating the
effectiveness of the scheme in reducing tracking error in the
presence of disturbances.

Fig. 6 depicts the general structure of SMC-based con-
trollers for PMSM drives [51]. The SMC-based method
presented in [51] aims to control the speed of PMSMby using
a sliding mode observer (SMDO). Generally, sliding mode
observers are efficient tools used for estimating the states of
dynamic systems and improving the performance of control
systems. On the other hand, in industrial applications, PMSM
drives are usually faced with various external disturbances
that reduce the effectiveness and the accuracy of the speed
control loop of the drive systems. Accordingly, the SMDO is
added to the control system of Fig. 6 to estimate the external
load disturbance, and apply a corresponding compensation
term to the output of the speed controller. Indeed, the SMDO
offers a real-time estimation of load disturbance, and reduces
the effects of this external disturbance on the dynamic perfor-
mance of the speed controller. In this observer, the estimated
load disturbance (d̂) as well as the estimated motor speed (ω̂)
are calculated based on equation (8).[

ˆ̇d
ˆ̇ω

]
=

[
−
B
J −

1
J

0 0

] [
d̂
ω̂

]
+

[ 1
J
0

]
Te +

[
1
l

]
µ(eω) (9)

where B is friction coefficient, J is moment of inertia, Te is
the electromagnetic torque, l is the observer gain,µ(eω) is the

slidingmode control function, and eω is the speed observation
error.

By use of this well-designed SMDO unit advantages such
as fast dynamic responses, disturbance rejection, and strong
robustness are achieved for the PMSM drive controller.

On the other hand, although the SMCs are typically used
for speed regulation in PMSM applications, these types of
controllers can also be used to obtain accurate position con-
trol. For example, in [49] an integrated sliding mode control
(ISMC) is introduced to regulate both speed and position
of the PMSMs. Indeed, the presented approach simultane-
ously tracks the speed and position references, and minimizes
the tracking errors by use of a differential evolution (DE)
algorithm. In this method, the DE optimization method is
used to find the optimal control gains. Compared to other
optimization methods, the DE algorithm, which is a simple
and robust optimization method, needs less calculations and
time to determine the optimized values of the controller gains.
Therefore, the approach improved PMSM performance and
addressed two challenges of SMC design: convergence to the
sliding surface and minimizing chattering.

Chattering phenomena; however, is the key issue in the
applications of SMCs because this phenomenon may cause
mechanical wear in the PMSMs. Therefore, various methods
are presented to mitigate this phenomenon. For example,
an observer-based sliding mode control was presented in [52]
to be used in the speed control on the PMSMs. In this method,
a novel reaching law was used for chattering attenuation in
which the law is adjusted by a hyperbolic tangent function
of the sliding variable. By use of this method, unlike the
existing auto-tuning power rate reaching law, a guaranteed
reaching time is achievedwhich is not dependent on the initial
conditions.

1) SUPER-TWISTING SLIDING MODE CONTROL
In addition to the chattering phenomena, slow time con-
vergence is another main issue related to implementation
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of the classical SMCs. Using high-order SMC methods
is effective to overcome this issue; in this method a dis-
continues function is added onto the integral term of the
SMC. Super-twisting algorithm (STA) is a well-known high-
order SMC used in various applications [53]. Moreover, the
variable gains super-twisting sliding mode (VGSTSM) con-
trol proposed in [54] is insensitive to external disturbances
because the super-twisting gains are adopted according to
the system states and online bounds of the perturbations.
This method, however, needs large switching gains [55].
Due to their advantages, the STA-based methods were
improved and used in [55] and [56] to control the speed
of PMSMs.

In [55], a terminal term was introduced into the super-
twisting SMC; hence, an improved super-twisting SMC
(ISTSMC) was introduced to enhance the convergence speed,
dynamic performance, and switching gains. The method
also uses a time-varying two-time scale disturbance observer
(TV-TTSDO) to estimate the system disturbances, including
PMSM parameter uncertainty and load varying, and increase
the system robustness by providing compensation signals.
The control scheme of [55] consist of a single-loop con-
troller and ISTSMC; therefore, it provides a simple structure,
in compare with the conventional cascade control structure,
that its implementation does not increase difficulties in the
practical applications. Another type of super-twisting SMC
was introduced in [53] in which, similar to [55], controller
gains are adjusted according to the system states to enhance
the transient response and reduce the chattering. However,
in the control strategy of [53], the presented adaptive gain
STA block is put on both speed and current control loops.
In addition, the method of [53] is equipped with a filtered
high-gain observer to not only estimate the lumped distur-
bances but also reduce the effects of measurement noises on
the performance of the controllers.

Although the method presented in [55] uses the proper
sensors for determining the rotor speed/position, sensorless
controllers are also used in the PMSM drives. In the model-
based sensorless control methods, that are used for rotor
position/speed estimation of PMSMs, an observer is used to
estimate the back-EMF of the motor, and extract the rotor
position and speed information by use of a phase-looked loop
(PLL). In this regard, the sliding mode observers (SMOs)
based sensorless control methods are suggested due to their
robustness for parameter variation and simple implementa-
tion. However, as mentioned before, the inherent chattering
of the classic SMOs will affect the accuracy of the rotor
position/speed estimation. To address this issue, an adaptive
super-twisting algorithm for the back-EMF estimation was
presented in [56], which employs linear terms and adaptive
laws for the SMC. According to the rotor speed, the IAST
algorithm adjusts the observer gains to enhance the estima-
tion accuracy in a wide range of motor speed. It is noted
that, in implementation of the sensorless-based-observers, the
high-frequency noises of the back-EMF should be eliminated.
Moreover, a PLL is needed to obtain the rotor position. Low

pass filters (LPFs) can eliminate the high-frequency noises;
however, they may reduce the estimation accuracy by adding
the phase delay. Accordingly, in [56], an improved super-
twisting quadrature signal generator (IST-QSG)was designed
and used instead of the LPFs. Using the presented IST-QSG,
which works as the front stage of the PLL, the fundamental
frequency signal is extracted without phase delay and speed
feedback estimation issues.

2) TERMINAL SLIDING MODE CONTROL
An important weakness of the classic SMC is slow con-
vergence time [A5]; however, in the terminal sliding mode,
a non-linear term is introduced to the sliding surface of
the SMC to achieve fast and finite time convergence [50].
Accordingly, another weakness of classical SMC can be
solved by the use of well-designed terminal sliding mode
(TSM) control methods.

The authors in [57] propose a discrete compound integral
terminal sliding mode control (C-ITSMC) technique to con-
trol the speed of PMSM. This approach combines ITSMC,
extended state observer (ESO), and predictive control. Distur-
bances caused by uncertain parameters, non-ideal conditions,
and external factors are treated as a lumped disturbance and
estimated by the ESO. To overcome the chattering, a lower
switching gain is employed while maintaining robustness in
the system. Predictive control is utilized to generate opti-
mized control signals by improving the transient response and
reducing the tracking error.

A PMSM drive’s speed control in the presence of struc-
tural disturbances has been improved using a cascade control
structure and a sliding mode observer in [48]. The authors
extracted a system model and used the cascade control struc-
ture to generate control signals, and reported that the SMO
has reduced chattering. The proposed scheme was compared
to conventional linear approaches and showed better distur-
bance rejection.

When a system is suffered from severe parameter uncer-
tainty and external disturbances, model-based control meth-
ods cannot provide required robustness and model-free
controllers are more applicable. Therefore, in [58], a model-
free TSM controller was presented to gain an effective
control for the PMSMs. This method, moreover, uses a fast
TSM-based observer to improve the dynamic performance
of the controller and limit the effects of the phase delay
seen in the SMC-based methods. Indeed, the control strategy
of [58] combines a model-free controller and fast integral
TSM method to establish a fast and anti-disturbance control
method and reduce the torque ripple without requiring to
know the precise model of the PMSM.

The performance of the discussed controllers is shown in
Table 1.

IV. ARTIFICIAL-NETWORKS-BASED METHODS
AI approaches were considered as alternatives to conven-
tional linear and variable structure schemes due to their flex-
ibility, reliability, and robustness against disturbances [59].
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TABLE 1. Conventional control approaches for PMSM drives.

AI control methods can be grouped into three categories: evo-
lutionary algorithms, artificial neural networks (ANN), and
fuzzy logic (FL). Evolutionary algorithms primarily serve
tuning and optimization, while ANN and FL are considered
individual control methods.

A. ANN-BASED METHODS
ANN is a leading AI method. It is modeled after the human
brain and made up of parallel neural networks. The ANN
processes signals to produce the desired control output. Its
potential for training makes it capable of generating spe-
cific control outputs for particular inputs. ANN can also
imitate the characteristics of a system by being trained
on inputs and outputs of the plant it’s controlling. During
training, connections between neurons are established and
the neural network structure is determined. Proper training
enables ANN to model complex unknown plants, reducing
the need for an accurate system model [60], [61]. ANN
has proven successful in various applications such as clas-
sifications [62], pattern recognition [63], predictions [64],
estimations [65], and control of PSMSs [66]. From a training
perspective, ANNs can be classified as offline or online-
trained [67], [68]. With regards to their dependence on the

system model, ANNs can be divided into model-dependent
and model-free approaches [69], [70]. In model-dependent
ANNs, an accurate representation of the system being con-
trolled is necessary. The data is fed to the plant and theANN is
trained to imitate the plant’s behavior before the controller is
implemented. The accuracy of the ANN is directly related to
the quality of the training data. Examples of model-dependent
ANN training can be found in [71] and [72].

1) OFFLINE TRAINED ANNs
ANNs have also been applied in PMSM speed control.
In [37], the vector speed control of a PMSM drive was
explored. The aim was to improve speed control perfor-
mance compared to conventional methods by increasing
control accuracy and optimizing control response, adapt-
ability, and robustness against disturbances, and develop-
ing a practical platform. The ANN was trained based on
general PMSM parameters and the control performance was
improved by minimizing an approximate dynamic program-
ming (ADP) cost function. Compared to linear schemes,
the proposed ANN approach performed better in terms
of response speed and quality, particularly in tracking
tasks.
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FIGURE 7. The control block diagram of a PMSM drive using the RBFNN-based self-tuning PI controller [77], [78].

In [73], the speed control of a spherical PMSM drive was
investigated with the existing decoupling taken into consid-
eration. The authors leveraged the adaptability of the ANN
approach and built a prototype system using it. The uncer-
tainties were estimated to reduce the impact of un-modeled
dynamics, and the estimates were then incorporated into the
main control loop as a feed-forward signal.

In studies similar to [74] and [75], researchers attempted
to address the challenge of controlling the speed of a PMSM
drive in the presence of decoupling. The authors of these
papers set two main design objectives. The first objec-
tive was to generate an accurate model of the system to
minimize decoupling effects, which was achieved by using
accurate dynamic equations of the plant. The second objec-
tive was used to improve the robustness of the drive against
un-modeled environmental disturbances. Due to the nonlin-
earities and couplings present in PMSM drive dynamics, the
research results showed significant improvement in control
performance with regards to robustness and quality of refer-
ence tracking.

In [76], the authors focused on the estimation applica-
tion of ANN, using a Chebyshev type neural network as
a disturbance estimator and presenting an observer based
on neural network principles. They also proposed a hybrid
neural network and backstepping approach which, despite
its higher complexity, showed improved performance com-
pared to standalone ANN and backstepping controllers. The
hybrid approach was able to overcome the drawbacks of
backstepping and filtering while preserving the advantages
of both controllers. The proposed approach was evaluated in
simulations, and the results showed acceptable performance
in controlling the speed of the PMSM drive in the presence
of disturbances and immeasurable states.

2) ONLINE TRAINED ANNs
In comparison to conventional AI methods, model-dependent
approaches, which require offline training, often result in
lower control precision. On the other hand, while online-
trained, model-free ANNs improve control, they also come
with an increased number of parameters that need tun-
ing, leading to a higher computational burden. In contrast
to the simple PID approach, which only requires tuning
three parameters, model-free ANNs, as stated in [79], [80],
and [81] require tuning ten parameters. Despite efforts to
minimize training data and online tuning, dependence on
system dynamics, time-consuming training, high computa-
tion demand, and expensive implementation remain major
challenges in the controller design process.

Besides offline tuning, online adaptation of the ANN
using gradient descent method is also implemented to min-
imize modeling errors and improve drive performance. The
results show improvement in maintaining the desired out-
put and evaluating the system based on factors such as
response speed, tracking error, and other control factors.
However, it should be noted that high computational power
is necessary to train the neurons online at each sampling
interval.

In [82], a combination of model-free and model-based
approaches is presented as the main controller for a PMSM
drive. The ANN is initially optimized using particle swarm
optimization (PSO) to converge to an optimal structural
solution, and then trained and tuned using the gradient
descent method. The combination of PSO and gradient
descent improves the ANN controller’s convergence and per-
formance. The authors evaluate the drive’s response speed,
tracking error, and other control factors to show the improve-
ment in maintaining the desired output.
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In [83], the impact of dynamic coupling terms in PMSM
model with uncertain and time-variant parameters was
addressed by using a radial basis function neural network
(RBFNN). An adaptive decoupling controller (ADEC) based
on Lyapunov stability theorywas used in conjunctionwith the
RBFNN to optimize the uncertain parameters. This approach
resulted in a fast-response closed-loop torque control method,
which prevented large fluctuations in torque and current
over a wide range of speeds. The optimization of the uncer-
tain parameters was carried out using the gradient descent
method.

In [78], a sensorless PMSM drive scheme is presented
using an RBFNN. The system employs an extended Kalman
filter as a stochastic observer to estimate the system’s state
and RBFNN to self-tune PI controllers, as illustrated in
Fig.7. The effectiveness of the algorithm is validated with
an FPGA-based implementation. Similarly, in [77], RBFNN
is used for PI self-tuning in a sensorless PMSM drive.
The method employs a sliding mode observer with a phase
locked loop to estimate the rotor’s speed and position and
a strategy to start the motor when the back-EMF signal is
insufficient. The scheme is implemented with a digital signal
processor and shows good tracking response and low current
ripple.

B. FUZZY-BASED METHODS
Fuzzy logic (FL), a control approach based on human lin-
guistic behavior, is considered as reliable and attractive
among various AI methods due to its high efficiency, simple
implementation, desirable dynamics and steady state charac-
teristics, and low model dependence [84], [85], [86], [87].
It has been widely used in various fields such as electric
drives [88], EV application [89], and power electronics [90].
The study in [91] combined Fuzzy and conventional con-

trol methods to enhance the performance of a PI controller.
The inefficiency and inaccuracies of linear control when
facing disturbances and nonlinearities were addressed by
proposing a fuzzy-based method. The stability of the system
was guaranteed using a dynamic model and tuning the gains
with linear matrix inequality (LMI) and Lyapunov’s theory.
The controlled system was implemented and showed desir-
able performance under various torque variations. In [92],
fuzzy logic was used to present an observer-based method
that considered additional sources of disturbance such as
friction, uncertain parameters, viscous force, and noise. The
fuzzy controller was used for online tuning of PI parameters
with suitable if-then rules.

In reference [93], a PMSM sensorless control strategy
was presented based on a fuzzy sliding mode observer
(FSMO) using a sigmoid function with adaptive coefficient
adjustment to handle the nonlinearity and discontinuity of
the SMO. This results in faster response, reduced chatter-
ing, and improved observation performance. An adaptive
law was employed to improve the estimation of speed and
position by reducing the error signal in the back-EMF of
the motor. A tangent function PLL was also utilized to

enhance the control loop performance during speed direction
changes.

In [94], a fuzzy-based multi-variable optimization appr-
oach was proposed to improve the performance of PMSM
drives in the face of uncertainty in motor parameters and
load torque variations. The method describes motor param-
eters, such as the viscosity friction coefficient and moment
of inertia, using fuzzy set theory instead of probability the-
ory. A performance index, incorporating cost controls and
steady-state performance, was defined using fuzzy uncertain
parameters. A multi-variable optimization approach was then
applied to find optimal parameters and ensure robust PMSM
performance despite uncertainties.

1) HYBRID FUZZY CONTROLLERS
In [95], researchers turned to hybrid fuzzy controllers to take
advantage of multiple control schemes and reduce their draw-
backs. In [96], a hybrid approach was proposed to regulate the
speed of a six-phase PMSMdrive using a combination of NN,
SMC, and backstepping controllers integrated with FL. The
method started with a dynamic model of the problem, and a
hybrid approach combining backstepping, SM, and nonlinear
H∞was designed to address disturbances and nonlinearities.
The authors then utilized a hybrid fuzzy-neural observer to
estimate uncertainties, improve tracking performance, and
reject disturbances, with the NN learning process being per-
formed online to minimize the impact of uncertainties and
disturbances. The proposed method was validated through
simulation and experimental results.

In [97], a hybrid FL-neural-SMC approach is implemented
to control both speed and current loops. The study priori-
tizes minimizing chattering during speed control, improving
steady-state performance, and minimizing tracking errors.
States and disturbances are estimated using an ESO and the
desired control signal is generated in the current loop. Sim-
ulation results confirm the success of the proposed approach
in achieving its design goals.

In [98], a hardware/software co-design approach using a
PID-type fuzzy controller is presented to solve the uncertain
parameter problem and load torque variation. The current
control algorithm is implemented in hardware on an FPGA,
while the speed control algorithm is implemented in software.
In [99], a combination of fuzzy and PI controllers is pre-
sented to exploit the advantages of each controller in different
conditions (shown in Fig. 8). The fuzzy controller is used
in transient conditions and the PI controller in steady-state
conditions to provide improved performance and less com-
putational time. An optimal switching function is chosen by
combining the fuzzy and PI outputs to generate the weights
of the controllers.

2) ONLINE AND OFFLINE TUNING OF THE MFs
In fuzzy controllers, the membership function (MF) shapes
and number are determined by the fuzzy rules. However, con-
ventional fuzzy-based approaches have issues with handling
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FIGURE 8. Block diagram of a PMSM drive using an adaptive fuzzy-based controller [98], [99].

rule uncertainties, especially for complex plants [100], [101].
To address this, tuning antecedent and consequent member-
ship functions with offline evolutionary approaches has been
suggested to minimize these drawbacks [100]. However, this
approach can be time-consuming, require large amounts of
training data, and have a heavy computation burden, and may
also need regular tuning. Online adaptation of membership
functions is a solution to improve FL performance [100],
where antecedent membership functions are typically tuned
offline using evolutionary algorithms or the designer’s expe-
rience, while consequent membership functions are adapted
in real-time using methods like Lyapunov’s theory. These
FL approaches are called self-tuned FLs. In [102], a com-
parison was made between the optimally-tuned conventional
FL, linear controller, and self-tuned FL in controlling the
speed of a PMSM drive. This study, similar to others found
in references [103], [104], [105], presents a comprehensive
comparison between various AI methods. The results showed
that the self-adaptive fuzzy approach was superior in terms
of accuracy, least tracking error, shortest offline training
duration, simple structure, and simple input-output relations,
compared to the other methods.

3) DIRECT AND INDIRECT FUZZY LOGIC
The implementation of FLs can be divided into two cate-
gories: direct fuzzy logic (DFL) and indirect fuzzy logic (IFL)
[106], [107], [108]. In DFL, the control output is generated
directly through the defuzzification process. There are vari-
ous examples of implementing DFL in different fields, such
as drilling [109], descriptor systems [110], maximum power
point tracking (MPPT) [111], torque control [112], power
electronics [113], and valve control [114].

In IFL control, the FL can serve as a solitary controller or
be integrated with other control techniques in a hybrid setup.
IFL is a popular choice in many fuzzy-based control schemes
due to its versatility and effectiveness. The main use of IFL

is to estimate unknown functions through global estimation
theory [115]. Examples of IFL control implementations can
be found in [91], [116], and [117].

In [116], an IFL control approach was employed in the
speed controller of a PMSM drive to estimate unknown and
un-modeled dynamics and uncertainties. The IFL approach
was able to minimize approximation errors in inner speed
and current loops, as demonstrated through comparison with
conventional linear controllers. The proposed method was
shown to have improved control characteristics and a simpler
implementation than conventional linear approaches, as con-
firmed through both simulation and practical results.

In [117], a fuzzy-based speed controller was introduced
that utilizes IFL as the base controller. The IFL approach
in this method focuses on enhancing control robustness by
tuning a repetitive control approach. The authors identified
various disturbances that impact the PMSM drive’s perfor-
mance, and evaluated the proposed approach’s ability to
minimize these effects. The results from simulations and
practical implementation showed that the proposed controller
improved the robustness and disturbance rejection compared
to conventional linear approaches.

V. COMPARISON AND DISCUSSION
The choice of an appropriate AI control approach between
ANN and FL remains a challenge for control system design-
ers. To address this challenge, various comparative studies
have been conducted, including [102], [103], [104]. In [103],
the authors compared the performance of ANN and FL
in tracking applications using a robotic arm. They found
that the tuned FL outperformed ANN in terms of track-
ing performance in various operational conditions. In [104],
the authors concluded that the performance of ANN may
deviate from expectations due to variations in the plant
model and requires routine training of neurons. On the other
hand, the tuned FL showed superior tracking performance,
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TABLE 2. Control characteristics of PMSM drives.

TABLE 3. Comparing reviewed control approaches.

considering the effects of nonlinearities and disturbances,
in terms of dynamics and steady-state characteristics. Table 2
[105] summarizes the characteristics of the reviewed control
approaches.

The comparisons between various control methods for
PSMS speed control are presented in Fig. 9 [59], [104],
[105], [118]. Fig. 9(a) compares the response speeds of the
reviewed methods, with the adaptive fuzzy and optimal fuzzy
showing the highest response speeds, and other approaches
having lower speeds. Fig. 9(b) ranks the controllers based on
efficiency, with the adaptive FL approach ranking the highest.
Model dependency and software complexity are compared
in Fig. 9(c) and Fig. 9(d), respectively, with the adaptive
FL and SMC showing the least model dependency, and the
linear control approach having the lowest software complex-
ity. The overall design cost comparisons are presented in
Fig. 9(e), with the linear controller having the lowest design

cost and the ANN and MPC approaches having the highest.
Table 3 provides a summary of these results, including the
added factors of ‘‘prior training,’’ ‘‘hardware complexity,’’
and ‘‘learning capability.’’

VI. SPEED RIPPLE CONTROL
The presence of the torque ripple is one of the main weakness
of PMSMs that directly cause mechanical vibration, speed
oscillations, and acoustic noise, especially when the motor
speed is low [7], [119]. Torque ripple may cause more severe
impact on the performance of the EV controllers, and reduce
the car comfort [119]. Therefore, the drive of the PMSMs,
used in the EV applications, should be equipped with proper
control methods/ devices to reduce the effects of the men-
tioned torque ripple, and provide smooth speed control.

The torque ripple arises from cogging torque due to stator
slots design, flux harmonics, and stator current harmonics.
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FIGURE 9. Comparison of the reviewed control approaches: (a) response speed, (b) efficiency, (c) model dependence, (d) software
complexity, and (e) overall cost.

Machine design can reduce the cogging torque and permanent
magnet contributions, but a control system is necessary to
reduce the share of stator current harmonics.

Torque ripple reduction methods can be divided into
feedback-based and feedforward-based methods [120].
In feedforward-based methods, an accurate model of torque

ripple is crucial. However, this model is not always available,
and changes in machine behavior due to core saturation,
temperature changes, and parameter variations can make it
difficult to provide such a model. Predictive control and
AI-based control methodsmay face challenges in overcoming
these issues [120]. In [121], a detailed model of torque ripple
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was presented that considered harmonics of rotor and stator
flux, as well as harmonics of stator voltage and current.
An adaptive filter using the least-mean-square algorithm
was used to extract the desired harmonic, and an optimal
harmonic current calculation was performed in the rotor
reference frame to minimize stator losses. A harmonic cur-
rent controller was also presented to control the magnitude
of injecting harmonic currents. This method performs well
for both steady-state and transient modes at a wide range
of motor speeds, but its effectiveness is dependent on the
accuracy of the model.

On the other hand, since the torque harmonic is directly
proportional to the same order speed harmonic, speed har-
monics can be used as the feedback control signal of the
current controller. In [120], a FL-based current controller was
presented that uses speed measurement and harmonic detec-
tion. The dominant cogging torque component is detected
by measuring the speed harmonic of the same order, and
this component is minimized by injecting the appropriate
current harmonic. This reduces torque ripple efficiently, but
requires accurate speed measurement, limiting its applica-
tions to steady-state mode or low-speed motors.

It is noted that, in most of harmonic-injection-based
methods, the controller only adjusts the amplitude of the
compensating harmonic, while phase compensation is not
considered. This can lead the system to instability [119].
However, in the method presented in [119] both injected
harmonic amplitude and phase are adjusted. Moreover, two
PI controllers are used in this method to remove steady-state
error.

The disturbance-observer-based methods are of other solu-
tions for reducing the effects of harmonic disturbances.
For example, in [122] an external harmonic state observer
(EHSO) was presented to achieve an accurate and fast torque
ripple estimation. This observer, moreover, adds compensa-
tion terms to the speed control loop of the PMSM. Indeed,
in this method, disturbance estimation and compensation sig-
nal generation are done by the introduced EHSO. Another
compensating technique for torque ripple reduction in the
low-speed operation of the PMSMs is presented in [123].
In this method, a proper compensating signal is added to the
q-axis current component of the conventional filed-oriented
control (FOC) of the PMSM. Selecting a proper compensat-
ing term has a critical role on the effectiveness of this method;
therefore, the q-axis current is modified according to the iden-
tified current disturbance and fed to the inner PI controller of
the conventional FOC. Accordingly, the method can remove
low-frequency disturbances without adding complexity to the
control scheme.

As an alternative approach, the minimizing torque ripple
method in [124] simplifies the controller design by utilizing
two separate PI controllers for the magnitude and phase
angle of the current, with another PI controller coordinating
their operation. Additionally, a speed harmonic detector is
employed to reduce torque ripple through harmonic injection.

The authors also addressed the issue of power losses by
implementing a harmonic controller that is based on optimal
references and regulates the q-axis current while controlling
the d-axis current.

Another application of speed harmonic measurement is
maximizing the torque per ampere (MTPA), which is par-
ticularly useful for interior PMSMs. This strategy aims
to maximize the output torque by determining the MTPA
angle that minimizes copper losses. The direct calculation of
MTPA angle using speed measurement is described in [125].
This method obtains the MTPA angle without considering
machine parameters. A harmonic controller decouples the
magnitude and phase controllers, and the speed harmonic’s
phase angle is detected for harmonic injection. This approach
is fast, efficient, and effective for reducing copper losses.
However, increasing iron losses at high speeds may compro-
mise efficiency.

Finally, it is noted that, in some especial cases, the
PWM-based switching methods that are used to control the
switching of the drive inverter of the PMSM, may cause
extra type of torque ripple not seen in general applications.
Typically, the switching frequency of the drive inverter is
significantly higher than the fundamental frequency. How-
ever, if in an especial application, the switching frequency
was not high-enough, undesirable sideband harmonics may
be generated due to the inverter switching [7]. These harmon-
ics, in turn, add additional negative impact on the controller
performance. To prevent this phenomenon, it is recommended
to be sure that the high-enough switching frequency is always
selected for the drive controller. For the cases that high
frequency switching is not applicable, [7] suggest to use
an additional sideband harmonic compensator in the speed
control loop of the PMSM. Moreover, in this case, another
observer is also needed to estimate the generated sideband
harmonics. Indeed, in this case two separated observers and
compensators are needed to be added to the control speed
loop.

VII. CONCLUSION
In this paper, various control methods used for PMSM con-
trol were analyzed and presented. These methods, including
conventional and AI-based approaches, are applicable for
PMSM drives used in various applications, including EVs,
which play a crucial role in the future green transportation
system. Hence, this study’s results are of great interest for
EV manufacturers, engineers, and academics in the field
of power electronics and drives. As seen in previous sec-
tions, fuzzy-based controllers provide the fastest response
and better efficiency, while adaptive fuzzy controllers and
SMC-based methods are less model dependent. On the other
hand, conventional methods such as IOFL and MPC are
highly model dependent. In terms of software complexity,
the linear control approach has the lowest complexity, while
MPC and fuzzy-based methods require more processing
power.
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