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Abstract Electric vehicles (EVs) are promising solutions 
to the problems faced by combustion engine-propelled 
automobiles. The futuristic transportation system would be 
majorly catered by battery EVs, hybrid EVs, and fuel cell 
EVs with a different combination of energy sources that 
could successfully meet the requirements of different cat-
egories of vehicle propulsion systems. However, to execute 
such vehicle systems with a high level of safety and comfort 
for the transportation of people and products, a few difficul-
ties must be resolved. EVs of today face problems such as 
noise-vibration-harshness, energy storage difficulties, torque 
fluctuation/ripple in the power train, inadequate range, and 
some others. The present review paper comprehends major 
noise and vibration issues existing in EVs and attempts 
made by the researchers to find solutions to such problems. 
The major problem faced by the vehicle as well as by the 
passengers is vibration and discomfort. These vibrations if 
continued for a longer period might cause severe damages 
to the vehicle structure as well as to the passenger’s body. 
These issues must be thoroughly addressed by researchers 
to increase ride comfort, which is a crucial requirement of 
the hour as well.
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Introduction

The passenger and goods mobility at the surface level are 
a very essential requirement and are presently taken care 
of mainly by automobiles powered by thermal prime mov-
ers such as petrol and diesel engines. However, in the 21st 
century, issues faced by automobiles such as depleting oil 
sources, increased exhaust pollutants, causing air pollu-
tion, difficulty in meeting the stringy emission norms laid 
down by the regulatory bodies, noisy operation, higher 
maintenance, and running costs have led to the develop-
ment of alternative modes of transportation [1].

In this regard, electric vehicles (EVs) seem to be a more 
promising alternative to the hitherto established combus-
tion engine-propelled automobiles. Electric vehicles pro-
pelled by electric traction motors do not directly use any 
petroleum fuel, are quieter in operation, and require less 
maintenance and running costs [2]. In EVs, an electrically 
run motor known as a traction motor develops the vehicle’s 
propulsion power according to the load requirements [3, 
4]. Comparing the cost analysis of electric vehicles with 
that of ICE vehicles, EVs get cheaper in every kilometre 
driven. For example, comparing the costs of an ICE-driven 
motorcycle and an electric motorcycle data, as studied by 
Tuayharn et al., is shown in Fig. 1. Considering the same 
driving distance of 8097 km covered by both vehicles in 
a year, electric vehicles are found to be beneficial. Even 
though the initial cost of the electric vehicle is high, other 
expenses such as the electricity cost are very low. Dif-
ferent maintenance costs like changing the air filter and 
replacing of spark plug do not apply to the electric vehicle. 
Comparing the fuel consumption of an ICE motorcycle, 
the electricity consumption of an electric motorcycle feels 

very negligible and this becomes a major advantage of the 
electric vehicle [5].

Additionally, in the future, electric cars will play a 
critical role in improving air quality in heavily populated 
places. These assist in reducing the unfavourable impacts 
of hazardous gas exposure on humans [6]. As studied by 
Joseph and Joseph [7], the graph shown in Fig. 2 indicates 
the emissions generated from ICE vehicles and EVs and 
compares them. Observing the battery emissions, the emis-
sions generated from the ICE vehicles are less compared 
to the BEV cars with ICE (diesel or petrol), used for long 
distances. Rather, the well to pump emission for electricity 
is found to be higher. However, the well-to-pump emission 
and operational emission for fossil fuel of BEV as well as 
BEV with ICE (diesel or petrol) are found to be very negli-
gible compared to ICE vehicles. This illustrates that the total 
emissions emitted by the BEVs are very less compared to 
that of ICE vehicles. The plot gives the numerical values of 
emissions in  gCO2e/km.

Based on the energy source used to feed power to the 
traction motor, electric vehicles are divided into the follow-
ing broad categories. (i) Battery electric vehicles (BEVs)—
which use the chemical energy that is stored in the recharge-
able battery packs [8]. Examples like electric bikes and 
wheelchairs. (ii) Hybrid electric vehicles (HEVs)—which 
contain both an internal combustion engine and an electric 
drive train, which are coupled in various configurations such 
as series, parallel, series–parallel, and complex [9]. (iii) The 
energy source for fuel cell electric vehicles (FCEVs) is a fuel 
cell. Sometimes these are supplemented by a small battery 
or a super-capacitor. Such EVs are promising to claim more 
markets soon by emitting zero emissions [10]. (iv) Overhead 
supply line electric vehicles—which use overhead electric 

Fig. 1  Expenses of ICE motor-
cycle versus electric motorcycle 
[5]
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lines to take the energy and propel. Examples—tram buses 
[11]. (v) Solar electric vehicles—these use photovoltaic cells 
to convert the direct sun’s energy to electric energy [12]. 
(vi) Electric vehicles using flywheels for energy storage and 
supply [13].

The traction motors used for EVs have high starting 
torque, high power density, frequent start–stop capability, 
wider bandwidth constant power regime, and withstand 
harsh operating conditions such as shocks, vibrations, 
dirt, slush, and moisture environments encountered dur-
ing vehicle operation on roads. Both AC and DC motors 
are employed in EVs [14]–[17]. Direct current motors, 
like DC brushed motors, provide a significant amount of 
torque at low speeds, which makes them ideal for traction 
systems. Brushed DC motors have a disadvantage that they 
have a lower power density, but they also have better per-
formance and are simpler to maintain. Induction motors 
have tremendous proficiency and great speed control. The 
stator winding is coupled to the three-phase AC supply, 
generating a revolving magnetic field. In EVs, the AC 
induction motor drive is preferred. These days they are 
commonly acknowledged as being commutator less as they 
account for high reliability and maintenance-free. In per-
manent magnet synchronous (PMS) motors, the rotor runs 
at a synchronous speed within the synchronous motor. A 
DC supply excites the rotor, while the stator is connected 
to a 3-phase AC supply. Brushless AC motors are often 
referred to as PMS motors. The permanent magnet (PM) 
brushless motor drive is one of the most efficient motors 
in terms of energy output, followed by an induction motor 
with nearly comparable performance. Another kind of 

motor which could be used is the permanent magnet brush-
less DC motor. For application purposes, they operate on 
the transforming stator and rotor of the permanent magnet 
DC motor. In comparison with a sinusoidal supply, the 
BLDC motors are fed by an AC supply that is rectangular, 
given their configuration is relative to the PMS motors. 
The ability to produce higher torque compared to other 
motors at comparable peak levels of current and voltage is 
another advantage of PM BLDC motors. Switched reluc-
tance rotor position switches are used in motors to power 
the distinct phase winding line. The possibility exists for 
a broad speed range. The rotor attempts to move to a place 
with the least resistance while generating the torque in this 
manner. SRMs offer qualities that make them suitable for 
EV application, such as a strong starting torque and excel-
lent natural adaptability to non-critical failure.

The traction motor controls the torque, speed, and accel-
eration requirements of the vehicle. However, such EVs face 
some issues when in use on the road [15]. Major problems 
associated with the EVs while riding are short-range [18], 
higher weight [19], and bulkiness of the energy storage 
systems such as battery packs hence lowering the utility 
space [20], whole-body vibrations [21, 22], torque ripple 
[23], and torsion between traction motor and driveline [24]. 
Any successful attempt made in overcoming or minimiz-
ing the aforesaid deficiencies would result in improving the 
efficiency and performance of futuristic EVs. This study 
attempts to address the main challenges faced by EVs and 
potential solutions to such problem areas, especially torque 
ripple, torsion, and whole-body vibration, with a thorough 
examination of hybrid and electric vehicles.
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Torque Ripple in the Traction Motor

Torque ripple, which refers to a periodic increase or decrease 
in the output torque as the shaft spins, is an effect present 
in many types of electric motors. When measuring this, it is 
often represented as the difference between the greatest and 
minimum torque across a full rotation [16, 17, 25].

The torque ripple is produced in all electrical devices 
by electromagnetic torque harmonics, irrespective of type 
or nature [26]. Non-idealities produce the harmonics in 
the electromagnetic fields produced by the rotor and stator 
interactions.

The cogging torque can be measured in a number of ways, 
including (a) using a standard torque transducer; (b) a strain 
gauge bridge centred on the stator reaction torque; (c) an 
observer of voltage and current torque; and (d) using a spe-
cial torque transducer designed specifically for measuring 
the cogging torque. The torque ripple could be minimized in 
several ways, which could be a design approach or a control-
based approach [27, 28].

Experimental Investigations

Experimentation is a very important and precise way of 
evaluating any device or setup. Through experimentation, 
different researchers cited in this section evaluate torque rip-
ple and yield different minimization techniques for torque 
ripple which could be adopted.

The principle of instant torque management for BLDC 
drive control was proposed by Low et al. [29]. It was used as 
an alternative to traditional sinusoidal current regulation in 
order to minimize pulsed torque and produce the most effec-
tive torque possible. The findings demonstrate that in each 
of these cases, instantaneous torque control outperformed 
sinusoidal current control (speed control and position con-
trol). It was further shown that static torque/force control 
is accurate. Favre et al. [30] offer the right present shapes 
to drive a given motor without ripple torque and suitable 
back current or voltage supply EMF forms. This gives the 
sufficient current driving form of a given motor without rip-
ple torque including a potential detent torque induced via 
interaction of the stator slots and the rotor magnets. Multiple 
current calculations were done by the iterative method which 
leads to a constant torque. Holtz and Springob [31] look 
at the various sources of torque ripples in containers with 
permanent magnets. The study introduced the adaptive con-
trol system and experimental findings to show its efficacy. 
Residual torque pulsations in PM synchronous machines 
were figured out from the analysis. They impaired their out-
put with the sinusoidal flux relation type applications. The 
motor controlling model was constructed and analysed in 
equivalent circuit software by Wang et al. [32]. Calculations 
were made to determine how motor winding conductance 

affected the motor’s torque ripple. The study came up with 
an adjustment of the currents of the quadrature axis and the 
direct axis to measure the current in the starter winding of 
the motor according to the equation of torque balance. This 
reduced the torque ripple of the motor at a specified speed 
corresponding to the natural frequency of the vehicle power 
train, weakened the resonance, and kept the speed of the 
vehicle stable. Using the two-level inverter Davari et al. [33] 
demonstrated that when FCS-MPC is applied, it calculates 
the weighting factor which zeroes the torque ripple. A speed 
control mechanism for the switched reluctance motor (SRM) 
along with the torque minimization of ripples using the mul-
tiple optimization liaison (MOL) technique was proposed 
by Saha et al. [34]. Analysis of the integral square speed 
error, torque coefficient, as well as the best, worst, mean, and 
standard deviation of the integral square error of speed and 
torque ripple, was conducted to compare the two control-
lers’ performance. The outcomes show that due to its strong 
operational strength, MOL-based speed controllers increase 
output for SRM drives by decreasing setup and pulse torque 
times and by offering a superior current profile.

Numerical Analysis and Simulation

Numerical analysis and simulation play a vital role in any 
research. The experimental techniques used or the numeri-
cal solutions obtained could be validated by a simulation. 
Rather, it provides a way of doing things. This section pro-
vides a review of different researchers’ analysis techniques 
and simulations to understand and provide optimization 
techniques for torque ripple minimization.

Configurations with the active filter (AF) for reducing 
ripple torque and harmonic noises were proposed by Gulez 
et al. [35] for a permanent magnet synchronous motor. In 
order to compare the two, the main motor circuit employed 
the current control method of hysteresis, while the AF used 
the voltage control approach. The two control methods were 
separately combined to deliver almost sinusoidal voltage to 
the motor’s windings. The configuration showed a smoother 
line that matched the current waveform and reduced ripple 
in the torque and current harmonics. The design has also 
demonstrated success in reducing EMI noise levels, which 
have an effect on engine control installation. Hasanien 
[36] developed a digital observer controller that is used for 
torque ripple minimization of motors. First, under the con-
ditions of the maximum load torque and load disturbance, 
the dynamic response of the (PMSM) with the suggested 
controller was assessed. Examining revealed that the torque 
ripple was decreased when compared to the typical PI con-
troller and that the dynamic responsiveness of the PMSM 
was improved when the controller was equipped with the 
digital observer. An enhanced MPTC with duty cycle control 
by effectively enhancing the vector selection and its duration 
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while decreasing torque and flux errors was introduced by 
Zhang and Yang [37]. The results showed improved torque 
efficiency, with a much lower frequency of sampling with 
and without load, especially at low speeds. Two instanta-
neous field-oriented torque control techniques were intro-
duced by Adhavan and Jagannathan [38]. By using iterative 
learning controllers and hysteresis pulse width modulation, 
the torque ripples in the PMSM drive were minimized. The 
simulation findings show that torque ripple is reduced using 
both techniques. Process ILC along with SVPWM reveals a 
better decrease in torque compared to an ILC with HPWM 
technology. Su et al. [39] suggested a technique of torque 
ripple reduction for induction motors based on a hybrid 
method of predictive torque control technique and particle 
swarm optimization. The results of the simulation demon-
strated that a steady-state phase current had reduced fluc-
tuations and much lower overall torque and flux ripple. In 
order to lower the ripple torque in a BLDC motor drive sys-
tem that is based on the same rate of increase and decrease 
in inverter output currents, Mohanraj and Sankaran [40] 
devised a novel network design employing various convert-
ers to manage DC link voltage. It was recommended to use 
the new circuit architecture to minimize torque ripple over a 
wide range of speeds. The simulated outcome demonstrates 
that the SEPIC converter produces output that is superior 
to the Z-Source converter in every way. The engine starting 
procedure was separated into three steps by Hu et al. [41] 
engine cranking, velocity synchronization, and following the 
synchronization step. The investigation was done to deter-
mine the impact of various factors on the jerk. Clutch pres-
sure coordinated monitoring technique and variable torque 
are proposed for base torque and motor torque. The simu-
lation through MATLAB / Simulink single-engine parallel 
hybrid electric vehicle is done, and the effectiveness of the 
proposed electric vehicle is identified. The findings show 
that with the coordinated monitoring method proposed in 
this article, the vehicle jerk is substantially reduced during 
the engine starting phase. This strategy is efficient in terms 
of performance in enhancing vehicle operation and driving 
comfort. A novel method for reducing ripple was introduced 
by Raja and Geethalakshmi [42]. This was developed using 
a finite-element method (FEM) two-dimensional (2-d) pro-
cess. To reduce BLDC motor torque ripple, a cost-effective 
redesigned rotor approach is provided. Performance com-
parisons indicate it is quite an effective process. Two key 
disadvantages are the original method and the skew method. 
The findings show that the ripple of the total torque has 
decreased dramatically. An analytical motor model that takes 
into account the harmonics and magnetic saturation features 
of PMSM, numerical magnetic co-energy solution (MCE), 
and finite element analysis (FEA) was proposed by Zhong 
et al. [43]. The optimal stator flux connection that minimized 
torque ripple was established as a result, and a feedforward 

controller for the SVPWM-DTC architecture was built. The 
outcomes showed that the SVPWM-DTC with a feedforward 
controller greatly reduced the torque ripple as compared to 
the feedforward control technique. The effectiveness of the 
regulating DTC is also considerably increased.

Additional analysis of ripple in traction motors and pos-
sible solutions are listed in Table 1. 

Torsion Between Traction Motor and Driveline

A centrally charged battery-powered electric vehicle has a 
different powertrain than one powered by an internal com-
bustion engine. It is directly coupled to its control grid and 
transmission system. When the EV is operating, the broad 
torque response slope readily causes longitudinal vibration 
due to driveline shock and torsion vibration [34, 35].

Torsion between driveline and traction motor could be 
studied through various techniques like modelling through 
ADAMS [50], and these could be avoided by various tech-
niques like offline optimization technique to compensate 
for speed oscillations [51], and optimal anti-jerking shifting 
control [52]. Even with ICE, the torque distribution control 
is a very important criterion [53].

Experimental Investigations

This section includes a review of different researchers’ 
works which are based on experimental investigations of 
torsion between driveline and motor. Different techniques 
to minimize these issues are even discussed in this section.

A method for selecting the best solution for front-rear 
motor transmission was proposed by Rossi et al. [54]. The 
method was proved the best under mechanical and electrical 
constraints during operation. The splitting of the traction 
power between the two drives made this possible for a solu-
tion of low voltage. Considering both motor drives with the 
driver in mind commands, drivetrain limitations, battery-
pack limitations, and power-sharing in the two drives. The 
findings are said to appear in the procedural documents. A 
novel simplified dynamic model of torsional vibration was 
proposed by Tang et al. [50] to find the characteristics of 
torsional vibration in a compound planetary hybrid propul-
sion system. The hybrid driveline’s critical frequencies were 
assessed. This study served as the foundation for additional 
vibration control of the hybrid power train during the engine 
start/stop procedure. The recommended tri-mass simplified 
dynamic model might guide the installation of better con-
trol algorithms to reduce the entire hybrid system’s unde-
sirable vibration during frequent engine start/stop cycles. 
Figel et al. [55] dealt with tests conducted with an electric 
hybrid plug-in vehicle. Various excitation amplitudes were 
applied at various vehicle speeds and driving conditions. 
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Consequently, this analysis quantified the dependence of 
driveline shuffle characteristics. First, it could be mentioned 
that, at a particular operating point, second-order models 
suit the stage experiments very well which was in line with 
the linear ’two-inertia model’ popularity. The natural fre-
quency was found to vary linearly on the height of the phase. 
Rather, overall trials had extremely poor variation of the 
predicted natural frequency. The wear of the synchronizer 
ring in manual transmission gearbox synchronizers due to 
the torsional vibration was explained by Barathiraja et al. 
[56]. To replicate angular accelerations at the vehicle level, 
a bench test rig was created. Torsional vibration damping 
was examined using clutch size, oil viscosity, synchronizer 
ring guidance, and oil volume. Various experiments at the 
bench and vehicle levels were used to evaluate and confirm 
the wear reduction of the synchronizer carbon liner. It was 
found that the wear on the inner ring was higher than the 
wear on the outer ring. The bigger diameter clutch could 
dampen the propagation of torsional vibration into the gear-
box. Vibration levels of electric motor bearing units were 
determined by Migal et al. [57]. Increased radial load had a 
significantly smaller impact on vibration development than 
did increasing bearing rotational frequency. The analysis 
concludes that increasing the service level while lowering 
vibration is possible by radial bearing noise levels of QE1 
to QE6. Findings in this method are claimed to be valid for 
all traction forms of EMs.

Numerical Analysis and Simulation

This section includes the review of various researchers’ 
works which are based on numerical analysis and simulation 
of torsion between traction motor and driveline. Numerical 
evaluation of different techniques and mitigation of these 
issues are too discussed.

A new control concept for a rolling mill’s drive system 
to suppress vibration and disturbance rejection was pro-
posed by Zhang and Tong [58]. It was built on a special 
ESO and LQ controller that uses an ESO and feedforward 
load torque compensation system to measure the disturbance 
of unknown states and load torque. The suggested control-
ler maintained stability when mechanical parameters were 
changed, and its validity and superiority were examined in 
contrast to the conventional PI controller and state feedback 
controller based on a reduced-order state observer. Templin 
and Egardt [59] studied the result of an anti-jerk LQR con-
troller for motor vehicles. The alternative to commuting time 
was closely connected to the truck shake; the shaft torque 
was used as a virtual machine output and managed to zero. 
The controller served as a torque compensator for the torque 
of the driver demand which asymptotically followed the con-
troller output. The torsional dynamic vibration equations 
of two mass rotor systems for PMSM & load/mechanical 

rotor was discussed by Chen et al. [60] using Newton’s law. 
The electromechanical coupled torsional vibration model 
was performed with active vibration analysis. The simula-
tion findings showed that a more precise assessment of the 
mechanical and electrical connection system’s characteris-
tics might significantly lessen torsional vibration, especially 
in the inertial load region. To reduce torsional vibration in 
compact hybridized power trains, Vadamalu and Beidl [61] 
presented an MPC-based VR controller as a state regulator 
based on a disturbance observer. Control algorithms based 
on the time domain (normal MPC) and frequency domain 
were introduced as two variations (spectral MPC). The MPC 
VR controller demonstrated that after being turned on for 
one second, oscillations decreased by around 1500 rpm on 
average. It was found that when vibration diminished over 
time, the VR controller was first set to its maximum torque 
value before being adjusted to lower levels. Song et al. 
[62] defined a parallel AWD, configuration with PHEV. To 
achieve effective power regulation based on the engine’s 
ideal operating curve, a CD/CS technique was implemented. 
The results indicated that the improvement of traction helps 
to reduce excessive fuel consumption. On low cohesive 
highways, speed is said to be increased by an average of 
more than 24%. A linear quadratic Gaussian (LQG) control-
ler with an estimator was presented by Zhang et al. [63] for 
the reduction of torsional vibration in a power-split vehi-
cle powertrain. Twofold in transmission motors/generators 
are used to improve driver comfort and ensure a dynamic 
response. An equivalent planetary gear design to simplify 
transmission using the Lagrange method has been put for-
ward. The outcome of simulations showed that the controller 
realized a goal that effectively minimized the input torque 
vibration and the output torque assuring dynamic vehicle 
qualities at the same time. An experimental vibration study 
of asynchronous electric motors (EMs) of the electric bus 
traction electric drive was performed by Arhun et al. [64]. 
This method allowed the development of assessment classes 
of the technical condition of the EMs by the degree of their 
vibration, making it possible to predict their resource. The 
method developed is claimed to be implemented at all stages 
of the electric motor’s life cycle. It is shown that with vibra-
tion reduced by 8 dB, the EM’s ability is multiplied three 
times as much. A backlash drive mechanism was introduced 
by Yonezawa et al. [65] considering the limit on the con-
trol duration due to the characteristics of a motor to achieve 
vibration management. It was proposed to optimize the 
response between the sampling points to preserve the output 
throughout the control period pressure considering the limi-
tation of the control span. Experiments and comparisons of 
the proposed control system validated the efficacy of moni-
tor results with those obtained by a discrete conventional 
approximation. Wang et al. [66] proposed the TSB-based 
mesh stiffness of a PGT and the pure-torsional dynamic 
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planetary model developed in this study. The impact of the 
TSB mesh stiffness on the transient torsional vibration of 
the PGT was observed at the point when the transient tor-
sional vibration of the PGT showed a growing pattern with 
more teeth backlash. The simulation outcomes revealed that 
the genetic algorithm TSB modification approach decreased 
the transient torsional vibration of PGT as well as the ride 
comfort due to the thorough optimization criteria of TSB 
modification. During high-speed PGT, the method effec-
tively reduced transient torsional vibration, vehicle jerk, 
and improved riding comfort. Power train vibration during 
the mode transition phase, as affected by clutching dynamic 
transfer friction torque, through a non-linear TTV model was 
conducted by Wang et al. [67]. The relative torsional oscilla-
tion suppression of PHPS was achieved by implementing a 
novel clutch oil pressure forming system for PHEVs during 
the mode transition phase after developing and numerically 
resolving the dynamic equations for the mode transition pro-
cess to determine the TTV response and the vehicle jerk. 
Findings suggested that producing concave-type oil pressure 
might enhance ride comfort during the changeover period in 
addition to reducing PHPS transient vibration. It was further 
found that the new OPOM improved PHPS TV, as well as 
the vehicle jerk, was lower than that of the standard concave-
type oil-pressure establishment process due to the complex 
optimization.

Table 2 shows research works carried out by researchers 
to analyse the causes for the torsion between traction motors 
and drive lines and possible solutions suggested to overcome 
the problem.

Whole‑Body Vibration

The vibration of any frequency when transferred to the 
human body, it is called whole-body vibration (WBV) [73]. 
This may be the seat of the driver, moving trains’ platform, a 
power tool or one of several other components [74, 75]. This 
vibration is known to cause a variety of physiological prob-
lems, including musculoskeletal, circulatory, and nervous, 
both acute and chronic injury, and low back pain [76, 77]. 
Several whole-body vibration devices far surpass what is 
considered safe to the healthy standing person for even brief 
exposure [78]. Whole-body vibration could be eliminated or 
reduced by various techniques and methodologies like active 
and passive methods [79] and even by the efficient design of 
the sitting posture [80].

Experimental Investigations

This section includes a review of different researchers’ 
works based on experimental techniques to mitigate WBV. 
WBV when experimentally evaluated shows very precise 

results as it could be felt and hence required measures could 
be taken.

A vibration analysis on 14 different categories of vehicles 
comprising, tractors, lorries, lift trucks, buses, and vans was 
conducted by Paddan and Griffin [81]. Each vehicle’s vibra-
tions were measured along five axes: front and rear, lateral 
and longitudinal vibration on the floor foundation, vertical 
vibration under the seat, and front and backrest vibration. 
Different methods of measuring the vibration as described 
in the standards were compared. The broad range of calcu-
lated values indicates that by choosing suitable vehicles and 
operating environments, exposures to vehicle vibration could 
be minimized. The vertical axis on the seat pan has provided 
the highest frequency-weighted acceleration magnitude for 
most measurements. The exposures to WBV were discussed 
by Kim et al. [82]. By simulating real off-road vehicle vibra-
tion patterns with a 6° free-movement platform, the study 
assessed the excitation of the neck and low back muscles 
as well as self-reported pain in single-axial and multi-axial 
suspension seats. The experiment revealed that, during simu-
lated tractor operation, the seat with multi-axial suspension 
appeared to lessen WBV exposures and related muscular 
tension, particularly in the left hand muscles. Wang et al. 
[83] suggested a generalized, real-time vibration suppres-
sion technique for an electric vehicle to minimize the cou-
pling vibration during idling and cruising of vehicles. With a 
high-performance field-oriented electric motor drive (FOC), 
a little rotational velocity offset applied to the traction motor 
greatly decreased resonant vibration with no effect on the 
vehicle’s speed. The simulation showed how well the sug-
gested approach worked. The proposed strategy for the sup-
pression of vibration in real-time provided excellent robust-
ness over diverse driving conditions. It did not require any 
extra hardware installation and could be implemented in 
conjunction with other existing vibration suppression strat-
egies. Kim et al. [84] tested the efficiency of various combi-
nations of fore-aft, lateral, and vertical suspensions in reduc-
ing WBV exposures in laboratory environment. The study’s 
findings showed that passive suspensions for the fore/aft (x), 
lateral (y), and vertical (z) axes were commercially available. 
Rather, it only had a limited ability to reduce axis vibration. 
In contrast, an active vertical (z-axis) vibration suspension 
system was able to do this more successfully than a passive 
suspension system.

Numerical Analysis and Simulation

This section includes review of different researchers’ works 
based on numerical analysis and simulations to mitigate 
WBV. These simulation works carried out depict the actual 
WBV problems faced by the vehicle and provide minimiza-
tion techniques too.
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A control strategy for identifying the resonance sources 
in an electric bus was presented by Karikomi et al. [85]. 
This approach used a complete zeroing system with an 
inverse filter and a feedback compensator. Torsional vibra-
tion was found to be controlled roughly by doing both the 
feedforward compensator and the feedback compensator. 
The results indicated that smooth and rapid acceleration 
output was achieved at a high level. Li and Zuo [86] mod-
elled a rear twist beam suspension model suitable for high-
frequency analysis in ADAMS/VIEW based on an existing 
eccentric motor-driven EV and said that optimized bush-
ing parameters significantly minimize the peak values in 
the FRF curve and further minimize WBV. Fu et al. [87] 
introduced a method of vibration suppression control for an 
integrated electric and hybrid vehicle powertrain directly 
coupled to a motor-gearbox. The built-in powertrain was 
modelled as a two-mass system. The simulation results 
showed that the predicted states were near the states of ref-
erence. It was further shown to greatly inhibit system oscil-
lation. And both the torsional angle and relative velocity 
difference were well controlled under different gear ratios, 
which was useful in improving the efficiency of the changes. 
The vibration control scheme proposed was therefore ideal 
for the integrated electric and hybrid electric train. Song 
et al. [88] measured the longitudinal acceleration and filtered 
it by a low-pass filter (LPF) thus the proposed fuzzy logic 
torque controller (FLTC). The proposed controller forces 
the real EV acceleration to follow the target acceleration 
well, which was smooth and did not contain any vibration 
part. The simulator results showed that the proposed FLTC 
minimized the driveline oscillations and increased the EV 
drivability. The transmissibility of vertical suspension seats 
and the Seat Effective Amplitude Transmissibility (SEAT) 
values in agricultural tractors were studied by Adam and 
Jalil [89] for a seated individual exposed to WBV. The analy-
sis includes two road surface conditions: (i) Asphalt and (ii) 
Field. The vibrations (z-axis) were measured at the base of 
the arm, under the ischial tuber, and at the position of the 
thigh. Results suggested seat resonance frequency at about 
2–3 Hz, and thigh resonance is higher than seat resonance. 
112.6% (with weighting  Wk) and 103.6% (with weighting 
 Wb) were the calculated SEAT values. It was hypothesized 
that operating on off-road terrain increased the WBV in the 
vertical direction, causing the operator’s body to expend 
more vibration energy. Tan et al. [90] provided an idea and 
a method for IWN driving of an electric vehicle (EV) vibra-
tion suppression, while it could provide some theoretical 
guidance for IWN driving EV design and optimization. Sig-
nificant reductions in vibration energy were seen throughout 
the whole frequency range when the vibration energy trans-
ferred to the vehicle body was compared between before 
and after optimization. The claim that the superior design 
has improved even riding comfort is supported by the fact 

that other components have received less vibration energy, 
an indication of the optimization process’ correctness. Guo 
and Wang [91] concentrated on the vibration of the HEV 
launch using pure electric mode, while the output torque was 
only produced by the electric motor. A related mathematical 
model was built based on the theory of work. The model 
was used to examine the electrical propulsion system’s tor-
sional vibration characteristics. Feedforward control (FFC) 
and pole placement (PP), two active control approaches, 
were employed to minimize HEV start vibration. Simula-
tion results show that WSCS minimized most wheel angular 
acceleration (WAA) over-shooting compared to FFC and PP 
and had little effect on system response speed, which could 
be considered the most effective control process. An impor-
tant theoretical technique for determining the resonance ori-
gins and transmission of vibrations for a pure electric bus 
was discussed by Zeng et al. [92]. The approach included a 
path analysis transfer, process deflection, and order analy-
sis. The findings demonstrated that the power train mounts 
and V rods were primarily responsible for transmitting the 
vibration of the rear-drive axle and power train coupling to 
the bus floor, which enhanced the resonance of the whole 
driveline. The driveline and transfer route design as well as 
structural improvements were suggested for managing this 
problem based on the findings. RBDO approach to optimize 
the problems of vertical vibration posed by a modified EV 
was proposed by Wang et al. [93] using the FPST process. 
The statistical data obtained from the RBDO provide results 
for optimization of the maximum probability interval which 
could be used as the boundary conditions for optimizing 
other vehicle dynamics. A two-stage optimization control 
method for IWM-driven EVs to enhance ride comfort and 
comprehensively suppress IWM vibration was introduced by 
Liu et al. [94]. First, a mathematical model was created using 
a quarter-sized car with an active suspension and a DVA. 
Additionally, a finite-frequency HN controller for active sus-
pension was created to enhance ride comfort by optimizing 
LMI. The findings demonstrated that the suggested finite 
frequency HN controller for active suspension could produce 
a more comfortable ride within the targeted frequency range 
as compared to the maximum frequency controller. Lei et al. 
[95] implemented a method of minimizing vibration and 
noise, which could reduce sources of noise excitation, such 
as peak to peak transmission error and its harmonics and 
maximum surface load. An enhanced multi-objective opti-
mization algorithm was used to refine gear micro-geometry 
and the optimum micro-modification approach was quickly 
assessed. The efficacy of the proposed approach was checked 
by bench testing. The results of optimization showed that 
the proposed method of optimization could efficiently and 
rapidly decrease gearbox vibration and noise.

Table 3 shows analyses carried out on whole-body vibra-
tion (WBV) and the results obtained with which it’s possible 
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to find out the effectiveness of the strategies used to mini-
mize the problem.

Noise Issues in the Electric Vehicle

EVs are considered to provide smooth and noiseless opera-
tion. However, in practical conditions, EVs face major noise 
issues. Earlier, in the IC engines due to the noise generated 
by the engine itself, all the other noise produced in the vehi-
cle was rarely noticed [101]. This phenomenon is called the 
“masking effect”. However, in EVs, these issues reappear 
as major noise issues and these will have to be taken care of 
while designing an EV [102].

Current advancements in BEV’s NVH research to 
enhance future BEV systems X was studied by Hua et al. 
[21]. Considering tyre/road noise, wind noise, and ancil-
lary system noise some effective solutions to overcome 
NVH in BEV were discussed. The researcher further 
suggests different research possibilities in this area, such 
as developing more effective models and algorithms, as 
well as decreasing the irritating high-frequency noise in 
BEVs. It would be a difficulty for both the experimental 
and numerical investigations. Marbjerg [103] performed 
noise tests on electric passenger vehicles and compara-
ble combustion passenger cars in an experimental set-
ting. Noise measurements of two types were carried out 
and reported. During steady driving, acceleration, and 
deceleration by engine braking, two electrical and two 
combustion passenger automobiles were used to conduct 
controlled pass-by (SPB) tests. Further, the noise measure-
ments of energy saver tyres and the standard reference test 
tyres from a range of surfaces were analysed. Energy saver 
tyres are suggested for electric vehicles because they have 
lower rolling resistance and so consume less energy to go 
the same distance. Genuit [104] compared different noise 
issues between the gasoline engine and electric vehicle 
grouping them into exterior noise and interior noise. At 
the different modes of operation, the vehicles were tested 
like WOT (Wide open throttle), wherein different issues 
detected were showcased. Whining noise in the e-motor, 
whining noise in the gearbox, whining/whistling noise 
from the power electronics, and some other noise gen-
erated from the drivetrain were discussed. Future works 
include reduction of tyre-road noise and quite disturbing 
noise from slip-sick effects. Controlled pass-by (CPB) 
noise levels of an ICE vehicle and an equivalent EV were 
compared by Iversen and Skov [105]. The test carried out 
on a dense asphaltic concrete (DAC) urban road at speeds 
ranging from 10 to 60 km/h produced noises at different 
levels. When comparing the EV to the ICE vehicle, the 
EV produced less noise at low speeds, but the difference 
narrowed as speed increased. The noise level increases as 

the speed increases. As depicted in Fig. 3, Xitong et al. 
[106] explained the noise in electric vehicles concerning 
the speed of the vehicle. The research gaps and suggested 
future development opportunities are discussed further in 
the paper.

Conclusion

A comprehensive review of the research works carried out 
includes the collaboration work carried out by researchers, 
and their findings in improving the overall vibration aspects 
in electric and hybrid electric vehicles have been carried out. 
The conclusion drawn from this review is:

1. Electric vehicles are the promising solution to challenges 
faced by combustion engine-propelled automobiles.

2. EVs’ and HEVs’ performance and the ride could be 
improved by eliminating or minimizing the shock and 
vibration-related issues like torque ripple in the traction 
motor, torsion between the traction motor and driveline, 
and whole-body vibration.

3. Torque ripple could be eliminated by modifications in 
design or control-based design as proposed by many 
researchers.

4. Torsion between traction motor and driveline is a serious 
issue and analysed by ADAMS, LQG, LQR, and some 
other methods.

5. Whole-body vibration in EVs or HEVs causes human 
comfort-based problems in the vehicle. This could be 
minimized and optimized by active and passive meth-
ods.

6. Noise issues in the electric vehicle are indeed a potential 
threat in making EVs, the future transportation tech-
nique. Hence, there is a need to conduct in-depth NVH 
characterization of future EVs.
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Fig. 3  Noise in electric vehicles [106]
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Research Gaps Identified and Future Development 
Possibilities

Based on the literature review, the major area of 
research in EV technology to be further explored by 
researchers is listed below.

1. One of the major issues in EVs to be taken care of is 
“Range anxiety”. Improving the range of the vehicle 
might encourage the majority of the population to buy 
EVs.

2. Noise-vibration and harshness of the EV need to be 
improved to give better ride comfort for the passengers 
and the driver.

3. Fast charging or smart charging capabilities, as well as 
stations, are to be further explored.

4. Battery thermal management is another major aspect of 
EVs that needs research attention for making the energy 
storage systems more reliable.

5. In the case of HEVs, designing more efficient energy 
management strategies will improve their performance.
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