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In-wheel motor vibration control for distributed-driven electric vehicles: A review 

Ze Zhao, Hamid Taghavifar (Member, IEEE), Haiping Du ( Senior Member, IEEE), Yechen Qin* (Member, IEEE), 

Mingming Dong (Member, IEEE), and Liang Gu

Abstract—Efficient, safe, and comfortable electric 

vehicles (EVs) are essential for the creation of a 

sustainable transport system. Distributed-driven EVs, 

which often use in-wheel motors (IWMs), have many 

benefits with respect to size (compactness), controllability, 

and efficiency. However, the vibration of IWMs is a 

particularly important factor for both passengers and 

drivers, and it is therefore crucial for a successful 

commercialization of distributed-driven EVs. This paper 

provides a comprehensive literature review and state-of-

the-art vibration-source-analysis and -mitigation 

methods in IWMs. First, selection criteria are given for 

IWMs, and a multidimensional comparison for several 

motor types is provided. The IWM vibration sources are 

then divided into internally-, and externally-induced 

vibration sources and discussed in detail. Next, vibration 

reduction methods, which include motor-structure 

optimization, motor controller, and additional control-

components, are reviewed. Emerging research trends and 

an outlook for future improvement aims are summarized 

at the end of the paper. This paper can provide useful 

information for researchers, who are interested in the 

application and vibration mitigation of IWMs or similar 

topics. 

Nomenclature 

AVC Active Vibration Cancellation 

BLDC Brushless DC electric motor 

CCC Control of Current Chopping 

DVAS Dynamic Vibration Absorbing Structure  

EMF Electromagnetic Force 

EVs Electric Vehicles 

IM Induction Motor 

IWM In-wheel Motor  

NVH Noise, Vibration, and Harshness 

PM Permanent Magnet  

PMSM Permanent Magnet Synchronous Motor 

PWM Pulse-Width Modulation 

RG Road Grade 

RT Road Type 

SRM Switched Reluctance Motor 

UEMF Unbalanced Electromagnetic Force 

V  Velocity 

VL Vertical Load 

I. INTRODUCTION 

To reduce the impact of climate change and decreasing 

fossil-fuel resources, it is highly desirable to make personal 

and commercial transport more sustainable [1]. New 

propulsion systems may reduce CO2 emission and improve 

energy efficiency, which is of high interest to automobile 

manufacturers and consumers [2]. Electric vehicles (EVs), in 

particular, continue to represent a promising alternative type 

of transport. EVs can be categorized into the following two 

types, which are based on the number of motors and their 

configuration: centrally-driven and distributed-driven [3]. 

Compared to the former type, the distributed-driven EVs, 

where in-wheel motors (IWMs) are (often) used, have 

several advantages: a shorter delay-time, better 

controllability, a more flexible structure, and less crammed 

chassis space (by omitting the transmission shaft, differential, 

and speed reducer) [4-6]. For these reasons, this review 

focuses on IWM of distributed-driven EVs. Furthermore, the 

rapid advances in motor technology contribute to a wider 

application of IWMs [7, 8]. However, the increasing 

expectations for improvements of noise-, vibration-, and 

harshness- (NVH) performance by consumers make a more 

in-depth investigation of the NVH characteristics of IWM-

driven EVs a highly desirable task [9, 10]. 

Many published studies focus on the NVH performance 

of motors. However, a certain amount of vibration due to 

electro-mechanical/magnetic coupling is inevitable during 

torque generation because the main function of a motor is to 

convert electric power into mechanical propulsion power [11, 

12]. While the torque ripple, which causes high-frequency 

vibration, has been studied in depth and is well understood, 

both system-optimization and control-strategies can only 

help reduce vibration but never eliminate it completely [13]. 

Before 2010, the vast majority of studies focused on motor 

vibration itself, and important improvements were made with 

respect to the vibration mechanism and optimization. After 

2010, with the increasing popularity of electric vehicles, 

more specific research of motor design, control, and 

vibration reduction in the electric vehicles' working 

environment began to appear. Among which, the internally-

induced vibration in IWMs attracts more attention. It can be 

divided into three types: mechanical, aerodynamic, 

electromagnetic [14]. Among these, electromagnetic 

vibration is the strongest contributor [15] and mostly affected 

by a distorted air-gap flux-density distribution [16]. While 

radial force is the main factor, the vibration due to a large 

radial force and eccentricity is high [17]. Mechanical 

vibration is mainly caused by manufacturing imprecision and 

mechanical anomalies [18, 19]. For aerodynamic vibration, 
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the cooling system is generally viewed as the main cause [20]. 

Other than the internally-induced vibration, NVH 

problems of the vehicle system are widely-studied and 

continue to be of high interest and importance [21, 22]. 

However, studies of the vibration-coupling effect of vehicles 

and IWMs are rare. IWMs helped traditional suspension 

systems to evolve into IWMs-suspension coupling systems, 

which should (simultaneously) satisfy the requirements for 

vibration mitigation and propulsion [23]. The challenging 

operating environment of IWMs is largely determined by 

road-induced vehicle vibration, which causes the increased 

unsprung mass-load to increase suspension vibration [24]. 

Several studies of IWM-suspension systems were carried out 

in recent years. In [25], the effect of vehicle speed on vertical 

vehicle-vibration was studied. The vertical load effect on 

coupled vertical-longitudinal vibration was discussed in [26]. 

Furthermore, when the IWMs electro-mechanical-magnetic 

coupling dynamics are considered, the unbalanced 

electromagnetic force (UEMF), which is induced by the air-

gap vibration, was modelled and its effect on vehicle 

dynamics was investigated [27]. In addition, a large number 

of studies focused on the vibration reduction for IWM-

suspension systems, such as motor-structure optimization, 

controller development, and the application of controllable 

suspension-components [23, 28-30]. Currently, most of such 

research is based on finite element method and numerical 

simulation, and the adoption of a simplified vehicle model 

leaves the comprehensive description of the coupling effect 

between IWM and vehicle an open question. 

Recently, several reviews were carried out to investigate 

vehicle NVH- [31] and motor- NVH performance [32]. 

However, a comprehensive literature survey of IWM 

vibration and its dynamic coupling effect with EVs does not 

exist. This review aims to fill this gap by providing a 

comprehensive review of state-of-the-art studies of IWM 

vibration with respect to IWM modelling, internally- and 

externally-induced vibration, IWM-vehicle-coupling effect, 

and control strategies. 

This review is organized as follows: Section II 

introduces the IWM selection and provides a 

multidimensional comparison for commercially available 

IWM types. Section III focuses on IWM dynamic modeling 

and the electro-mechanical/magnetic coupling effect. 

Section IV analyzes the IWM vibration sources. Section V 

concludes discusses the various suppression methods that 

can mitigate vibration in IWMs. Section VI outlines future 

projects and trends, and the conclusions are summarized in 

Section VII. 

II. IN-WHEEL-MOTOR MODELLING AND COMPARISON 

With respect to their structure, IWMs can be divided 

into structures with inner rotor and outer rotors. Furthermore, 

depending on the type of the magnetic field of the motor, they 

can be categorized into those using radial magnetic fields and 

those with axial magnetic field [33]. However, perhaps the 

most practical categorization criterium is to classify 

according to the type of motor used by the IWMs. An IWM 

represents an electric propulsion system, where multiple 

motor types can be used to power wheels. Advances in motor 

development with improved power and torque density make 

the following motors potentially suitable for mass-produced 

vehicles: brushed motors, brushless DC motors (BLDCs), 

permanent magnet synchronous motors (PMSMs), switched 

reluctance motors (SRMs), and induction motors (IMs) [34]. 

This section introduces motor selection criteria and offers a 

multidimensional comparison between the different motor 

types. 

A. Motor selection 

Although the automotive industry has been looking for 

the best suitable motor for mass-produced EVs for IWM-

driven EVs, several challenges remain. One major problem 

is that the motors need to operate within a wide speed-range 

and meet the demanding driver expectations, vehicle 

performance requirement, and dimensional constraints. A 

more detailed requirement list for traction motors is 

summarized in Fig. 1. 

B. Motor comparison  

A multidimensional comprehensive comparison of the 

above-mentioned motors is given in Table 1, where the 

advantages, disadvantages, and a score sheet are shown. Note 

that the investigated motors in Table 1 represent the most 

representative types that have been used in recent decades. 

The score sheet, however, only provides a qualitative 

evaluation of these motors. There are variations for each type, 

which may show differences with respect to dynamic and 

NVH performance. For example, surface permanent magnets 

and internal permanent magnets will be included in PMSMs 

[35, 36]. 

According to Table 1, the brushed motor has the lowest 

score due to its bulky construction, poor efficiency, and 

power density. In addition, the periodic maintenance 

requirement also makes it unsuitable for EV propulsion 

systems [39, 41]. The other four motor types have more 

balanced advantages and disadvantages, and their scores are 

very similar. Generally, the usage of permanent magnets 

(PMs) may be a problem for both BLDCs and PMSMs, for 

two reasons: 1) Demagnetization can be caused by 

mechanical pressure or via the stator current when strong 

 
Fig. 1. Requirements for traction motors [36-38]. 
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Table 1. Comparison of different motor types for IWM-driven EVs. 

Comparison Brushed motor BLDC IM PMSM SRM 

√Advantage 

·Simple control 

·High starting torque 

Refs. [39] 

·High efficiency 

·Durability 

·Simple control 

·Low weight 

·Compact construction 

Refs. [40] 

·Robustness 

·Low price 

·Mature technology 

·low maintenance 

·Wide speed-range 

Refs. [39, 41] 

·High power-density 

·High efficiency 

·High torque/inertia ratio  

Refs. [35, 42] 

·Simple structure 

·Robustness 

·Low cost 

·W/o PM 

·Wide speed range 

·Easy cooling 

Refs. [20, 37, 43] 

×Disadvantage 

·Periodic maintenance  

·Insufficient propulsion  

Refs. [39, 44] 

·Usage of PM 

·Cogging torque 

·Demagnetization faults 

Refs.[45] 

·Lower torque-density and 

efficiency 

 high rotor losses 

Refs. [36, 46] 

·Usage of PM 

·Cogging torque 

·Demagnetization faults 

Refs. [35, 39, 47] 

·Severe torque ripple;  

·Poor power factor 

Refs. [36, 43] 

Score (5-best) 

Refs.  

[11, 39, 48-50] 
     

Efficiency 2 4 4 5 4 

Weight 2 4 4 4.5 5 

Power density 2.5 4 3.5 5 3.5 

Controllability 5 4 5 4 3 

Reliability 3 4 5 4 5 

Maturity 5 5 5 4 4 

Cost 4 4 5 3 4 

Overall NVH  3 4.5 4 5 3 

∑total 26.5 33.5 35.5 34.5 31.5 
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torque is required [51]. 2) The cost of the PM material is 

susceptible to limits in the supply chain [41]. One such 

example is that PM products experienced a sudden 600% 

price rise due to the reductions in export quotas from China 

during the third quarter of 2011 [51]. In contrast, the 

operation of IMs and SRMs does not depend on PMs. 

However, lower torque-density and severe NVH problems 

are the main concerns with these two motor types [36]. Riba 

et al [39], performed a comprehensive comparison for these 

motor types and found that both torque-density efficiency 

comparisons did not indicate superiority of any specific 

motor type. In other words, there is no clear candidate motor 

with a satisfactory performance for all operating conditions. 

This means the selection should be made based on several 

factors such as NVH performance, torque ripple, ease of 

manufacturing, robustness, fault-tolerance capability, and 

cost [49]. 

A 15-year comparison for mass produced IWMs and 

commercially-available IWMs, based on both the literature 

and the manufacturer websites, is shown in Fig. 2. In addition, 

while giving priority to IWMs, some representative central 

drive models were also added for comparison because the 

central drive motor was the historical predecessor and is 

often used as reference for power and torque densities of 

IWMs [52]. In comparisons of the performance of the 

different motors, the central motor drives were marked in 

green - see Fig. 2. 

Clearly, the IWMs have drawn more attention in recent 

years, which led to a significant improvement in both power 

and torque density – especially within the last 5 years. Note 

that PMSMs dominate the market due to its electric 

properties, while Tesla, which is well-known for the 

application of IMs in their Model-S, began to use PMSM in 

their new Model-3. The improvement of both power and 

torque density (within a compact structure) is an important 

object for both industry and academia, where the former is 

generally ahead of the latter in terms of applications. 
Because the shortcomings of the brushed motor are very 

clear, the rest of this review will focus on the other four motor 

types and their application in EVs. 

III.  IWM MODELING AND COUPLING-EFFECT ANALYSIS 

The IWMs determine the EVs’ propulsion 

characteristics, and their NVH-dynamics largely determine 

the IWM-driven EV NVH performance [56]. In addition, the 

larger runout, which is caused by both internally-induced 

vibration and externally-induced vibration, generates a radial 

displacement between stator and rotor in the electric motor. 

This reduces the performance and the life span of the IWMs 

[57]. The proportion of vibration of each part of the 

traditional vehicles and EVs is summarized in Fig. 3 [58]. 

The figure shows that internal combustion engine vibration 

and transmission-system vibration dominate at low speed. 

Generally, IWM vibrations can be categorized into two types: 

internally-induced vibration and externally-induced 

vibration [59]. 

A. Internally-induced vibration 

The IWM is a multi-field-coupled system, and its 

internal vibration is caused by the electromagnetic coupling 

effect, which can be subdivided into electromagnetic 

vibration, mechanical vibration, and aerodynamic vibration 

[14]. Among these categories, electromagnetic vibration is 

regarded as most significant factor [15]. 

1. Electromagnetic vibration 

Electromagnetic forces generate the electromagnetic 

vibration of motors. They are determined by the flux 

distribution in the air-gap [28]. Hence, the electromagnetic 

 
Fig. 2. Comparison of mass-produced motors and commercially-available motors for EVs based on published studies of the 

past 15 years [53-55]. 
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Fig. 3. Distribution of vibration problems of traditional 

vehicles and EVs. 

dynamics are affected by any factor that alters the magnetic 

field in the air-gap, including the method of excitation and 

machine geometry [16]. This review describes the 

electromagnetic force models of all four kinds of motors and 

summarizes the electromagnetic vibration sources of four 

types of motors. It then explores the key factors that 

determine the dynamic characteristics. 

To study the vibration caused by electromagnetic force 

in a motor, it is necessary to know the time and space 

distribution of the air-gap flux density [60] because the radial 

and tangential components of the electromagnetic force 

depend on the radial and tangential components of the flux 

density. In other words, to accurately predict the 

electromagnetic vibration, the two components of the air-gap 

flux density must be determined in the time and space 

domain [61]. A flow chart for the calculation of the 

electromagnetic vibration of the motor is shown in Fig. 4. 

Three motor-modelling methods are commonly used to 

calculate the electromagnetic force and vibration, including 

numerical method, analytical method and semi-analytical 

method [62]. The numerical method is unable to predict the 

vibration over a wide speed range and it consumes more time 

for analysis [63]. The analytical method has relatively low 

precision, especially for motors with complex structures, 

significant errors could be produced. Hence, it is common to 

combine the two previous methods, which is named as semi-

analytical method. It calculates the electromagnetic force and 

derives the vibration via the numerical and analytical method, 

respectively [64]. Up to now, in the analytical part, the 

excitations and vibrations can be accurately illustrated via 

finite element analysis software. The numerical part has been 

employed in plenty of research, which is elaborately 

introduced in this section. A commonly used method is 

Maxwell's stress theory, which uses a microscopic 

perspective to calculate electromagnetic vibrations [65]. This 

method assumes that the magnetic-field strength between 

objects in a vacuum generates stress on the objects’ surface, 

which can be described as [66]: 

 
Fig. 4. Flow chart for the calculation of electromagnetic 

vibration. 
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Here, S   
and R   are the stator- and rotor-armature 

reaction fields, respectively. air gap  is the real part of the 

relative permeance [67]. Bt and Bn represent the tangential 

and normal components of the flux density in the air gap, and 

0  is the permeability of air.   is the integration contour 

in the air-gap. r is the radius of the integration contour. Ft and 

Fn denote the tangential and radial forces created by the 

magnetic field strength. When the phases of the motor are 

energized, a magnetic field is produced due to the current 

excitation. The magnetic flux generated in the air-gap 

produces electromagnetic nodal forces that act on the rotor 

and stator poles [68] – see Fig. 5. The tangential component 

of the nodal force produces torque on the rotor, while the 

radial component stretches and compresses the stator [65]. 

Since the magnetic permeability of the air gap is much 

lower than the ferromagnetic material, flux lines 

approximately enter the air gap in radial direction [69]. 

Therefore, the radial component of flux density is greater 

than the tangential component, which leads to [65]. 

This is also verified by actual calculations and experiments 

[66, 70, 71]. More specifically, the radial force is about 17 

n tB B
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Fig. 5. Electromagnetic forces in a motor. 

times higher than the tangential force in an SRM [70], 33 

times higher than in an PMSM/BLDC [71], and 49 times 

higher in an IM [66]. That means rotor- and stator-

eccentricity can produce a large radial force and severe 

vibration. Hence, eccentricity is the main source of 

electromagnetic vibration among the four motors types. 

Eccentricity can be divided into two types: static and 

dynamic. Static eccentricity represents a time-invariant 

radial air-gap, which is caused by an oval shape or an 

incorrectly positioned stator core [72]. Dynamic eccentricity 

is a condition, where the position of the minimum radial air-

gap rotates with the rotor. This is caused by worn bearings, 

curved shafts, asymmetric thermal expansion of the rotor, or 

high levels of static eccentricity [73]. 

Eccentricity causes a UEMF, which causes the motor 

structure and the motor to vibrate [74] - see Fig. 6. UEMF, 

which is caused by rotor eccentricity, generates a negative 

stiffness with respect to nonlinearity, which plays a key role 

in the dynamic behavior [75]. Furthermore, abnormal 

rotation, induced by mass imbalance and external forces, 

results in rotor eccentricity, and the UEMF causes the rotor 

to further move toward the stator and alters the air-gap  

 
Fig. 6. UEMF analysis. 

distribution [76]. These interactions form a typical 

electromechanical coupling system [77]. 

However, differences in mechanism, structure, driving 

mode, and control mechanism affect the electromagnetic 

properties of the motor systems and result in different 

vibration characteristics. The electromagnetic vibration 

sources for the four motor types are listed in the Fig. 7. A 

more detailed summary of the electromagnetic vibrations of 

the different motor types is given below: 

 Switched reluctance motors 

SRMs produce torque via the tendency of their rotors to 

move to a position where the inductance of the excitation 

winding is maximized. The variability of the reluctance of 

the magnetic flux is triggered by currents flowing through  

the stator windings [89]. The best feature of SRMs is that 

they are not equipped with permanent magnets. 

For radial forces, the double salient/pole structure, 

together with the magnetic saturation characteristic, result in 

a bigger radial force [98]. The radial force is the main source 

of motor vibration and is highest near the aligned position. 

This is because (at the aligned position) nearly all of the flux 

is concentrated in the radial direction [90], which produces 

the periodic vibration of the motor. 

 PMSMs and BLDCs 

PMSMs and BLDCs are widely used because of their 

high potential torque, compactness, and high efficiency. The 

fundamental difference between them, however, is the 

difference in excitation current. BLDCs use a trapezoidal 

excitation current, while PMSMs use sinusoidal currents [11]. 

Both BLDCs and PMSMs are equipped with permanent 

magnets and interact with the armature reaction field to 

generate torque [11, 91]. The driving current, on the other 

hand, is synchronized based on the rotor-position feedback. 

As a result, the high similarity with respect to structure and 

control makes it possible to combine PMSMs and BLDCs 

into one group for the purpose of modeling [92]. 

The cogging torque is a special source of vibration in 

BLDCs/PMSMs [93]. Because of the tooth geometry, the 

rotor tends to move to certain positions where the effective 

permeance reaches a maximum. The cogging torque is 

generated, when the rotor moves [32]. For the other two 

sources, radial force is regarded as the main cause of 

vibration in permanent-magnet machines [15]. Furthermore, 

the radial force frequency is determined by the coupling 

between the permanent magnetic field and the armature 

reaction field, when the motor is loaded. The amplitudes are 

related to the magnet-pole shape as well as the tooth shape 

[80]. Ripple torque is caused by the abundant harmonics in 

the magnetic field [15]. 

 IMs 

The radial force plays a dominant role in IM vibration. 

Time harmonics, which are excited by currents in air gap, 

have a significant effect on the radial force, which is caused 

by the frequent change of both the starting voltage and the 

dead-time effect [94]. Furthermore, the 5th and 7th high time 

harmonics exert the greatest effect on the radial force [94]. 

For the torque ripple, the discrete structure of the IM stator 

slot and the squirrel cage rotor also lead to voltage and 

current distortion. This alters the magnetic field, produces
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Fig. 7. Sources for electromagnetic vibrations in the four motor types [78-88].

torque motion, and induces torque ripple [95]. 

2. Mechanical and aerodynamic vibration 

The main sources of mechanical vibration include 

manufacturing imprecision and mechanical anomalies [19]. 

The main source of aerodynamic vibrations is the air flow 

generated by the cooling fan or a pump [96]. The mechanical 

and aerodynamic vibrations are summarized in Fig. 8. 

 SRM: Due to the salient pole structure and 

placement too close to the coil, the axial force 

distribution around the circumference of the motor 

is unfavorable [97], and the structural vibration is 

severe. 

 PMSM/BLDC: The asymmetry in the EMF 

waveform, which is caused by the squared-off 

shape of the stator lamination and the nonuniform 

stator-yoke section [81], leads to mechanical 

vibration. 

 IM: The mass of the mechanical system and the 

behavior of the induction machine rotor generate 

strong inter-coupling, which dominates the overall 

vibration of the motor [98]. 

Resonance frequency and torsional vibration are 

important for mechanical vibration. Resonance occurs when 

the main natural frequencies of the structure are excited [99], 

and higher frequency harmonics lead to resonance at typical 

speeds (50~100 Hz [100]) [80]. Torsional vibration, which is 

mainly caused by rotational, repeated, cyclic stresses, varies 

between tension and compression [101]. In addition, the 

power supply, the line starting, mechanical imperfections, 

and load torque pulsation can also induce torsional vibration 

[18]. 

The air, water (or oil) cooling systems of the machines 

are the major sources for the aerodynamic vibration in all 

motors. 

B. Externally-induced vibration 

The use of IWMs upgrades traditional suspension to 

novel IWM-suspension system, with the functions of added 

propulsion and vibration reduction [23]. Inside the wheel hub, 

IWMs operate in high-vibration environments because only

 
Fig. 8. Mechanical and aerodynamic vibration-sources, and an analysis of their origin [18, 20, 80, 81, 97, 98]. 
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a small portion of road-induced high-frequency vibration can 

be attenuated by a tire with high radial stiffness. Such 

external-induced vibration results in time-varying dynamic 

eccentricity, which causes both electromagnetic and 

mechanical vibration. 

This eccentricity differs from both the static and the 

dynamic eccentricity discussed in Section III (A), because it 

is the dynamic response to the interaction between IWM 

bushing and time-varying road-induced vibration. Thus, both 

suspension dynamics and road profile characteristics are 

important for such externally-induced vibration, and 

numerous studies have been performed in the last 5 years in 

this field [24]. The longitudinal-vertical coupling IWM-

suspension system-dynamics are illustrated in Fig. 9. The 

IWM-suspension system is dynamically-coupled in 

longitudinal and vertical direction. 

From the vertical perspective, the road grade (RG) acts 

as external excitation [25], which results in vibration for both 

suspension and IWM at a certain velocity (V). The IWM-

suspension system transmits the vertical vibration to the 

IWM, which produces an IWM  (time-varying dynamic 

eccentricity) and induces the Fuv. It can be seen that for the 

vertical external input, RG and V directly affect the response 

of the vertical vibration, which is similar to conventional 

vehicles. 

With respect to the longitudinal dynamics, the IWM 

generates driving torque to balance air-drag and rolling 

resistance. Road type (RT) and vertical load (VL) act as the 

inputs [102], and the difference between wheel speed and 

vehicle corner speed produces slip-ratio changes [23]. For 

different RT, VL, and slip ratios, the longitudinal force, which 

is generated by tires directly, affects V [103] and transmits a 

longitudinal   to the IWM, inducing a force Ful [104]. 

According to the relationship mentioned above, it is clear 

that the longitudinal response is mainly affected by VL and 

RT. 

The big problem that EVs, which are equipped with 

IWMs, need to overcome is the high vibration environment, 

where the motor is installed. This condition causes 

substantial electro-mechanical-magnetic coupling effects [23, 

105]. Specifically, the vertical and longitudinal vibration of 

the suspension transmit to the IWM and produce the time-

varying dynamic eccentricity described by   and  . 

According to [23], the air-gap affects the UEMF significantly. 

For the air-gap variation  , the UEMF 

  shows time-varying dynamics. Because of 

the internal excitation of the IWM-suspension system, the 

UEMF further degrades the vibration response of the vehicle 

suspension. Overall, electro-mechanical-magnetic coupling 

leads to the deterioration of both ride comfort and handling 

 
Fig. 9. Longitudinal and vertical dynamics, and the coupling effect in an IWM-suspension system. 
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performance of the vehicles [24]. 

IV. VIBRATION REDUCTION IN IWM 

This section describes the state-of-the-art research 

related to IWM vibration mitigation. Generally, mechanical 

vibration and aerodynamic vibration can be optimized 

relatively easily and as a result contribute only a small 

proportion to the vibrations in IWMs [106]. For this reason, 

electromagnetic vibration reduction will be the focus of this 

section. The methods to reduce electromagnetic vibration 

include the following three categories: electric motor 

structure optimization, controller improvements, extra 

suspension components application. 

A. Electric motor structural optimization 

A useful structural optimization-algorithm can be found 

by altering the rotor and stator geometries or the windings to 

minimize the flux-density harmonics [28]. Eq. (1) shows that 

the non-ideal Bt and Bn directly affect the vibration of the 

motor [107]. Here we summarize the most frequently 

optimized structural parameters for electric motors of 

PMSMs/BLDCs - see Table 2. 

It can be seen that the torque fluctuation can be 

significantly optimized via structural optimization. 

Furthermore, the optimization of the motor structure 

involves increasing the efficiency, torque density, and the 

generation of a low torque ripple for a wide range of constant 

power, which makes the optimization process rather 

challenging [108]. This represents a multi- objective 

optimization problem with multiple constraints. For instance, 

the reduction of the cogging torque using teeth notching 

schemes often decreases torque density [109]. Therefore, 

these objectives should be considered as a whole when 

optimizing. 

The above mentioned structural parameters can be 

further divided into the following two groups [110]. 

1. Stator armature 

This improvement category includes items 1-4 in Table 

2. 

 Auxiliary teeth and slots. If the permanent magnet 

motor matches a suitable slot-pole combination, 

the low-order armature magnetic potential 

harmonics of the motor can be eliminated or at 

least reduced [111]. 

 Slot bridge of stator. The presence of cogging 

torque is mainly caused by the slotting in the stator. 

Making a bridge connection between the adjacent 

tooth can help minimizing cogging torque [112]. 

 Slot width. The cogging torque can be calculated 

according to the following equation [113]: 

      const.
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Here  is the co-energy, B is the flux density, 

and is the vacuum permeability. Furthermore, it 

can be seen from Eqs. (1)- (2) that the larger the 

slot width is, the greater is the cogging torque. 

Therefore, if a reduction of the cogging torque is 

desired, the width of the slot should be reduced as 

much as possible [114]. 

 Air-Gap Profile. The cogging torque decreases 

with increased air-gap length [115], the proper 

increment of air-gap length can significantly 

weaken the cogging torque [116]. By choosing the 

correct dip and dip angle, the amplitude of higher 

order harmonics of the cogging torque can be 

reduced substantially [117]. 

2. Magnetic pole 

This part includes items 5-8 in Table 2. 

 Magnet pole arc. The magnetic poles are designed 

to be positioned at a certain angle, with the aim to 

reduce the focused magnetic flux between the two 

poles. Adjusting the angle stabilizes the 

electromagnetic force of the magnetic pole acting 

on the stator teeth, and a smaller cogging torque is 

generated in the machine [122]. 

 PM Surface Shape. The magnet shape determines 

the distribution of the magnetic field in the air-gap, 

while the optimization of the magnetic-pole shape 

enhances Bt and Bn and reduces torque ripple [130].  

 Skewing of the PM. The cogging torque is the sum 

of a series of cogging torque harmonics. The 

correct skew mode can be helpful in canceling the 

magnets’ harmonics cogging-torque [131]. 

 Segmenting of PM. The radially magnetized arc of 

the magnetic pole is divided into several radially 

magnetized arc blocks, which can significantly 

reduce the cogging torque. By placing each 

magnetic block suitably, the low-order harmonics 

of the cogging torque can be reduced or even fully 

eliminated [128]. 

In SRMs and IMs, both stator and rotor consist of 

armature windings, and the items 1-4 in Table 2 can be 

similarly used as a reference [70]. These methods include the 

use of auxiliary teethes/slots, and an improved air-gap profile 
among other options [132]. A comparison for vibration 

optimizations of different types of motors is shown in Table 

3. 

B. Controller Design 

The optimization of the motor structure and 

configuration can only reduce vibration in electric motors, 

but not eliminate it completely [133]. Moreover, unusual 

designs may increase the complexity of the production 

process, which increases cost. Another approach is to 

improve the voltage and current control methods, which 

allows to correct the nonideal characteristics of the machine 

actively [82]. Electric motors have several control modes, 

with a wide range of varying stator armature currents. This 

means there are substantial differences in the armature EMF 

with respect to its interaction when considering the rotor 

EMF [134]. Table 4 summarizes the control methods to 

reduce vibration in IWMs that can be found in the literature. 

The control methods can be summarized as follows: 
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Table 2 Optimization of the PMSM/BLDC structure. 

 

No. Figure Optimization Purpose 
Structure 

Parameters 
Results 

Changed parameters of the stator armature 

1. 

 

Auxiliary 

teethes/slots 

Cogging torque 

(peak to peak) 

8-poles 

6-slots 
12.74→1.96 Nm [111] 

4-poles 

12slots 
1.25→0.25 Nm [116] 

2. 

 

Slot bridge of 

stator 

Torque ripple 

(peak to peak) 

10-poles 

12-slots 
0.40→0.13 Nm [118] 

3. 
Ls

 

Slot width -Ls 
Cogging torque 

(peak to peak) 

10-poles 

12-slots 
0.064.8→0.039.8 Nm [119] 

4. 

Dip

Dip

 

Air-Gap Profile-

Dip  

Amplitude of 

harmonics of cogging 

torque 

6-poles 

6-slots 

0.0045→0.0005 Nm (3th 

harmonic) [117] 

4-poles 

4-slots 

0.0097→0.00154 Nm (1th 

harmonic) [120] 

8-poles 

8-slots 

70→35  Nm (1th 

harmonic) [115] 

Changing design parameters of the magnetic pole 

5. 

a

 

Magnet pole arc-

a  
Torque ripple 

24-poles 

72-slots 
30.57→2.49 % [121] 

6-poles 

36-slots 
17.26→2.73 % [121] 

8-poles 

12-slots 
35.11→5.64% [122] 

6. 

 

PM Surface 

Shape 

Cogging torque 

(peak to peak) 

4-poles 

12-slots 
1.770→0.716 Nm [123] 

28-poles 

5-slots 
0.055→0.001 Nm [124] 

7. 

s  

Skewing of the 

PM- s  

Cogging torque 

(peak to peak) 

6-poles 

17-slots 
17→3 Nm [125] 

4-poles 

6-slots 
0.025→0.0072 Nm [126] 

8-poles 

48-slots 
3.72→2.98 Nm [127] 

8. 
N

N

N  

Segmenting of 

PM 

Cogging torque 

(peak to peak) 

4-poles 

24-slots 
225→50 Nm [128] 

9-poles 

36-slots 
3.22→0.089 Nm [129] 
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Table 3 Comparison of four types of motors. 

 SRM IM 

Similar approach 

to PMSM/BLDC 
 

 Skewing stator and rotor [135]; 

 Modifying stage arc angles [136]; 

 Adjusting the shape of the stator [137]; 

 Segmenting of armature winding [97]. 

Unique approach 
 Optimizing the angle of the 

double salient structure [138]. 

 Using asymmetrical straight 

rotor bars [139]. 

Table 4 Classification of the vibration control methods. 

Method Method Strategy Motor Purpose and Result 

(a) Active vibration cancellation (AVC) 

AVC 
A two-step voltage control method with 

constant-period zero-voltage excitation. 

SRM 

4-kW 

Vibration due to voltage variation at 

turn-off is reduced by 50% [140] 

AVC by Pulse-Width 

Modulation (PWM) 

Each single PWM channel is used to 

generate each single gate signal. 

SRM 

230-W 

Vibration caused by PWM harmonics 

is reduced by 10% [141] 

Magnetic excitation 
Two individual three-phase winding 

PWM carriers. 

PMSM 

70-kW (Max) 

Vibration due to the carrier harmonic 

component is reduced by a 50% [64] 

(b) Control of current chopping (CCC) 

CCC 

The feedback signal of the vibration 

acceleration response determines the 

phase current. 

SRM 

5-kW 

Unbalanced radial force is reduced by 

27.3% [26, 142] 

Independent phase of 

CCC 

The feedback signal becomes the 

vibration acceleration for each phase. 

SRM 

3-kW 

Unbalanced radial force is reduced 

by 78.9% [102]  

CCC based on d–q 

reference frame 

The optimized phase current waveform is 

based on the d–q–0 reference frame. 

BLDC 

400-W 

Torque ripple exhibits no pulsation 

[85] 

(c) Methods of direct control 

Feedback 

linearization direct 

torque control  

Feedback linearization of the nonlinear 

motor model is carried out to obtain the 

equivalent linearization model. 

PMSM 

390-W 

Torque and flux ripples reduced by 

4.6% and 6.8% [143] 

Direct instantaneous 

force control  

Adjusting the switch angle to limit the 

current-change rate and control of the 

overall radial force. 

SRM 

46.5-kW 
Smooth overall radial force [144]  

(d) Defining the phase current command 

Current regulation by 

fuzzy logic 

Fuzzy logic is used to inject a 

compensation current into each phase. 

SRM 

1.5-kW 

Radial force is reduced by 30.4%. 

Torque ripple is reduced by 33% 

[145]. 

Harmonic injection 

method 

Adding a harmonic current to the 

excitation current to counteract vibration. 

PMSM 

750-W 

The maximal peak-to-peak torque 

pulsation is reduced to 33.3% [146] 

Third harmonic 

current injection 

A third-order harmonic current is injected 

into the motor. 

PMSM 

100-kW 

The ratio of peak-to-peak torque ripple 

to average torque is reduced from 

7.6% to 3.6% [147] 

Defining current 

profile method 

Defining the current properly reference 

of the injected motor. 

SRM 

1-kW 

The sum of the radial force is reduced 

to 45.66% [148].  

785-W 

393-W 

The third-order harmonic component 

is reduced by 93% [149, 150] 

 Active vibration cancellation: This method 

focuses on the vibration induced by voltage 

variation in the turn-off phase. It introduces a two- 

step voltage waveform with a constant period of 

zero-voltage excitation [140]. Subsequently, 

thePWM and magnetic excitation technique are 

incorporated in the AVC, which can suppress 

harmonics accurately [141]. 

 Control of current chopping: This method focuses 

on the vibration caused by an unbalanced radial 

force. The acceleration feedback signal is selected 

to determine the chopping-current threshold and 

PWM duty cycle [26]. The UEMF can be reduced 

using the independent chopping method for each 

channel [102]. In addition, based on the d–q 

reference frame, the torque ripple can be 

eliminated [85]. 

 Direct control: Conventional direct control has 

some drawbacks such as large torque ripple and a 

fast-changing switching frequency [151]. The 
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improvements in the novel direct control 

algorithms include: 1) Decoupling and 

linearization from the nonlinear coupling model, 

and usage of the more mature linear control theory 

to reduce flux pulsation [143]. 2) Keeping the 

overall radial force unchanged during the direct 

control of the electromagnetic force [144]. 

 Direct phase current control: This method focuses 

on the optimization of the excitation current. 

While this approach uses a wide range of 

correction- or injection-current methods, two 

types can be distinguished: 1) Decreasing both the 

maximum radial force and the maximal peak-to-

peak torque pulsation by injecting a compensation 

current into each phase, which also minimizes 

them [145]. 2) A higher order harmonic current is 

added [146]. The third-harmonic current injection 

method [147], especially, allows the radial forces 

to add up to a constant sum, which reduces the 

harmonics of the radial force [148]. 

C. Additional control components 

Another way to reduce vibration is to regard the IWM-

suspension as a whole system and perform a well-developed 

suspension optimization and control algorithm. Similar to 

conventional suspension system designs, the parameter 

optimization for the passive system is described in [152], 

where the parameters of the wheel spring and rubber sleeve 

are optimized. If the electromagnetic dynamics are ignored, 

the IWM can be regarded as an additional mass that is added 

to the unsprung mass. Many studies focused on using 

conventional suspension-control algorithms to reduce the 

negative impact of the increased unsprung mass. Examples 

for these algorithms include PID [153], ceiling damping 

control [154], optimal sliding mode [155], linear parameter 

variation, frequency estimation-based [156], constrained 

adaptive back-stepping multi-objective control [157], and 

generalized predictive control [158]. 

Another approach is to design a novel dynamic 

vibration absorbing structure (DVAS), which is situated 

between the IWM and the suspension to absorb the IWM 

vibration. The new structure does not change the original 

structure of the vehicle suspension [23]. The DVAS structure 

can be seen in Fig. 10. 

The DVAS consists of a spring and an internal damper, 

and the DVAS damper can be continuously adjusted to 

reduce the motor stator vibration and isolate the force 

transmitted to the motor bearing [29]. Compared with the 

conventional IWM structure, DVAS can effectively improve 

ride comfort and reduce IWM vibration [27, 30]. 

V. OUTLOOK  

The previous sections represent comprehensive state-

of-the-art reviews that include modeling, vibration-source 

analysis, and vibration reduction techniques for IWMs. In 

this section, an outlook for vibration improvements in IWM-

driven EVs is provided. 

A. Future trends for improvements of internally-induced 

motor vibration 

1. Modelling accuracy. Additional vibration mitigation 

requires a more accurate vibration analysis model for system 

dynamics, loss calculations, demagnetization analysis, and 

thermal characteristics. An accurate model should also 

describe both the radial force and the tangential force of the 

motor precisely. In addition, a more accurate lifespan model 

should be developed to better understand the relationship 

between motor vibration and the lifespan of EVs. 

2. Vibration-mitigation methods. Using a more accurate 

system model, more effective control methods and better 

optimized motor structures as well as more efficient cooling 

methods should be developed to suppress vibration of IWMs. 

And the particularly important is the elimination of magnetic 

field harmonics. 

B. Future trends for coupling effects of IWM-suspension 

Future studies of IWM-suspensions could focus on a 

deeper understanding of coupling effects, especially for 

complex operating conditions. 

1. In-depth study of coupling effects. The effect of the 

IWM vibrations on the vehicle’s stability and ride comfort 

should be studied in more detail. Specifically, more 

investigations should be made to better understand the 

vertical, lateral, and longitudinal coupling dynamics for 

different driving conditions, including different RG and RT - 

especially when low torque is produced for creeping and high 

torque for climbing. 

 
Fig. 10. Structure of the DVAS based IWM-suspension system: (a) side view (b) front view. [23] 
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2. Coupling effects with chassis control modules. Apart 

from studying the coupling effect in terms of dynamics, 

coupling between IWMs and other chassis control modules 

should also be investigated in more detail. Furthermore, the 

interaction between IWMs and traction control systems, anti-

lock brake systems, and electronic stability-control systems 

should be clarified, by considering the four-quadrant 

operation of the motor (forward braking, forward motoring, 

reverse motoring and reverse braking). All interdependent 

parameters for electro-mechanical coupling are needed to be 

taken into account. 

C. Future trends for the vibration reduction of IWMs 

Future vibration mitigation measures of IWMs will 

likely focus on the integrated design and optimization of the 

IWM-suspension. 

1. Control strategy. Reducing the vibration caused by 

coupling effects of the IWM-suspension system should be 

possible by improving the control algorithm. There are 

negative interaction effects between vehicle suspension and 

the IWM’s absorber. A study to develop more advanced 

control methods for the IWM system to overcome these 

effects would be highly desired. 

2. Optimization of the DVAS. The vibration can also be 

reduced by improving the DVAS performance. In particular, 

the role and effect of stability and ride comfort, e.g. damping 

and stiffness of the isolator, can benefit from further studies.  

3. Experimental validation. More tests using specialized 

test platforms and real systems should be performed to verify 

the effectiveness of different control methods. 

VI. CONCLUSION 

This review summarized the vibration sources and 

mitigation methods for IWM-driven EVs. The motor-

selection criteria were described, followed by a brief 

introduction and a multidimensional comparison of different 

motor types. Subsequently, both torque and radial force 

mechanics were discussed, different motor-modeling 

processes were described, and electro-mechanical-magnetic 

coupling effects were summarized. Both internal and 

external vibration-sources were reviewed, and the 

longitudinal-vertical IWM-suspension coupling effect was 

presented. Furthermore, methods to optimize the motor 

structure were discussed. Motor controller, traditional 

suspension-control methods, and additional control 

components to improve the NVH performance were 

summarized and compared. Several promising improvement 

strategies of the motor dynamics and IWM-driven EVs were 

described at the end. The review represents a compact 

overview of the latest developments and trends regarding 

vibrations in IWM-driven EVs, which is designed to aid 

researchers (both experienced and newcomers to the field) to 

conduct a multidisciplinary analysis and find important 

optimization criteria in the rapidly developing field of IWM 

vibration control. 
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