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Abstract: This paper presents an integration design scheme and an optimization control strategy for
electric wheels to suppress the in-wheel vibration and improve vehicle ride comfort. The in-wheel
motor is considered as a dynamic vibration absorber (DVA), which is isolated from the unsprung
mass by using a spring and a damper. The proposed DVA system is applicable for both the
inner-rotor motor and outer-rotor motor. Parameters of the DVA system are optimized for the
typical conditions, by using the particle swarm optimization (PSO) algorithm, to achieve an
acceptable vibration performance. Further, the DVA actuator force is controlled by using the
alterable-domain-based fuzzy control method, to adaptively suppress the wheel vibration and reduce
the wallop acting on the in-wheel motor (IWM) as well. In addition, a suspension actuator force is
also controlled, by using the linear quadratic regulator (LQR) method, to enhance the suspension
performance and meanwhile improve vehicle ride comfort. Simulation results demonstrate that the
proposed DVA system effectively suppresses the wheel vibration and simultaneously reduces the
wallop acting on the IWM. Also, the alterable-domain-based fuzzy control method performs better
than the conventional ones, and the LQR-based suspension exhibits excellent performance in vehicle
ride comfort.

Keywords: electric wheel; in-wheel motor; dynamic vibration absorber; integration design;
alterable-domain-based fuzzy control; particle swarm optimization; linear quadratic regulator

1. Introduction

In recent years, electric vehicles (EVs) have entered a new paradigm due to their advantages,
compared to vehicles with internal combustion engines (ICEs), in terms of energy efficiency and
environmental friendliness [1–4]. Central motor solutions, which are similar to ICE vehicles and
currently dominate the EVs market, are still rather complex due to the number of moving parts.
As a result, vehicle developers have been proactively seeking appropriate powertrain solutions for
their high-quality EV products [5,6]. By virtue of the development of in-wheel motors (IWMs),
the IWM propulsion system has been considered a promising solution to comprehensively improve
EVs’ performance. In an in-wheel-motor electric vehicle (IWMEV), the motor, brake, reducer and
hub are mounted into the wheel. The highly integrated electric wheel provides great benefits to
the vehicle space layout [7], vehicle dynamics control [8], energy conservation [9], and redundant
propulsion [10]. Nevertheless, these merits are accompanied with technical challenges. The highly
integrated components challenge the design of electric wheels. What is more, the IWMs significantly
increase the vehicle unsprung mass. Research shows that removing the propulsion system from the

Energies 2017, 10, 2069; doi:10.3390/en10122069 www.mdpi.com/journal/energies

http://www.mdpi.com/journal/energies
http://www.mdpi.com
https://orcid.org/0000-0003-3235-3006
http://dx.doi.org/10.3390/en10122069
http://www.mdpi.com/journal/energies


Energies 2017, 10, 2069 2 of 23

vehicle body to the wheels can increase each wheels’ mass by 30 kg or more [11]. This large unsprung
mass shall result in worsened wheel vibration and vehicle vertical performance [12], such as reduction
of vehicle ride comfort [13], deterioration of road friendliness [14], reduction of motor reliability under
the large wallop [15], and invalidation of suspension control methods [16].

In conventional vehicle dynamics research, active and semi-active suspensions are adopted
to improve vehicle ride comfort and road-holding performance [17–22]. Research for IWMEVs
has been conducted based on that notion. Jin [23] proposed a magneto-rheological semi-active
suspension for an IWMEV, whereby an adjustable damping force was controlled to improve vehicle
ride comfort. Jing and Wang [24] designed an H∞ robust fault-tolerant active suspension controller for
an IWMEV to decrease the motor vibration and reduce the dynamic load applied to the motor bearing.
Shao [25] investigated a fault-tolerant fuzzy H∞ control approach for the active suspension for an
IWMEV in the presence of sprung mass variation, actuator faults, and control input constraints.
The robust H∞ control can deal with system complexities such as the model uncertainty, time delay,
and time constant uncertainty [26,27], and can effectively decrease the sprung mass vertical acceleration
(SVA), suspension dynamic deflection (SDD), and tire dynamic load (TDL) in active and semi-active
suspensions [28,29]. Another electric wheel drawback is that the vertical wallop acting on the wheel
directly impacts the motor. Furthermore, motor bearings easily wear and fail due to the fast change
of road conditions and large wallop, resulting in magnet gap deformation, unbalanced magnetic
force oscillations [30] and torque ripple [31]. Therefore, besides reducing vehicle SVA, SDD and TDL,
it is necessary to address the vibration suppression in the electric wheel to reduce the motor vertical
wallop (MVW).

Intensive research activities have contributed to several solutions for electric wheel vibration
optimization, such as the lightweight design of motors and in-wheel vibration suppression. Axial flux
motors, featured with high power density and high efficiency, have a large diameter to length ratio,
and meet most of electrical requirements and physical limits for EVs application. Thus, axial flux
motors are effective to reduce electric wheel mass and vibration [32]. Takahashi [33] designed a ferrite
permanent magnet based on a low cost in-wheel axial gap motor, in which an open slot structure
was utilized instead of a semi-closed slot structure to reduce motor size and weight. Nikam et al. [34]
investigated a permanent magnet brushless motor with a segmented rotor for IWMEVs, in which
the end-winding effects and motor weight were reduced by using a concentrated winding method.
Luo [35] proposed a hybrid lightweight method to optimize the motor size and topology structure.
Besides the light weight of IWMs, the in-wheel vibration suppression is an effective strategy to reduce
electric wheel vibration as well. Luo and Tan [36] presented an topological structure with a built-in
mount system for the electric wheel, in which the IWM was isolated elastically from the unsprung
mass by using rubber bushings to transfer the motor to the sprung mass. Based on that, Tan [37]
further optimized the parameters of the suspension and rubber bushings, and demonstrated that the
magnet gap deformation achieved a great improvement. Whereas, the built-in rubber bushings
essentially behave just like passive vibration absorbers, whose effectiveness shall be weakened
on the complicated and varied pavement. Bridgestone [38] developed an electric wheel with a
dynamic vibration absorber (DVA), whereby the motor was designed as an absorber to reduce the
wheel vibration. Chen [39] investigated several methods to diminish the negative effects of the large
unsprung mass on wheel-side-drive EVs, including the suspension and reducer integrated method,
the DVA method, and the active and energy regenerative suspension method. Wang [40] achieved an
optimization finite-frequency H∞ control of active suspension with a dynamic vibration absorber (DVA)
for an IWMEV to improve vehicle ride comfort, in which the DVA was introduced as an additional
component of electric wheel and, to a certain extent, shall further increase the unsprung mass. Ma [41]
proposed an active vibration control of the electric wheel by adding a linear motor between the IWM
stator and wheel shaft. The controllable DVA system is beneficial to reduce electric wheel vibration,
whereas, it is difficult to mount the DVA into wheel because of the size limitation. In addition,
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the in-wheel DVA system couples with the suspension system, but fewer studies can be found on the
coordinated control of the in-wheel DVA system and suspension system.

This study addresses the drawbacks mentioned above, such as the integration design of electric
wheel, and the coordinated vibration control of the in-wheel DAV and suspension. The main
contributions of this study lie in the following aspects. First, in order to minimize the in-wheel
motor (IWM) vibration, the IWM is considered as a dynamic vibration absorber (DVA), which is
isolated from the unsprung mass by using an in-wheel vibration suppression system. The DVA
system is applicable for both the inner-rotor IWMs and outer-rotor IWMs. Second, The DVA
parameters are optimized by using the particle swarm optimization (PSO) algorithm, such that the
DVA can passively suppress the motor vibration. In addition, the actuators of the DVA and vehicle
suspension are coordinately controlled, in which the DVA actuator force is controlled by using the
alterable-domain-based fuzzy method to further reduce the motor vertical wallop, and meanwhile
the suspension actuator force is controlled by using the linear quadratic regulator (LQR) method to
improve vehicle ride comfort. Finally, the effectiveness of the proposed methods is validated through
simulations under various conditions.

The rest of this paper is organized as follows: the integrated design of the DVA-based electric
wheels is introduced in Section 2. A quarter-vehicle dynamics model with the DVA-based electric
wheel is established in Section 3. The proposed controllers of the DVA system and suspension system
are presented in Section 4. Section 5 demonstrates the simulation results, followed by a summary of
the conclusions in Section 6.

2. Integration Designed of the Dynamic-Vibration-Absorber-Based Electric Wheel

An electric wheel is driven by a high-speed inner-rotor motor or a low-speed outer-rotor motor.
Figure 1 shows the conventional configurations of the two kinds of electric wheels. As shown
in Figure 1a, the electric wheel with inner-rotor motor is used in combination with a fixed
planetary reducer. Since low torque is required at higher vehicle speeds, the inner-rotor has a smaller
size, lighter weight and lower costs. Figure 1b shows a direct-drive configuration of the electric wheel
with outer-rotor motor, in which the motor has a bigger size and weight. Whereas, the absence of the
reducer simplifies the configuration, and improves the overall reliability and efficiency.

Figure 1. Electric wheel configurations. (a) Electric wheel with inner-rotor motor; (b) Electric wheel
with outer-rotor motor.

In a conventional electric wheel, the motor stator and rotor (or reducer for an inner-rotor motor)
are rigidly connected to the wheel shaft and hub, respectively. When road excitation acts on the wheel,
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the motor is directly shocked due to the rigid connections, resulting in deteriorated vibration of the
electric wheel.

In this section, the IWM is considered as a dynamic vibration absorber, which is isolated from the
wheel shaft and hub by using an in-wheel spring and a damper with a controllable actuator, whereby
the above rigid connections are replaced by flexible connections. Figure 2 shows the integration design
of the proposed DVA-based electric wheel with outer-rotor motor. As shown in Figure 2a, to realize
the flexible connection of the motor stator, a spring is introduced to link the stator extension with
sprung mass, and an in-wheel damper is installed into the stator extension and sheathed outside the
wheel shaft. The in-wheel damper is featured with a controllable actuator, which can be controlled to
actively suppress the wheel vibration. Notably, the wheel shaft penetrates through the hollow-stator
as shown in Figure 2b. In addition, to realize the flexible connection of the motor rotor, a translational
pair is designed to link the rotor with wheel hub, which ensures a proper vertical relative motion
between the rotor and wheel hub. As shown in Figure 3, the translational pair consists of a hub-side
disc, a center disc, and a rotor-side disc. The two side discs are rigidly connected to the wheel hub and
motor rotor, respectively. And both sides of the center disc are grooved to hold the other two discs in
linear position. When the wheel vibration occurs, the linear relative motion between the rotor and
wheel hub is guided by the translational pair, while the torque transmission is not affected.

Figure 2. DVA-based electric wheel with outer-rotor motor. (a) Exploded view; (b) Schematic diagram.
1-Wheel; 2-Hub; 3-Motor rotor; 4-Motor stator; 5-Stator extension; 6-Translational pair; 7-In-wheel
damper with a controllable actuator; 8-In-wheel spring; 9-Suspension; 10-Sprung mass; 11-Wheel shaft.

Figure 3. Translational pair between the rotor and wheel hub. 1-Hub-side disc; 2-Center disc;
3-Rotor-side disc; 4-Hub; 5-Motor rotor.

Similarly, the proposed DVA system is also applicable to the inner-rotor motor. As shown in
Figure 4, the outer-stator and inner-rotor are flexibly connected to the wheel shaft and hub by using
the spring-damper system and translational pair, respectively. The flexible connections in Figure 4a



Energies 2017, 10, 2069 5 of 23

are the same as those in Figure 2a. Notably, the rotor-side disc of translational pair is connected to
the inner-rotor through a planetary reducer. As shown in Figure 4b, the wheel shaft only penetrates
through the hollow-stator extension.

The proposed integrated configurations of the DVA-based electric wheels primarily change the
connections between the motor and unsprung mass, rather than the motor structure. Thus, the DVA
system is applicable to most of the commonly used in-wheel motors.

Figure 4. DVA-based electric wheel with inner-rotor motor. (a) Exploded view; (b) Schematic diagram.
1-Wheel; 2-Hub; 3-Motor rotor; 4-Motor stator; 5-Stator extension; 6-Translational pair; 7-In-wheel
damper with a controllable actuator; 8-In-wheel spring; 9-Suspension; 10-Sprung mass; 11-Wheel shaft;
12-Planetary reducer.

3. Quarter-Vehicle System Modeling and Problem Statement

3.1. Quarter-Vehicle System Modeling

Schematic diagrams of the physical quarter-vehicle models with the conventional electric wheel
and the DVA-based electric wheel are shown in Figure 5a,b, respectively. In Figure 5, ms and mw

represent the quarter-vehicle sprung mass and wheel mass (including the wheel assembly parts),
respectively; mes and mer represent the motor stator mass and rotor mass (including rotor, brake
disc and reducer), respectively; Ks and Cs represent the stiffness and damping of vehicle suspension,
respectively; and Kt stands for the tire vertical stiffness. Moreover, Cd and Kd represent the stiffness and
damping of the proposed DVA, respectively; and fs and fd are the controlled force of the suspension
controllable actuator and the DVA controllable actuator, respectively. In addition, xs, xe and xw

represent the vertical displacement of the sprung mass, electric motor, and wheel, respectively, and q(t)
is the pavement input to the tire. Note that the tire damping is omitted in the models.

As shown in Figure 5a, in the conventional electric wheel, the IWM is rigidly connected to the
wheel, and is considered as a part of the unsprung mass. As noted in Section 2, in the proposed
DVA-based electric wheel, the rigid connection between the motor stator and the wheel shaft is
replaced by a flexible connection. Besides, a translation pair is utilized to guide the relative vertical
motion between the wheel hub and motor rotor, whereby the motor has one degree of translational
freedom in vertical direction, without vertical force from the wheel hub acting on the rotor in the travel
range of translational pair. Therefore, both the out-rotor and inner-rotor electric wheels based on the
DVA can be generally modelled as Figure 5b.
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Figure 5. Quarter-vehicle model with: (a) Conventional electric wheel; and (b) DVA-based
electric wheel.

Based on the Newton laws, the motion equations of the quarter-vehicle with the DVA-based
electric wheel can be formulated as

mw
..
xw + Ks(xw − xs) + Cs(

.
xw −

.
xs) + Cd(

.
xw −

.
xe) + Kt(xw − q) + fs + fd = 0 (1)

(mer + mes)
..
xe + Cd(

.
xe −

.
xw) + Kd(xe − xs)− fd = 0 (2)

ms
..
xs + Ks(xs − xw) + Cs(

.
xs −

.
xw) + Kd(xs − xe)− fs = 0 (3)

We define the following vehicle state variables:

x =
[ .

xw
.
xe

.
xs xs − xw xs − xe q− xw

]T
(4)

The Equations (1)–(3) can be expressed by a state space equation as:

.
x = Ax + Bu + Gw (5)

where:

A =



−(Cs + Cd)/mw Cd/mw Cs/mw Ks/mw 0 Kt/mw

Cd/me −Cd/me 0 0 Kd/me 0
Cs/ms 0 −Cs/ms −Ks/ms −Kd/ms 0
−1 0 1 0 0 0
0 −1 1 0 0 0
−1 0 0 0 0 0


,

B =

[
−1/mw 0 1/ms 0 0 0
−1/mw 1/me 0 0 0 0

]T

,

G =
[

0 0 0 0 0 1
]T

,

u =
[

fs fd

]T
, w = q(t), me = mer + mes.
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3.2. Problem Statement

In order to investigate the coordination control of vehicle suspension system and in-wheel
DVA system, four evaluation indexes, vibration performance, ride comfort, suspension deflection,
road holding, and IWM dynamic force vibration, are considered as the optimization objectives.

(1) Ride comfort. Vehicle ride comfort is mainly quantified by using the sprung mass vertical
acceleration (SVA). Thus, the first optimization objective which should be minimized is the SVA,
which is expressed as:

as =
..
xs (6)

(2) Suspension deflection. The suspension dynamic deflection (SDD) should be constrained and not
exceed its travel limit. That is:

ds = xs − xw, and |ds| ≤ dmax (7)

(3) Road holding. A firm uninterrupted contact of wheels to the road should be ensured to ensure
the road holding and vehicle safety. Therefore, the tire dynamics load (TDL) should be minimized
as well. The TDL is defines as:

Fw = Kt(xw − q) (8)

(4) IWM dynamic force. The IWM dynamic force can be quantified by using the motor vertical
wallop (MVW), which should be suppressed to be as small as possible. The MVW is defined as

Fe = me
..
xe (9)

In order to improve the vibration performance of vehicle suspension system and in-wheel DVA
system, the above four evaluation indexes, the SVA, SDD, TDL, and MVW, should be optimized.
The four evaluation indexes are defined as the output variables to satisfy the performance optimization.
That is:

y =
[

as ds Fw Fe

]T
(10)

Thus, the control system, including the quarter-vehicle model and the output variables, can be
expressed by the following state space equations:{ .

x = Ax + Bu + Gw
y = Cx + Du

(11)

where:

C =


Cs/ms 0 −Cs/ms −Ks/ms −Kd/ms 0

0 0 0 1 0 0
0 0 0 0 0 −Kt

Cd −Cd 0 0 Kd 0

,

D =

[
1/ms 0 0 0

0 0 0 1

]T

,

According to the Equation (11), the control problem can be stated as the optimization of the four
evaluation indexes by solving the introduced variables, Kd, Cd, fs, and fd.

4. Coordination Control of the DVA and Suspension

In order to achieve a significant vibration suppression performance, the coordination control
of the proposed DVA and suspension is addressed in this section. First, the DVA parameters, Kd
and Cd, are optimally matched such that the DVA can passively isolate the electric wheel vibration.
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What is more, the DVA actuator force fd is controlled to further suppress the vibration. In addition,
the suspension actuator is meanwhile controlled to actively reduce the sprung mass vibration.

4.1. Parameters Optimization of the DVA

Various parameter optimization methods are developed for vehicle suspension [42,43]. Whereas,
most of the existing methods are not very suitable for the in-wheel DVA due to the special structure
and the complicated constraints. The particle swarm optimization (PSO) algorithm is a nonlinear
global optimization method, which features a fast convergence speed, a good robustness, and the least
sensitivity to the number of variables, and is very effective to solve the multi-objective optimization
problems with constraint conditions [44]. Thus, the PSO algorithm is adopted to optimize the DVA
stiffness Kd and damping Cd.

The parameter optimization process based on the PSO is shown in Figure 6. In the PSO
algorithm, a group of random particles based on the model simulations are initialized. Comprehensive
analysis between the individual particle and the group particles can dynamically update their velocity
and position. Through continuous iteration, the particles optimization problem can be solved.

Figure 6. Parameter optimization process based on the PSO.

(1) Objective function with constraints

The optimization goal of the DVA is to reduce electric wheel vibration, which is evaluated by using
four indexes, the SVA, SDD, TDL, and MVW. Therefore, the objective function can be expressed as

minJ(Kd, Cd) = wSVA1
RMS(asDVA)
RMS(ascon)

+ wSDD1
RMS(dsDVA)
RMS(dscon)

+ wTDL1
RMS(FwDVA)
RMS(Fwcon)

+ wMVW1
RMS(FeDVA)
RMS(Fecon)

(12)

where asDVA, dsDVA, FwDVA, and FeDVA are the expression of the four evaluation indexes in the
electric wheel with the DVA, given by Equations (6)–(9). ascon, dscon, Fwcon, and Fecon are those in
the conventional electric wheel. RMS(θ) stands for the root mean square values of signal θ, which can
reduce the random influences in a certain extent. In addition, wSVA1, wSDD1, wTDL1 and wMVW1 are
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the penalty factors for each of the four indexes, and wSVA1 + wSDD1 + wTDL1 + wMVW1 = 1. The ride
comfort and motor dynamic force are considered more crucial than the suspension deflection and
wheel load, thus the four penalty factors are set to:

wSVA1 = 0.3, wSDD1 = 0.15, wTDL1 = 0.15, wMVW1 = 0.4 (13)

In the optimization process, the parameters and variables in the objective function should satisfy
several constraints. In order to ensure the road holding performance, the probability of the wheel
jump should be less than 0.15%, and the collision probability between the suspension frame and the
limit block should be within 0.135%. Besides, the vertical displacement between the motor rotor and
the wheel rim, guided by the translation pair, should be constrained as well. Therefore, the variables
constraints are expressed as: 

RMS(FwDVA) ≤ G/3
RMS(dsDVA) ≤ [ds]/3
max|xe − xw| ≤ 12 mm
RMS(xe − xw) ≤ 4 mm

(14)

where G is the tire static load, and [ds] represents the suspension limited travel.
In addition, the DVA is paralleled with vehicle suspension, which changes vehicle

vibration characteristics. In order to ensure the suspension performance, the relative damping
coefficient and the natural frequency of the sprung mass are constrained in the range of [0.2, 0.4] and
[1, 1.5], respectively. And the relative damping coefficient of the motor is set in the range of [0.2, 0.4] as
well. That is: 

ξs(Kd) =
Cs

2
√

ms(Ks+Kd)
∈ [0.2, 0.4]

ωs(Kd) =
1

2π

√
Ks+Kd

ms
∈ [1, 1.5]

ξe(Cd, Kd) =
Cd

2
√

Kd ·me
∈ [0.2, 0.4]

(15)

where ξs and ωs represent the relative damping coefficient and the natural frequency of the sprung
mass, respectively. ξe represents the relative damping coefficient of the motor.

(2) Optimization solution by using the PSO algorithm

The objective function with constraints can be optimally solved by using the PSO algorithm. In
optimization process, a particle is, in each iteration, renewed through an individual extreme value and
a global extreme value. The two extremes present the optimal solution of the particle itself and that of
the whole population, respectively. Based on the two extremes, particle’s velocity and position can be
updated according to:

vk+1
ij = Wk·vk

ij + r1·c1·
(

pbest
k
ij − xk

ij

)
+ r2·c2·

(
gbest

k+1
ij − xk

ij

)
(16)

xk+1
ij = xk

ij + vk+1
ij (17)

where vij represents the j-dimensional velocity of the ith particle given by
∣∣vij
∣∣ ≤ vijmax, and xij is the

j-dimensional position of the ith particle given by
∣∣xij
∣∣ ≤ xijmax. pbest ij and gbest ij are the j-dimensional

individual extremum position and the j-dimensional global extremum position of the ith particle,
respectively. k is the iteration number. c1 and c2 are the coefficients studied and both of them are
set to 2, and r1 and r2 are random numbers between 0 and 1. Wk is the inertia weighting factor,
which determines the search ability of the particles, and influences an oscillating phenomenon in the
global and local optimization solutions.
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In this study, the inertia weighting factor Wk is adjusted by employing a nonlinear decreasing
method, whereby the inertia weighting factor Wk is nonlinear reduced from the maximum value Wmax

to the minimum value Wmin, according to:

Wk = Wmin + (Wmax −Wmin)· tan
(

0.875·
(

1−
√

k/kmax

))
(18)

where kmax represents the maximum iteration number. The constant of 0.875 is to ensure that Wk varies
in the range of [Wmin, Wmax]. Wmax and Wmin are set to 0.9 and 0.4, respectively.

By applying the above PSO algorithm to the objective function with constraints, expressed as
Equations (12), (14), and (15), the optimal DVA parameters, Kd and Cd, can be found.

4.2. DVA Actuator Force Control

The DVA with matched parameters behaves just like a passive vibration absorber, and it is
difficult to exploit it to achieve an optimum performance due to the complicated road excitation and
environmental disturbance. In the proposed DVA, an actuator force can be adaptively controlled
to further suppress motor vibration. It is worthwhile to note that this study focuses on the control
of the actuator force for vibration suppression, rather than the realization of the controlled force of
the practical actuators, which differs in different types of actuators. However, from the application
perspective, the disturbance and noise of actuators should be taken into consideration. Regardless the
specific types of practical actuators, the fuzzy control method is independent on the exact model, and
is adopted to control the DVA actuator force with the disturbance and noise in this section.

To address the trade-off between the quantity of fuzzy rules and precision of the conventional
constant-domain-based fuzzy control method, we design an alterable-domain-based fuzzy control
method, in which the inputs and outputs domains are alterable by using the scaling factors as:

Xi = [−si(xi)·Ei, si(xi)·Ei]

Yi = [−si(yi)·Ui, si(yi)·Ui]

si(xi), si(yi) ∈ [0, 1]
(19)

where [−Ei, Ei] and [−Ui, Ui] are the basic domains of the inputs xi and outputs yi, respectively. si(xi)
and si(yi) are the scaling factors for altering the inputs and output domains, respectively, and they are
determined based on fuzzy rules as well. The alterable-domain-based fuzzy controller is beneficial to
adaptively improve the control precision and simply fuzzy rules.

The alterable-domain-based fuzzy method for the DVA actuator force control is designed as
shown in Figure 7. The fuzzy controller I is designed to determine the scaling factors of the inputs
and outs domains, which takes the motor vertical acceleration ae and the relative vertical velocity vre

between the motor and rim as inputs, and takes the scaling factors, the sae for the ae, the svre for the vre,
and the sfd for the actuator force fd, as outputs. In the fuzzy controller II, the inputs are the ae and vre

with the altered domains and the sfd, and the output is the DVA actuator force fd. The fuzzy rules and
parameters of the fuzzy controllers are determined as follows:

(1) The rules for the sae and svre are determined based on the ae and vre, respectively. Large values of
the ae and vre correspond to large values of the sae and svre to enhance the control intensity and
suppress the overshoot. Small values of the ae and vre correspond to small values of the sae and
svre to narrow the domains and ensure the rule quantity, whereby the trade-off between the rule
quantity and the control precision is well balanced.

(2) The rules for the sfd are determined based on both the ae and vre. If both the ae and vre move in the
same direction with large values, the sfd is set to a large value to suppress the vibration. If the ae

and vre move in the opposite direction, the system is adaptive to gradually converge, so the sfd is
set to a relatively small value. In addition, if the ae is a large value while the vre is a small value,
the sfd is set to a relatively large value to prevent the system from the vibration divergence.
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(3) For the fuzzy controller I and II, the basic domains of the ae, vre, and fd are set to [−10, 10],
[−2, 2] and [−200, 200], respectively, and their fuzzy domains are all set to [−6, 6]. In addition,
the quantization factors are set to kae = 0.6, kvre = 3, and kfd = 33.

(4) For the scaling factors, the basic domains of the sae, svre, and sfd are all set to [0, 1], and their fuzzy
domains are set to [0, 1] as well.

(5) The values of ae, vre, and fd are classed as seven fuzzy subsets, i.e., Positive Large (PL), Positive
Medium (PM), Positive Small (PS), Zero (Z), Negative Small (NS), Negative Medium (NM), and
Negative Large (NL).

(6) The values of sae and svre are classed as four fuzzy subsets, Zero (Z), Small (S), Medium (M), and
Large (L). While the values of sfd are classed as seven fuzzy subsets, Zero (Z), Very Small (VS),
Small (S), Relatively Small (RS), Medium (M), Large (L), and Very Large (VL).

(7) All fuzzy subsets’ membership functions are selected as triangular functions.

Figure 7. Alterable-domain-based fuzzy method for DVA actuator force control.

By applying the above settings in comprehensive simulations, we establish the same fuzzy rules
for sae and svre as shown in Table 1, the fuzzy rules for sfd as shown in Table 2, and the fuzzy rules for fd
as shown in Table 3. The corresponding fuzzy surfaces are shown in Figure 8a–d.

Table 1. Fuzzy rules for sae and svre.

ae or vre NL NM NS Z PS PM PL

sae or svre L M S Z S M L

Table 2. Fuzzy rules for sfd.

vre
ae

NL NM NS Z PS PM PL

NL VL VL L L M S VS
NM VL M L M VS S VS
NS S RS M Z M RS S
Z VS S VS M L M VL
PS VS S M L L VL VL
PM Z S RS VL VL VL VL
PL VL VL L L M S VS
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Table 3. Fuzzy rules for fd.

vre
ae

NL NM NS Z PS PM PL

NL PL PL PL PL PM Z Z
NM PL PL PL PL PM Z Z
NS PM PM PM PM Z NS NS
Z PM PM PS Z NM NM NM
PS PS PS Z NM NM NM NM
PM Z Z NM NL NL NL NL
PL Z Z NM NL NL NL NL

Figure 8. Fuzzy surfaces for: (a) sae; (b) svre; (c) sfd; and (d) fd.

4.3. Suspension Actuator Force Control

The DVA system proposed above is paralleled with vehicle suspension, changing vehicle
vibration characteristics. That weakens the original suspension performance and deteriorates the
sprung mass vibration. Thus, appropriately control of the suspension is necessary. In this section,
the linear quadratic regulator (LQR) algorithm, widely used in active and semi-active suspension
control, is adopted to control the suspension actuator force to improve vehicle ride comfort.
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Addressing the suspension actuator force control, we rewrite the Equation (11) as the linear state
space equations with only one control variable, i.e., the suspension actuator force u1 = fs. That is{ .

x = Ax + B1u1 + Gw
y = Cx + D1u1

(20)

where:
B1 =

[
−1/mw 0 1/ms 0 0 0

]T
,

D1 =
[

1/ms 0 0 0
]T

,

u1 = fs.

and the other symbols are the same as those in Section 3.
The standard LQR method for the state space Equation (20) can be stated as:

minJ =
1
2

∫ ∞

0

(
xTQx + u1

TRu1 + 2xTNu1

)
dt (21)

where J is a quadratic performance index. Q is a positive definite weighting matrix of the state variables
x, and R is a positive definite weighting matrix of the control variable u1. N is the associated matrix of
the Q and R. There is an optimal control variable u1, based on the state variables feedback, to minimize
the index J. That is:

u1(t) = −Kx (22)

where K is the state feedback gain matrix, and can be solved from the Riccati equation, based on the
LQR method, as:

AK + KAT + Q−KBR−1B1
TK + GwGT = 0 (23)

Using the LQR function in the Matlab software, we can solve the Riccati Equation (22) as:

K = LQR
(

A, B1, Q, R, N
)

(24)

For the suspension actuator force control, the objective is to improve the ride comfort, which is
evaluated by the output variables y in Equation (20), i.e., the SVA, SDD, TDL, and MVW. Therefore,
we define the quadratic performance index J as:

minJ =
1
2

∫ ∞

0

(
q1as

2 + q2ds
2 + q3Fw

2 + q4Fd
2
)

dt (25)

where q1, q2, q3, q4 are the weighing factors of the SVA, SDD, TDL, and MVW, respectively. Further,
the weighting matrixes Q, R, and N can be deduced as:

Q = CTQpC
R = D1

TQpD1

N = CTQpD1

Qp = diag(q1, q2, q3, q4)

(26)

The aforementioned optimizing procedure is applied to Equations (25) and (26) such that the
optimal controlled force u1 can be solved.

Notably, the weighting factors, q1, q2, q3, q4, enormously influence the control effectiveness. The
suspension performance may be worse than passive ones in some frequency bands, if these weighting
factors are selected improperly. The PSO algorithm introduced in Section 4.1 is used to determine the
optimal weighting factors.
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Similar to the Equation (12), we define an objective function as:

minJ(qi) = wSVA2
RMS(assus)

RMS(asDVA)
+ wSDD2

RMS(dssus)
RMS(dsDVA)

+ wTDL2
RMS(Fwsus)

RMS(FwDVA)
+ wMVW2

RMS(Fesus)
RMS(FeDVA)

(27)

where i = 1, 2, 3, 4. assus, dssus, Fwsus, and Fesus are the expression of the four evaluation indexes in
the electric wheel with the LQR-based suspension control. wSVA2, wSDD2, wTDL2, and wMVW2 are the
penalty factors for each of the four indexes, and they are set to:

wSVA2 = 0.4, wSDD2 = 0.15, wTDL2 = 0.15, wMVW2 = 0.3 (28)

The optimization procedure of q1, q2, q3, and q4 is similar to that of the parameters optimization
in Section 4.1.

5. Simulation Investigation

5.1. Simulation Parameters

A quarter-vehicle model of an A-class vehicle with the conventional electric wheel, as shown in
Figure 5a, is chosen as the benchmarked model. In order to verify the superiority of the proposed
electric wheel and control methods, other four models of quarter-vehicle are conducted as comparisons.
The five schemes of the quarter-vehicle models are shown in Table 4. These schemes differ in terms of
the electric wheel configuration, DVA control method and suspension control method. Notably, the
fuzzy control in DC1-SC is with alterable domains proposed in this study, while the fuzzy control in
DC2-SC is with constant domains proposed in [45].

Table 4. Quarter-vehicle models with different electric wheels.

Model Marked Electric Wheel DVA Control Suspention Control

C-NC Benchmarked Conventional No control No control
D-NC DVA No control No control
D-SC DVA No control LQR control

DC1-SC * DVA Fuzzy control with alterable domins LQR control
DC2-SC ** DVA Fuzzy control with constant domins LQR control

* The fuzzy control in DC1-SC is with alterable domains proposed in this study. ** The fuzzy control in DC2-SC is
with constant domains proposed in [45].

The parameters of the five models are shown in Table 5. In the Table 5, the DVA parameters Kd
and Cd in Section 4.1 and the LQR weighting parameters qi (i = 1, 2, 3, 4) in Section 4.3 are optimized
by using the PSO algorithm. Since the most national road conditions in China are B-class level or
C-class level, and the vehicle speeds on these roads are normally between 60 km/h and 80 km/h,
the parameters optimization is carried out under the typical conditions of the C-class pavement at a
speed of 70 km/h, and the optimized parameters are as follows:{

Kd = 8025 N/m, Cd = 480 N·s/m
q1 = 6.09, q2 = 8492, q3 = 0.0000146, q4 = 0.0000574

(29)

Simulations under the random road excitation and bump road excitation are conducted on the
five quarter-vehicle models, by using the Matlab/Simulink software. In the simulations, we evaluate
the control effectiveness based on the four evaluation indexes given by Equations (6)–(9), SVA, MVW,
SDD, and TDL. The four indexes are measured relative to the static positions, thus their initial values
are considered as zero, and their boundary conditions are given by Equations (14) and (15). In addition,
the longitudinal and lateral force of the vehicle and tire are ignored, and we assume that only the tire,
electric wheel and sprung mass have the degree of vertical translational freedoms.
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Table 5. Parameters of the quarter-vehicle models.

Parameters C-NC D-NC/D-SC/DC1-SC/DC2-SC *

sprung mass ms (kg) 292 292
Suspension stiffness Ks (N/m) 17,000 17,000

Suspension damping Cs (N·s/m) 1317 1317
Vertical stiffness of tire Kt (N/m) 241,600 241,600

Tire mass mt (kg) 40 40
Motor Mass me = me1 + me2 (kg) ** 45 45
suspension limited travel [ds] (m) 0.08 0.08

DVA spring stiffness Kd (N/m) - 8025
DVA damping Cd (N·s/m) - 480

* The four models have the same parameters and the different control shemes. ** The motor mass includes the
wheel-reducer mass for the outer-rotor motor.

5.2. Random Road Excitation

In this simulation, a C-class road is introduced as the random road excitation, and the vehicle
speed is set to a constant value of 70 km/h. The profile of the C-class road is shown in Figure 9.
In addition, in order to verify the robust performance of the proposed method, a band-limited white
noise is introduced to the actuator force of both the suspension and DVA. The noise is in the range of
20% of the actuator force, which is shown in Figure 10.

Figure 9. Profile of the C-class road.

Figure 10. Actuator noise.

Figures 11–14 show the responses of the four evaluation indexes, i.e., the sprung mass vertical
acceleration (SVA), motor vertical wallop (MVW), suspension dynamic deflection (SDD), and tire
dynamics load (TDL), in the time domain. The peak value and RMS value of the four evaluation
indexes are presented as well.
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Figure 11. Sprung mass vertical acceleration (SVA). (a) Responses in time domain; (b) Peak value and
RMS value.

Figure 12. Motor vertical wallop (MVW). (a) Responses in the time domain; (b) Peak value and
RMS value.

Figure 13. Suspension dynamic deflection (SDD). (a) Responses in the time domain; (b) Peak value
and RMS value.
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Figure 14. Tire dynamics load (TDL). (a) Responses in the time domain; (b) Peak value and RMS value.

Figure 11 shows the SVA responses of the five electric wheel schemes. The SVA of D-SC,
DC1-SC, and DC2-SC is smaller than that of C-NC and D-NC, and the SVA of DC1-SC is the smallest.
This indicates that the LQR control on suspension and the alterable-domain-based fuzzy control on
DVA perform best for improving vehicle ride comfort. We can observe from Figure 12 that the MVW
of D-NC, D-SC, DC1-SC, and DC2-SC is greatly reduced when compared to that of C-NC, meaning the
DVA has a great effectiveness in the vibration suppression of electric wheel. Figure 13 presents that the
SDD is no significant difference in the five electric wheel schemes, and the Figure 14 presents that the
TDL of D-SC, DC1-SC, and DC2-SC performs even larger than that of D-NC. However, the SDD and
TDL are maintained in the reasonable values.

Figure 15 shows the power spectral density (PSD) details of the four evaluation indexes responses
in the frequency domain. From Figure 15a, we can see that the natural frequencies of the sprung
mass and unsprung mass are both increased due to the introduction of the DVA, and the increased
frequency-gap between the sprung mass and unsprung mass is beneficial to isolate the vehicle
resonance. In addition, at the natural frequency band of the sprung mass (1–2 Hz), we can observe that
compared with the SVA of C-NC, that of D-NC is even larger, and that of D-SC, DC1-SC, DC2-SC is
much smaller. This indicates that the DVA, to a certain extent, deteriorates the vibration of sprung mass,
while this negative effect can be eliminated and optimized by using the LQR-based suspension control.

Figure 15b shows the PSD of the MVW and demonstrates the in-wheel vibration suppression
effectiveness of the DVA. Compared with the MVW of C-NC, the MVW of the other four DVA-based
electric wheels are greatly reduced. The enlarged view, at the natural frequency band of the unsprung
mass (10–12 Hz), presents that the DC1-SC has the smallest MVW, demonstrating the effectiveness
of the alterable-domain-based fuzzy controller. It is can be seen from Figure 15c,d that the DC1-SC
exhibit excellent performance in the PSDs of the SDD and TDL, which guarantees the suspension
performance and road holding performance.

Figure 16 shows the actuator force, including the suspension force and DVA force, in DC1-SC and
DC2-SC. The suspension actuator force, shown in Figure 16a, is no much difference between DC1-SC
and DC2-SC due to the similar LQR-based suspension control. Whereas, the DVA actuator force,
shown in Figure 16b, differs greatly. The above results demonstrate that DC1-SC comprehensively
performs better than DC2-SC, which benefits from the alterable-domain-based fuzzy method. It is
worthwhile to note that the actuator force includes the noise shown in Figure 10, and the proposed
control methods guarantee the good robustness of DC1-SC and DC2-SC.
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Figure 15. Power spectral density (PSD). (a) SVA; (b) MWV; (c) SDD; (d) TDL.

Figure 16. Actuator controlled force: (a) Suspension actuator force; (b) DVA actuator force.

5.3. Bump Road Excitation

In this simulation, a bump road excitation is set as a triangular bump with a height of 60 mm
and a base of 400 mm, as shown in Figure 17. Electric wheels cross the bump at a constant speed of
30 km/h. The four evaluation indexes responses with peak values and RMS values in the time domain
are shown in Figures 18–21.
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Figure 17. Schematic diagram of standard pulse pavement.

Figure 18. SVA responses. (a) Responses in time domain; (b) Peak value and RMS value.

Figure 19. MWV responses. (a) Responses in time domain; (b) Peak value and RMS value.

Figure 20. SDD responses. (a) Responses in time domain; (b) Peak value and RMS value.
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Figure 21. TDL responses. (a) Responses in time domain; (b) Peak value and RMS value.

Figure 18 shows the SVA responses of the five electric wheels. Compared with the peak value
of C-NC, those of the other electric wheels are even larger, while the RMS values of the other four
electric wheels are smaller. Especially, the DVA-based electric wheels converge more stably and quickly
than C-NC. We can observe from Figure 19 that the MVW of the DVA-based electric wheels is greatly
smaller than that of C-NC, and DC1-SC has the smallest MVW. This demonstrates that the DC1-SC
exhibits the best performance on vehicle ride comfort and electric wheel vibration. Figures 20 and 21
show the SDD and TDL responses, respectively. It can be seen that the SDD and TDL of DC1-SC are
not the smallest compared with those of the other electric wheels, but they are still maintained in the
reasonable values.

Figure 22 presents the actuator force of suspension and DVA. In Figure 22b, The DVA force of
DC1-SC lasts longer than that of DC2-SC, which ensures that DC1-SC performs more effectively in the
vibration suppression.

Figure 22. Actuator controlled force: (a) Suspension actuator force; (b) DVA actuator force.

6. Conclusions

In this paper, an integrated design scheme and an optimization control method for DVA-based
electric wheels are proposed to suppress the electric wheel vibration and improve vehicle ride comfort.
The IWM is considered as a DVA which is isolated from the unsprung mass by using a in-wheel spring
and a damper. The configurations of the DVA-based electric wheels with either outer-rotor motor
or inner-rotor motor are described. The spring stiffness and damping of the DVA are optimized for
the typical conditions by using the PSO algorithm, and meanwhile a DVA actuator force is further
controlled by using the alterable-domain-based fuzzy method. In addition, a suspension actuator force
is optimally determined by using the LQR algorithm. Through a comparing study on the performance
of the electric wheel with different structure and control schemes, it is concluded that the proposed
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DVA system exhibits excellent performance in terms of electric wheel vibration suppression and
vehicle comfort improvement as well.

Note that a band-limited noise of the suspension and DVA actuators are considered in
this study. Nevertheless, the realization of the controlled force differs in different types of
actuators, and the environmental disturbance and system uncertainties in practical actuators are
more complicated. In addition, the proposed integrated configuration is practically complicated for
engineering manufacture, due to the severe constraints such as the limited wheel inner space, the
coupled subsystems. These will be further investigated in our future study.
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