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The vibration of SRM obtains less attention for in-wheel motor applications according to the present research works. In this paper,
the vertical component of SRM unbalanced radial force, which is named as SRM vertical force, is taken into account in suspension
performance for in-wheel motor driven electric vehicles (IWM-EV).The analysis results suggest that SRM vertical force has a great
effect on suspension performance.The direct cause for this phenomenon is that SRM vertical force is directly exerted on the wheel,
which will result in great variation in tyre dynamic load and the tyre will easily jump off the ground. Furthermore, the frequency
of SRM vertical force is broad which covers the suspension resonance frequencies. So it is easy to arouse suspension resonance and
greatly damage suspension performance. Aiming at the new problem, FxLMS (filtered-X least mean square) controller is proposed
to improve suspension performance.TheFxLMS controller is based on active suspension systemwhich can generate the controllable
force to suppress the vibration caused by SRM vertical force. The conclusion shows that it is effective to take advantage of active
suspensions to reduce the effect of SRM vertical force on suspension performance.

1. Introduction

Electric vehicles have achieved sufficient driving perfor-
mance due to the great improvements inmotors and batteries.
Due to the remarkable advantages, for example, highly
efficient transfer of power, driving force to be distributed
freely, and space saving and packaging, the in-wheel motor
technology has become the focus of electric vehicle inves-
tigation [1–3]. As the key component of propulsion system,
electric motors play an important role in in-wheel motor
driven electric vehicles (IWM-EV) dynamics. It is desired
that electric motors of electric vehicles have a wide operating
speed range, high torque density, a high starting torque for
initial acceleration, and high efficiency to extend the battery
serve-life [4, 5]. And the switched reluctance motor (SRM)
exactly satisfied the above requirements [6–8]. However,
these advantages of SRM are overshadowed by its inherent
high torque ripple and vibration, which seriously hindered
the development of SRM for in-wheel motor applications [9–
12]. To reduce or eliminate the insufficiency of SRM, much
attention has been focused on SRM structure and control.

To improve the performance of SRM, the common
solution is to increase SRM power density starting torque
and efficiency by optimal control method or multiobjec-
tive systematic optimization design [13–16]. These existing
researchesmainly focus on the SRM’s power or torque charac-
teristics, which leave other factors, such as torque ripple, the
vibration, and noise, out of consideration. However, torque
ripple and the vibration will greatly limit the performance of
SRM and further reduce the stability and comfort of electric
vehicle [9–11].

To suppress SRM vibration, some structures and con-
trollers are investigated. Inagaki et al. [17] proposed a two-
degree-of-freedom𝐻

∞
control to suppress vehicle drive train

vibration which was caused by SRM torque ripple and radial
force. By controlling the current waveform, the radial force of
SRM is reduced.Marques dos Santos et al. [10, 18] presented a
multiphysics analysis to predict acoustic radiation properties
of SRM for an electric vehicle. Li and Cho [19] proposed a
method to reduce the unbalanced radial force and vibration
of SRM by introducing parallel paths in windings. These
results revealed that the currents could be balanced in parallel
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paths and unbalanced radial force could be reduced. These
existing researches contribute to suppress SRM vibration;
however, the SRM vibration effect on vehicle stability and
comfort is seldom considered. The role and effect of IWM-
EV suspension performance need to be considered further.

Unbalanced radial force caused by rotor eccentricity may
degrade the performance of SRM, increasing vibration and
acoustic noise [12, 19–23]. In practice, some degree of rotor
eccentricity is always present due to the tolerances introduced
during the manufacturing process, wear of bearings, and
static friction especially when the rotor is sitting idle, as well
as other reasons [9, 12, 24].The air gap of the SRM is generally
between 0.2 and 1mm which is much smaller than any other
type of motor and is more sensitive to rotor eccentricity. A
relative eccentricity between the stator and rotor of 10% is
common [24, 25]. On the other hand, SRMunbalanced radial
force will be magnified by the vehicle continuously idling,
road excitation, and unbalanced load. This phenomenon is
particularly serious to IWM-EV, because the vertical compo-
nent of SRM unbalanced radial force, namely, SRM vertical
force, applies directly on vehicle wheels and will change the
tyre load. Although SRMunbalanced radial force is inevitable
and serious, the contributions of SRM unbalanced radial
force to IWM-EV stability and comfort have not been studied
thoroughly yet.

After a review of the past studies on in-wheel motor
and SRM, it is found that one key problem needs to be
considered; for example, the effect of SRM vertical force on
vehicle suspension performance needs to be discovered; a
reasonable method to solve this new problem needs to be
developed, and such work is consequently investigated in this
research.

This paper is organized as follows: first of all, the quarter-
car suspension model of a IWM-EV is given, followed by
the development of SRM model and vertical force model.
Then the effect of SRM vertical force on suspension perfor-
mance is investigated under wheel resonance in Section 3.
To reduce the effect of SRM vertical force and improve
suspension performance, the FxLMS (filtered-X least mean
square) controller is developed based on active suspension
in Section 4. Computer simulations and discussions of the
results are provided in Section 5. And finally, the conclusions
drawn from this research are presented.

2. Vehicle Modeling

The vehicle model consists of three submodels: the suspen-
sion model that emphasizes the effect of SRM vertical force,
which is a new vertical excitement of vehicle suspension; the
SRMmodel that provides the desired torque for vehicle; SRM
vertical force model, which works out the vertical force that
SRM exerts on wheel.

2.1. Suspension Model. A two-degree-of-freedom (2DOF)
vehicle suspension system is used as shown in Figure 1. This
suspension model is widely used to study the conflicting
dynamic performances of a vehicle suspension such as ride
quality and road holding [26–29]. The vehicle suspension
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Figure 1: Quarter-car suspension.

system mainly includes three components: sprung mass,
suspension actuator, and unsprung mass, which is shown
in Figure 1 of the paper. The sprung mass represents the
vehicle body, of which the vibration will reduce vehicle
comfort performance. The unsprung mass represents the
wheel and tyre. The vibration of unsprung mass is related to
vehicle stability. Due to the road and external excitation being
time-varying, the desired force which is used to suppress
vehicle vibration is expected to be adjustable. So the active
suspension actuator is used to suppress the vibration, which
can generate the controllable force. SRM is a new type of
in-wheel motor, which is mounted in wheel as a part of
vehicle unsprung mass. SRM vertical force is directly exerted
on the wheel. What is important in this study is that SRM
vertical force is brought into the in-wheel motored vehicle
suspension.The governing equations of suspension dynamics
can be described as
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(1)

where 𝑚
𝑠
is the sprung mass, which represents the vehicle

body; 𝑚
𝑢
is the unsprung mass, which represents the wheel

assembly; 𝑧
𝑠
and 𝑧

𝑢
are the displacement of sprung and

unsprung mass, respectively, and 𝑘
𝑡
serves to model the

compressibility of the pneumatic tyre; 𝑞 is the road displace-
ment input; 𝐹V is the vertical force generated by SRM; 𝐹

𝑐

means the controllable force of active suspension; 𝑑
𝑝
and 𝑘

𝑠

are damping and stiffness of the passive suspension system,
respectively. Note that if the controllable force 𝐹

𝑐
= 0

and without considering SRM vertical force, then the active
suspension system becomes a passive suspension system.
And the parameters of the suspension of IWM-EV are listed
in Table 3.

The tyre dynamic load is

𝑆
𝑧
= 𝑘
𝑡
(𝑧
𝑢
− 𝑞) . (2)



Journal of Control Science and Engineering 3

Tref Torque
direct

controller
Current

controller
Mechanical

section

𝜃 𝜃𝜃𝜃

Ψ
Ψ(t)

i

i

T

T

Speed
Torque
Position

ix, iy Vx, Vy
i(Ψ, 𝜃) T(i, 𝜃)

Figure 2: SRMmodel configuration.
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Figure 3: SRM vertical force.

For the passive suspension system, the sprung and
unsprung natural frequency is

𝜔
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(3)

According to (3), the sprung and unsprung natural
frequency of passive suspension system are 1.3Hz and 7.5Hz,
respectively. And it is easy to cause suspension resonance
when the frequency of excitation, for example, SRM vertical
force, is near the natural frequency.

2.2. SRM Model. The SRM model is used to generate the
drive torque for vehicle. The magnetization characteristic,
torque characteristic, mechanical section of the plant, and
direct torque control of SRM are shown in Figure 2. The
look-up table method is used to simulate the characteristic of
SRM and design SRM controller. The table values of 𝑖(𝜓, 𝜃)
and 𝑇(𝑖, 𝜃) are obtained by analytical formulations, which
are easy to implement and convenient by discrete method
[30–32]. The reference torque 𝑇ref is determined by in-wheel
motor operation states. According to torque direct controller,
the control current of conducting-phase 𝑖

𝑥
, 𝑖
𝑦
is determined

which can be translated to control voltage 𝑉
𝑥
, 𝑉
𝑦
by current

controller [33]. Control voltage 𝑉
𝑥
, 𝑉
𝑦
is used to generate

the flux of SRM. Looking-up table, 𝑖(𝜓, 𝜃) and 𝑇(𝑖, 𝜃) can get
motor torque. The torques produced by all stator phases are
then summedup to provide the total torque on the rotor shaft.

In the electrical circuit of SRM, the magnetic flux linkage
in the windings is obtained as follows:

𝜓 (𝑡) = ∫

𝑡

0

(𝑉 − 𝑅𝑖) 𝑑𝑡, (4)

where 𝑉 is the stator voltage vector; 𝑅 is the stator winding
resistance. This equation is used to calculate SRM flux values
which are supplied to table 𝑖(𝜓, 𝜃) as shown in Figure 2.

According to SRManalyticalmodel, the inductance𝐿 and
magnetization characteristic 𝜓 of SRM can be expressed as a
function of stator current and rotor position:

𝐿 (𝑖, 𝜃) = 𝐿
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𝜓 (𝑖, 𝜃) = 𝐿 (𝑖, 𝜃) 𝑖,

(5)

where 𝐴 = Ψ
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+1, 𝐿
𝑞
is minimum inductance, 𝐿

𝑑

is themaximum inductance,𝐿
𝑑sat is the saturated inductance,

𝜓
𝑚
is the maximum flux linkage, 𝐼

𝑚
is the maximum current,
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𝜃 is the rotor position, 𝑖 is the phase current, and 𝑁
𝑟
is the

number of rotor poles. The table value of 𝜓(𝑖, 𝜃) is calculated
from the analytical equation (5) by discrete method. Using
cubic spline interpolation, the table 𝑖(𝜓, 𝜃) is produced from
the flux table 𝜓(𝑖, 𝜃).

The analytical expression for the torque can be described
as

𝑇 (𝑖, 𝜃) = −
𝑖
2

2

𝜕𝐿

𝜕𝜃
. (6)
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The table values of 𝑇(𝑖, 𝜃) are calculated from the analytical
equation (6).

The mechanical dynamics of the motor and load are
governed by the motion equation

𝑇 = 𝐽
𝑑Ω

𝑑𝑡
+ 𝐵Ω + 𝑇

𝐿
, (7)

whereΩ is the rotor speed, 𝐽 is themoment of inertia, 𝐵 is the
torque friction coefficient, and 𝑇

𝐿
is the load toque which is

determined by IWM-EV operation states.
The control method of SRM is a commonly used direct

torque controlmethod [33, 34].Themain advantages of direct
torque control are fast torque response and lower torque
ripple, which meet the requirements of IWM-EV.

2.3. SRM Vertical Force Model. The primary purpose of SRM
vertical forcemodel is towork out SRMvertical forcewhich is
accompanied by the forming of torque. The electromagnetic
force of SRM can be separated into a tangential and a radial
force. The tangential force converts to the rotational torque
which will drive IWM-EV.The radial force has no attribution
to the rotation of SRM; however, it is the dominant noise
source which could excite stator vibrations and emit acoustic
noise. The net radial force is ideally zero because of the
geometrical balance motor structure. However, due to the
fabrication tolerances, the wheel motor often sits idle in
vehicle common manoeuvre, unbalanced loads, and road
excitations; the actual net radial force is usually not zero
and results in the unbalanced radical force, as described in
Section 1. What is important in this study is that the SRM
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unbalanced radial force is taken into account as the wheel
vertical excitation.

The unbalanced radial force is the radial force difference
between a pair of opposite stator poles. Manymethods can be
used to calculate SRM radial force [23, 33, 35]. In this paper,
the method of [33] is used. The benefit of this method is that
only four parameters are needed. According to [33], the radial
force of opposite stator poles can be described as follows:

𝐹
1
= −

𝑟 sin (𝜃
𝑜
)

𝑔
𝑚
− Δ𝑔

𝐹
𝑡
,

𝐹
2
= −

𝑟 sin (𝜃
𝑜
)

𝑔
𝑚
+ Δ𝑔

𝐹
𝑡
.

(8)

The unbalanced radical force is

𝐹
𝑟
= 𝐹
1
− 𝐹
2
. (9)

And SRM vertical force on the wheel is

𝐹V = 𝐹𝑟 sin (𝜃


) , (10)

where 𝑟 is the outer radius of the rotor, 𝑔
𝑚
is air gap of SRM,

and 𝜃
𝑜
is stator and rotor pole overlap position which will be

changed with rotor position 𝜃. For 6/4 SRM, the range of 𝜃
𝑜

is [0, 30] degree [33]. 𝜃 is the angle between stator and wheel
longitudinal axis. 𝐹

𝑡
means the tangential force of SRM. It is

obtained by dividing the tangential torque by the radius of
the rotor pole. AndΔ𝑔means the rotor relative displacement,
which will directly affect the unbalanced radical force value.

The 6/4 outside-rotor SRM is used in this study. The
main advantage of the outside-rotor structure is the gearless
operation, which will reduce the drive line components,
thus improving the overall reliability and efficiency [36]. The
similar structure is already validated in [37, 38]. The air
gap eccentricity includes two types, static eccentricity and
dynamics eccentricity [22, 39, 40]. For the convenience of the
presentation, we focus on the static type in our research. For
static eccentricity, the relative eccentricity 𝜀 is

𝜀 =
𝑥

𝑔
100%, (11)

where 𝑔 is the radial air gap length in the case of uniform
air gap or no eccentricity and 𝑥 is the eccentricity in the
horizontal (or vertical) direction.The eccentric positioning of
the SRM creates unbalanced electromechanical radial forces
due to asymmetrical magnetic pull as shown in Figure 3.
For 6/4 outside-rotor SRM, the degree between adjacent
stator is 60 degrees and adjacent rotor is 90 degrees. When
the eccentric rotor overlap stators are 2 and 5, the 𝜃 is 30
degrees. Similarly, when the eccentric rotor overlap stators
are 1 and 4, the 𝜃 is 90 degrees as shown in Figure 3(b).
So the longitudinal force component of SRM vertical force is
zero under this condition. It means that the SRM unbalanced
radial force is equal to SRM vertical force, and (10) is
simplified to 𝐹V = 𝐹

𝑟
. In the actual working condition,

the unbalanced radial force is distributed along the stator
radius. And each pair of opposite rotors with eccentricity
can generate unbalanced radial force. For the convenience of
presentation, we take a situation, where the eccentric rotor
overlap stators are 1 and 4, as an example to investigate SRM
vertical force effect on vehicle dynamics. As the discussion
above, the relative eccentricity between the stator and rotor
of 10% is common. So in the following study, we mainly
discuss the effect of SRMvertical force under 10% eccentricity
conditions.

3. Effect of SRM Vertical Force on
Suspension Performance

Resonance vibration of vehicle is very common and severe,
so it is necessary to look at the effect of this kind of vibration
induced by SRMvertical force.The extreme case is when SRM
vertical force excitation frequency is inducing resonance of
vehicle suspension; that is, the frequency is about sprung
mass natural frequency of passive suspension system 1.3Hz
and wheel natural frequency 7.5Hz. The rotor pole number
of SRM is 4, which means the vertical force frequency is four
times of the wheel rotation frequency. So when the frequency
of SRM vertical force is 1.3Hz and 7.5Hz, the vehicle velocity
is about 2 km/h (1.3Hz/4×2×pi×0.269 is 2 km/h) and 11 km/h
(7.5Hz/4×2×pi×0.269 is 11 km/h), respectively. Although the
vehicle speed is too low for daily drive under the two severe
cases, it is valuable to study it because the human body is
sensitive to vertical vibration at low frequencies (<10Hz). In
another aspect, the vehicle is often sitting idle, stops, or starts
up and the speed is very low under congested urban driving
conditions. Next, we will look into the effect of suspension
vibration induced by SRM vertical force.

3.1. Preliminary Analysis on SRM Vertical Force. In this sec-
tion, the effect of SRM vertical force at vehicle speed 2 km/h,
11 km/h, and 60 km/h is analysed. Computer simulations are
performed to verify the effectiveness of SRM controller and
analyse the vibration phenomenon. The specifications of the
6/4 outside-rotor SRM are listed in Table 4. From the look-up
tables, the flux and torque characteristics of SRM are shown
in Figure 4. And the response of the SRM speed and torque
at vehicle speed 60 km/h is shown in Figure 5. It shows that
the actual rotor speed and torque of the motor dynamics
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follow the desired references. The torque pulsations in SRM
are relatively higher compared to sinusoidal machines due to
the doubly salient structure of the motor. Many studies focus
on torque ripple [41, 42], so we will not repeat it here.

SRM vertical force under rotor displacement 10% is
shown in Figure 6. Figure 6(a1) shows the time response of
SRM vertical force at vehicle speed 2 km/h. The peak value
of SRM vertical force is nearly up to 2542N. Figure 6(a2)
shows the power spectral density (PSD) of SRM vertical force
at velocity 2 km/h in the low frequency band 0∼100Hz, which
is concerned by vehicle suspension system. It can be seen that
with the increase of excitation frequency the PSD of SRM
vertical force is decreased dramatically. SRM vertical force
is the mixed harmonic disturbance with the basis frequency
of about 1.3Hz. Similarly, Figures 6(b) and 6(c) show the
time history and PSD of SRM vertical force at 11 km/h and
60 km/h, respectively. It can be seen that the fundamental
frequency of SRM vertical force is about 7.5Hz and 39Hz.

Figure 7 and Table 1 show SRM vertical force characteris-
tics under different velocity and rotor displacement. It can be
seen that SRM vertical force quickly increases as the vehicle
velocity and rotor displacement increase. The effect of rotor
relative displacement is more serious than vehicle speed. And

Table 1: SRM vertical force (unit: N).

Velocity (km/h) Rotor displacements (%)
5 10 15

20 1321 2666 4043
40 1523 3070 4572
60 1800 3573 5428
80 2168 4410 6636

SRM vertical force reaches approximately 7000N at vehicle
80 km/h and rotor relative displacement 15%, which imply
that SRM effect on suspension performance is considerable.
So it is essential to study the effects of SRM vertical force on
IWM-EV suspension performance.

3.2. SRM Vertical Force Effect on Suspension Performance.
The response of sprung mass acceleration and tyre dynamic
load subject to SRM vertical force is selected to evaluate
suspension performance. The vehicle speeds are 2 km/h,
11 km/h, and 60 km/h, respectively. The original reference
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mass acceleration. (b1) Time history of tyre dynamic load. (b2) PSD of tyre dynamic load.

suspension does not take SRM vertical force into consider-
ation. Computer simulations are performed to analyse SRM
vertical force effect on vehicle suspension system.

According to the statistical characteristic of a real uneven
road, the road velocity input can bemodeled as a white noise,
the power spectral density (PSD) of which is denoted as

𝐺
𝑤
(𝑓) = 4𝜋

2

𝐺 (𝑛
0
) 𝑛
2

0
V, (12)

where 𝐺(𝑛
0
) is road roughness coefficient, 𝑛

0
is reference

spatial frequency, V is vehicle forward velocity, and 𝑓 is time-
domain frequency. In the studied case, 𝑛

0
= 0.1. For level B

road, 𝐺(𝑛
0
) is set at 64 × 10−6m3 which represents a smooth

road surface. And for level C road,𝐺(𝑛
0
) is set at 256×10−6m3

which represents a terrible road surface.
Under level B road, the suspension response to SRM

vertical force at vehicle speeds 2 km/h, 11 km/h, and 60 km/h
is shown in Figures 8–9. Figure 8 shows vehicle suspension
under speed 2 km/h. From the time-domain results, it can
be seen that SRM vertical force arouse a higher sprung mass
acceleration. And the sprung mass resonance is nearly at the
frequency 1.3Hz. Similarly, the vibration of wheel is severe
due to sprung mass resonance.

Figure 9 shows the suspension response under speed
11 km/h. It can be seen that the wheel resonance is at
frequency 7.5Hz, which increases the sprung mass vibration.
And SRMvertical force generates sprungmass vibration peak
at the fundamental frequency and multiple frequency, which
means the vehicle comfort is greatly decreased at the vibration
peak.

Figure 10 shows the suspension response under speed
60 km/h. It shows that SRM vertical force generates sprung
mass vibration peak at the fundamental frequency 39Hz and
the multiple frequency. Although SRM vertical force effect
on tyre dynamics is small in the frequencies above 10Hz, the
effect is obvious in the frequencies below 1Hz as shown in
Figure 10(b2).

According to the above analysis, it can be seen that
SRM vertical force greatly increases the vibration of vehicle
suspension system. So it is an important factor that cannot be
neglected in IWM-EV suspension system research.

4. FxLMS Controller Design

FxLMS controller is employed to suppress the vibration
caused by SRM vertical force excitation. Due to its simplicity
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Figure 10: Suspension response to SRM vertical force at velocity 60 km/h. (a1) Time history of sprung mass acceleration. (a2) PSD of sprung
mass acceleration. (b1) Time history of tyre dynamic load. (b2) PSD of tyre dynamic load.
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algorithm
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Figure 11: The structure of FxLMS algorithm.

and stable reliable operation, the FxLMS is one of the most
often applied strategies in active noise control [43–45]. It
is adjusting an adaptive filter in a feedforward structure;
therefore, it is especially suited for the damping of periodic
disturbances. And the analysis above shows that SRM vertical
force is periodic excitation, so the FxLMS algorithms are
adopted to improve suspension performance.

The structure of the FxLMS algorithm is shown in Fig-
ure 11, following the notation of [43]. The cancellation of the

disturbance signal 𝑑(𝑘) is achieved by subtracting the signal
𝑦
𝑓
(𝑘). The cancellation of the disturbance signal is achieved

by subtracting the signal generated by the secondary path
(𝑧). In typical active noise control applications, the secondary
path includes an actuator driven by the output signal 𝑦(𝑘) of
the adaptive filter𝑊(𝑧).Themodel 𝑆(𝑧) of the secondary path
is applied to compensate for the negative effects of 𝑆(𝑧) on the
stability of the algorithm. In the following, it is assumed that
𝑆(𝑧) = 𝑆(𝑧). Since the input signal of 𝑊(𝑧) is the reference
signal𝑥(𝑘)measured at the source of the disturbing vibration,
a feedforward configuration is realized.

The adaptation of𝑊(𝑧) is performed by an algorithm of
FxLMS structure, which adjusts the coefficients by applying
the recursive formula

𝑤 (𝑘 + 1) = 𝑤 (𝑘) + 𝜇𝑥 (𝑘) 𝑒 (𝑘) , (13)

where 𝑥(𝑘) = [𝑥(0) 𝑥(1) ⋅ ⋅ ⋅ 𝑥(𝑘 − 𝑙)]
𝑇and 𝜇 denotes a

step size, which influences the convergence speed of the
algorithm.

The basic formula of the error signal is given by

𝑒 (𝑘) = 𝑑 (𝑘) + 𝑤
𝑇

(𝑘) 𝑥 (𝑘) . (14)
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Figure 12: The Simulink model for FxLMS controller.

The output vector is

𝑦 (𝑘) = 𝑤
𝑇

(𝑘) 𝑥 (𝑘) . (15)

According to (13)–(15), the FxLMS does not include the
calculations of square, mean, and differential values. So the
algorithm is simple and efficient. FxLMS adaptive method
with adjusting the weight coefficient can adapt the output to
the input. The algorithm has been applied in the study of the
active control of the engine vibration, and the effect is very
good [42].

In order to design the FxLMS controller based on vehicle
active suspension system, the state space equations of suspen-
sion dynamics equations (1) in matrix form are given by

�̇� = 𝐴𝑋 + 𝐵𝑈,

𝑌 = 𝐶𝑋 + 𝐷𝑈,

(16)

where the state vector 𝑋 is defined as 𝑋 = [𝑧
𝑠
�̇�
𝑠
𝑧
𝑢
�̇�
𝑢
]
𝑇,

the input vector 𝑢 is defined as 𝑢 = [𝐹
𝑐
𝑞 𝐹V]

𝑇, the output
vector 𝑌 is equal to 𝑋, the parameter matrices 𝐴 and 𝐵 are
defined as

𝐴 =

[
[
[
[
[
[
[

[

0 1 0 0

−
𝑘
𝑠

𝑚
𝑠

−
𝑐
𝑠

𝑚
𝑠

𝑘
𝑠

𝑚
𝑠

𝑐
𝑠

𝑚
𝑠

0 0 0 1

𝑘
𝑠

𝑚
𝑢

𝑐
𝑠

𝑚
𝑢

−
𝑘
𝑠
+ 𝑘
𝑡

𝑚
𝑢

−
𝑐
𝑠

𝑚
𝑢

]
]
]
]
]
]
]

]

,

𝐵 =

[
[
[
[
[
[
[

[

0 0 0

−
1

𝑚
𝑠

0 0

0 0 0

1

𝑚
𝑢

𝑘
𝑡

𝑚
𝑢

−
1

𝑚
𝑢

]
]
]
]
]
]
]

]

,

(17)

the parameter matrix 𝐶 is the four by four identity matrix,
and matrix𝐷 is a four by three matrix of zeros.

Design the FxLMS controller based on vehicle active
suspension systemas follows.The reference signal𝑥 is defined
as the sum of SRM vertical force and road excitement 𝑥(𝑘) =
𝐹V(𝑘) + 𝑞(𝑘). The cancellation of the disturbance signal 𝑑(𝑘)
is the acceleration of unsprung mass �̈�

𝑢
(𝑘). The primary

path model 𝑃(𝑧) is equal to the secondary path 𝑆(𝑧), which
is the state space equations of vehicle suspension system
as described by (16). According to (13)–(15), the FxLMS
controller based on active suspension can be described as

𝑤 (𝑘 + 1) = 𝑤 (𝑘) + 𝜇 [𝐹V (𝑘) + 𝑞 (𝑘)] 𝑒 (𝑘)

𝑒 (𝑘) = �̈�
𝑢
(𝑘) + 𝑤

𝑇

(𝑘) [𝐹V (𝑘) + 𝑞 (𝑘)]

𝐹
𝑐
(𝑘) = 𝑤

𝑇

(𝑘) [𝐹V (𝑘) + 𝑞 (𝑘)] .

(18)

The Simulink model for FxLMS controller is illustrated
by Figure 12.The input reference signal of the primary path is
road excitation 𝑞 and SRM vertical force 𝐹V which is achieved
by SRM controller. And the output is the acceleration of
vehicle unsprungmass �̈�

𝑢
.The input of secondary pathmodel

(a) is active control force 𝐹
𝑐
which is achieved by FxLMS

controller. The output of the secondary path model (a) is �̈�
𝑢

which is compared with the output of primary path �̈�
𝑢
to

get the control error. Secondary path model (b) is used to
compensate for the negative effects of secondary path model
(a). If there is no motor eccentricity at all, SRM vertical
force becomes zero. There are many researches on vehicle
suspension system which take no account of SRM vertical
force [46, 47], so we will not repeat it here.

5. Results and Discussion

Computer simulations are performed to verify the effective-
ness of the FxLMS controller designed in this study, with
level B and level C road input. The suspension performance
under FxLMS control is analysed at vehicle velocities 2 km/h,
11 km/h, and 60 km/h, respectively. The PSD of different



Journal of Control Science and Engineering 11

1

0.5

0

−0.5

−1

Passive
Control

103

100

10−3

100

50

0

−50

−100

−150

Passive
Control

Passive
Control

Passive
Control

AC
C 

of
 sp

ru
ng

 m
as

s (
m

/s
2
) 100

10−5

10−10

0 1 2 3 4 5

Time (s)
100 101 102

Frequency (Hz)

1000

0

−1000

−2000Ty
re

 d
yn

am
ic

 lo
ad

 (N
)

0 1 2 3 4 5

Time (s)

105

100

100 101 102

M
ag

ni
tu

de
 (N

2
/H

z)

Frequency (Hz)

0 1 2 3 4 5

Time (s)
100 101 102

M
ag

ni
tu

de
 (N

2
/H

z)

Frequency (Hz)

C
on

tro
l f

or
ce

 (N
)

(a1) (a2)

(b1) (b2)

(c1) (c2)

M
ag

ni
tu

de
 ((

m
/s

2
)2
/H

z)

Figure 13: Suspension performance under FxLMS control at velocity 2 km/h. (a1) Time history of sprung mass acceleration. (a2) PSD of
sprung mass acceleration. (b1) Time history of tyre dynamic load. (b2) PSD of tyre dynamic load. (c1) Time history of suspension control
force. (c2) PSD of suspension control force.

suspension performances for FxLMS controller is compared
with the passive system in which the control force is zero,
𝐹
𝑐
= 0. Figures 13, 14, and 15 illustrate vehicle suspension

performance under FxLMS controller at different velocities.
From Figure 13(a), it can be seen that, under the sprung

mass resonance case, better comfort can be achieved by
FxLMS control in low frequencies (0–6Hz) compared with
the passive system. Moreover, the vibration of wheel under
control is decreased in the low frequencies as shown in
Figure 13(b). The PSD of active suspension control force is
also presented in Figure 13(c).

From Figure 14(a), it can be seen that better comfort can
be achieved by FxLMS control in medium and high frequen-
cies (6–8Hz and 8–50Hz) under the wheel resonance case.
And the vibration peaks at SRM vertical force fundamental
frequency and multiple frequency decreases dramatically.
Besides that, the PSD of tyre dynamics is decreased obviously
at the vibration peaks and the frequency below 1Hz, which
means the vehicle road-holding ability is improved compared
to the passive system.

Figure 15 shows the suspension performance under
FxLMS control at velocity 60 km/h. From Figure 15(a), it
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Figure 14: Suspension performance under FxLMS control at velocity 11 km/h. (a1) Time history of sprung mass acceleration. (a2) PSD of
sprung mass acceleration. (b1) Time history of tyre dynamic load. (b2) PSD of tyre dynamic load. (c1) Time history of suspension control
force. (c2) PSD of suspension control force.

can be seen that there are different degree decrease at the
vibration peaks. A better road-holding ability can be achieved
in the low frequencies below 1Hz.

Table 2 summaries the root mean squared (RMS) value
of sprung mass under level B and level C road. It can be
seen that the vibration of sprungmass decreases dramatically
compared with the passive system under two resonance
cases. And the acceleration of sprung mass under FxLMS
control decreases to a certain degree at 60 km/h which is
the no-resonance case. Compared with the resonance cases,
the controller is not very powerful under the nonresonance
conditions. It is because that SRM vertical force has a more

significant effect on the vibration of vehicle body and wheel
under the resonance cases. Collectively, we can say the
suspension performance is improved under FxLMS control.

6. Conclusions

SRM are well suited for in-wheel motor due to their high
torque, high efficiency, and excellent power-speed charac-
teristics. However, SRM used as in-wheel motor brings new
problems: SRM vertical force excitation. Like road excita-
tion, SRM vertical force excitation also has great effect on
suspension performance. In this paper, the characteristics of
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Figure 15: Suspension performance under LMS control at velocity 60 km/h. (a1) Time history of sprungmass acceleration. (a2) PSD of sprung
mass acceleration. (b1) Time history of tyre dynamic load. (b2) PSD of tyre dynamic load. (c1) Time history of suspension control force. (c2)
PSD of suspension control force.

Table 2: Comparison of RMS values of sprung mass acceleration.

Level B road Level C road
2 km/h 11 km/h 60 km/h 2 km/h 11 km/h 60 km/h

Passive 0.41 1.33 0.75 0.45 1.42 1.46
Control 0.09 0.31 0.66 0.18 0.62 1.31
Relative change 77.19% 76.59% 12.56% 58.40% 56.32% 10.27%



14 Journal of Control Science and Engineering

Table 3: Parameters of IWM-EV active suspension.

Definition Symbol Units Value
Sprung mass 𝑚

𝑠
kg 338

Unsprung mass 𝑚
𝑢

kg 78
Suspension stiffness 𝑘

𝑠
N/m 22500

Tyre stiffness 𝑘
𝑡

N/m 150000
Suspension damping 𝑑

𝑝
N⋅s/m 1695

Table 4: Out-rotor 6/4 SRM nomenclature and value.

Definition Value
Number of stator poles 6
Number of rotor poles 4
Stator pole arc angle 29 degrees
Rotor pole arc angle 30 degrees
Air gap 0.25mm
Outer diameter of rotor 31.2mm
Outer diameter of stator 18.5mm
Length of stack 6.3mm
Minimum inductance 0.0019H
Maximum inductance 0.0318H
Saturated inductance 0.0013H
Maximum flux linkage 0.9Wb
Motor rated voltage 240V
Motor rated power 8 kW
Motor rated speed 2000 rpm

SRM vertical force and the effect on IWM-EV suspension
performance are discussed. In order to suppress SRM vertical
force and improve suspension performance, the FxLMS
controller is investigated in this paper. And the important
findings are as follows.

(1) SRM vertical force is an important factor to sus-
pension performance analysis. It is very common
due to the manufacture tolerance and SRM work
condition. And the frequency of SRM vertical force
covers the natural frequency of passive suspension
system, which will easily induce suspension reso-
nance, especially in vehicle start-up and low speed
conditions. So SRMvertical force cannot be neglected
in the analysis of suspension performance.

(2) The effect of SRM vertical force on suspension perfor-
mance is considerable. Under sprung mass resonance
and wheel resonance severe cases, the acceleration of
vehicle suspension increases dramatically. The wheel
vibration also increases greatly.

(3) Aiming at the above-mentioned problems, FxLMS
controller is proposed to improve suspension per-
formance. The FxLMS controller is based on active
suspensions which can generate the controllable force
to suppress SRMvertical force. Under FxLMS control,
the sprung mass acceleration is reduced obviously
compared with passive system. The results show that
FxLMS control is effective. And it is feasible to take

advantage of active suspensions to reduce the effect
of SRM vertical force.

This paper is focused on the analysis of SRM vertical
force proposition of SRM vertical force suppression method
to improve suspension performance. However, the effects of
vehicle acceleration or braking, the yaw moment induced
by SRM vertical force, and the mechanical connection parts
between SRM and wheel are not considered, since the action
mechanism of these factors is implicit and intricate. A
more comprehensive research is needed to make a thorough
investigation on SRM vertical force. SRM vertical force
suppression methods, for example, semiactive suspension
solution, and experiments need to be further studied. These
factors will be taken into account in the next work.
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