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ABSTRACT 

The Switched Reluctance Motor (SRM) processes great application potential in In-Wheel Motor (IWM) 

electric vehicles (EV). However the problem of vibration and noise is always a disadvantage of this kind of 

motor. By utilizing the analytical Fourier fitting method, a convenience method for modeling In-Wheel 

Switched Reluctance Motor (IW SRM) is proposed for EV applications. And the negative vibration and noise 

effect of IW SRM on vehicle is investigated according to the unbalanced residual lateral force. Then 

corresponding control methods are proposed, modified and compared. The proposed combined vibration 

feedback control of current chopping with PWM can effectively reduce the SRM residual force and ensure 

the required vehicle speed, though some small low frequency force response is induced. 

 

Keywords: switched reluctance motor, in-wheel motor, electric vehicle, vibration and shock, vehicle 

dynamics I-INCE Classification of Subjects Number(s): 13.2.1 

1. INTRODUCTION 

It now appears that the electric motorization for ground vehicle is an overwhelming  tendency in 

modern automobile industry, and many exhaustive works have been accomplished to improve the 

propulsion systems for Electric Vehicle (EV).  

According to vehicle architecture, these propulsion systems can be generally classified into two 

categories, the central motor driving layout like conventional internal combustion engine vehicle, as 

well as the In-Wheel Motor (IWM) driving layout. The IWM is attracting more and more research 

interests due to its inherent merits, e.g. vehicle packaging innovation, overall weight saving for 

vehicles, quick and precise torque control as well as independent wheel speed control, and 

convenience to implement X-by-Wire chassis control system (ABS, TCS or ESP), etc. To maximize 

these advantages and performance of IWM, a variety of excellent researches have been conducted.  

Many types of motors are ready for EV applications, e.g. induction motor, synchronous motor, DC 

motor as well as Switched Reluctance Motor (SRM). Among these choices, the SRM (1–3) is 

dedicatedly designed for EV applications with excellent advantages: simple structure and high 

reliability, favorable torque-speed characteristics, high torque density, high operating efficiency, low 

starting current. However, these advantages are overshadowed by its high torque ripple, vibration and 

noise problems, which also seriously hindered the development of SRM for IWM applications. 

A variety of different methods have been used to improve the SRM characteristics, such as structure 

optimization or control algorithm design (4,5). However, the current researches generally aim to 

improve the SRM driving performance by eliminating the torque ripple induced by the SRM doubly 

salient structure, and less attention was paid to the effect of In-wheel SRM (IW SRM) on vehicle 

comfort characteristics. 
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In light of the above issues, this paper presents an investigation and solution for the vertical and 

comfort effect of IW SRM on EVs. First an analytical model of SRM is proposed, followed by a 

preliminary analysis on the torque and unbalanced residual radial force. Then the driving and vibration 

excitation characteristics of SRM are adopted in a quarter vehicle model and the riding comfort and 

driving problem are discussed. To address these issues and ensure the drive capability of SRM for EVs, 

a dual objective control method is proposed and modified. Finally, some key conclusions are 

presented. 

2. SRM characteristics and model 

2.1 In-Wheel Switched Reluctance Motor 

The IW SRM adopted here is the example introduced by (1,2,6). Figure 1 shows the structure of this 

IW-SRM. This is an 8/6 - four phases SRM with exterior rotor to meet the IWM requirement. The 

electrical machine is installed inside wheel hub to realize the direct driving purpose. 

 

Figure 1 - Structure of exterior rotor 8/6 - four phases SRM for IWM application 

2.2 Electromechanical equations 

The SRM is a type of reluctance motor in compliance with the minimum reluctance principle: The 

rotor prefers to come to the minimum reluctance position at the instance of excitation. To generate the 

adequate reluctance torque, significant radial electromagnetic attractive forces exist between the stator 

and rotor poles due to the doubly salient structure. 

The radial force is a dominant source for the SRM transmitting vibration and noise. Theoretically, 

these radial forces balance out because the geometrical symmetry and only the modal vibration of 

motor body and structure-borne noise are transmitted. However, due to the machining or fabrication 

tolerances, mechanical wear, unbalanced loads and vibration, the motor air gaps are usually 

asymmetric. As a result, different magnetic pull forces lie between the opposite poles, and the actual 

net radial force is usually not equal to zero. And because the air gap is small, only a tiny eccentricity 

will result in a large unbalanced residual radial force. For the IWM EV applications, the unbalanced 

residual radical force will cause vibration transmitting to both wheels and vehicle body, affecting the 

vehicle comfort performance. 

The phase torque and radial force are 

𝑇𝑒 =
𝜕𝑊𝑚

′

𝜕𝜃
|

𝑖=𝑐𝑜𝑛𝑠𝑡

= ∫
𝜕𝜓(𝜃, 𝑖)

𝜕𝜃

𝑖

0

𝑑𝑖  (1) 

𝐹𝑟 =
𝜕𝑊𝑚

′

𝜕𝑙g
|

𝑖=𝑐𝑜𝑛𝑠𝑡

= ∫
𝜕𝜓(𝜃, 𝑖)

𝜕𝑙𝑔

𝑖

0

𝑑𝑖  (2) 

Where 𝑊𝑚
′

 is co-energy, 𝜃 represents the relative angular position between stator and rotor, and  

𝑙𝑔 is airgap. According to Equation (1) and (2), the key to calculate the torque and force is to acquire 

the flux linkage characteristics of the SRM. While the flux linkage is determined by inductance and 

current, the electromagnetic equations and circuit equations are employed. 

2.3 Electromagnetic equations 

Assume the unaligned position between rotor and stator is the initial position, i.e. 0 degree. Then 

the aligned position is 𝜋/𝑁𝑟. The inductance corresponding to rotor angular position and winding 

current could be written in Fourier series (7,8) 

𝐿𝑘(𝜃, 𝑖𝑘) = ∑ 𝐿𝑛(𝑖𝑘  ) cos(𝑛𝑁𝑟𝜃 + 𝜑𝑛)

∞

𝑛=0

  (3) 

Where, 𝜑𝑛 = 𝑛𝜋 
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The Fourier coefficients 𝐿𝑛 related to winding current could be deduced by inductance at the 

aligned, unaligned and other position (9). 

Ignoring the higher order harmonics, sufficient accuracy could be obtained by 3rd order Fourier 

series, and the aligned, unaligned and midway inductance are used (10) 

𝐿0(𝑖) =
1

2
[
1

2
(𝐿𝑎 + 𝐿𝑢) + 𝐿𝑚]  (4) 

𝐿1(𝑖) =
1

2
(𝐿𝑎 − 𝐿𝑢)  (5) 

𝐿2(𝑖) =
1

2
[
1

2
(𝐿𝑎 + 𝐿𝑢) − 𝐿𝑚]  (6) 

Where the inductance at the unaligned position could be assumed as a constant due to the relative 

large air gap (11), and the inductance at the aligned and midway position could be expressed by 

polynomial function of winding current, and cubic polynomial is adequate 

𝐿𝑎(𝑖)|
𝜃=

𝜋
𝑁𝑟

= ∑ 𝑎𝑛𝑖𝑛

𝑁

𝑛=0

  (7) 
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𝜃=

𝜋
2𝑁𝑟
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𝑁

𝑛=0

  (8) 

Then the inductance of phase 𝑘 is 

𝐿𝑘(𝜃, 𝑖𝑘) =
1

2
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𝑛

𝑁
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1
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Since the inductance is the partial differential equation of flux linkage to winding current (6), the 

flux linkage of phase 𝑘 is 

𝜓(𝜃, 𝑖𝑘) = ∫ 𝐿𝑘(𝜃, 𝑖𝑘)
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Where 𝑐𝑛 =
𝑎𝑛−1

𝑛
 and 𝑑𝑛 =

𝑏𝑛−1

𝑛
 are the Integral coefficients for the 𝑎𝑛  and 𝑏𝑛 . Due to the 

continuity, 𝑐0 = 𝑑0 = 0. 

It can be concluded that the flux linkage is also a Fourier series model of rotor angular position and 

winding current. The original data for fitting is referred to (2,3), which is acquired by FEA method. 

The fitted flux linkage characteristics and calculated inductance are shown as Figure 2. It can be seen 

that the Fourier fitted results agree well with the original flux linkage data, which valid this method of 

analytical Fourier fitting expression for modeling a SRM.  

  

(a) Phase flux linkage profile (b) Phase inductance distributions 

Figure 2 - Statics electromagnetic characteristics of the SRM 

0 5 10 15 20 25
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

current (A)

fl
u

x
 (

W
b

)

 

 

0 degree (unaligned)

5 degree

10 degree

15 degree (midway)

20 degree

25 degree

30 degree (aligned)

30 degree (aligned, reference)

15 degree (midway, reference)

0 degree (unaligned, reference)

0
10

20
30

40
50

60

0
5

10
15

20

25
30

0

0.01

0.02

0.03

0.04

0.05

 

angular position (degree)current (A)

 

in
d

u
ct

a
n

c
e
 (

L
)



Page 4 of 9  Inter-noise 2014 

Page 4 of 9  Inter-noise 2014 

2.4 Mechanical equations 

According to Equation (10), there is 

𝜕𝜓(𝜃, 𝑖𝑘)

𝜕𝜃
= sin(𝑁𝑟𝜃) ∑ 𝑒𝑛𝑖𝑘

𝑛

𝑁

𝑛=0
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𝑁
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  (11) 

Where 

𝑒𝑛 =
1

2
𝑁𝑟𝑐𝑛 , 𝑒0 = 0 , 𝑒1 =

1

2
𝑁𝑟(𝑐1 − 𝐿𝑢) 

𝑓𝑛 = 𝑁𝑟𝑑𝑛 − 𝑒𝑛 , 𝑓0 = 0 , 𝑓1 =
1

2
𝑁𝑟(2𝑑1 − 𝑐1 − 𝐿𝑢) 

Substituting Equation (11) into Equation (1), the torque of phase 𝑘 is  

𝑇𝑘 = ∫
𝜕𝜓(𝜃, 𝑖𝑘)

𝜕𝜃

𝑖𝑘

0

𝑑𝑖𝑘 = sin(𝑁𝑟𝜃) ∑
1

𝑛
𝑒𝑛−1𝑖𝑘

𝑛

𝑁

𝑛=1

+ sin(2𝑁𝑟𝜃) ∑
1

𝑛
𝑓𝑛−1𝑖𝑘

𝑛

𝑁

𝑛=1

  (12) 

The torque at different rotor position varying with winding current is shown in Figure 3(a). 

Generally, the output torque of SRM reaches the maximum in the aligned position, but in the actual 

condition, the current is pulsing in a conducting cycle. So the control of SRM is to optimize the 

conducting state of SRM phase, make the current in appropriate wave form so that the SRM can output 

a desired, continuous, smooth torque with minimal vibration. 

Similarly the radial electromagnetic attractive force between rotor and stator poles could be 

obtained. By neglecting the fringing flux and mutual inductance, the radial force can be simplified as 

(12) 

𝐹𝑟𝑘 = −
1

2
𝑖𝑘

2
𝐿𝑘(𝜃, 𝑖𝑘)

𝑙𝑔
  (13) 

Where, the negative sign means the rotor is approaching toward the stator. 

Define the relative eccentricity as  

𝜀 = ℎ𝑒/𝑙𝑔 

Where, 𝑙𝑔 is the radial airgap length in the case of no eccentricity and ℎ
𝑒
 is the eccentricity in the 

radial direction. In the actual situation, the maximum expected relative eccentricity can achieve 

30%-60% (13,14). 

Then the unbalanced residual radial force of phase 𝑘 is 

𝐹𝑟𝑘 = 𝐹𝑟𝑚 − 𝐹𝑟𝑛 =
1

2
𝑖2

𝐿𝑘(𝜃, 𝑖𝑘)

𝑙𝑔(𝑛)
−

1

2
𝑖2

𝐿𝑘(𝜃 + 𝜋, 𝑖𝑘)

𝑙𝑔(𝑚)
  (14) 

Where 𝑚, 𝑛 is the pole number of stator in opposite direction, according to the 8/6 SRM structure 

in this paper, |𝑚 − 𝑛| = 4. 

The radial forces are shown in Figure 3(b). It can be seen the radial attraction force between stator 

and rotor poles can be very large  even with small current. Though radial attraction force falls down 

when current exceed a specific value, the unbalanced residual radial force is still considerable. And the 

eccentricity has dominant influence on the unbalanced residual radial force, which increase sharply 

with the eccentricity. 

 
 

(a) Output torque related to rotor position and 

winding current 

(b) Peak value of unbalanced residual radial 

force related to winding current and eccentricity 

Figure 3 - Statics mechanical characteristics of the SRM 
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2.5 Circuit equations 

The instantaneous voltage across the terminals of a SRM phase winding is related to the flux 

linkage in this winding by Faraday’s law 

𝑈𝑘 = 𝑅𝑘𝑖𝑘 +
𝑑𝜓𝑘

𝑑𝑡
  (15) 

According equation (10), the flux linkage is a function of rotor position 𝜃 and the phase current 𝑖𝑘. 

So Equation (15) can be rewritten as (15) 

𝑈𝑘 = 𝑅𝑘𝑖𝑘 +
𝑑𝜓𝑘

𝑑𝑡
= 𝑅𝑘𝑖𝑘 +

𝜕𝜓𝑘

𝜕𝑖𝑘

𝑑𝑖𝑘

𝑑𝑡
+

𝜕𝜓𝑘

𝜕𝜃

𝑑𝜃

𝑑𝑡
= 𝑅𝑘𝑖𝑘 + 𝐿𝑘(𝜃, 𝑖𝑘)

𝑑𝑖𝑘

𝑑𝑡
+ 𝜔

𝜕𝜓(𝜃, 𝑖𝑘)

𝜕𝜃
 (16) 

Then 

𝑖𝑘 = ∫
𝑈𝑘 − 𝑅𝑘𝑖𝑘 − 𝜔

𝜕𝜓(𝜃, 𝑖𝑘)
𝜕𝜃

𝐿𝑘(𝜃, 𝑖𝑘)
𝑑𝑡  (17) 

Substitute the Equation (9) and (11) into the Equation (17), the current response can be obtained.  

3. IW SRM effect on vehicle dynamics 

To analyze the impact of SRM IWM on vehicle, hereby a quarter vehicle model emphases on 

driving and vertical vibration is adopted. And the eccentricity is applied on only one phase of the SRM 

for simplicity. As a result, an additional force exerts on the wheel vertically and impulsively. As shown 

in Figure 4. 

 
 

Figure 4 - Quarter vehicle model with SRM 

driving 

Figure 5 - Relationship between vehicle speed 

and SRM excitation frequency 

3.1 IW SRM driving quarter vehicle modeling 

3.1.1 Driving equations 
The motion of wheel is defined by the following equation 

𝐼𝑡�̇�

𝑖𝑔
= 𝜂𝑖𝑔𝑇𝑒 − 𝐹𝑡𝑥𝑅𝑒 − 𝑀𝑡  (22) 

Where, �̇� is the wheel angular speed, 𝜂 is the transmission efficiency, 𝑖𝑔 is the transmission ratio, 

and 𝑀𝑡𝑦 is the rolling resistance moment. The reaction force 𝐹𝑡𝑥 from ground to tire can be acquired 

through Magic Formula. 

3.1.2 Vibration equations 
The vibration equations of sprung and unsprung mass are 

𝑚𝑠�̈�𝑠 = 𝑘𝑠(𝑧𝑢 − 𝑧𝑠) + 𝑐𝑠(�̇�𝑢 − �̇�𝑠)  (23) 
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Where, 𝑚𝑢 and 𝑚𝑠 are the unsprung and sprung mass. 𝑘𝑠 and 𝑘𝑡are suspension and tire stiffness, 

𝑐𝑠 and 𝑐𝑡are suspension and tire damping. 𝐹𝑟_𝑍 is the unbalanced residual lateral force of motor.  𝑧𝑔, 

𝑧𝑢 and 𝑧𝑠 represent the displacement of ground, unsprung mass and sprung mass. The road roughness 

can be expressed by the filtered white noise model. 
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3.2 Analysis of IW SRM effect on vehicle 

The excitation frequency of the IW SRM is 

𝑓𝑒 = 𝑖𝑔

𝑛𝑣

60
𝑁𝑟 = 𝑖𝑔

𝜔

2𝜋
𝑁𝑟 ≅ 𝑖𝑔

𝑣

2𝜋𝑅𝑒
𝑁𝑟 = 𝑖𝑔

𝑣(𝑘𝑚/ℎ)

2𝜋𝑅𝑒

𝑁𝑟

3.6
  (26) 

Where, 𝑛𝑣 is the motor speed in RPM, 𝑖𝑔 is the transmission ratio. In this case, the rated rotational 

speed of the SRM is 30-2000 RPM. The excitation frequency according to different speed and 

transmission ratio is shown as Figure 5. It can be seen that in the commonly used speed range 

(30-80km/h), depending on different gear ratio, the excitation frequency may lie in a low range of 

30-80Hz, which easily arises harmful low frequency noise, or in a high range of 400-600Hz, which is 

annoying and very closed to the tire noise resonance frequency (16). , In this paper the 𝑖𝑔 is optimized 

to 6.37 to amplify the SRM torque for vehicle acceleration requirement, and the frequency of the 

excitation radial force lies in the tire noise frequency range. 

4. Controller design and results analysis 

4.1 Controller design 

In this paper, the PWM is the fundamental control method for its favorable controllability in large 

speed range, and the turn-on angle of 5.5 degree and turn-off angle of 25 degree are fixed. There will 

be no negative effect on vehicle if the SRM is ideal. But with the assumption of eccentricity in one 

phase of SRM, the aforementioned vibration problem will occur. Because the magnetic attraction force 

is due to the winding current, the CCC is also adopted to eliminate the undesirable vibration response 

and a combined control method of CCC and PWM is proposed (control method 1). However, though 

limiting the current peak value can reduce the vibration response, the effective output torque is also 

suppressed. To guarantee the necessary torque for vehicle speed requirement, the proposed combined 

control method is modified, only the faulted phase current is chopped (control method 2). The work 

condition of constant speed of 15m/s on a B class road is investigated. The relative eccentricity is set 

to 10%, a moderate case. Main results are shown in Figure 6, as well as Table 1. 

4.2 Control results analysis 

The control results are shown in Figure 6. According to control method 1, due to the limited 

windings current, the SRM output torque is also reduced and the speed is unsatisfactory. The duty 

cycle of PWM drive increased, but still cannot compensate the torque loss and  speed dropdown. With 

the modified control method (control method 2), only the faulted phase current is limited, it can be 

seen the speed requirement can be fulfilled, with less change in the average torque and duty cycle.  

  
(a) Speed error in constant speed condition (b) Average output torque in constant speed 
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(e) FFT of residual SRM force in constant speed condition 

Figure 6 - Control results comparison in constant speed condition 

 

Table 1 - Control results comparison of vibration and force response in constant speed condition  

 

RMS 

acceleration of 

Sprung mass 

m/s2 (%) 

RMS dynamic 

deflection of 

suspension 

mm (%) 

RMS dynamic 

deflection of tire 

(%) 

RMS dynamic 

residual force 

N (%) 

Without control 0.26 1.795 0.814 48.46 

Control 1 0.256 (-1.5%) 1.789 (-0.3%) 0.813 (-0.1%) 35.27 (-27.2%) 

Control 2 0.257 (-1.1%) 1.795 (0%) 0.82 (+0.7%) 35.21 (-27.3%) 

For the vibration response, the effect of SRM force on vehicle vibration is implicit because of the 

relative high excitation frequency. So the residual force will be the key control objective. And the 

results are listed in Table 1 and Figure 7.  

According to Table 1, the control methods have limited effect on the RMS value of different 

vibration response because the major excitation in this condition is from road. But a significant 

reduction for the RMS value of SRM residual force, which decreased from 48.46 N to around 35 N, a 

reduction of about -27%, can be observed. And the Figure 7(d) also illustrates the comparison between 

different control methods. It can be seen, the control results of the two methods show minute 

difference, which may because of the relative small torque and current requirements in this constant 

speed condition and less current are chopped. But both of the two feedback control methods can cut off 

the force excitation periodically, also increase the mean force value and adjust the fluctuation axis, 

which make the fluctuation more concentrate. All of these are helpful to reduce the force RMS value 

and noise excitation.  

Besides, as shown in Figure 7(e), high frequency force components are attenuated effectively, 

which may contribute to the noise reduction. However, with the periodical cutoff of winding current 

and unbalanced residual lateral force, some low frequency excitations can be aroused. These low 

frequency excitations may deteriorate the tire dynamic load, and reduce vehicle driving stability. 

Fortunately, the low frequency components are relative small, equivalent to 1-1.5 kg attached 

vibration mass on the wheel, which is relatively a small increment compare to the IWM applications 

(usually about 30 kg). 

5. Conclusions 

By utilizing the analytical Fourier fitting method, an In-Wheel Switched Reluctance Motor (IW 

SRM) is modelled for electric vehicle applications in this paper. And the characteristics of the output 

torque and unbalanced residual lateral force related to rotor angular position and winding curre nt are 

analyzed. The negative effect and control method of IW SRM for electric vehicle are investigated. And 

some crucial conclusions are drawn. 

1. The unbalanced residual lateral force from SRM will have a negative effect on the vehicle 

vertical dynamics and noise characteristics. The eccentricity has great influence on the unbalanced 

residual lateral force of SRM. Within the engineering allowance, magnitude of kilo newton residual 

force can be generated. But in the actual situation, this force is a relative high frequency periodic pulse 

excitation. According to different gear ratios, the vibration frequency range that the force can cover is 
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also different. In middle or high speed conditions, the excitation frequency is within the tire noise 

frequency range, which may increase the vehicle noise resonance. 

2. According to the proposed control method, the combined vibration feedback control of current 

chopping with PWM can effectively reduce the SRM residual force for vehicle. But a simple current 

chopping will limit the output torque of SRM, and result in the speed loss of vehicle. A modified 

current chopping focus on faulted phase can avoid this issue. Both of the two current chopping 

methods can effectively cut off the high frequency component of SRM residua l force, but induce low 

frequency force response, which is against to vehicle wheel bounce and vehicle stability. Fortunately, 

the magnitude of the induced low frequency force is small.  
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Appendix - Key nomenclature and value 

Symbol Value Unit Note 

𝑘 = 𝑎, 𝑏, 𝑐, ⋯   Subscript indicates phase 𝑎, 𝑏, 𝑐, ⋯ 

𝜓𝑘   Flux linkage of phase 𝑘 

𝜃   Rotor angular position 

𝑇𝑒   Motor output torque 

𝑇𝑘   Motor torque of phase 𝑘 

𝐹𝑟   Motor radial force 

𝐹𝑟𝑘   Motor radial force of phase 𝑘 

𝐹𝑟_𝑍   Unbalanced residual force applied on vehicle vertically 

𝐹𝑡𝑥   Reaction driving force from ground to tire 

    

𝐿𝑘   Inductance of phase 𝑘 

𝐿𝑎   Inductance at aligned position 

𝐿𝑚   Inductance at midway position 

𝐿𝑢 1.67 mH Inductance at unaligned position 

𝑙𝑔 0.5 Mm Radial airgap (between rotor and stator poles) 

𝑁𝑟 6  Number of rotor poles  

𝑁𝑠 8  Number of stator  poles  

𝜀   Relative eccentricity 

ℎ𝑒   Eccentricity in the radial direction 

    

𝑈𝑘   Voltage applied on phase 𝑘 

𝑖𝑘   Winding current of phase 𝑘 

𝑅𝑘 0.678 mΩ Winding resistance of phase 𝑘 

    

𝑣   Vehicle speed 

𝑓𝑟 0.013  rolling resistance coefficient 

𝑖𝑔 6.37  Transmission ratio 

𝑅𝑒 269 mm Effective radius of the wheel 

𝐼𝑡 1.2 kg.m
2
 Wheel moment of inertia 

𝑚𝑠 337.5 kg Sprung mass 

𝑚𝑢 65 kg Unsprung mass 

𝑘𝑡 250000 N/m Tire stiffness 

𝑘𝑠 22500 N/m Suspension stiffness 

𝑐𝑡 375 N.s/m Tire damping 

𝑐𝑠 1450 N.s/m Suspension damping 

 


