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ABSTRACT In recent years, electric vehicles (EVs) have attracted a lot of attention and are rapidly
growing trends today due to their ability to compete with and overtake fossil fuel-powered vehicles among
all electrified transportation tools. The primary focus of EV evolution is on improving the driving range
and optimizing energy consumption, both of which are essential demands achieved through improved and
developing motor performance. The brushless direct current (BLDC) motor is one of the most superior
choices for dynamic applications in EVs, providing the highest power density and capability of any motor.
BLDCs are gaining popularity in EVs not only for their high performance in speed and position controls but
also for meeting the requirements of smooth torque maintenance with torque ripple mitigation. This paper
provides an overview of various advanced control strategies, such as field-oriented control (FOC), direct
torque control (DTC), intelligent control (IC), controlling input voltage (CIV), current shaping techniques
(CST), model predictive control (MPC), and sliding mode control (SMC). These strategies are used to
regulate the torque ripples produced in BLDC motors, aiming to achieve energy-efficient EV performance
for various applications. Additionally, it describes a cloud-based control system coupled with electric motor
drives to address challenges in predicting current vehicle conditions for improved power distribution between
the motor and battery systems. Furthermore, recent concerns and difficulties in advancing torque ripple
mitigation control strategies are highlighted, with comparisons and discussions for future EV research.
Finally, an evaluative study on BLDC motor drive in EVs with different control strategies reveals its
significance and potential outcomes.

INDEX TERMS Brushless direct current (BLDC) motor, cloud-based torque control, control structural
architecture, electric vehicles (EVs), various control strategies for torque ripple mitigation.

I. INTRODUCTION electronic motor controllers, advances in power electronics,

Electric Vehicles (EVs) have made significant contributions
to the development and global challenges of modern society
by addressing environmental protection and energy savings in
daily life [1], [2]. They are capable of efficiently and effec-
tively addressing global challenges through the electrification
of vehicular technology, which includes efficient motors,
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and numerous distinct control techniques. Even though EVs
offer simplicity for cheaper maintenance, high reliability to
reduce component breakdowns, very low electricity costs,
more comfort without vibration, increased efficiency, and
accessibility compared to other vehicles [3], [4].

The improvement of driving range and power management
in EVs is driven by motors that have high power density,
high instantaneous power, rapid torque response, robustness,
and high efficiency over a wide speed range. Today, there

© 2023 The Authors. This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.

VOLUME 11, 2023

For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/

115699


https://orcid.org/0000-0002-7038-1406
https://orcid.org/0000-0001-9893-6381

IEEE Access

N. Prabhu et al.: Critical Review on Torque Ripple Sources and Mitigation Control Strategies

are many different types of electric motors available for
evaluating EV performance, including the permanent magnet
synchronous motor (PMSM), brushless direct current motor
(BLDC), induction motor (IM), switched reluctance motor
(SRM), and DC series motor [5]. However, BLDC motors
are now more attractive and the most frequently used for
EV applications due to their greater benefits when compared
to all other motors. These benefits include high reliability,
high starting torque, high efficiency, a wide range of speed
regulation with high torque, and dynamic response [6], [7].

In addition, BLDC motors operate based on rotor position
sensing to obtain the optimal voltage applied to the motor
for improved performance, using low-resolution sensors or
sensorless control [8]. Sensor-based schemes are used to
determine the motor’s rotation location with respect to the
motor stator stationary plane, while sensorless schemes use
back-electromotive force (EMF) estimation and a flux func-
tion to operate the motor with synchronous phase currents
through the motor controller [9], [10].

One of the most important control modules in EVs is
the motor controller, which is responsible for driving safety
performance, has a significant impact on drive system effi-
ciency and is involved in the vehicle’s design comfort. Motor
controllers in BLDC motors are used to operate and regulate
the speed, torque, and position of the motor, allowing it to
start, stop, and rotate quickly at high torque with variable
input voltages. In this controller technology, motor-controlled
parameters are used to ensure proper energy flow to the motor
in an EV, including commutation current waves, pulse-width
modulation (PWM) processes, current ripples, total harmonic
distortion (THD), and electromagnetic torque. Developing
a motor controller to regulate rotating systems is a chal-
lenging task accomplished using advanced power electronics
components such as insulated gate bipolar junction transistor
(IGBT)-based converters. Converters are employed to regu-
late the motor torque and improve the steady-state period of
the rotor speed of BLDC motors by properly triggering pulses
from the PWM vector component and obtaining the optimal
voltage more quickly. Here, the PWM duty ratio is calculated
using current commutation techniques in switching between
phases to energize the stator windings and drive the motor to
rotate properly, improving the BLDC motor’s performance in
both steady and dynamic states [11], [12].

Moreover, BLDC motor control is required to achieve and
sustain smooth torque response and speed with minimum
ripple content, ensuring excellent performance in speed and
position control drives for EVs. Due to uncertain parameter
variations and load disturbances from the motor, torque ripple
effects are seen in BLDC motors, preventing smooth motor
rotation with a gradual increase and decrease in output torque.

Torque ripple is caused by various factors, including inter-
actions between magnetomotive forces (MMF) and air gap
flux harmonics, as well as speed fluctuations, which degrade
performance and may trigger resonant frequencies in the
mechanical parts of the drive system, resulting in acoustic
noise. Torque ripple effects are particularly undesirable in
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some motion-control EV motor drive applications, and gen-
erally, the average value of the torque ripple produced by
a motor depends on the motor’s construction, design, and
control parameters [13].

Regarding motor control methods, different types of con-
trol strategies, such as scalar and vector-based controls, are
initiated to mitigate torque ripples for BLDC motors in EVs.
Most commonly, the regulation of torque ripple by advanced
vector controls in closed-loop operation is compared to the
scalar method because it offers high speed and a more
dynamic response against the overall constraints of the motor.
It also improves motor output response over a wide speed
range while maintaining high torque at zero speed, which is
the most essential feature for BLDC motor drives in EVs.

In this context, a conceptual review of various vector con-
trol strategies leads to the conclusion that BLDC motor torque
ripple mitigation is necessary to enhance driving performance
and meet specific power requirements for EVs. The literature
review includes various research studies conducted to date
and suggests ambiguities that future engineers should inves-
tigate to further improve the performance and significance of
BLDC motors in EVs.

In a discussion focused on BLDC motor hardware, the
emphasis is primarily on different classifications, operating
performance characteristics, advantages, and disadvantages
of various electric motors used in EVs [14], [15], [16]. The
development of different converter topologies to minimize
current and voltage ripples due to switching power loss issues
is also discussed [17]. Various BLDC motor control strategy
discussions explore different control schemes in terms of
sensors or sensorless controllers to improve motor perfor-
mance and address different power optimization issues in
real time [18], [19]. Furthermore, the optimal control strat-
egy to regulate torque ripples in various control methods
(201, [21], [22], [23], [24], [25], [26], [27], [28], [29], [30]
and the investigation of various commutation techniques and
PWM schemes to control stator current in BLDC motors have
been discussed [31], [32], as mentioned in Fig 1. According
to the review, some control strategies have been developed
to improve BLDC motor performance to meet vehicle per-
formance requirements, such as driving range and energy
optimization in real-time operating conditions.

Il. MOTIVATION AND OBJECTIVE OF PRESENT WORK

Torque control of BLDC motors has always been an impor-
tant area for research in the field of electric vehicles, and its
control strategies, as well as ripple reduction, have consis-
tently been crucial for the development of high-performance
vehicles in the future. The extensive literature review on
various control strategies is more concerned with describing
the unique control modules and their development than taking
a critical approach to torque control strategies for BLDC
motors in the development of EVs. There is a need for future
research and development of efficient control operations, and
improving the control strategies for torque control in BLDC
motors is associated with electric vehicle performance. This
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FIGURE 1. Status of existing review work on various control strategies of BLDC motor in electric vehicles.

still prompts extensive work on torque ripple mitigation in
BLDC motors to clarify the various goals associated with dis-
tinct control strategies and future guidelines for the research.
Even though numerous studies on torque ripple mitigation
control strategies are available, an evaluation article on the
in-depth structure of BLDC motors with advanced control
techniques in EVs has not been published, and certain objec-
tives for this work were developed in response to this research
gap. Moreover, such a category of studies will pave the
way for improving the overall performance of BLDC motors
in EVs in the future. Within this context, the objective of
the present work focuses on the critical review of advanced
and essential control strategies for reducing torque ripples
in BLDC motors in a holistic manner. The novelty of this
review stems from the collection and integration of stud-
ies that examined architectural systems, thereby increasing
methodological and technical approaches to motor torque
control in EVs. Eventually, the various literature gaps are
presented in Fig. 2. The outcome of the stated objective will
serve as an essential guide for future studies and provide a
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wide range of BLDC motor control strategies for EVs in real-
time evaluation. Moreover, this review paper provides insight
and a critical interpretative view to the readers about BLDC
motor torque control performance in EVs. This review paper
will not impose any new results; instead, it will formulate
the various research activities on torque ripple regulation
for BLDC motors in EVs, additionally discussing the future
prospects of advanced control strategies for torque ripple reg-
ulation in the future to meet the demands of real-time vehicle
performance. Finally, the method used in this investigation
supports an overview of the possible directions for future
research in this field. To attain these outcomes, Fig. 3 gives
brief information about the structure and flow of the present
study.

Ill. STRUCTURAL ARCHITECTURE ARRANGEMENT OF
BLDC MOTOR IN ELECTRIC VEHICLES

The BLDC motor’s structural configuration includes a hall
sensor, motor controller unit, power inverter, or motor driver
as shown in Fig 4. BLDC motors are similar to DC motors
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= An extended investigations is required for motor control strategies.
Research gap = A thorough analysis of BLDC motor torque ripple mitigation has to be addressed.
= Optimization techniques for motor torque control must be explored further.

. 2

= Examination of the structural architecture used in BLDC motor for EV.
= Critical motor control strategies for EV performance improvement.
= An extensive analysis of various torque ripple mitigations of BLDC motor performance in EV

applications.

= A critical interpretative study for in-depth control structure of BLDC motor with advanced
controllers.
= Insight on development of BLDC motor torque ripple control strategies in EVs.

N

Objective

N

= Acquisition of cloud-based technology for effective BLDC motor performance in EVs.

. 2

Internal motor control architecture that employs a wide range of control strategies.
Outcome = Evalnating BLDC motor control strategies of EVs in real time.

= Future scope of development of motor torque control for EV applications.

FIGURE 2. A schematic illustration of research gap and original contribution of the work.
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FIGURE 3. Structural overview of a current review article along with section constituents.

with permanent magnets and are referred to as brushless tronically commutated motors’. In addition, it eliminates
because they lack a commutator and brush arrangement, problems associated with the brush and commutator arrange-
therefore these motors are sometimes referred to as ‘elec- ment, such as sparking and commutator brush wear, making
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FIGURE 4. Internal structural architecture arrangement of BLDC motor in electric vehicles.

a BLDC more rugged than a DC motor. Moreover, a BLDC
motor, unlike a conventional DC motor, has an “inside-out”
construction in which the field poles rotate while the armature

A sensor is required to provide input to the motor control
system indicating when the rotor has attained the desired

position. Motor control sensors include voltage, current, and
remains stationary. The stator is made of silicon steel stamp- Hall signals. If the commutation is performed quicker or

ings with a specific number of poles and windings connected slower than the rotor’s speed, the magnets maintain inter-
to a DC supply through a power inverter circuit, and the action with the stator’s magnetic field. So, in both types of
armature is wound on a slotted laminated iron structure. The motor layouts, the rotor position must be sensed for elec-
two layouts of a motor are “Out runner” and “In runner”. tronic commutation and control of the entire motor operation
The out runner is designed for high torque requirements, through the controller also the rotor shaft’s position and
while the runner is designed to produce less torque and is speed, are measured using a Hall effect sensor [33], [34]. This
more capable of rotating at very high speeds, in that the sensor is a solid-state device that uses the Hall effect principle
permanent magnet rotates around the stator and the rotor is to determine how stator armature excitation synchronizes

external. with rotor position, speed, and various other aspects such
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as torque and the voltage required to run a BLDC motor
efficiently, additionally providing rotor position information
to a motor controller [35], [36].

In addition to current detection, the motor is regulated by a
number of control methods or algorithms that are linked to the
current sensor’s accurate monitoring of the motor’s current.
This enables precise synchronization and orientation control
while measuring power, diagnosing control systems, measur-
ing current supply, and controlling complex loads generated
by electric motors. Voltage sensors can also measure voltage
in a variety of methods, such as detecting low current levels
and high terminal voltages. This allows for the detection of
load defects, power failures, the regulation of power demand,
temperature, and so on. It’s al crucial to regulate the motor’s
speed and torque to obtain transient output suitable for driving
an electric vehicle. Based on the torque requirements from the
driver and other vehicle accessories, the control strategy in the
motor controller unit (MCU) will calculate the current to be
regulated by the power inverter circuit. It controls the source
voltage from the battery based on the PWM signal from the
MCU in that PWM signals include the command signal for
measuring the coil’s energization and current according to the
required torque [37].

Based on the regulated current input, the three-phase stator
windings are energized sequentially, which creates the mag-
netic stator poles. In contrast, the permanent magnet field in
the rotor with North and South poles accommodates the stator
poles, which build the motor, which in turn creates the torque
in the rotor shaft. The magnitude of the torque produced
mainly depends on the number of turns of the stator windings,
the amplitude of current, the length of the rotating winding,
the MMEF, the size of the permanent magnets, also the air
gap between stator and rotor windings. A typical BLDC
motor’s design and operation parameters refer to variations
in the torque produced at the rotor shaft that produces torque
ripples.

It is mainly due to the rotor magnet’s interaction with the
stator slots, the relation of magneto motive forces produced
by the stator current and air gap flux harmonics, and elec-
tromagnetic torque fluctuations [38]. In the electric vehicle
perceptive, the torque ripple in BLDC motors will affect the
vehicle’s performance and further, it will cause large vibra-
tions at specific vehicle speeds during the drive, which will
lead to instability of rotational speed. By properly designing
the structural uniformity and position of stator poles, the
torque ripples are mitigated. Consider the many applications
oriented towards BLDC motors for electric vehicles; torque
ripple minimization is very important for improving the com-
fort and overall performance of the vehicle.

IV. SOURCES OF TORQUE RIPPLE AND THEIR INFLUENCE
IN BLDC MOTOR FOR ELECTRIC VEHICLE APPLICATIONS

To achieve high performance in speed and position control
drives of electric vehicles, smooth torque output is necessary.
The most impact on the machines with high specific torque
has an inherently large torque ripple. The magnitude of the
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produced torque ripples is based on three factors, such as
the construction of the motor, motor parameters, and motor
control strategies, [13], [39] as shown in Fig 5.

A. TORQUE RIPPLE SOURCE BASED ON THE MOTOR
CONSTRUCTION

According to the behavior structure, torque ripples are asso-
ciated with BLDC motors by three factors: cogging torque,
reluctance torque, and electromagnetic torque.

1) COGGING TORQUE

The interaction between the permanent magnet rotor slots
and the stator pole slots in BLDC motors is a major factor
in the generation of cogging torque. The magnetic attraction
varies according to the magnetic field’s intensity, and this
variation leads to the production of unequal torque. Some
permanent magnet motor designs exhibit cogging when a
motor is operated in an unfavorable manner, particularly at
low speeds, which leads to fluctuations in the motor’s output
torque and causes torque ripples [40], [41], [42]. Additionally,
it is influenced by other factors, including the slot opening
width, magnet width, skewing, etc., that make the BLDC
motor unstable and reduce overall performance. Reduce cog-
ging torques when building a motor, increase the air gap,
increase the number of slots per pole, thicken the tooth tips
to prevent saturation, reduce the slot opening, skew the mag-
net poles, provide dummy slots, and lower the magnet flux
density while creating a motor [43], [44], [45].

2) RELUCTANCE TORQUE

A reluctance torque is produced simply due to a change in
reluctance because of the stator teeth’s angular fluctuation
in the magnetic circuit’s reluctance as viewed by the rotor
magnets. The reluctance torque, phase coupling, or the rotor
magnets themselves can be a result of ripple torque [46],
[47]. The unequal direct and quadrature inductances of the
rotor provide the reluctance torque in an internal permanent
magnet motor and affect the control accuracy of the drive
system. Eccentric permanent magnet teeth and compensatory
windings reduce reluctance torque variability.

3) ELECTROMAGNETIC TORQUE

The torque electromagnetic a motor’s rotation, which is typi-
cally equal to the load torque, is known as the electromagnetic
torque. The load torque at no load is equal to the output
electromagnetic torque, which is the torque generated by the
armature on the air gap. The back-EMF waveform is a crucial
factor in determining the quality of the generated torque and
itsripple. Significant torque ripple can be caused by the wave-
form of the back-EMF in conjunction with the waveform
of phase currents, and then the choice of control strategy
determines the waveform of phase currents [48]. Addition-
ally, it is influenced by electromagnetic torque, which is
developed as harmonics depending on the type and structure
of the motor. Harmonics are produced by non-idealities in
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FIGURE 5. Sources of torque ripples of BLDC motor in electric vehicles.

the electromagnetic fields created by the interaction of the
rotor and stator. However, the overall electromagnetic torque
ripples are significantly lower than in comparable drives
with magnetically insulated winding sets, making it advisable
to use concentrated windings with non-intersecting winding
ends.

B. TORQUE RIPPLE SOURCE BASED ON MOTOR
PARAMETERS

According to the designing parameters, the torque ripples are
associated with BLDC motors by three factors: airgap length,
mutual flux, and non-ideal back-EMF.

1) AIRGAP LENGTH

The process of designing and operating a BLDC motor
involves several procedures, including material selection,
machine structure selection, and component geometric siz-
ing. One of the essential geometrical characteristics is the
airgap length, which is determined by mechanical, thermal,
and electromagnetic factors [49], [50]. The overall strength
of the magnetic circuit and the motor efficiency are both
impacted by the air gap length, which is a crucial design
element. The electromagnetic torque is directly influenced by
the motor’s back-EMEF, so airgap length reduction increases
airgap flux density, which in turn increases flux linkage and
back EMF produced in the stator phases.

2) MUTUAL FLUX
To improve motor performance through the design and con-
trol of the stator parameters by reducing the leakage 8
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reactance and increasing the magnetic flux linkages. The
rotor magnet generates flux, which is connected to the stator
[51], [52]. The motor construction behavior mainly depends
on various factors like power, speed, and loading conditions.

3) NON-IDEAL BACK-EMF

The majority of high-specific torque machines have a big
torque ripple by nature, which is a drawback that restricts
their employment in high-bandwidth applications. Current
harmonics, which depend on control strategy and inverter
dead time and EMF harmonics are the primary electrical
factors in BLDC motors that contribute to torque ripple.
Electrical machines with non-sinusoidal electromotive forces
(EMF) which give rise to current harmonics and the torque
ripple typically result from the need to increase specific
torque, decrease volume and weight, and create motors with
less active materials [53]. Regarding the torque ripples of
BLDC motors with non-ideal back-EMEF, there are primarily
two types of resolvents. In one method, the motor’s back-
EMF waveform functions can be used to control current,
while direct torque control is used in the other. Regarding
the direct torque, although a control strategy is used, it is
necessary to measure the back-EMF and phase current, so the
complexity of the circuit and software is increased.

C. TORQUE RIPPLE SOURCE BASED ON MOTOR CONTROL
STRATEGIES

According to various control techniques, the torque ripples
are associated with the BLDC motor by two factors pulse
width modulation method and current commutation.
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1) PULSE WIDTH MODULATION METHOD

Nowadays, designing and controlling rotating systems is
more difficult when building an electronics controller that
uses the PWM technique to operate a BLDC motor; therefore,
while possible, integrate the PWM driver with the motor to
avoid unexpected performance issues. In this driver, a linear
amplifier is used to change the power delivered to the motor
by alinear variation of voltage, which is done by control elec-
tronics and causes the motor to move in the desired position.
Because the integrated linear amplifier dissipates power that
is not delivered to the motor, it is difficult to integrate into the
application and must be compensated for with a large heat
sink. Conversely, a chopping amplifier power transistor uses
turn-on and turn-off logic in terms of altering the duty cycle at
a constant frequency to change the stator voltage and currents
within the desired target value while also making a device
more compact, decreasing heating, and improving battery
life. Chopping amplifiers frequently use PWM techniques to
determine average current and motor torque by changing the
duty cycle ratio while the current is operating to increase and
decrease over each cycle to generate heat losses in terms of
ripple current and an effect on the root mean square (RMS)
current without increasing the torque.

Ripple current still uses energy, which could reduce bat-
tery life in portable applications and result in iron losses,
generating circulation eddy currents that are proportional to
the square of both the motor’s current and speed. Due to the
squared relationship between iron losses and motor power,
large current ripples in terms of torque ripples are created
in BLDC motors to reduce their performance characteristics
[54], [55], [56]. To prevent current ripples in the BLDC
motor, adjust the power supply voltage without consideration
of speed or power, while also considering PWM frequency
as an option to reduce current rise time and reduce ripples
effectively [57], [58], [59].

2) CURRENT COMMUTATION

BLDC motors typically use a 120-degree commutation mech-
anism with three hall sensors to determine rotor position and
require a trapezoidal back-EMF waveform due to direct input
current. The current spike phenomenon, on the other hand,
reduces efficiency and increases noise and vibration because
of current harmonics. Because of this effect, the current
changes quickly during commutation in BLDC motors. Nev-
ertheless, inductances are present in the motor’s windings,
and when current is commutated from one phase to another,
a transient process occurs, resulting in electromagnetic torque
fluctuations known as commutation torque ripple (CTR) [60],
[61], [62]. The CTR effect reduces efficiency due to iron and
copper losses, while accurate phase current control weakens
during phase current commutation periods. Also, the CTR of
BLDC motors is limited by the output voltage of the power
inverter, making it difficult to change rapidly the incoming
phase and outgoing phase current when operating in their
high-speed range. To prevent CTR in the BLDC motor, use
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current sensors to adjust CTR by measuring the commu-
tation interval and computing a PWM duty ratio based on
the measured commutation interval. On the other hand, the
charged capacitor is used during the non-commutation time to
effectively minimize the CTR and also uses a power inverter
that is controlled to make the motor’s input voltage equal to
four times the back-EMF amplitude [63], [64].

V. SCALAR-BASED TORQUE RIPPLE MITIGATION
TECHNIQUES OF BLDC MOTOR
BLDC motor drives are used in such a wide range of appli-
cations, that the constant torque these devices deliver is
important for producing outcomes that are efficient, smooth,
and desirable. The efficiency of the motor drive system
depends on how effectively the pulsating effects of unde-
sirable harmonic components of torque are mitigated. The
undesirable torque pulsations are caused by any source of
deviation from ideal circumstances in either the motor or the
related power converter in a BLDC motor drive. The variation
in torque might be divided into three types: in the first,
the interaction of the rotor’s magnetic flux and the stator’s
magnetic reluctance variations causes cogging torque [41],
[42]; in the second, the action of the magneto-motive force
of the stator current with electromagnetic characteristics cre-
ated by rotor motion causes mutual torque; [51] and in the
third, the identical MMF and the rotor’s magnetic reluctance’s
angle deviation causes reluctance torque [46], [47]. In order
to reduce the fluctuations caused by these torque compo-
nents, requires enhancing the BLDC motor drive construction
for comfort and ensuring that their characteristics are at an
optimal level. Various construction modifications, such as
skewing the stator slots or altering the width of the poles,
might reduce torque ripple, although these involve higher
manufacturing costs and are undesirable operations.
Another strategy of utilizing control techniques to adjust
for variations of excitation current in the stator is to control
the motor’s output parameters, like rotor flux, torque current,
stator magnetic flux linkages, motor torque, rotor back-EMF,
commutation angle, and speed. This technique is most adapt-
able for controlling torque ripples (torque pulsation) because
of current ripple and commutation time in BLDC motors,
which have a low cost of manufacture and are more efficient
compared to the torque ripples mitigated by all other sources.
In this paper, we focus on the control-side approach to mit-
igating the torque ripples in BLDC motors. The torque and
speed control methods applied for variable frequency drives
are classified into two types: scalar-based and vector-based
control.

A. SCALAR-BASED CONTROL

The scalar control techniques are used to control the electrical
machines in terms of speed and torque as a function of voltage
amplitude and frequency. This method is easy to implement
and controls the motor parameters, among them a simple
design, lower steady state error rate, and lower cost. In addi-
tion, this control method is mostly used in all manufacturing
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and industrial settings for controlling the speed required with
a low initial current. Scalar control involves a steady-state
model of the motor because it controls the stator flux by vary-
ing the amplitude of the voltage and frequency to obtain the
control torque [65], [66]. Scalar control techniques of BLDC
motors can be achieved in two categories based on variable
supply voltage control and constant voltage/frequency (V/F)
control.

1) VARIABLE SUPPLY VOLTAGE CONTROL

This control method is a simple and efficient way to control
the speed and torque of a BLDC motor by varying the supply
voltage. However, by changing in terms of reducing stator
voltage, the developed speed and torque were also reduced.
It is undesirable for many applications oriented toward EVs.
While vehicles may be moving slowly uphill, the maximum
torque is required, but it is unable to be provided by the
specific control strategy [67]. For this condition, controlling
motor speed is done by varying the frequency of the sta-
tor voltage and also by obtaining the maximum torque for
all-electric drive applications of BLDC motors.

2) CONSTANT VOLTS/FREQUENCY (V/F) CONTROL

This frequency drive control method is used in BLDC motors
for a wide range of speed and torque control with higher
run-time efficiency. During this control, the air gap flux will
tend to saturate if the supply frequency is reduced while
maintaining the rated supply voltage, which causes excessive
stator current and stator flux wave distortion in the motor.
To keep the airgap flux constant, the stator voltage should be
decreased proportionally to the frequency because the stator
voltage and its frequency are correlated with the magnitude
flux of the stator [68]. Therefore, if the voltage-to-frequency
ratio stays constant, the flux stays constant. Additionally,
maintaining the V/F constant at the specified levels to achieve
variable speed with maximum air-gap magnetic flux keeps
the developed torque constant, providing the soft start capa-
bility. As a result, the BLDC motor’s electromagnetic torque
capacity is maximized.

VI. VECTOR-BASED TORQUE RIPPLE MITIGATION
TECHNIQUES OF BLDC MOTOR

The vector control technique is the frequency drive control,
and it is widely used in high-performance control system
applications-oriented with the BLDC Motor drives in order
to maximize the torque and speed performance. In this vector
control, various constraints present in the scalar control are
addressed, like low-speed operation and poor dynamic torque
responsiveness, also the phases of stator current magnitude
and frequency. In addition to frequently requiring precise
parameter knowledge or rotor flux position, vector controls
are more expensive and difficult than scalar ones. Even
though it’s able to obtain excellent performance in controlling
the magnitude, frequency, and instantaneous phases of the
stator and rotor phase currents and minimize the changes
in flux linkages. Vector control has been used to reduce
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torque ripples in BLDC motors, which mainly includes field-
oriented control, direct torque control, intelligent control,
controlling input voltage, current shaping techniques, model
predictive and sliding mode control, etc.

A. TORQUE RIPPLE MITIGATION BASED ON
FIELD-ORIENTED CONTROL

Field-oriented control (FOC) techniques, commonly refer to
as vector control, are used to manage BLDC motors with
good control capability of the entire torque and speed ranges.
It operates the motor very smoothly and efficiently to reduce
the torque ripples with greater high load efficiency. FOC is
utilized to make the stator magnetic field orthogonal to the
rotor magnetic field in order to provide the desired output in
a BLDC motor, and vector representation is used to modulate
the current flowing through the stator as shown in Fig 6.

It is the best and is often used in speed control techniques
to manage the amplitude and angle of the stator phase current
and voltages. Initially, express the relationship between the
electrical angles (wn) of the stators and the rotors and the
angles (6,,) of the winding stators that are described by the
following equations (1 & 2).

ws1 + ws2
me% (D
O = 651 + 052 (2)

The FOC also referred to as decoupling control, is employed
to achieve the independent control of torque and flux con-
verting to three-phase stator currents (I, Iy, and I.) from
torque-producing components in a stationary reference frame
and flux-producing components in a rotating magnetic frame.
The three-phase stator currents are measured and determined
by Kirchhoff’s current relation is expressed in equation (3).

L+L,+L=0 3)

This measured motor stator current is mathematically trans-
lated into two orthogonal current components (I, & Ig) with
amplitudes that are aligned with the quadrature axis (Ig)
and direct axis (Iq) respectively, by using Clark and Park’s
transformation given by the equation (4 & 5).

I = 0.816[I; — sin (30) I — sin (30) Ip] @)

Ig = 0.816[cos (30) I — cos (30) Ip] 5)

The stator current controls in the d-axis components regu-

lated the rotor flux magnitude, while the g-axis components

handled the output torque. On that axis, the one along the

reference vector or rotating magnetic field is called the direct

axis (Ig), and the other axis that makes 90 degrees with the

direct axis is called the quadrature axis (I) [69], [70] are
presented in equation (6&7).

Is =Cosoly—Sinolg 6)

Iy =-Sinel, +Cos©1g @)

In steady-state conditions, both I and Iy are constants, and
their values are compared with the desired reference current
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FIGURE 6. Field-oriented control strategies of torque ripple mitigations in BLDC motor for electric vehicles.
values, Igret & and Iger respectively, to control the rotor component described in equation (11),
magnetic flux and torque output of the motor. It is based
on the comparison error difference signals that are produced Te = Tavg + Tripple (11

and fed to the two PI controllers. To achieve the maximum
torque, when it makes the reference of flux component It
is zero and reference of torque component I.r generated to
maximum [71], [72], [73]. The output values from the PI
controllers provide the voltage vectors Vg and Vg, which are
represented in a rotating constant reference frame. The mea-
sured voltages Vg4 and V4 were transformed into three-phase
stator voltages (V,, Vp, and V.) by using the inverse Clark
and Park transformation [74], [75] obtained by the following
equations (8,9&10).

V, =0.557V4 (8)
Vb = 0.557[V4 cos (30) — Vg sin (30)] ©)]
Ve = 0.557[—V cos (30) — Vg sin (30)] (10)

In this manner, new PWM duty cycle values are determined,
and the motor is supplied with optimal voltages to create the
maximum amount of electromagnetic torque while minimiz-
ing reduced torque ripples produced by angular fluctuations
between the stator and rotor teeth due to variation in reluc-
tance. Thus, the examination of the electromagnetic torque
can be divided into partial sections focused on the specific
components in terms of, analyzing the form of the current
and the back-EMF component leading to the location and
definition of the torque ripple source. The produced torque
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where, Te is the electromagnetic torque (N-M), Tayg is the
average or smooth torque (N-M) and Tyjpple is a sum of the
harmonics content in torque.

The total torque ripples are primarily related to estimating
the rotor and stator flux linkage in that way, the phase current
must be chosen to calculate the motor speed based on the rule
that the value of rotor flux of the chosen phase changes with
rotor position whereas the other two phases have constant
flux value [77]. The amount of torque ripple (equation 12)
is calculated as the difference between the resultant electro-
magnetic torque Te and the cogging torque reference Teogy.

Tripple =Te — Tcogg (12)

The BLDC motor was controlled using the FOC-controlled
method; the results were effective, and the pursuit of speed
was perfect despite some sort of disruption in the transition
between portions.

The various FOC controllers have been improved to satisfy
the distinct demand for electric vehicles (EVs). In general, the
different techniques used in conjunction with FOC controllers
to obtain the optimum voltage for motor torque control in EVs
are summarized in Table 1.

Most popularly, the strategy of two control loop modules
for motor torque control mitigates torque ripples, such as
through a speed and current control module. According to

VOLUME 11, 2023



N. Prabhu et al.: Critical Review on Torque Ripple Sources and Mitigation Control Strategies

IEEE Access

TABLE 1. Performance comparisons of field-oriented control for BLDC motor in electric vehicles.

Control Rotor position
Strategy tor positi Torque ripple analysis Complexity Robustness Outcomes Ref.
estimation
Adopted
— %o - -
6wire-3phase THDﬁ 0.15% ] Inf:reased switches &  Increase voltage swing for greater Reduce  third  harmonic [76]
. Lms =0.594A with 150w drivers cause heat motor speeds without over- .
inverter Sensor S . . . components to increase
dissipation in inverter —modulation X
topology motor efficiency
components
Improve starting torque [77]
Novel flux Transient time The control drive has a  Actual flux & predicted flux were w1th0}1t position sensors by
R (before 0.085 s) . mapping rotor & flux
estimation Sensorless low-speed handling  perfectly matched after 0.085 .
N 1.55 Nm rated load - linkage
algorithm capacity seconds
torque at 1.5 s
Synchronize two  [78]
controlling  systems to
improve EV reliability &
Current transition from . . . safety
Fresoc NS biclrocs: Dl FTC sdme Ao s s S FTC Bl oo
FOC to DTC=5.5s & transients during switching
operation
Improve speed tracking  [79]
T=3.5s for 800rpm Tunine eain procedure of To reduce chattering, the sign accuracy, torque, current
FOC-SMO Sensorless T=6s for 1600rpm the sﬁog p function is replaced by a saturation  ripples, and performance
function wide speed range
_ . . Minimize nonlinearity & prevent . . . .
. . T=2.7s for 500Hz Gearbox installation T . Adding sinusoidal dither to
Dither signal - . . uncontrollable oscillation in oS [80]
injection Hall sensors Te=2.4s for 10kHz causes nonlinearity closed-loop control systems minimize backlash
J Ts=1.8s for 20kHz backlash in BLDC motors P Y nonlinearity
T,= 0.015s for 1000rpm [81]
T=0.022s for 1000 rpm Inaccurate data due to . . Enhance current shape
FOC-DTC Sensorless T.=0.012s for 600rpm erroneous input makes it i};btﬁglerzrsels-i]:t]; ]ﬁgm?;tcosr drive through THD optimization
T&=0.015s for 600 rpm unreliable to reduce CTR
5% peak ripple lower Desien  complexity  for Accurate  of tracks periodic Reduce current harmonics [82]
FOC-CHC Hall sensors than conventional FOC S prexity alternating signal & suppresses to optimize torque &
precise harmonic signal .
. . disturbances smoothness
control in bandwidth
Periodic tracking & [83]
THD=0.213% at no load EMF harmonics remain To minimize current harmonics in  disturbance to improve
FOC-AFFC  Sensorless THD=1.896% at load . the presence of significant system stability
constant at high speeds .
. . measurement noise.
without controller action
The host vehicle's 35 m/s s . . Driver | must ensure [84]
. X Adaptability in various To ensure torque load control acceleration, velocity,
ACC-FOC Sensorless relative distance equals a A . o
. driving scenarios stability speed, torque response &
safe distance i
safe distance
Provide less than optimal ~ The current controller nghf spef:d, SmOo th AsystemAv&{elght deuge switching 1?85’ (85]
Novel current Encoder & . . L . and inertia applications minimize vibrations, and audible
flux interaction angle at design is difficult in low- . . .
control current ripples noise to improve controller
Duty cycle 50% duty cycles .
efficiency
The minimal description
L . . Reduce peak overshoot &
WLC-FOC Sensorless T=0.05s for 60km/hr length (MDL)  criterion  For ﬁne—'tumng gamn pararpf;ters settling time to achieve 186]
selection wavelet  under various operating conditions
smooth torque
controller
Transmission/drive system  [87]
_ 00/ <rih T . . o
T=0.55,M,=0% with high Compute control inputs for ) with high stability,
speed L To regulate torque changes, a quick  accuracy & fast response
FLC-FOC Hall sensors _ o/ s general FLC within loop .
T=0.25,M,=0% with low L response with great accuracy Improve  motor torque
controller sampling time R
speed dynamic  &steady state
response
Cogging torque Cogging torque Load torque  observer . . Compensate cogging [88]
. . involves more  Accurate tracking of harmonic
reduction Sensor compensation mathematical operations current reference torque & reduce torque
algorithm 5 Hz and 10 Hz BW P ripples
Ty increased from 0.8 Nm D.e lta_modulation ;nables Creating conditions like speed Obtained high [89]
to 2 Nm at Isec triangular wave oscillation L.
FOC-PWM  Sensorless : . . variation, load torque change, and  performance, load torque
N increased from 1000 in the hysteresis band Ao X
initial rotor angle mismatch. control & speed response
rpm to 1400 rpm at 1.6sec
Reduce switching  [90]
. Semiconductor design for . harmonics & provide fast
Lab view _ .. FGPA improves complex .
Hall sensors T=0.04s for 120rpm power converters & digital . processing for complex
FPGA . conversion and control procedures .
signal processors operations
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TABLE 1. (Continued.) Performance comparisons of field-oriented control for BLDC motor in electric vehicles.

Tiip reduction= 0.3%

Real-time implementation
requires adding

Currents inject currents to

[o1]

—| 0,
Modified FOC Sensorless ;FH=DI(;32?5/3\ decoupling voltage terms  Minimizing harmonic distortion maintain harmonic ratio &
ms= 1. to current controllers reduce torque ripple
Vo]tage'vector, not zero in . .. Reveals the zero voltage (92]
Lo o conducting phase New  ZVVs  short  circuit .
New Zero Tip reduction= 2.62% . . . . L vectors exactly to improve
Sensorless windings  analysis is conducting  phase = windings e
voltage vector . . system stability &
difficult improve performance L
reliability
Due to a lack of [93]
commutation, fluctuations Examines the quantitative
Six-step with Tiip reduction= 0.62% in torque occur in a Maintaining constant current in q . q )
Sensor . . ; . evaluation of torque ripple
FOC rotating d-q coordinate  axis amidst back-EMF changes
& motor power losses
system
. FPGAs require more . . . OP F‘m‘?e FPGA resource  [94]
Low-resolution . - Balance economic constraints with  utilization to  balance
Sensors Resolution of 0.935deg design effort and resources . - .
sensors computational performance economic & computational
performance
PN Implementation of hlgih Improves bus voltage utilization & Reduce torque ripples & 193]
Space vector Tiip reduction= 6% voltage approaches is . . . . .
. Encoder . eliminates ~ overall ~ harmonic maximize efficiency in
modulation complicated . . Lo
distortion large EV applications
Flux variation Due fo non—hr}ear . . Fast dynamics & improved [96]
interactions, real-time  Improves mechanical resistance to . .
FOC-ANN  Sensorless (-0.5 to 0.5) wb, . . b L . parameter adaption ripples
_ implementation becomes noise and noise immunity .
Rotor angle = 5.5 deg difficult to reduce torque ripples
Ts=(0.06-0.12) s with an Modulation scheme-based  [97]
amplitude of 7.5V, Complex techniques  Total harmonic distortion in the inverter provides low
SVPWM Sensorless 1.4 A for low load and require device design output voltages of VSI harmonic distortion, good
2.5 A for high load output quality
The control circuit [98]
Non-regulated mode manages the RMS current . Controlling motor speed
Power factor _ ) Enhance power  consumption .
. Sensor TL = 10 Nm at speed with a complex, almost . when load changes improve
correction . quality
3166.5 rpm unity power factor power usage
Torque control mode at Complex switching  Increased phases lead to better Control signals are  [99]
FTC-SV . . . e . . .
. Sensorless Maximum reference DET  sequence selection  physical capability & electric provided to servo steering,
modulation . . . . R
of 15 Nm implementation actuation system braking & traction systems
Processor [100]
Position N - Evaluation of driving cycle
Only (4-8 %) error at low  advancements  simplify  Predicting back EMF speed at
sensorless Sensorless . schemes to control rotor
speeds strategy complexity, slower speeds o .
control - . position sensor failure
reducing  computational
time

the speed control module way, the FOC is paired with mod-
ified sliding mode control (SMC) to regulate the reference
speed accurately when the performance of the controller is
weak in the motor because of uncertainty and nonlinearity
parameters. Even though motor parameter fluctuations are
present, the sliding mode observer (SMO) is used to esti-
mate the continuous rotor position and improve the speed
tracking accuracy at all operating conditions [79]. Besides,
it limits speed overshoot, minimizes steady-state error, and
provides good dynamic responsiveness and quick rising and
settling times for the minimum phase system motor drive.
Although an adaptive feedforward controller (AFFC) is used
in a non-minimum phase system to regulate the motor speed
by adding modulation action to the stator at various harmonic
frequencies. It periodically tracks disturbances so that the
adaption gain can be changed automatically without disturb-
ing system stability to improve the stator voltage waveform
along with this motor drive controller [83], regarding this
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motor driver, employs adaptive cruise control (ACC) to main-
tain a constant speed, while field-oriented control (FOC) was
used to regulate the motor to maintain the desired speed
independent of the torque load on the motor. It also gener-
ates a negative acceleration to reduce velocity and maintain
safe spacing between the vehicles [84]. Correspondingly,
the wavelet controller (WC) enhances stability and provides
smooth control of the two rear drive wheels in EV's, especially
on 12 curved roads [86]. According to the current control
module way of thinking, FOC works together with SMC to
suppress the torque ripples in the inner loop current control
[79]. To improve the performance of this controller from
backlash nonlinear action, the high-frequency dither signals
are injected in different types of modulation and enhance
the motor system performance in EVs [80]. Similarly, it is
possible to improve system performance by reducing electro-
magnetic torque ripples and enhancing current shape through
THD by using of fuzzy logic concept [81]. Additionally, the
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fuzzy logic controller (FLC) ensures four quadrant opera-
tions to control the motor torque without any fluctuations
during the accelerating, decelerating, and reversing states.
It provides a fast response with the transmission in EV sys-
tems compared to all other controllers [87]. More distantly,
the smoother torque control with less current motor oper-
ation is analyzed by space vector pulse width modulation
(SVPWM) along with this motor drive controller to mitigate
the torque ripples [97]. In FOC, control techniques are used
to ensure effective steady-state performance across all load
torque and speed ranges. It generates precise torque with a
high switching frequency, which may result in higher energy
costs. Furthermore, EVs do not always require precise torque
output.

B. TORQUE RIPPLE MITIGATION BASED ON DIRECT
TORQUE CONTROL

Direct torque control (DTC) techniques are reliable and
energy-efficient vector control methods that are appropri-
ately used in electric vehicles because of their ability to
control the torque directly with the low sensitivity parameters
of BLDC motors. It also delivers precise dynamic torque
response and flux control with a compact structure. DTC
is utilized to make optimal voltage vectors by selecting
appropriate switches from space vector modulation control
of a three-phase inverter along the variables related to the
developed torque and flux linkage of the motor, as shown
in Fig 7. This technique consists of three main stages: the
motor model, the hysteresis current controller (HCC), and the
optimal switching lookup table. The motor model estimates
the developed torque (T4) and stator flux linkage (W) based
on the current in the two stator windings and the battery
voltage. The DTC method uses the Clark transformation to
convert the motor’s three-phase currents parameters (I;& Ip)
to a rotating d-q reference axis frame can be expressed by the
following equations (13 & 14),

I, =1 (13)
I,+2I
Iy = ‘1.732b (14)

& two-phase independent vector current components (Ig &
I) are given by the following equations (15 & 16),

g = Y (15)
_ Ysq—¥rg
I, = =5 (16)

where, Wyq and Wyq are the stator flux linkages (d-q axis)
(wb), Vg and W4 are the rotor flux linkages (d-q axis) (Wb)
and Lg &L are inductances of motor (d-q axis) (H).

From this conversion, the estimate of the developed torque
(Tq) and stator flux linkage (W) can be expressed by the
following equations (17 & 18),

3P
Td(act) = Ei(qjsdlq - ‘Ijsqu) (I7)
\I’(act) = "I’sd + \Ilsq (18)
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and these actual (Tq & W) are compared with the current
command magnitude with each phase of desire reference
developed torque (Tgrer) and flux linkage (W) [101], [102].

The stator currents are regulated by the hysteresis current
controller in accordance with the torque and flux deviations,
(equations 19 & 20) which are the variations in the stator
flux linkages and torque and their estimated values from the
motor.

de = Tdact - Tdref (19)
dv = Wact — Wref (20)

Depending on the hysteresis current controller output, the
optimal stator voltage vector is selected from the switching
lookup table [103], [104]. According to the switching state of
the table, the voltage source inverter controls the stator flux
linkages and torque directly, and the motor is supplied with
optimal stator currents. This DTC method is used to reduce
the torque ripples created by the insufficient commutation
effect of electromagnetic fluctuations caused by a motor,
along with maintaining a constant current and varying the
frequency from minimum to maximum [105], [106].

In a steady state, we may regulate the hysteresis bandwidth
to control torque ripple. Hysteresis controllers can be added
to each stage of the current controlled inverter to raise the
switching frequency. Due to the fast changes in flux wave-
forms and their unpredictably huge amplitudes brought on
by a number of parameters, such as winding inductance,
load torque, etc., the DTC motor drive is unable to manage
stator flux connections. Only electromagnetic torque can be
controlled.

The different DTC controllers have been enhanced to
ensure the safety and stability of EVs while also providing
good dynamic characteristics of the traction chain. Most
of the various approaches used in conjunction with DTC
controllers to obtain the optimal stator phase currents for
controlling torque in motor drives are summarized in Table 2.
The DTC is generally built around two hysteresis controller
modules that control the switching state voltage vector via
torque and flux linkage modules that regulate the stator
phase currents. Based on the three-level hysteresis torque
controller, the inverter’s switching frequency can be balanced
while keeping the motor’s common mode voltage at a mini-
mum [112].

Moreover, it reduces torque ripples during sector-to-sector
commutation and achieves maximum efficiency with low
frequency, torque ripple-free direct control. Even though a
hysteresis controller (HC) combined with PWM improves
the lookup table of switching devices, the torque ripple in
commutation is overcome [125]. Here, the four-quadrant
operation is obtained to validate the feasibility and effec-
tiveness of this controller in avoiding large current and
torque ripples. However, to control the torque effectively and
directly without flux linkage observation (FLO), using the
shape function in terms of the amplitude of the back-EMF and
stator current estimation [119], the optimal voltage vector is
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FIGURE 7. Direct torque control strategies of torque ripple mitigations in BLDC motor for electric vehicles.

chosen based on the torque error between the given torque
and the actual torque by using of PI controller.

Which are designed to drive light electric vehicles and
operate in variable torque and speed conditions with a single
reference input. In addition, the FLC-based speed control is
proposed instead of PI controllers to reduce starting current,
avoid overshoot in torque and speed responses, simplify the
design, and minimize complicated mathematical equations.
Furthermore, the SVPWM combined DTC is preferred for
optimum steady-state performance in terms of torque ripple
minimization and speed regulation, apart from the necessity
for a switching table and a hysteresis controller [115].

Here, an optimal PI controller has been properly tuned to
reduce uncertainties due to load variations. Similarly, DTC
used the synthesized current phase compensation (SCPC)
technique to effectively minimize torque ripples in BLDC
motors. Here, stator current has been synthesized using volt-
age vector selection and a new switching technique to modify
three-phase supply currents. Also, the injection of synthe-
sized currents with angle advancement increases the torque
capacity of the motor control [117]. For further improvement
of the BLDC motor drive by DTC, the nonlinear model
predictive controller (NMPC) scheme is used to control the
desired torque and speed of the motor by minimizing energy
while limiting the supplied current and maximum speed
[127].

Moreover, this NMPC can be enhanced for real-time
implementation to achieve torque ripple reduction, controlled
degradation, etc. NMPC is a challenging control strategy
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that has emerged as an attractive solution for electric vehi-
cle applications due to its energy-efficient performance.
Regarding, this DTC control scheme can provide faster
torque response, and furthermore it is frequently utilized in
high-performance motion control of electric drives [110],
[127].

C. TORQUE RIPPLE MITIGATION BASED ON INTELLIGENT
CONTROL

Intelligent control techniques are one of the most effi-
cient methods to use for most common problems present
in BLDC motors for electric drives, like electromagnetic
inference, fault tolerance, and torque ripples. Today, several
conventional controllers are used in electric vehicle drive
applications, like PI and PID controllers, but for more optimal
electric vehicles with maximum efficiency, accuracy, and per-
formance, fuzzy-based intelligent control systems are mostly
preferred, as shown in Fig 8. The fuzzy control method has
more features to mitigate the torque ripples with good steady
state and dynamics performance of the electric drive system
by integrating a phase current (square wave) within a por-
tion of the steady back EMF magnitude [131], [132], [133].
A mostly fuzzy logic-based control system is used to increase
the reliability of the electric vehicle system and improve
the time domain specifications of the motor control system,
like minimizing the rise time, starting current, settling time,
speed fluctuation, and peak overshoot. It is mainly afforded
to non-linearity by the small torque ripples in low-speed
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TABLE 2. Performance comparisons of direct torque control for BLDC motor in electric vehicles.

Control Rotor Torque ripple Complexity Flux / Drive Robustness
Strategy position analysis Torque Outcomes Ref.
Adopted estimation control
Non- 1,=0.25 pu/div Unpredictable sharp dips in  Torque Improve torque response  Reduce non-ideal [107]
sinusoidal Sensorless T.=0.2 pu load torque stator flux linkage, by adjusting voltage trapezoidal back-EMF
back-EMF Time base=3.4 ms/div  complicating control strategy vectors & keeping stator  induced low-frequency
flux amplitude constant oscillations
DTC-low low- Speed curve measured  Inaccuracies in closed-loop Both Remove pricey position  An efficient way to stop [108]
resolution resolution from  360rpm  to control systems sensors to improve drive  freewheeling current during
sensors sensors 140rpm in 0.6s reliability switching OFF period
Modified Hall Tiipple reduction Balancing switching  Both Switching table  High steady& transient [109]
switching sensors 1.1% for 50rad/s frequencies for enhanced implementation for  state capability during
algorithm 0.9% for 75rad/s reliability is a little more control strategy speed reversal & load
complicated changes
Finite Sensorless Torque tracking=5 ms  Control performance not yet Both Controllers enable  Maintaining good steady- [110]
control- T=50us comparable  to  optimal efficient drive operation state performance while
DTC controllers retaining rapid dynamic
reaction
Maximum Sensorless Thipple index To track the fast-changing Torque Underestimation of iron  Maintain current [111]
torque/amp 4.2% for 1.5Nm desired currents, a high-speed loss due to robust MTPA  magnitude to improve
ere control 2.8% for 3 Nm inner current controller realization dynamic performance &
2.6% for 4.5Nm track changing intended
2.2% for 6 Nm current
Direct Sensorless T=15us Torque estimation using the  Both Close torque tracking, Simple design & fast torque  [112]
torque & Tpana=0.001Nm Fourier approximation friction compensation &  response for sensorless &
indirect Flux band=0.001 Wb steady-state rotor speed field weakening
flux control
Firefly Hall Thipple reduction Multiple ~ fireflies attract, Torque Optimum controller  Optimized torque is [113]
algorithm Sensors 14.7% for 300rpm causing oscillations & parameter modifying achieved through
based PID 19.8% for 1000rpm computational time optimization techniques
controller
Adaptive Sensorless T,=0.15,M,=0% for Reduce the complexity of Torque In the optimum tuning Reducing math complexity  [114]
neuro- rated speed arithmetic formulas scenario, climinate & simplifying design to
based fuzzy overshoot in  speed  reduce overshoots
inference response & torque
system
controller
SVPWM- Hall effect T,= 0.0200s BLDCM drive's sampling Both Robust problem-solving,  Regulate gain parameters [115]
DTC Sensors T=0.4063s frequency limited due to the finding optimal  to reduce speed & torque
T,=0.0283% complex process optimization tasks for  ripple
M,=1.61% unconstrained &
Tripple = 9.7% for constrained tasks
1231rpm
FOC-DTC Sensorless Mean square error Adaptive bias and gain Both Ensures inductance &  High robustness to [116]
0.6823 for 1394 rpm method for efficient closed- resistance parameters are  improve torque level &
loop electronic speed control accurate across rotor  reduce steady-state error
speeds
DTC-SCPC  Hall T=25us Less complexity of Flux Compensate current ~ Motor phase currents are
Sensors Traces the current computational ~ costs  in commutation error determined to simplify [117]
33% of Niominal & controller design system controller design
35% of Thominal Calculating conduction &
switching periods reduces
commutation phase error
Torque Hall Thipple control at Torque control using finite Torque Robust pulse action time  Selecting appropriate [118]
control sensors T.=2.54Nm, DC bus supply voltage calculation using back  current harmonic during
with un- Titator=10A EMF waveforms for commutation might
ideal back- switch control minimize CTR
EMF
DTC Sensorless Thipple reduction Difficult to differentiate non-  Torque Rapidly obtaining shape  Analysis of voltage vectors  [119]
without Te=0.24Nm at speed sinusoidal ~ flux  linkage function (E, o N;) to manage torque by
FLO ripple 120rps components from other noise calculating stator phase
signals currents & back-EMF
Three-level ~ Hall Tripple reduction Multiple transformations are  Torque Fast inverter switching  Null voltage vectors are [120]
hysteresis sensors T.=0.5Nm, required &  complicating frequency balancing &  used to reduce CTR during
torque Iator=10A at sector torque control motor CMV average sector commutations
controller commutation=2 value reduction
VOLUME 11, 2023 115713
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TABLE 2. (Continued.) Performance comparisons of direct torque control for BLDC motor in electric vehicles.

Position Sensorless Rotor position error is  Stator flux magnitude cannot  Both SMO robustly estimates  Rotor flux vector location [121]
sensorless less than 5 degrees be easily controlled due to back-EMF accuracy due  is used for choosing a
DTC sharp dips in vectors to parameter uncertainty switching pattern to reduce
CTR
DTC-HCC Sensorless Tripple calculation Advance control approach  Both Ensuring torque  Multi-loop approach to [122]
Stator current=0.52%  using BLDC voltage & generation while  regulate variable signals &
Torque = 0.08% current regulation minimizing power losses  reduce torque ripples
Delay in Hall Tripple=10 % for 400 In practice, constant speed Torque Commuting currents'  OFF delay is used to [123]
gate firing sensors rpm,2 ms OFF delay and load torque cannot be slopes balance quickly reduce torque ripple for
Circuits Tripple=20% for 1000 guaranteed, making delay specific operating speeds
rpm,0.3 ms OFF delay  impractical
One-cycle Hall sensor ~ Speed = 1200 r/min Complex exponential  Both Delta modulation  Observers can measure [124]
average Load torque =1.6 Nm decomposition enables technique for tracking stator flux & torque to
torque closed-form  solution for motor winding currents reduce torque ripples
control current harmonics
algorithm
HC&PWM  Position Trippe=12% High switching frequency Both Enhancing control 4 quadrant level hysteresis ~ [125]
sensors causes undesirable harmonics accuracy over peak  controller improves torque
current control control also PWM
controller prevents current
& torque ripple
Modified Sensorless Trip reduction Torque Computational time Both High-resilience Variable torque reduces [126]
DTC band=+0.02 complexity controller with minimal  torque ripples in light EVs
Flux band= +0.005 computational load
NMPC Sensorless Transient steady state Computational complexity is  Torque Fast convergence without ~ EV applications benefit [127]
Peonsumption=1741w less for NMPC oscillations from energy-efficient
Poaving=13.79% performance also real-time
torque & loss reduction,
control degradation.
FLC Encoder Tripple reduction Reduce the complexity of Torque Eliminate overshoot in It reduces starting current, [128]
Tr=6Nm ,M,=0% for  arithmetic formulas speed & torque responses  torque overshoot and also
rated speed addresses complicated
problems
Modified Sensorless Tracks the reference Choosing the appropriate  Both Three-phase conduction  Reduce initial transient in [129]
integrator speed of 500 rad/s torque hysteresis band size pulse width modulation  flux linkage during the first
within 0.0125sec enhances torque control  switching interval to make
reliability is more. torque control robustness
Current Encoder Torque is The current control algorithm  Torque Estimated torque  Estimates motor current [130]
observer controlled in 0.05s reduces the complexity accurately tracks output  for given voltage/speed
torque Motor torque can be
accurately & reliably
controlled
operation and is designed for stabilization in EV applications I, 60° <X <150°
[134], [135], [136], [137]. LRSS0
In BLDC Motor the back-EMF mainly depends on rotor T 60 <AZ=
position and the BEMF of each phasc? differs by 120 deg —1, 210° <A <330°
phases from the others, hence the equations (21,22 & 23) are A — 330
described by, -1+ 60 330° < A < 360° (24)
— (e}
ea = Kpfa(Mw 1) fp(A) = fa(x 4 120°) (25)
_ _ o
ep = Kpfp(Mw (22) fe(h) = fa(r — 120°) (26)
ec = Kpfe(Mw (23) where, the commutation angle functions f, (1), f,(1), and f. (1)

where, A is rotor angle (electrical degree), w is angular speed
(rad/sec), Ky, is the back EMF constant, and, f,, fy, & f; are the
trapezoidal signal functions. From the following back EMF
equations, the trapezoidal signal functions can be expressed
by the following equations (24,25 & 26),

fa) = .

0 <A <60°
60
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are exactly the same shape as e,, ep, and e; with a maximum
scale of 1. Also, the electromagnetic torque can be obtained
by following equation (27),
eala + eplp + eclc
w

T(actua]) = (27)

Intelligent control uses a fuzzy logic estimator to control the
torque (Tprediction) (€quation 28) in the motor and an artificial
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FIGURE 8. Intelligent control strategies of torque ripple mitigations in BLDC motor for electric vehicles.

neural network concept to maintain the commutation angles
(Aprediction) (equation 29) of the rotor winding. By using
this, regulate the commutation angles in the rotor winding
to sustain the slew rate of commutated phase currents while
keeping non-commutating phase currents constant. Also, it’s
employed to achieve the new commutation on the analysis of
torque control by motor output parameters like rotor phase
angle (Aacrual) and speed (w). Here, the actual speed (wact)
of the motor is compared with the reference speed (wef) and
its difference error signal fed to a conventional PI controller
in order to obtain the control torque considered as reference
torque (Trer) [138], [139], [140].

(28)
(29)

Tprediction = Tactual — Tref

)&prediction = Aactual — Aref

Using a fuzzy logic estimator and ANN algorithms to esti-
mate torque and commutate angles from the intelligent
controller to optimum stator voltage vectors, torque, motor
output power, and speed are controlled adequately with min-
imal torque response ripple [17]. Although these techniques
are referred to as commutation torque ripple reduction, they
merely swap the speed controller with a fuzzy logic one.
Numerous intelligent control methods have been devel-
oped to improve the reliability of electric vehicle drives
through the design of FLC systems. Fuzzy logic is one of the
most advanced control methods for regulating the speed in
a wide range of various EV applications. The fuzzy control
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system is used in accordance with several other techniques
to improve the efficiency, performance, and accuracy of the
system, resulting in a more optimal electric vehicle, as sum-
marized in Table 3. Fuzzy systems with PI controllers are
commonly used for effective speed management to keep the
speed constant even when the load fluctuates [141]. Again,
it uses a particle swarm optimized (PSO) PI Controller to
improve motor speed, reduce error to an absolute minimum,
and achieve high performance in both steady state and tran-
sient responsiveness [146].

Based on the speed, various braking applications are
obtained in electric vehicles to increase driving range.
In regenerative braking mode, the fuzzy-PID hybrid con-
troller collaborates to reduce the vehicle’s speed, improve
system efficiency, and ensure safe charging battery voltage
status at desired levels [142]. In electro-mechanical braking
mode (EMB), fuzzy logic with SMC is extremely useful in
managing the system’s non-linearity and uncertain nature.
In this case, fuzzy reduces chattering while the SMC achieves
the desired drive speed control [143]. Here the state observer
is then created to estimate vehicle states like operating speed
and directional force while considering both normal and
emergency braking conditions. Similarly, handling nonlin-
earity and unpredictability of motor parameter variations
through adaptive PID controller (APIDC) design with fuzzy
logic is used to optimize the dynamic performance [148].
Depending on the variations, the membership function is
tuned to analyze the steady state, regulation, and motor
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TABLE 3. Performance comparisons of intelligent control for BLDC motor in electric vehicles.

Control Torque ripple analysis Complexity Robustness Outcomes Ref.
Strategy
Adopted
Fuzzy-P1 T.=0.007s, T&=0.007s More disruptions Reduced steady-state error &  Achieved both transient & steady-state  [141]
controller E=5%, M;=0.9% problem improved steady-state accuracy ~ performance to maintain speed regulation of
at T.=10Nm, 3000rpm motor
Fuzzy-PID Kp=0.2,K; =4, & Kp=0.04 Challenges in design  Improve stability & regulation Efficiently resists the disturbance and  [142]
controller & implementation continues to track the speed with significant
steady-state accuracy
Fuzzy-SMC Tracking speed intervals Buffeting problem Speed tracking capability Improve of speed/torque drive with reduction ~ [143]
100r/s at 0.05s,50r/s at 0.1s of chattering effect & adaptive gain
Or/s at 0.15s, -501/s at 0.2s adjustment
-100r/s at .25s,-1501/s at .3s Adaptive drive executing for straight & non-
direct loads
Fuzzy- Tr=0.25Nm, E=1.2148 Low  convergence Reduced parameter non-  The membership function is set to increase  [144]
member ship T =0.5Nm, E(=1.3248 rate during iterations linearities &  uncertainties  the dynamic performance of the motor based
tuning control ~ T;=0.75Nm, E~=1.4567 when load perturbation on the fluctuation of motor parameters
T =INm, E=1.5123% at
3000rpm
PID With load condition Computational Accurate speed set tracking Motor speed regulation efficiency under no [145]
supervised T,=0.03s, T;,=0.04s, complexity load and load conditions
online ANFIS  T=0.036s ,T,=1501.7 rpm Time domain specifications & torque control
M,=0.1103%, E4=0.01% improved performance
Fuzzy-PSO Kp=6.5471 & K;=3.7717 High-dimensional Acquire motor speed control &  Gain tuning of PI controller by PSO  [146]
algorithm No. of iteration (PSO)=50 difficulties  reduce  reduce errors rapidly algorithm to obtain the speed improvement
efficiency of EV Motor
CANFIS E«=0.0015% No. of membership Improving stability & tracking ~ Accomplished positioning &  tracking [147]
functions response performance without any control delay issues
Capable of overcoming issues of non-
linearities & uncertainty from motor
reference input fluctuations
Fuzzy T=0.041s,T;=0.041s, Computational Improving speed regulation To obtain the motor speed control [148]
adaptive PID N=2997rpm, E(=3% complexity performance with different load variations &
controller enable good stability and reduced overshoot
Bat algorithm  Trecovery=0.2631s, convergence rate  Design controller optimization Using the BAT algorithm, examine & adjust ~ [149]
M,;=0%, Es=0.0641% Reduction the tuning of PI parameters to achieve speed
control of the motor
Capacity to diminish the uncertainty problem
arising caused by load variations & set speed
variations
Current Tripple reduction Maximum switching  Speed tracking error Employing a fuzzy-based current control  [150]
control T=2Nm at 1700rpm frequency leads to strategy to maintain a high stability factor,
strategy harmonics control torque ripples & regulate motor speed
Neutrosophic-  K,=75,K;=75,Kp=165 Imprecise probability =~ Reaches the reference speed It can exert control by compensating for  [151]
FLC 1=0.005s,E=-0.51/s with less oscillation uncertainty and inaccurate data in order to
provide a faster settling time and lower
steady-state error
Interval type-  Teonrol at above 2000rpm with ~ More  difficult to  Torque control ability It addresses motor uncertainty & variations  [152]
2-PID- FLC load deviation at T=30Nm understanding in speed by modifying the PID gain using
fuzzy logic
It outperforms standard fuzzy logic
algorithms for speed control
Fuzzy-PWM Total harmonic distortion Implementing fuzzy  Harmonic current removal Based on a speed & load-dependent fuzzy  [153]
current logic-based control rule matrix, optimize both the converter
(THDy)=16.15 algorithms switching losses and the machine core and
optimal  switching copper losses
angle offline
calculation & storing
PID With load condition Long-term delay is  Leading to enhanced efficiency =~ Optimize the speed control of motors, [154]
parameters Set point 700 challenging & torque in EV resulting in improved performance &
tuned by FLC  T=115.79s, T=1.99s, responsiveness  in  real-world  driving
M,;=0.21% conditions
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TABLE 3. (Continued.) Performance comparisons of intelligent control for BLDC motor in electric vehicles.

Mamdani’s Accelerating time reduced Challenges in design
Fuzzy 3.5% with 0 to 50km/h & implementation
Inference
FLC T=0.4s,T=1.3s, M;=0%, The iterative
Starting torque=0.4Nm convergence rate is
low
Variable Torque control at 1000rpm Implementation
universe with optimal values in challenges
Fuzzy APIDC (A, 22)=(0.7912,0.4299),
(k1,k2)=0.6527,0.2211)
PI & Fuzzy - Space vector PWM with DC bus efficiency is
SVPWM Tripple=5 N-m at speed 120rps ~ Reduced
Self-tuned - T=0.0025s,T,=0.01s, An angle control
Fuzzy PID T=0.02s, E=0.5328, signal is noisy
controller Speed ripple=0.0003%
FLC of high- Tripple Teduction at 15000rpm Harmonics challenge

speed with sampling time (T;) 1s
sensorless after the steady state

Formulate rules set

Computation process of PSO

Overcomes the shortcomings

of long regulation time

Oscillations reduction in speed

Fast speed tracking capability

Regulate the PWM duty cycle

Optimization of the drivetrain control [155]
strategy is critical to enhancing the energy
economy and performance of EV

It offers better speed control & torque ripple  [156]
minimization in a steady state or even at
transient conditions, achieving high starting

torque with minimum torque ripple

Proposes a variable universe fuzzy APDIC [157]
system for motor speed regulation that
overcomes the issues of significant overshoot

& long adjustment time

When paired with PI and fuzzy control, the [158]
usage of space vector pulse width modulation
(SVPWM) can significantly decrease torque

ripples & increase motor performance

The controller ensures the desired control [159]
response at various operating conditions by
appropriately switching between PID &

STFPID based on speed error

Based on terminal voltage measurement & is ~ [160]
intended to control the speed of a BLDC

motor in the presence of various
disturbances, such as the loading effect

output parameters like voltage, current, speed, and torque.
Moreover, for better dynamic performance the Fuzzy PID
supervisor online uses the adaptive neuro-fuzzy interface
system (ANFIS) controller to validate motor effectiveness
and performance under all operating conditions with constant
loads and different loads with varying set-up speeds [145].
It also analyses the speed response from the time domain
specifications, like peak time, rise time and peak overshoot,
etc. Regarding, the rotor position, the dynamic behavior of
the motor is analyzed through the fuzzy-governed coactive
neuro-fuzzy inference system (CANFIS) to obtain a more
attractive tracking performance without the chattering effect
[147].

It also addresses the issue of nonlinearities and uncertainty
caused by changes in the reference input of the BLDC motor.
Even though a fuzzy inference system was used to develop
a neutrosophic FLC (NFLC) to efficiently implement BLDC
motor speed control, it provides better steady-state error and
settling time than all other controllers [151]. The FLC system
is one that is frequently used to develop the best optimal,
effective, and reliable control system for EVs.

D. TORQUE RIPPLE MITIGATION BASED ON
CONTROLLING INPUT VOLTAGE

Control input voltage techniques are one of the reliable meth-
ods for eliminating torque ripples in BLDC motors when the
trapezoidal back-EMF is non-equivalent to the phase current
of the stator windings due to the commutation of power
inverter switches, as shown in Fig 9. The torque ripples are
determined by the back-EMF and current waveform; they’re
also mainly affected by the current ripple because of the
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inductances and resistances influenced by the stator windings
of the motor.

The current ripple causes PWM- controlled power stages
and produces power losses in windings, then eddy current
losses in the iron core, because of which the motor gets
heated. By this condition reducing the current ripples by
controlling the PWM voltage and frequency is obtained from
PWM schemes along with power converters.

The PWM scheme comprises two controller stages, the
first stage controls the commutation in terms of maintaining
the trapezoidal back-EMF (Ey,) in phase with the stator phase
currents (I, Ip, and I¢). This PWM scheme is employed to
achieve the new commutation on the basis of reducing current
ripples and torque control by motor output parameters like
speed (N) and rotor position done by back-EMF (Ey). Here,
the actual speed (w,cr) of the motor is correlated with the
reference speed (wref) and its difference error signal in order
to obtain the PWM switching stages of the inverter, with this
speed control, the BLDC motor’s current can also be con-
trolled [171], [172]. The second controller stage uses a power
converter (buck converter) to regulate the current amplitude
and create the three-phase rectangular current pulse width
of 120 degrees with a power inverter. The buck converter is
installed between the DC power supply and the inverter’s DC-
link and depending on the motor speed, the DC-link voltage
is modified then it’s calculated in equation (30).

Dy

Vour = ————
out l—Db

Vin (30)

where, Vi, is the input source voltage (volts), Vou is the
output buck converter voltage (volts) and Dy, is the duty ratio
of the buck converter.
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FIGURE 9. Controlling input voltage strategies of torque ripple mitigations in BLDC motor for electric vehicles.

PWM is utilized to control the phase currents of a
high-speed BLDC motor and the PWM duty cycle is changed
to reduce phase current ripple during commutation. The
output of both controllers’ stages is combined to produce
a new duty cycle and it’s compared with high-frequency
saw tooth waveform to produce PWM signals in the PWM
generator. The commutation current control duty ratios (Dc)
are expressed by the equations (31&32).

Dc = 1 means, Vp, = Vi (31
Dc = 0 means, V, = DpVin (32)

The resulting switching pulses are applied to the inverter’s
switches in order to energize the winding and control the sta-
tor input voltages to suppress the torque ripples and maintain
the speed and torque at the specified level [161], [162].

This technique is easy to implement and has a low compu-
tational complexity for dynamic performance in EVs. It also
reduces torque ripple by varying the input voltage, which
also reduces the current ripple. By lowering current spikes
in the DC-DC converter output along with the PWM-based
technique as well as by using the space vector PWM tech-
nique with more vectors, torque ripples in the input voltage
technique are now being reduced, as summarized in Table 4.

Here, an electronically switched inverter powered by a DC
power supply commutates the currents, and commutations are
addressed by rotor position, which can be determined by the
position sensor in order to keep the trapezoidal back-EMF in
phase with the stator phase currents [166]. Commonly, a DC
link voltage controller’s (DC-DC converter) PWM duty cycle
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signal can be changed to vary the motor voltage in order to
limit the output signal of the torque controller; in this case,
a buck converter is used, which transforms the fixed voltage
into a mutable voltage.

To improve the torque controller even further, the DC-DC
converter has been modified using PWM techniques to con-
trol the duty cycle length of the firing signals, resulting in
a controlling speed [172]. Again, here PWM techniques use
a cuk converter to increase the three-phase bridge inverter’s
input voltage and then meet the voltage demand of the
commutation period while reducing the torque ripple by
maintaining a constant non-commutated current in BLDC
motor drives [164]. Moreover, in this PWM scheme, the
motor driving system uses a digital controller to control the
speed and torque of the motor output along with the duty cycle
of the PWM output in low and high states. Because of the
reduced torque ripple and improved current waveform, it pro-
duces the most average torque with optimal speed response
and less overshoot and settling time [171]. In terms of improv-
ing the current waveform and achieving a controlled DC
voltage from the single-ended primary-inductance converter
(SEPIC), it provides effective current ripple suppression dur-
ing the commutation interval.

E. TORQUE RIPPLE MITIGATION BASED ON CURRENT
SHAPING TECHNIQUES

Current shaping techniques are mostly used in BLDC motors
for high operating speeds and fast response output with opti-
mal current drive in EVs. This can significantly mitigate the
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TABLE 4. Performance comparisons of controlling input voltage for BLDC motor in electric vehicles.

Control Strategy Torque ripple analysis Complexity Robustness Outcomes Ref.
Adopted
Sensorless drive Thipple reduced by A high requirement of Evaluate the commutate Fast response & no complex [163]
control controlling the time and algorithms is needed compensation calculations
degree of compensation Regulating  switching  time &
compensation to reduce torque ripple
Cuk converter Motor speed steady at More reactive components  Regulating the inverter voltage PAM technique regulates stator [164]

Twelve voltage space
vectors with overlap
angle control

Single DC current
sensor

PR compensator

Back-EMF wave
shaping

Reference voltage
PWM

Neoteric
PWM-ON-PWM
buck converter

3000 r/min
T1=(0.11 to 0.23 Nm)

The optimum overlap
angle between
(120 deg to150 deg)

Commutation
compensation

delays 50 us sampling
time

Stabilization switching
frequency =10KHz

Optimization parameters
Coils=156, N=1256rpm,
Te=13.68Nm, n=67.72%
20,520 rpm at 5V
49,200 rpm at 20 V
n=80%

Trippie reduction
Ti=2Nm ,M;=0% for
1000 rpm

are used & High current
strains on the switch

Inverter  expense and

winding losses

Saturation of the controller
during commutation times

Reference signals tuning

A challenge
winding layers

in making

Motor controller designing

A significant amount of
power is lost due to
resistance in the converter

voltage & reduces voltage spikes

Digital PWM Speed ripple, throughout

the steady state

Nresponse=1ms
Tsctllmgzzms
M,=10%,
Neppie= 5.7%

Vin= 180 V
N= 6660 rpm
Tiipple reduction=10%

Varying input voltage Complex calculations

Improving DC bus utilization Increase switching space vector to  [165]
reduce commutation interval &
current
Compensate unavoidable time The compensation technique reduces [166]
delays in systems CTR by the whole motor speed range
with a single sensor
Commutation can equalize current
slopes during commutation interval
Regulating DC link voltage & PR compensator suppresses current [167]
switching losses in inverter ripple to ensure reliability &
effectiveness
Controlled DC voltage with minimal
overshoot & high robustness
Make the trapezoidal shape of Modifying winding arrangement can [168]
the back EMF improve motor characteristics
Reducing inefficient tail current — High switching frequency & regulated  [169]
by using PWM phase current reduce torque ripple
Compensating torque ripples  Combination of buck converter & [170]
during the conduction period inverter to compensate for CTR
during the commutation period &
partially removes torque ripples
resulting from current introducing in
the turn-off phase
More average torque can be Digital controller allows for [171]
produced via a better current —maximum torque, speed response &
waveform less overshoot
Rapid response to torque Laplace transforms are used to [172]
fluctuations regulate input voltage to reduce

current ripple
Maintain a constant current in the
freewheel region

torque ripples when the motor is caused by non-ideal trape-
zoidal back-EMF due to insufficient commutation, [173],
[174] as shown in Fig 10. Because of this effect. phase
current distortion and excitation of torque ripples in terms
of current harmonics are happening in the motor. Dur-
ing this effect, the stator current is commutated from one
phase to another very transiently without a commutation
interval period, resulting in the electromagnetic fluctua-
tions produced by the commutation torque ripple in the
motor. In BLDC motors, a perfect trapezoidal back-EMF
waveform is needed; however, the spiking phenomenon of
current and the negative impact of harmonic components
produced in the motor causes mechanical vibration, and
acoustic noise, and reduce overall life performance and
efficiency [175], [176], [177].
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This current shaping method is a popular one to obtain
an exact commutation point and optimal torque control of
a BLDC motor drive for an EV. Also using this method to
suppress the torque ripples in the motor in two ways, likewise,
using the current sensor and charged capacitor in electric
drive. In first known way to determine the exact commutation
interval from the terminal voltage of stator phase windings
and reduce the commutation ripple by using a current sensor
is to flow out-of-phase current information as feedback to
motor drive control and improve motor performance. Here
the current is controlled by regulating the terminal voltage,
which is obtained using current hysteresis control (CHC)
[178], [179], [180].

CHC is most widely used to control a current-controlled
voltage source inverter and determines the switching states
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FIGURE 10. Current shaping techniques strategies of torque ripple mitigations in BLDC motor for electric vehicles.

given motor output parameters like rotor-sensing current (Ic;)
and speed(w).

The switching states of the inverter are mostly imple-
mented by modifying the duty cycle of the PWM in order
to eliminate phase current ripple during commutation. It is
expressed in equation (33),

\Y% D Vv
dec = m in
where, Vi, is input source voltage(volts), Vqc is output DC
link voltage(volts) and D is the duty ratio of the controller.
In a second way, charged capacitors are added to a voltage
source that is inverter-controlled to deliver a more steady
DC voltage while limiting variations due to the inverter’s
irregularly high current demands, and is also used to step up
the voltage during the commutation period [181], [182]. It’s
described in equations (34,35 & 36),

(33)

Vin = 4Ep (In ideal condition) (34)
Vin > 4Ep (In low-speed condition) 35)
Vin < 4Ep (In high-speed condition) (36)

This technique is one of the predictive current controllers
that analyses the various switching logic levels to provide
adequate powered low-voltage DC current to various compo-
nents used in EVs. This technique employs various operations
to change the switching vectors to regulate non-commutation
phase current and efficiently mitigate CTR in low-and
high-speed applications, as summarized in Table 5. To reg-
ulate the electromagnetic torque in terms of CTR, the
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non-commutating current is directly controlled using cur-
rent hysteresis control (CHC), and its function is obtained
by employing various PWM techniques and an adjustable
DC-DC converter to maintain a dc-link voltage with constant
voltage [190]. In addition, CHC has unconditional stability,
is insensitive to system parameters, has a fast response time,
is simple to implement, has a low CTR, and responds quickly
to transients that occur during insufficient commutation.
In terms of commutation control, self-commutation is used to
keep the rotor’s rotation in sync with the rotary field velocity
on the BLDC motor stator, as well as its combination with
fuzzy controllers to improve steady performance and more
effectively control current strategies to reduce commutation
torque control [188]. For more improvement in motor current
control, switching vectors are combined with a diode-assisted
inverter to suppress CTR and motor speed regulation during
both the commutation and normal conduction periods.

This method effectively controls insufficient commutation
across the entire speed range by employing unified switching
vectors during the commutation period, and it can be devel-
oped to prevent increasing the voltage stress in inverter bridge
switching devices [183]. Although achieving a smooth CTR
with a fast response is relatively difficult, this is typically
based on the varied fast switching rate line current during
the commutation period. For this reason, it is necessary to
maintain constant incoming and outgoing current phase rates
throughout the commutation period for the hysteresis-based
field programmable gate array (FPGA) controller to function
during both the conduction and commutation intervals [184].
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TABLE 5. Performance comparisons of current shaping techniques for BLDC motor in electric vehicles.

Control Strategy ~ Torque ripple analysis Complexity Robustness Outcomes Ref.
Adopted
Diode-assisted 200 to 600 r/min for High inverter DC link voltage ~ Suppressing CTR's entire Reduce switching components to [183]
buck-boost inverter ~ Tp =3.2 Nm is required for design speed range reduce power dissipation & torque
parameters ripples
FPGA-based Tripple reduction=8.6% Undesirable harmonics are  Current loop & inherent-peak ~ Maintaining slew rate of [184]
current control at T =0.25 Nm caused by high switching current limiting capability in  incoming/outgoing  current  in
Trippte reduction=11.5% frequency CHC conduction/commutation interval
at TL =2 Nm FGPA controller improves speed,
reliability & power efficiency
IDO converter Trippte reduction=4.99% The system's bulk & Capable of obtaining the Motor torque can be improved by [185]
at 100 rpm complexity are increased by essential voltage during obtaining optimal voltage quickly
Thipple reduction=16.2% system components conduction & commutation
at 1000 rpm times
PWM-ON-PWM Control pulse on Power  switching losses Preventing CTR across the Preserve optimal commutation [186]
Duty cycle=0.4 at during commutation full-speed range period to reduce CTR
teomm=0.0013s Control system without torque
ripple at both low & high speeds
Braking Toraking=(—0.2Tn to —Tn) ~ Switching sequence changes Duty cycle calculation for  Reduce CTR effectively & maintain  [187]
PWM technique 1.7 ms in 600 r/min & during braking braking operation braking torque with superior
1.9 ms in 300 r/min dynamic performance
Self-commutation Trippte = 0.1520 Nm at Computational complexity A combination of a logic A hybrid combination maintains [188]
technique T=0.8s commutation circuit & PWM  synchronization —between  rotor
position & field velocity
Improves steady state performance
to reduce CTR
Improved Don =0.77ms& A challenge in maintaining Reduction of fluctuation from It improves system stability in terms ~ [189]
PWM-OFF-PWM Doff=0.03ms turn-off time less than the non-commutation current of controlling non-commutating
turn-on time current in commutation intervals to
reduce CTR at low speed
Multimode CHC Torque signal control The transition &  Rapid speed tracking Easy implementation, low CTR & [190]
at frequency communication process is quick response
(0-2500Hz),0.1% complex Multimode operation to minimize
linearity deviation CTR with proper commutation
Three-segment Ty =0.75 Nm at Undesirable for the motor's Maintaining current slew  Divide the PWM period into three [191]
modulation d1=1, d2=0.5, smooth operation. rates in switching phases segments to reduce CTR
Nc =11 Commutation speed is controlled to
reduce commutation time
Current controlled Tripple =12% at Switching configurations Inverter  switching loss  Motor current slew rates can be [192]
SVPWM T.=(0.88 to 0.78Nm) reduction adjusted to reduce torque & current
ripple
PWM Lipple reduction=23% at A wider commutation region  Optimizing inverter switching  Selecting the right PWM duty ratio  [193]
compensation N=500 to1000 (r/min) is necessary stress & current regulation can reduce switching loss & torque
ripple
Adaptive soft start-  Torque error reduced at ~ Switching losses Reduced excess start-up  Adaptive ramping current profile [194]
up control 10 electrical degrees current provides stable start-up in different
under 800 rpm load situations
BLDC motor drive ~ Torque control at 50pus  Keeping the capacitor Reduce the fluctuation in  Maintain current & safeguard VSI ~ [195]
with minimized de-  period of time base &  temperature stable phase current for current limit strategies
link capacitor 2000 ps period of reable Reduces temperature rise in
signal capacitor by reducing voltage ripple
One-cycle Ti=(0to 1.5 Nm) at More harmonics components ~ Keeping the real input energy ~ One-cycle control reduces torque [196]
average torque 20% rated speed consistent during each control ~ ripple in electric machine drive
control cycle systems

Here, the FPGA controller generates control pulse signals
to regulate the stator current, and in comparison, to other
digital implementation methods, it improves speed, relia-
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bility, power efficiency, simplicity, and low cost. Similarly,
control the stator phase current in the reverse direction dur-
ing the braking operation; as a result, the CTR can be

115721



IEEE Access

N. Prabhu et al.: Critical Review on Torque Ripple Sources and Mitigation Control Strategies

reduced in the speed range from the rated speed to zero
using only common braking PWM strategies, and the braking
torque can be maintained with superior dynamic performance
[187].

To improve braking even further, the PWM-OFF-PWM
method can reduce non-commutation torque ripple caused by
non-conductive freewheeling and address the CTR generated
by the turn-off time being shorter than the turn-on time.
Controlling the PWM duty periods to the non-commutation
current in the commutation interval will make the system
more stable in terms of reduced CTR at low speeds and
prevent an increase in the power dissipation on the switching
devices in the inverter [189].

F. TORQUE RIPPLE MITIGATION BASED ON MODEL
PREDICTIVE CONTROL TECHNIQUES
The Model predictive control (MPC) is the most popular and
has been extensively implemented in BLDC motors due to
its simple control architecture and improved output [197].
It is a feedback control technique that employs a system
to predict future outputs of a motor drive in an EV in
order to manage complex dynamics, handle multiple input
and multiple output systems, and deal with constraints in
a systematic manner [198]. The MPC approach regulates
electromagnetic torque by considering possible future states
for all available voltage levels, as shown in Fig 11. It can
solve the problems of commutated phase current control by
eliminating complicated current controllers, suppressing the
commutation torque ripple over the full range speed, and then
providing good steady-state performance while maintaining
a fast dynamic response [208]. This technique consists of two
main loops, called the inner and outer control loops, respec-
tively, the current control loop, performed as the inner loop
depending on a hysteresis controller, regulates the BLDC
phase currents, while the speed control loop, performed as
the outer loop, is designed using MPC to regulate the motor
speed in accurately and rapidly [212].

The non-commuting currents obtained from the MPC con-
troller are described as equations (37,38 & 39),

d
Lanon—comm(K + 1) = La(k) + ft * (Va(k)(R*1a(k)

+ (0(k)*L*I4(k))) (37)
d
Ignon—comm(K + 1) = Ig(k) + ft * (Vq(k)(R*Iq(k)
+ (0(k)*L*14(k))) (38)
Inon—comm(k + 1) = Idnon—comm(k + 1)
+ anon—comm(k +1) (39)

where, Iqx) & lqx) are quadrature and direct current in K
time, Vqx) & Vyk) are quadrature and direct voltage in Kt
time, R, L are resistance (ohm), the inductance of motor
(henry), & w(k) is the speed in k™ time (rad/sec).

To achieve the desired control effect, the current con-
trol loop bandwidth must be high while the speed control
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loop bandwidth must be low. Depending on HCC, the stator
phase currents are governed by a defined switching frequency
by effectively generating the switching pulse commands to
three-phase voltage source inverters based on the rotor posi-
tion information [159]. Here, PID controllers are used to
generate the reference current (Ief) to control the speed and
the reference current (Igef) iS zero in accordance with the
speed error [199]. The MPC uses the cost function (CF) to
calculate the future control signals to achieve the optimum
reference tracking performance by comparing reference and
predicted currents.

The objective function expands as the difference between
the reference (Iiefk+1)) and predicted non-commutated cur-
rents (Inon—comm(k+1)) develops, therefore it is possible to use
the simple sum of errors of the currents in d and q as the target
function. However, the sum of squared errors is preferred for
extensive tracking.

The cost function is described as equation (40),

CF = Iqref(k +1)— anonfcomm(k +1)
+ Idref(k + 1) - Idnon—comm(k +1 (40)

where, Igref(k+1)& Igref(k+1) are the output of the speed loop
(reference quadrature and direct current), Ignon—comm (k+1)&
Ldnon—comm (k+1) are the output of the current loop predictive
value of non-commutated phase current during commutation
(non-commutated quadrature & direct current) and k—+1 is the
(k+1)™ sampling time.

It is the best model-based method for predicting the future
behavior of a system over a specific time horizon. According
to the predefined cost function, the optimal switching state is
directly selected and applied during the next sampling period,
to maintain a constant non-commutated stator phase current
during commutation and efficiently minimize commutation
torque ripples [200], [201]. For a BLDC motor, the Model
predictive controller provides each of the three-phase primary
voltages required to exactly follow the reference path, in order
to ensure the future output error is equal to zero by minimiz-
ing the cost function value.

This MPC approach is an advance over conventional con-
trol methods in that it can effectively mitigate torque ripples
and current ripples without affecting the dynamic perfor-
mance of a BLDC motor to simulate the loading effects on
the driver motor of the EV.

This scheme is proposed to provide a popular solution in
motor drive and achieve faster dynamic performance with
EV controllers. MPC can now be combined with diverse
control concepts to create an adaptable controller design that
regulates electromagnetic torque at desired voltage levels,
as summarized in Table 6. Most commonly, MPC controllers
use two control loop modules to mitigate torque ripples in
different speed conditions via the current and speed loop
modules. As specified by the current module, the model
predictive deadbeat current controller (DBCC) employs the
motor model to generate reference voltage for state vec-
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FIGURE 11. Model predictive control strategies of torque ripple mitigations in BLDC motor for electric vehicles.

tor PWM during commutation to minimize torque ripples
[210], [213]. During the commutation period, the MPC gen-
erates the desired current and operates the electric vehicle
in constant torque ranges. Besides, it performs admirably in
both high and low-speed operations, reducing current and
torque ripple while maintaining average torque at its rated
value. Similarly, MPC in association with an SMC functions
as a current loop to control overcurrent constraints in the
motor and enhance its ability to reduce load torque uncer-
tainties [203].

Also, it is used to limit tracking error, peak time, and
transient response, and improve stability of motor variables.
Additionally, a current control loop has been developed by
using of finite control set MPC (FCS-MPC) to handle har-
monic current injections, provide the appropriate switching
states in terms of the cost function, and obtain the smooth
torque [214]. It can reduce machine power dissipation,
provide high transient output, and easily incorporate non-
linearities and constraints into controller design. Although
this current control scheme does not require any modu-
lators, it significantly reduces implementation complexity,
especially in multiphase systems. As specified by the speed
module, an NMPC technique has been suggested for the
speed control of constrained nonlinear lightweight electric
vehicles due to its energy-efficient performance [219]. The
proposed NMPC can be further developed for real-time
implementation with goals such as torque ripple reduction,
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loss minimization, controlled degradation, etc. Furthermore,
these techniques address the issue of over-excitation in EV
applications to reduce the machine’s overall energy con-
sumption, thereby increasing the vehicle’s driving range.
Moreover, an adaptive MPC (AMPC) is used to estimate
speed and power demand using a global positioning system
(GPS) and to provide control torque to electric vehicles using
optimization algorithms [218].

It is much more capable of dealing with constraints by
using an open-loop optimization and closed-loop feedback
system 28 to continuously evaluate and upgrade the vehicle
mass in real time. Even now, MPC uses a deep learning
artificial neural network (DLANN) algorithm to control the
motor’s speed and torque, additionally providing a more
robust, simple, and effective operation with less settling
time [204]. Again, for future development, the MPC cou-
pled with the PWM method can effectively reduce current
and torque ripples at lower or higher speeds without chang-
ing the circuit topology [210]. This PWM-MPC control
method achieves constant current of the conducted phases
during non-commutation and constant non-commutation cur-
rent during commutation in the full speed range by estimating
the PWM duty ratio. In this case, new MPC techniques
are used to predict the value of electromagnetic torque and
non-commutating current by selecting an appropriate PWM
duty ratio that efficiently controls the non-commutating cur-
rent to reduce CTR. Currently, MPC techniques are used
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TABLE 6. Performance comparisons of model predictive control for BLDC motor in electric vehicles.

Control Strategy Speed/ Torque ripple analysis Complexity Robustness Outcomes Ref.
Adopted Current
control
Model predictive Both Start ramps up to 600 rpm, Evaluating the duty cycle ofanon-  Ripples in both the Duty cycle control algorithm  [202]
direct power ramps up to 800 rpm at 0.15 s zero vector in addition torque & the phase used to reduce errors in
control current reduced complex power
Tripple minimization can be
improved by  reducing
computational overhead
SMC Both Control horizon=10 In low inertial devices, identical ~Ensuring reliability &  The dual loop algorithm [203]
Prediction horizon=20 time constants prevent dynamic feasibility of  reduces uncertainty, tracking
Weight matrix=1 behaviour constraints error, rise time & stability
DLANN Speed Trchanges Nm at 50 s Optimization process & data Solves non-linearity, It provides a robust, easy [204]
N: changes at 25 s complexity parameter variations implementation & effective
operation
Fault-tolerant Current Change in torque=2.3% Increased  control structure  Maintains load Limit measurement noise &  [205]
MPC Change in flux=4% complexity  deteriorates  the disturbance predict stator phase current to
THD=12.10% steady-state performance adaptability compute voltages
Ts=4.6 s for 400r/min
Hybrid intelligent ~ Speed Offline system training Challenging high computational —Differentiates fault &  Imitating electrical failures [206]
predictive control yielded accurate dynamics burden & complex interpretation normal currents quickly with no harmonics
system for adaptive motion control
Quadratic Both Solve QP in MPC=30ms Sensor noise may cause poor load ~ Handles input  EV test simulator can handle  [207]
programming - Average error=3.2684% motor current saturation & solves QP input saturation & regulate
MPC Overshoot=8 % in 30ms motor accurately
Finite-state MPC Current Sample frequency=40 kHz Commutation without PWM duty  Matches rising &  Reduces CTR by avoiding [208]
ratio computation falling currents in  complex current controllers
dynamic processes
FCS-predictive Current Sample frequency=10 kHz High BW  controllers are Regulates the power Reduce computing cost & [209]
direct power at 1000 rpm necessary to reduce torque ripple  exchange between the  complexity to  optimize
control To=100us frequencies & ensure proper input  stator and rotor control signal
voltages
PWM Current Tripple reduction A complex H/W circuit is Reduces current  Reduce torque ripple  [210]
11.5% at 500rpm necessary to increase the slot rate  fluctuation & torque effectively without modifying
9.04% at 1500rpm of the outgoing phase current ripple with duty ratio circuit design
during commutation Prevents  current  surges
during the commutation
period
Direct torque Current DC-link voltage = 24 V Performance is influenced by Resilience of the VSI can detect open and [211]
control — Switching frequency=20 kHz  parameter uncertainty inverter to nonlinearity & short circuit defects as well
multi-phase FCS Motor speed = 50 rpm & non-ideal model as tolerate transients
parameters
Four-switch Both Control horizon=1 The microcontroller developed to  Obtaining quasi-square It reduces capital cost & [212]
inverter-fed drives Prediction horizon=2 calculate time weight is complex current waveforms by  optimizes speed transient
Weight matrix=0.7 selecting voltage  response
Ts=100p s vectors from a look-up
(5% of steady state value) table
DBCC Current Tave near the nominal value & Complex analytical problems Ensure the current Operate EV in constant [213]
the ripple within 25% increase controller complexity aligns with the  torque range to reduce torque
reference current & current ripples
FCS-MPC Current Ts=25ps The fourth leg enhances the Constraints in  Power dissipation reduced, [214]
Torque rer= 500 r/min at control complexity by increasing controller design &  dynamic output provided,
Torque road=2 Nm the number of gating signals rapid dynamic  smooth torque operation
response  with  the
inclusion of
nonlinearities
Takagi—Sugeno Speed SSE=1.0019 Low-gain controller originated for ~ Constructing Provides robust outcomes in  [215]
fuzzy systems MAE=0.0055 actuator-saturated  T-S  fuzzy a stabilizing controller EV operational conditions
MSE=0.05011 systems against system  with less computational
parameters complexity
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TABLE 6. (Continued.) Performance comparisons of model predictive control for BLDC motor in electric vehicles.

Fault-tolerant Current Under defective conditions,
MPC achieving smooth &

sufficient high-torque integrator

New MPC Current Load Torque Tracking
15N.m at t=0.2s current
7.5N.m at t=0.5s

Adaptive MPC Speed Control horizon=3

Prediction horizon=10
Weight matrix=10"
Ts=0.01s

Nonlinear MPC Both NISE=0.0132

NIAE=0.512

Control input power=214.154

Current steady-state error cannot  Select
to be zero due to the lack of an

Prediction of non-commutating

Traction controllers are challenges
of numerical stability

Challenge to solve their convex
linear equivalents

appropriate
actuation & optimize
predefined criterion

Predicting stator current & [216]
measuring voltages to reduce
current errors

Fast transient is to
track load torque

Control  non-commutating  [217]
current with minimal CTR &
reference current tracking

Proposes the driver It can handle constraints & [218]
with excellent traction solve numerical stability
issues in real time

Controller against the  Reduce torque per current [219]
changes in system pulse without impacting
parameter constraints dynamic response

Inbuilt stator Current Torque ripple control by Challenging to produce quasi- Neglecting the phase The  current  controller [220]

current control reducing high switching square wave currents over the current equalizes all phase currents
harmonics & prevents over-currents

Phase modulated Current Tripple=22% at 8 KHZ Constant switching frequency Improving the  Reduces surges of stator [221]

MPC Tripple=29% at 4KHZ switching frequency current & equalizes
Trippe=36% at 2 KHZ incoming/outgoing currents

MPC-four Speed Reduced torque ripple at the Difficult to act on input voltage Handling unknown  Four quadrants operated to  [222]

quadrant time of 0.025s oscillations mechanical ~ dynamics achieve high speed, long

interruptions lifespan, low noise &
efficiency

Multi-model- Speed Ts=1ms Exhibit transient current peak Faster control tune  Multimode operation  [223]

based predictive behaviour capability provides better dynamic

controller performance &  precise

control tunings

in EVs to enhance fast torque generation, steady-state,
and dynamic performance along with vehicle performance.
However, in terms of computational burden, EVs are the
main issue with MPC, but this burden is alleviated by
various advanced techniques such as artificial neural net-
works (ANN) and machine learning (ML) algorithms, among
others.

G. TORQUE RIPPLE MITIGATION BASED ON SLIDING
MODE CONTROL TECHNIQUES
The sliding mode controller (SMC) presents a robust control
strategy for dealing with nonlinear BLDC motor states and
parameter uncertainty, assuring system stability and flexibil-
ity. This strong and versatile technology is gaining popularity
because to its ability to handle the complex terrain of electric
motors in electric vehicles [EV]. The design and development
of the SMC for managing the speed dynamics of the BLDC
motor is a challenging exploration inside this environment.
The SMC approach efficiently reduces commutation torque
ripple (CTR) over the whole speed range and achieves good
performance in both dynamic and steady-state modes by
effectively switching the power inverter’s three conduction
states during commutation [224], [225], [226], as shown in
Fig 12.

The procedure begins with two critical steps, each of which
is part of the complicated control system: as a design of
sliding surface and as a selection of control law. The first step
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design a sliding surface to make sure the system meets the
necessary design constraints. An essential part of the control
strategy, the sliding surface controls how the system’s states
evolve while it is in operation. During the procedure, the Hall
effect estimator serves two primary operations. It estimates
the rotor’s position and serves as a communication switch
with the inverter. It also assesses the BLDCM’s actual speed
by determining the difference between the desired and mea-
sured speeds. Here speed error(e) is introduced in equation
(41),

€ = Wref — Wact 41)

where, Nr and N, are the respective reference torque
and the actual torque is developed by motor and e is the
torque error. Establishing a straight-line switching surface in
terms of speed error(e), its derivative is given as equation
(42),

cde 2

oc=e+ @ (42)

where, C > 0 is a strictly positive real constant ‘é—? is the speed
error at K sampling interval.

The second step is to choose a suitable control law (U)
that ensures the system’s state is drawn to the sliding surface.
The control input (U) is defined by the equation (43) below
as,

U = —K sign(s) 43)
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TABLE 7. Performance comparisons of sliding mode control for BLDC motor in electric vehicles.

Control Strategy Torque ripple analysis Complexity Robustness Outcomes Ref.
Adopted
SMC-Fuzzy T=4ms, My=0%, Buffeting issue Proper tuning controller ~Improved the motor's performance while [229]
Ts=4ms, Speed variation in gain to reduce the max loaded, reducing speed fluctuation when the
sudden load=0% overshoot & settling time reference speed or load changed suddenly
It addresses the critical issue of speed control
in BLDC motors, which have a large speed
range
Adaptive SMC Parameter optimize values ~ Low  convergence Robust ability to withstand  Two cascaded SMCs are used to control the  [230]
o=78.31,=54.67, accuracy & lagging a variation in the parameters  drive's inner loop current & outer loop speed
y=72.95,6=58.29 search speed & load while taking the exponential reaching law
T=0.291s, algorithm into account
Based on the tuning of sliding mode surface
parameters, which improves the dynamic
control of the motor
Adaptive Fuzzy T=0.0058s, M=0% Control gain never Tolerance to parameter For effective speed regulation of BLDC  [231]
SMC lessens uncertainty along with  motor in the absence & presence of external
external disturbances load
Improve the BLDC motor's performance in
terms of settling time, steady-state error,
rising time, disturbance & noise rejection
SMC-FOC Nier=170, Tripple=0.316%  The current dynamic  Speed tracking response Eliminates the overshoot present in [232]
Nrer=110, Tripple=0.340%  response is slow traditional FOC and reduces torque ripples
Nirer=280, Tripple=0.462% by 5.84% compared to FOC, making it
competitive in EV applications
SMC-Hysteresis T=11.23ms, M;=0.51%, High switching  Ability to track the This solution is able to mitigate modeling [233]
T=14.38ms,T=0.31Nm, frequency, resulting reference signal with a  errors and external disturbances, making it
Tiransien= 1.5A, in undesirable  reasonable response time  suitable for applications with variations in
Lsteady state= 1A harmonics even when motor  environmental conditions
parameters were changed
Integral time-SMC THDi=0.271A, Multidimensional Absorption against  Ability to inject arbitrary reference current to  [234]
Tripple factor=0.10% derivatives variations in Rs and Ls the motor windings without the need to
T=1.2s,T=1.3s transfer motor currents to the rotational
reference frame
RBFNN-SMC at 2000 rpm & t=0-4s Require  sufficient Enhances the system's It showed better transient specification to  [235]
T=0.156s,Ts=0.234s, radial basis function ability to recover quickly improve the recovery time when an external
Mp=1.07% input space coverage load was added to the system.
SMC-SMO at speed 3000 r/min Chattering effect A sequential approach to  SMO is used to estimate the rotor speed &  [236]
Tripple= 0.003% problem-solving position using the terminal voltages &
currents of the BLDC motor
SMC eliminates the derivative of the sliding
variable for speed control, simplifying the
control scheme while preserving its benefits
SMC-MPC Nisteady state= 200rad/s, Low inertial devices MTPA (Maximum torque Uses a current predictive model of BLDCM  [237]

Tioad= 6-10Nm at t=0.2s

restrict
behaviour

dynamic

per ampere) control to
improve the system

in discrete steps & a cost function
considering torque current tracking and
MTPA operation to select the optimal
voltage vector for motor control

where, U is control input, k is the constant parameter, s is the

switching function, sign(s) is sign function of switching

The above equation describes the differences from the
desirable condition. If the sliding surface is reached and
maintained, then o = 0. The speed error-switching surface is
a straight line in the phase plane. The simplest control input
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to achieve 0 = 0 using equivalent control are described in

equations (44 & 45),

U=—-1foro >0
U=+1foro <0

(44)
(45)
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FIGURE 12. Sliding mode control strategies of torque ripple mitigations in BLDC motor for electric vehicles.

According to the error in the current and the error in the rotor
speed, the sliding surface (o) can be changed to a straight
line in the phase plane. Here, the real speed is compared to
the reference speed by the SMC controller and is capable of
maintaining stable operation while precisely tracking desired
set points. In this context, SMC maintains constant electro-
magnetic torque, effectively eliminating commutation torque
ripples that are mainly based on stator switching vectors of
the three-phase inverter by commutation logic circuit [227],
[228].

This algorithm is implemented to drive the BLDC motor
with efficient torque control, which is growing popularity
in EVs, and it efficiently handles torque ripples, enabling
smooth cornering and increased vehicle performance, also the
vehicle tracks the input speed and provides the control sys-
tem’s reliability. SMC is currently compatible with a variety
of control principles to produce a flexible controller design
that manages speed and electromagnetic torque at predeter-
mined voltage levels, as summarized in Table 6. The SMC
controller is most typically used alongside the intelligence
of a fuzzy inference system to address the critical issue of
speed control in BLDC motors, which have a wide range
of speed capabilities [229]. Fuzzy SMC (FSMC) eliminates
peak overshoot, reduces rise time, and reduces settling time
compared to the conventional controller. The use of cascaded
sliding mode controllers for inner loop current control and
outer loop speed control can improve the performance of the
BLDC motor drive system [230].

This can result in more precise control of the motor’s speed
and current, which is beneficial in applications where accu-
rate control is required in EVs. Furthermore, adaptive fuzzy
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SMC techniques increase the speed regulation of BLDCM in
the absence and presence of external load, improving system
parameters such as settling time, steady-state error, rising
time, and disturbance and noise rejection [231]. Similar to
this, SMC operates senselessly and employs a higher-order
sliding mode observer (HOSMO), mostly for speed and
position estimates. It is suitable for electric vehicle (EV)
applications because it produces consistent results with low
estimation error, improved speed tracking efficiency, and
minimal torque ripples [232], [236].

In addition, the Hysteresis controller and SMC work
together to improve motor current control, it can track the ref-
erence signal with a reasonable response time even when the
motor’s parameters are changed, and SMC does not need any
additional sensors for current measurement [233]. To further
protect the BLDC motor from torque ripples, an integral time
SMC is used, allowing the system states to achieve the equi-
librium point in finite time and eliminating chattering with
its higher dynamic response and robustness operation [234].
Similarly, using an SMO with RBFNN (Radial Basis Func-
tion Neural Network) increases the motor control system’s
transient specification, making it more responsive to changes
in load conditions and improving the overall reliability of the
control system [235].

Vil. COMPARISONS OF VARIOUS TORQUE RIPPLE
CONTROL MITIGATION STRATEGIES IN BLDC MOTOR
The basic control characteristics of all controllers are exam-
ined and contrasted to define the nature of the control strate-
gies, and also investigate their impact on drive performance

115727



IEEE Access

N. Prabhu et al.: Critical Review on Torque Ripple Sources and Mitigation Control Strategies

(in steady state & and transient state) with implementation
complexity, as shown in Fig 13 (a).

Also, discussed are the advantages and disadvantages of
various control strategies for mitigation of torque ripples in
BLDC motors, as shown in Fig 13 (b). Advanced control
methods are investigated to overcome the complexity of the
coordinate transformation, which requires knowledge of the
rotor orientation and thus the machine parameters. FOC is
not robust against parameter variations, such as stator and
rotor resistance being more influenced by temperature, which
causes estimation errors and has a negative impact on control
accuracy. To avoid coordinate transformation and create a
control strategy that is independent of the machine param-
eters, DTC has been developed. In contrast to FOC, flux,
and torque can be directly controlled by adjusting the inverter
switching states. DTC is further improved by combining the
PWM technology concept used in FOC with DTC to reduce
torque ripples without the need for coordinate transformation
[238], [239]. DTC is a good alternative to FOC because it has
better dynamic performance and a simpler control strategy
without knowing the rotor orientation. In most applications,
FOC and DTC methods are adequate. However, with the
advancement of digital signal processing (DSP) and FPGAs,
more research into nonlinear controls has been conducted
[240]. Moreover, to provide an accurate evaluation of the
performance of the two control schemes, the average switch-
ing frequency must be approximately the same. In terms
of steady-state performance based on current ripples, the
amplitude of the torque ripple in DTC is slightly higher than
that of FOC, because of the same average switching and good
high-order harmonic suppression effect; as a result, FOC con-
tinues to hold the leading position in the field of EVs [241].

According to rotor speed-based transient state perfor-
mance, DTC has a better torque response in terms of settling
time and overshoot, whereas FOC has a longer settling time.
Likely, intelligent controllers are thought to provide good
control performance for further improvement of time domain
specifications to obtain an optimal, effective, and reliable
BLDC motor control system. Which has numerous advan-
tages, including reduced overshoot, reduced speed errors, and
increased control precision. In this case, if an FLC is used
to regulate speed and deliver high performance, then torque
ripple could be reduced by increasing the membership func-
tions used in torque and flux fuzzification. The fuzzy-based
PID controller provides better and more stable performance
than the conventional FOC, along with PI control, reduced
speed fluctuation, torque stability, and good control perfor-
mance. For more enhanced control performance, employ
DC-DC choppers to regulate PWM schemes and describe a
technique for reducing torque ripple by controlling the input
voltage to minimize current ripple and maintain a constant
current in the freewheel region [242]. Here digital controllers
are used to control the duty cycles of PWM to effectively
regulate the speed and torque of the motor driving system dur-
ing the commutation region, and then reduce the amplitude
of the commutating current. Similarly, in order to maintain a

115728

constant current in the commutation region, the various PWM
switching stages are enhanced by current shaping techniques
to provide less commutation torque ripples with minimal
switching losses. This technique is more robust and effective
than conventional FOC using PWM technology at reducing
current ripple and changing the switching logic, while over
current, increased speed, or overloading occurs in BLDC
motor drive systems [193]. Also, the SMC achieves good
speed regulation in order to achieve appropriate time domain
specifications and avoid chattering caused by high-frequency
switching. Moreover, to improve motor performance in elec-
tric vehicles, the concept of MPC techniques is included to
easily select switching vectors using a cost function with
system constraints. MPC, such as DTC, has fast dynamics
and good torque response despite operating with variable
switching frequency [242].

The MPC approach outperforms others due to its low
torque ripple, low torque and speed pulsations, low power
reactive and active ripples, and high-quality waveforms of
the stator 34 currents drawn by the motor with low THD
[243]. Even though MPC techniques have a higher compu-
tation burden than FOC and DTC controllers, this burden
might be eliminated with further development of artificial
intelligence (Al) like deep learning techniques and machine
learning algorithms to improve the performance of vehicles.

The artificial intelligence (AI) technique is being devel-
oped to overcome this major issue in BLDC motors in EVs
by following variations in speed references and stabilizing
output speed during load variations. In this case, the Al
approach collaborated with FOC to optimize the speed reg-
ulation of an electric current space vector-controlled BLDC
motor and improve the drive system’s stability, accuracy, and
rapid reaction, as well as increase motor torque dynamic and
steady-state responsiveness. Using DTC when combined with
Artificial Neural Networks (ANN) helps to reduce torque rip-
ples in BLDC motors, resulting in smoother motor operation.
In addition, it has a faster time reaction than conventional
controllers, which improves the overall performance of the
motor system. Fuzzy-based ANN controller for achieving
desired steady-state performance and improving dynamic
performance of BLDC motor operating parameters.

In this regard, the SMC controller paired with the Al
method provides highly effective rejection of disturbances
such as load torque and feedback noise, steady state, and tran-
sient performance making it suitable for applications requir-
ing high precision position control to obtain efficient torque
ripple rejection. Present-day MPC still uses a deep learning
artificial neural network (DLANN) algorithm to regulate the
motor’s speed and torque, producing a more reliable, straight-
forward, and efficient operation with a shorter settling time.

VIil. CLOUD-BASED TORQUE CONTROL OF BLDC MOTOR
IN EV APPLICATIONS

Now a days the improvement of the vehicle’s driving range
and optimization of its energy usage are key features of EV
development. These requirements are dependent on torque
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FIGURE 13. (a). Inferences and applications on various control strategies in BLDC motor for electric vehicles. (b). Advantages and disadvantages
of various control strategies in BLDC motor for electric vehicles.
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control and are met by developing and improving motor
performance. Smooth torque output is required for electric
vehicles to operate with great performance in their speed and
position control drives. The torque ripple affects the motor
with high specific torque the most and can lead to noise,
vibrations, and problems with motor drives in addition to
poor speed-torque characteristics. Recently the development
of cloud-based motor torque control has been an advanced
research area, integrating them into EVs for improving effi-
ciency as well as providing new ideas for developing motor
performance as shown in Fig 14. Cloud-based technology has
made significant advances in EVs, bringing feasibility and
problem-solving systems to all electrical sectors.

Cloud-based condition monitoring (CM) systems have
mostly been used for detecting and diagnosing unexpected
motor behavior caused by torque ripples. With the devel-
opment of cloud-based CM systems, they may now share
motor data with experts over the cloud, allowing for better
defect detection, faster response times, and reduced machine
downtime. Also, gives a direct connection to the cloud, where
data from CM systems and devices can be transmitted. The
cloud provides more processing capacity and extensive analy-
sis choices due to the coupling of this data with other machine
control data. In this context, real-time motor performance
monitoring is accomplished by electric motor CM systems
using a range of sensors and data analysis techniques. This
enables systems to discover potential problems of torque
and current ripples before they become serious and take
corrective action immediately. Furthermore, these technolo-
gies can be utilized to predict the futur motor parameter
variations, problems and arrange preventative maintenance
appropriately. Here, sensors collect data to monitor critical
motor operating parameters such as vibrations, noise, current
ripples, and torque on real-time. Besides, cloud-connected
computing devices gather and analyses a lot of information
to improve motor control parameters performance as part of
the Internet of Things (IoT).

It permits the real-time transmission of data to the cloud,
where it can be analyzed and processed using artificial intel-
ligence (AI) based learning techniques. This enables the
detection of defects and the identification of their poten-
tial occurrence, allowing for timely maintenance activities
to eliminate the need for extensive checking. Based on the
transmission of information in real-time between the cloud
and vehicles, is a critical aspect in calculating and satisfying
the driving motor torque ripples minimization solution.

IX. FUTURE CHALLENGES AND OPPORTUNITIES

In this paper, a sustainable review of the long-established
used control strategies of torque ripple mitigations in BLDC
motors for EVs is presented. EVs have enormous potential
and interesting opportunities in the future. The most sig-
nificant barriers to attaining excellent torque control BLDC
motor to EV driving performance are overcome with a high
level of safety and trust. Under all conditions, EVs must
operate consistently and without errors or malfunctions 36
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in order to get acceptance and widespread deployment. Fur-
thermore, the prior challenges of torque, current ripples, total
harmonic distortion, achieving desired steady-state perfor-
mance and so on must be overcome to ensure the technology’s
smooth development. Based on the review conducted and
presented in this study, a few salient points are emphasized as
well as suggested below on the further research on this topic
as shown in Fig 15.

1. Developing and improving high computing techniques
with advanced controller design strategies is the capability
to manage and engage the performance together with safety
in EVs in real-time. It might be influenced by developed
vehicle models under all distinct operating circumstances
and to deploy vehicles in emergence for specific missions’
impact on reliability, comfort, efficiency, and stability. The
emergence and execution of an EV controller utilizing
optimization techniques, such as artificial intelligence (AI)
machine learning programs, to continue and learn complex
functions in order to achieve optimal performance.

2. To integrate the two control strategies into a single
unit in order to demonstrate the BLDC motor’s superior
performance, particularly at steady state, by adopting these
techniques to obtain better dynamic performance like miti-
gating torque ripple, maintaining the lowest possible THD in
the stator current, improve the power density, uncertainties of
load torque and over current constraints of the motor.

3. The development of autonomous driving in EVs accom-
plished the optimal overall power management result over the
duration of a driving cycle and it quickly achieves starting,
stopping, and steering control, which is then attained by spe-
cific electric motor systems. It employs an embedded-based
communication system linked with high-resolution sensors to
operate vehicles safely and collect accurate road along with
operation data without a driver being present.

4. A potential future change in the direction of the wireless
motor (WM) control drive entails improving the flexibility
and performance of the EVs system, with the electric motor
being directly fed by the wireless power transfer (WPT)
system. Also, with the rapidly increasing demand for WPT
in various motors, use a broad range of potential applications
prospects which include eliminating power components in the
system, power conversion inverters, as well as reducing the
size and weight of motor drives.

5. Additional advances in cloud-based technology for
motor torque control drives could increase the depend-
ability and intelligence of EVs and solve many problems
with energy management control system fault diagnostics.
It analyses the torque distribution and energy consumption
relationship via online cloud mode to adjust the vehicle
torque based on current speed and road condition. Further-
more, its integration with electric motor drive systems via
IoT and Al satisfies the driving motor power requirement
to provide intellectual, robust, secure, and reliable vehicle
systems.

6. Multilevel topology converters are becoming increas-
ingly important in modern power electronics applications
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for controlling motor torque and making EVs more efficient
by utilizing AC-DC, DC-DC, and DC-AC converters. The
output of the converter is simple and smoothly functioning
as the number of levels increases (such as flying capaci-
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tor, diode clamped, and H-bridge) with less harmonic and
reduced stress voltage in addition to the use of high switching
frequency to minimize the excitation torque ripple with high-
speed operation.
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X. CONCLUSION

This work presents a comprehensive review of various control
strategies associated with mitigating the torque ripples of
BLDC motors in EVs that have been meticulously exam-
ined in terms of their function and control procedures. The
studies reviewed in this paper focus on BLDC motors, which
have become increasingly popular for use in EV applications
due to their compactness, accuracy, and cost-effectiveness.
Along with a fundamental understanding of torque ripple
mitigation for the development of effective control techniques
with a high degree of dynamic performance and superior
efficiency. This performance is mainly based on the archi-
tecture of the control system for BLDC motors in vehicles,
which includes controlled and uncontrolled variables such
as speed, torque, stator phase currents, terminal voltages,
back-EMF, hall sensors, etc. Although machines with a
high specific torque inherently have large torque ripples,
the significance of torque ripples produced is determined
by three factors: motor construction, motor parameters, and
motor control strategies. Moreover, an in-depth examination
is conducted on regulating the torque ripples, where vari-
ous control strategies (field-oriented control, direct torque
control, intelligent control, controlling input voltage, current
shaping techniques, model predictive control, and sliding
mode control) are addressed, and their essential features are
comprehended.

A similar field-oriented control method is used to manage
BLDC motors with good control capability throughout the
entire torque and speed ranges and satisfy the distinct demand
for EVs. It makes the stator magnetic field orthogonal to
the rotor magnetic field to provide the desired output very
smoothly and efficiently, reducing torque ripples with greater
high load efficiency. Then, the direct torque control method
has the capacity to directly control the torque with low sen-
sitivity to BLDC motor parameters, providing reliable and
energy-efficient vector control and improving the stability
and safety of EVs. Further, intelligent control techniques are
an effective way to address some of the most prevalent issues
that arise with BLDC motors for EVs, including electromag-
netic interference, fault tolerance, and torque ripples, in order
to enhance the reliability of EV drives by developing FLC
systems.

Consequently, another reliable method of controlling input
voltage is to reduce torque ripples and ensure proper commu-
tation of power inverter switches when trapezoidal back-EMF
is equivalent to the phase current of the stator windings,
providing low computational complexity for dynamic per-
formance in EVs. Like current shaping techniques, optimal
current drive in EVs provides high operating speed together
with a fast response output while significantly reducing
torque ripples caused by non-ideal trapezoidal back-EMF
due to insufficient commutation in the motor. Additionally,
sliding mode control obtains speed regulation to increase
EV motor drive performance. Moreover, model predictive
control uses a system to forecast future motor drive outputs
in EVs as a feedback control technique to handle com-
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plex dynamics and multiple input and output systems, also
providing a popular solution in motor drive and achiev-
ing faster dynamic performance with EV controllers. Even
though recent advancements in research have focused on
cloud-based motor torque control, which can be integrated
into EVs to increase efficiency and offer fresh perspectives
on how to improve motor performance compared to all vector
controllers. It can also more precisely predict information
about the vehicle’s current driving conditions for improved
power distribution between the motor and battery system.
These control approaches are used to improve motor sys-
tem performance and guarantee smooth torque operation in
order to maintain energy efficiency in EVs. Furthermore,
the real-time evaluation processes of control strategies of
BLDC motors, as well as crucial characteristics of energy
management for the optimum functioning of EVs, have been
analyzed.
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