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In order to solve the vertical vibration negative effect problem caused by the increase of the unsprung mass in the hub motor
driven vehicle (HMDV), a novel mechatronic suspension using the bridge electrical network is proposed. Firstly, the bridge
electrical networks composed of two capacitors, two inductors, and one resistor are summarized and their impedance functions
are analyzed forward through the structural method. Then a quarter HMDV model is constructed, and the optimal element
parameters in the electrical networks are selected through the Pattern Search algorithm. The influence of element parameters
perturbation of the optimal structure on the output response of HMDV suspension is further analyzed. Results show that the
proposed bridge electrical network can be realized as a biquartic impedance. It can be equivalent to a mechanical impedance of
the suspension through a linear motor. Compared with the conventional suspension, the root-mean-square values of the
dynamic tire load and the suspension working space are reduced by 10.76% and 18.10%, respectively. The vibration at low and
high frequencies of the unsprung mass is suppressed, effectively improving the grounding and handling stability of the vehicle.
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1. Introduction

Electric vehicles play a vital role in sustainable mobility. It
is estimated that by 2030, battery-electric vehicles will be-
come the mainstream of passenger vehicle transport [1]. The
hub-driven technology offers several significant benefits to
overcome the challenges in transportation electrification. As
an ideal configuration for future electric vehicles, the hub
motor driven vehicle (HMDV) has the advantages of high
transmission efficiency and flexible operation. The motor is
arranged directly in the wheel hub, and the output torque of
the motor can be distributed independently so that the
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handling stability of the vehicle can be improved. Through
the independent and accurate control of the motor, the
control of the vehicle’s driving dynamics becomes faster and
easier [2]. Despite the many advantages of using in-wheel
motors, their application leads to an increase in unsprung
mass, which negatively affects the ride comfort and hand-
ling stability. Under road excitation, the magnetic gap de-
formation of the hub motor will produce an unbalanced
magnetic pull force, thus deteriorating the longitudinal and
vertical dynamic performance of the vehicle [3]. Reference
[4] established a dynamic model of a quarter-vehicle vi-
bration system by using dynamic theory and state-space
method. The simulation results showed that the vertical
dynamic performance of the electric vehicle changes under
the double excitation, and the electromagnetic force of the
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wheel motor led to a decrease in ride comfort. It also affects
the grounding behavior of vehicles, causing the vertical
vibration negative effect.

As a crucial component of vehicle vertical motion, the
suspension is of great significance to ride comfort. Research
into suspensions centers on structural design [5,6], control
strategies [7,8], and actuator development [9,10]. Some
scholars have researched the suppression of HMDYV vertical
vibration negative effect. Meng et al. [11] proposed a new
electric wheel configuration with a two-stage suspension
and optimized suspension parameters. Li et al. [12] devel-
oped a direct wheel drive air suspension system and pro-
posed evaluation indexes based on vertical and longitudinal
dynamic coupling mechanisms. The vertical and long-
itudinal characteristics under different damping coefficients
and motor speed are studied, and the effectiveness of the
model is verified by experiments. Liu et al. [13] presented a
two-pump hydraulic control system for a two-speed power
shift transmission, and simulation results show that the en-
ergy consumption of the system is significantly reduced, and
the dynamic and economic performance of electric vehicles
is improved. Yu et al. [14] established a hub-motor electric
vehicle model with air springs. Then the quasi-infinite
horizon nonlinear model predictive controller was designed
to improve the longitudinal and vertical dynamic behavior.

However, the existing suspension structure is still limited
to the “spring-damping” binary frame. The mass block is
rarely used in the suspension because of its large volume
and inconvenient installation. That leaves the suspension
system without an effective inertial element. In 2002, Smith
proposed the inerter [15], which is a two-end mass com-
ponent. Research shows that introducing the inerter into the
suspension system to form an “inerter-spring-damper” sus-
pension structure can improve the vertical dynamic perfor-
mance of the vehicle [16-24]. There are many forms of
inerter such as ball-screw, rack and pinion, hydraulic, and
mechatronic inerter. The mechatronic inerter is a new type
of inerter device that is coupled by a mechanical inerter and
motor. Wang and Chan [25] first proposed the device and
optimized the electrical network structure to improve the
vibration isolation performance of the suspension. Accord-
ing to the different mechanical transmission modes, it can be
divided into single motor type, linear inerter-motor type, and
rotary inerter-motor type. The first type is a special me-
chatronic inerter, which directly couples the motor with the
mechanical vibration isolation system [26]. It simulates the
impedance characteristics of the system using the output
force of the motor. The linear inerter-motor type combines a
linear motion type inerter with a linear motor, such as a
hydraulic electric inerter [27]. The rotary inerter-motor type
combines a rotary inerter with a rotary motor, such as a ball-
screw mechatronic inerter in Ref. [25]. The two latter types
of system output impedance consist of the impedance of the
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mechanical device and the simulated impedance of the
motor.

The advantage of the mechatronic inerter is that the target
mechanical impedance can be simulated using electrical
elements in the external circuit. This allows the im-
plementation of over-complicated purely mechanical net-
works to be solved. The theory of network analysis in the
field of electricity can also be used to solve the vibration
isolation research of mechanical systems. On the one hand,
the output impedance of different structures is studied for-
ward through network analysis. On the other hand, the
physical realization of specific impedance is studied by
network synthesis. Many scholars have studied the realiza-
tion of the biquadratic impedance function. Bott and Duffin
[28] proposed that any biquadratic positive real impedance
can be realized passively by nine elements at most. Subse-
quently, the realization with six [29], five [30], and four [31]
elements were proposed.

In order to further improve the vibration isolation effect,
the higher-order impedance function has been studied. For
the bicubic impedance function, a series-parallel network
consisting of 13 elements is synthesized using Bott-Duffin
synthesis. Reference [32] defined the concept of essential
regular and implemented the impedance function using three
reactive elements and four resistive elements. Hughes [33]
proved that any impedance that can be realized by a series-
parallel network containing at most three energy storage
elements can also be realized by a series-parallel network
containing at most three energy storage elements and at
most four resistors.

However with the increase of the impedance function
order, the number of components required also increased. To
reduce the number of components, more exacting realization
conditions are required. According to Pantell [34] simplifi-
cation, non-series-parallel networks can achieve higher im-
pedance functions with fewer components. References
[35,36] studied biquadratic impedance and bicubic im-
pedance using bridge networks and also gave the realization
conditions of them. When using five elements to implement
the impedance function, the biquadratic impedance can be
realized by a bridge network containing two energy storage
elements, and the bicubic impedance can be realized by a
bridge network containing three energy storage elements. It
is found that the increase in order seems to be related to the
number of energy storage elements. Therefore, this paper
selects four energy storage elements and one energy con-
suming element as the basic elements to analyze their im-
pedance functions. There are two types of components in
energy storage components: inductor and capacitor. For a
bridge network with five components four of which are
energy storage elements, the following combination modes
are included: (1) 4 inductors and 1 resistor; (2) 4 capacitors
and 1 resistor; (3) 3 inductors, 1 capacitor, and 1 resistor; (4)
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3 capacitors, 1 inductor, and 1 resistor; (5) 2 inductors, 2
capacitors, and 1 resistor. These combination methods can
form 23 different structures, and analyzing them all would
be a complex and massive task. Therefore, for the con-
venience of research, the combination of 2 inductors, 2 ca-
pacitors, and 1 resistor is chosen for study.

In this paper, the impedance of the network structure is
analyzed forward based on the bridge network, so as to
avoid the complicated discussion of the realization condi-
tions. The bridge network is coupled with a single motor to
export force and improve the vibration isolation effect of
HMDV suspension. The suppressing effect of different
networks on the negative effect of vertical vibration of
HMDV is studied. Aiming at improving vehicle grounding,
the influence between the parameters of bridge network
elements and suspension output response is analyzed. Then
the suppression rule of the network structure on the negative
effect of HMDV vertical vibration is studied. Firstly, the
quarter HMDV model equipped with a switched reluctance
motor (SRM) is built in Sect. 2. Then in Sect. 3, the im-
pedance functions of the bridge network are solved by using
the topological formulas. The element parameters in the
network are optimized by using the Pattern Search algo-
rithm. Moreover, in Sect. 4, the improvement effect of dif-
ferent structures of bridge network on HMDV vertical
vibration negative effect is analyzed, and the influence be-
tween parameter changes and suspension output response is
studied. Finally, some conclusions are drawn in Sect. 5.

2. HMDYV mechatronic suspension model

2.1 SRM model

SRM has the characteristics of simple structure, large torque
and small current at starting and low speed. It has high
output and high efficiency in a wide speed and power range.
It also has the advantages of good fault tolerance so it has a
wide range of applications. In this paper, the external rotor
8/6 pole four-phase SRM is selected as the research object.
The structure of the SRM is shown in Fig. 1 [37].

Rotor
Stator
Winding
Shaft

Air gap

Figure 1 Structure of external rotor 8/6 pole four-phase SRM.
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Radial electromagnetic force is the main source of noise
and vibration of the SRM. Theoretically, the radial electro-
magnetic force is equal in magnitude and opposite in di-
rection, so its resultant force is 0. However, because the air
gap of the motor changes due to road excitation, the radial
electromagnetic force is not really 0, and the motor eccen-
tricity is defined as

_he
£= g% (1)
where £, is the absolute eccentricity of the motor, and g, is
the air gap of the motor.

Therefore, the radial electromagnetic force F,, between

the fixed rotor of the motor is

__ 12 LJ(G’ ij)
Fon = =2 )

where L /-(6), [ /) is the inductance expressed in Fourier series

(2

[38-40] of the phase j, which corresponds to the rotor an-
gular position and the winding current. Therefore, the un-
balanced radial force of the phase ;:

1 ,Ly08) L0+
e 2 gm) )
Where m and n are the pole number of stator in the
opposite direction, g, (n)=(1-¢)g,, g.(m) =(1+e)g,
and |m—n| = 4.

For the HMDYV system established in this paper, the ver-
tical component of the unbalanced radial force is the main
influencing factor. The total vertical electromagnetic force is
the sum of the 4 phase electromagnetic forces, which is

—b+/b>—4dac

4 4
P W s i @
P = 2a

2.2 Mechatronic suspension model

The 2-DOF vehicle suspension model considering the ver-
tical vibration of sprung and unsprung mass is often used to
study the vertical dynamic performance of vehicles. In this
paper, a quarter vehicle dynamic model is selected as the
research object, and the model is shown in Fig. 2. In the
suspension part, the linear motor is used to equate the
electrical impedance to the mechanical impedance. When
the sprung mass moves relative to the stator, both ends of the
motor also move and generate current. Then the current
flows through the circuit at the external end of the motor to
achieve the effect of equating the electrical network im-
pedance to the mechanical impedance. This makes the ori-
ginal complex mechanical structure can be realized through
the electrical network, which brings great convenience to the
practical application. Through the design and analysis of the
circuit structure, the influence of different structures on the
vertical dynamic performance of the vehicle can be studied.
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In Fig. 2, m, is the sprung mass, m  is the mass of the
stator of the wheel hub motor, and m . is the mass of the
rotor and tire. k is the suspension spring stiffness, k,, is
the equivalent stiffness of the motor, and K, is the stiff-
ness of the tire. z, is the vertical displacement of sprung
mass, z, is the vertical displacement of stator and shaft,
z,, 1s the vertical displacement of rotor and tire, and z, is
the road excitation. Fy,, is the electromagnetic force
generated by the linear motor, V is the end voltage gen-
1, 2, 3, 4, 5) is the
electrical element in the bridge network circuit outside the
motor, including 2 inductors, 2 capacitors, and 1 resistor,
F, is the vertical unbalance force caused by the wheel

erated by the linear motor, Zg; (i =

motor. The internal inductance and resistance of linear

Tire

Felloe

Permanent
magnet

Rotor

Bearing

Controller

Stator

Winding

(b)

Figure 2 Vehicle structure of HMDV: (a) the typical structure of HMDYV,
and (b) quarter-vehicle model.
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motor are ignored in modeling. According to Newton’s
second law, the Laplace transform of the dynamic equa-
tion is shown as Eq. (5).
msszzs+ ks(zsizus) + FEM = 0’
musszzus+ km(Zusi Zur) + szi ks(Zsi Zus) - FEM =0, (5)
M52yt K(Zy=2) = kp(Z,y~Z,)) ~ F.= 0.
The calculation method of F,, is given by Eq. (6), where /
is the current flowing through the external circuit of the

motor, k, is the thrust coefficient of the linear motor, and £,
is the electromotive force coefficient of the linear motor.

V = keS(Zsi leS) = IZQ(S)’

(6)
Foy=kl.
Then Fy,, is shown in Eq. (7):
k
FEM = Ekl S(Z.S_Zus)’ (7)

Z4s)

where Z, Z,, and Z,,. are the Laplace transform of the
displacement, respectively, Z,(s) is the impedance of the
external circuit, and s is the Laplace variable.

Conventional suspension consists of springs and dampers.
Vehicle suspensions are tested and adjusted during the de-
sign process to ensure ride comfort and handling stability.
To compare the dynamic performance of vehicles after the
application of the bridge network, this paper takes a mature
passenger car with conventional suspension as the compar-
ison object, and the parameters of a quarter vehicle model
are shown in Table 1.

3. Bridge network and parameter optimization

3.1 Impedance function of the bridge network

Chen et al. [35] used a five-element structure with two en-
ergy storage elements to establish biquadratic functions.
Wang and Chen [36] gave 11 kinds of bridge networks with
three energy storage elements to realize bicubic impedance.
Therefore, this paper will establish a bridge network struc-
ture with four energy storage components, and the im-
pedance function of the bridge network will be analyzed

Table 1 Parameters of the quarter vehicle model

Parameter Value
Sprung mass m, (kg) 320
Motor stator mass m,,, (kg) 35
Motor rotor and unsprung mass m,, (kg) 40
Suspension spring stiffness &, (N/m) 22000
Equivalent motor stiffness k,, (N/m) 3850000
Equivalent tire stiffness K, (N/m) 190000
Thrust coefficient of linear motor k, (N/A) 0.99
Electromotive force coefficient of linear motor k, (V-m/s) 0.99
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forwardly. From the component structure, the analysis
avoids the complicated discussion of the conditions required
for the synthesis of the positive real network. To facilitate
the study, this paper selects 2 inductors, 2 capacitors, and 1
resistor to build a bridge network, and enumerates them to
obtain the nine structures shown in Fig. 3.

The impedance functions of the above nine structures
are calculated using the topological formula of the net-
work function [41]. This section only shows the im-
pedance of the three structures Z;, Z;, and Z,. To facilitate
the calculation of linear motor thrust, the reciprocal ex-
pressions of the impedance function are shown in Egs. (8)-
(13). The impedance of other structures is in Appendix.

1 _ A1S4+B1S3+C1S2+D1S+E1

= 8
Z(s) Fs*+Gs3+Hs?+Is+J,’ ®)
4, =0,
B, = CiCR(L, + Ly),
Ci= (L +L)(C+ Gy,
D, =R(C,+Cy),
no )
Fy=RL\L,C\C,,
G, = LiL,(C+ Cy),
H,=R(L\C,+L,Cy),
L= (L, + Ly,
Ji =R,
1 7A3S4+B3S3+C3S2+D3S+E3 (10)

Zy(s)  Fys*+ Gy +Hys2+Ls+J;

] ]
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A3 = L,L,C\Cy,
By = RC\Cy(Ly +Ly),
C;=L,Ci+L,C,,
D3 =R(C,+Cy),
E;=1,
=0, (1n
Gy =LiL(C+Cy),
Hy=R(L, + L)) (C,+ (),
L;=(L+L,),
J3=0,
1 A8+ B33+ Cps?+Dys+E; (12)
ZAs)  Fut+Gos3+Hyus2+Iis+J;°
A7 =LL,CG,
B; =RC\Cy(L,+Ly),
Cr=LC+Ly(C+Cy),
D, =RC,
E, =1, (13)
F;=RL,L,C\C,
G;=L\L,C,
H,=RL(C,+ C,)+RL,C,,
I;=(L,tL,),
J;=R.

After analysis, it is found that the impedance functions of
Z,,2,, Zs, Z, and Z, are all of the strict biquartic types, that

is, the highest order of numerator and denominator are 4.
The impedance functions of other structures are non-strict

I

L‘g éz = L, == C
R R

5

[ I
5 é

Il
]
Q

T

é

Figure 3 Bridge network structure with 2 inductors, 2 capacitors, and 1 resistor.
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biquartic functions. The highest order numerator in Z; and
Z, is 3, and the highest order denominator is 4, which means
A, and A4, are equal to 0, the impedance functions of Z; and
Zg are just the opposite, and F; and Fy are equal to 0.

3.2 Dynamic performance optimization

In the suspension optimization process, assuming that the
vehicle is driving at a speed of u =20 m/s on a C-class road,
the input displacement of road roughness can be expressed
as follows:

£,(6) = ~0.111[uz (1) + 40,[G (noyu w(0)}, (14)

where z,(¢) is the vertical input displacement caused by the
roughness of the model road surface, G,(n,) is the road

roughness coefficient, the value is 2.56x107* m*,and w(¢)
represents integral white noise.

3.2.1  Optimization algorithm
Pattern search algorithm is a general algorithm to solve the
optimal value of the function. It does not need to use the
derivative of the objective optimization function in the
search process, so it can effectively solve the in-differenti-
able function and the complicated function optimization
problem. The detailed steps of the pattern search method are
shown in Fig. 4.

Each iteration of this algorithm alternates between axial
and pattern movements. The purpose of axial movement is

Set initial point x’ € R”, initial step 5o, error £>0, k=0,
acceleration factor a=1, reduction factor SE (0, 1).
Let y=x0, Jj=1

| >

Figure 4 Algorithm flow chart.
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to detect the favorable direction of descent, while the pur-

pose of pattern movement is to accelerate along the favor-

able direction. Axial movement is an exploratory search

movement that starts from a point y and searches for probing

movement with step size J, along the axis e; (j = 1,2, -+ ,n)

in turn. The probing movement along the axis is as follows:
(1) Positive axis detection

If 7 (y+5kej) <f(y), the detection is successful, take

y =y+ose; Otherwise, the detection will fail and the ne-

gative axis detection will be performed again.
(2) Negative axis detection

If f (yfékej) <f(y), the detection is successful, take

y=y—dze;; Otherwise, the detection fails and y remains
unchanged.

The point obtained after each probe movement is used as
the starting point for the next probe movement. After the n
steps of detecting movement, the point at which the objec-
tive function value decreases can generally be obtained, thus
an axial movement is completed. The starting point of each
axial movement is called the reference point.

Let x;, be the point obtained by a single axial movement
with point x;, as the reference point. If f(x;, ;) <f(x;), then
start from point x;,; and move in a pattern with a step size
of ad, along the acceleration direction d, =x;,,—x; to
obtain a new reference point. Then, start from the new re-
ference point y and continue to move axially with the same
step size of J,.

3.2.2  Optimization objectives and constraints

The negative vertical vibration effect of HMDYV is caused by
the significant increase of sprung mass, which leads to the
deterioration of dynamic tire load. In order to improve its
tire grounding, this paper selects the root-mean-square
(RMS) value of the dynamic tire load as the optimization
objective and establishes the objective function, which is
given by Eq. (15). The optimization object is the element
parameters in nine kinds of electrical network structures.
Then the structure values under the optimal dynamic re-
sponse can be obtained.

. DIL,
min J = m, (15)
q= [Cla Cz,Ll, L29R]s (16)

where DTL; represents the RMS value of dynamic tire load
with bridge network suspension structure, DTL,,, represents
the RMS value of dynamic tire load of conventional sus-
pension, J represents the ratio of them, and g represents the
set of electrical network element parameters to be opti-
mized.

To obtain electrical network parameters with better per-
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formance, this paper establishes certain constraint condi-
tions to ensure that the optimized performance is better than
that of the traditional structure. The DTL; of the bridge
network suspension structure should be smaller than the
DTLy, of the conventional suspension. The RMS values of
body acceleration BA4; and suspension working space SWS;
of bridge network suspension are smaller than those of
conventional suspension. At the same time, considering the
rationality of the components, the optimization constraints
are set as follows:

BA; < BA,,,
SWS, < SWS
DTL, < DTL an
0<L,,<800mH,

0 < Cy, < 800 mF,

0 <R <1000 Q.

pas>

s.t.

3.3 Optimization results and time domain response

After several optimizations, the optimal parameters of the
suspension structure were obtained, as shown in Table 2.
The parameters from Tables 1 and 2 were combined and
substituted into the model to analyze the suspension’s output
response, as shown in Table 3.

In Table 3, Z, represents the conventional suspension
structure, and the percentage in parentheses represents the

Table 2 Results of optimization design
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comparison results between this indicator and the conven-
tional suspension. The upward arrow indicates that the in-
dicator has deteriorated, while the downward arrow
indicates that the indicator has been optimized compared to
conventional suspension. As shown in Table 3, after opti-
mizing all structures, the RMS value of dynamic tire load is
improved, and the RMS values of suspension working space
and body acceleration are also reduced. It is worth noting
that the impedance functions of Z;, Z;, Z;, and Z, are not
strictly biquartic, which also makes the performance im-
provement of these structures for HMDV less obvious than
the others. The body acceleration of Z; and Zg even slightly
deteriorated. Among several structures with strict biquartic
impedance function, Z; has the best improvement effect. Its
time-domain response is shown in Fig. 5.

Compared with conventional suspension, its RMS value
of dynamic tire load is reduced by 10.76%, and the RMS
value of suspension working space is reduced by 18.10%.
Moreover, the body acceleration is also improved by 1.45%.
The application of this structure can improve the handling
stability of the vehicle based on ensuring ride comfort. Then
suppress the negative vertical vibration effect of HMDV.

To further verify the effectiveness of the established me-
chatronic suspension, the parameters of the Z; structure in
Table 2 and different road inputs were used to analyze its
time domain response. According to Eq. (14), the road
displacement input is not only related to road roughness but
also to the vehicle’s driving speed. Therefore, by changing

Structur Parameters
ructure
C; (mF) C, (mF) R (Q) L, (mH) L, (mH)

Z, 397.2 278.9 706 1.48 1.37
Z, 611.6 361.7 670 1.28 2.39
Z3 1.5 0.08 950 3.5 99.8
Zy 429.8 397.4 701 1.8 588.7
Zs 451.5 354.1 734 91.2 1.3
Z 677.1 336.7 763 1 585.8
Z; 193.1 644.7 615 1 1
7y 1.25 267.6 893 3.2 180.4
Zy 201.6 522 831 1 2.6

Table 3 Performance indexes of different suspension

Structure RMS of body acceleration (m/s%) RMS of suspension working space (m) RMS of dynamic tire load (N)

Zy 1.3178 0.0139 1228.16

Z 1.2931 (1.88%)) 0.0124 (10.31%)) 1118.64 (8.92%])
Z, 1.2968 (1.59%)) 0.0122 (12.03%) 1135.66 (7.53%))
Z, 1.3269 (0.69%71) 0.0138 (0.76%) 1123.81 (8.50%))
Z 1.2943 (1.78%)) 0.0120 (13.88%)) 1127.85 (8.17%))
Zs 1.2810 (2.79%)) 0.0119 (14.21%]) 1136.44 (7.47%))
Zs 1.2835 (2.60%) 0.0120 (13.19%)) 1145.77 (6.71%))
Z; 1.2986 (1.45%)) 0.0114 (18.10%}]) 1096.06 (10.76%)
Zy 1.3341 (1.23%1) 0.0136 (2.05%) 1116.68 (9.08%])
Zy 1.2916 (1.99%) 0.0129 (6.73%) 1120.78 (8.74%))
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one of the values within a certain range, a series of different
road input conditions can be obtained. In this article, the
road roughness is set as a constant value, and the vehicle
speed u is changed to 10 m/s, 20 m/s, and 30 m/s. The time
domain response at 20 m/s is shown in Fig. 5, the time
domain response at 10 m/s is shown in Fig. 6(a)-(c), and the
time domain response at 30 m/s is shown in Fig. 6(d)-(f).
The data in Tables 4 and 5 are the RMS values of the time
domain response of performance indexes at different speeds
and their improvement effects compared to conventional
suspension.

From Fig. 6, Tables 4 and 5, it can be seen that the Z;
structure has also achieved significant performance im-
provements at different vehicle speeds. When the vehicle
travels at a speed of 10 m/s, using a suspension with the Z,
structure can reduce the RMS value of dynamic tire load by
10.66%, and the body acceleration can also be maintained at
a level close to that of conventional suspension. Although
the improvement effect of the Z; structure on three indexes
is slightly worse than 20 m/s at 10 m/s, it significantly re-
duces the RMS value of dynamic tire load under the same
conditions, effectively improving tire grounding. When
driving at a speed of 30 m/s, there may be a slight dete-

(a) 0.05
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rioration of less than 1% in vehicle body acceleration, but it
is still within an acceptable range. The RMS values of
suspension working space and dynamic tire load were re-
duced by 18.22% and 10.79%, respectively. Overall, the Z;
structure can also suppress the negative vertical vibration
effect of HMDYV at this speed, and improve tire grounding
and handling stability. Therefore, the suspension with Z; is
selected as the research structure, and its dynamic char-
acteristics are analyzed in the next section.

4. Dynamic performance analysis

4.1 Frequency domain analysis

The Z; is selected as the research object, and the suspension
structure parameters are set according to the optimization
parameters in Table 2. The Z;, Z;, and conventional sus-
pension were compared. The gain of body acceleration gain,
suspension working space, and dynamic tire load of the four
suspensions in the frequency domain are shown in Fig. 7.
As can be seen from Fig. 7, the gain of dynamic tire load
with bridge network in low frequency band and high fre-
quency band is smaller than that of conventional suspension.
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Figure 5 Road displacement and time domain comparison of suspension performance at 20 m/s: (a) road displacement, (b) body acceleration, (c)

suspension working space, and (d) dynamic tire load.
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Figure 6 Road displacement and time domain comparison of suspension performance: (a) body acceleration at 10 m/s, (b) suspension working space at
10 m/s, (c) dynamic tire load at 10 m/s, (d) body acceleration at 30 m/s, (e) suspension working space at 30 m/s, and (f) dynamic tire load at 30 m/s.

Table 4 Performance indexes at 10 m/s

Conventional suspension Suspension with Z; Improvement
RMS of body acceleration (m/s) 0.9424 0.9365 0.63%
RMS of suspension working space (m) 0.0100 0.0083 17.88%
RMS of dynamic tire load (N) 867.34 774.90 10.66%
Table 5 Performance indexes at 30 m/s
Conventional suspension Suspension with Z; Improvement
RMS of body acceleration (m/s) 1.5866 1.6011 —0.91%
RMS of suspension working space (m) 0.0165 0.0135 18.22%
RMS of dynamic tire load (N) 1503.66 1341.40 10.79%
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Figure 7 Comparison of frequency domain gain of four types of suspension: (a) the gain of vehicle body acceleration, (b) the gain of suspension working

space, (c) the gain of dynamic tire load.

It indicates that the equivalent mechanical impedance of the
bridge network structure can suppress vehicle vibration. It
also points out that the suppression effect is better in the low
frequency band and high frequency band, and the Z; struc-
ture has the best effect. Although slightly higher than the
conventional suspension between 2-7 Hz, the overall effect
is still better than the conventional suspension. The ad-
vantage of the bridge network is more remarkable in the
gain of suspension working space. As this paper focuses on
the negative vertical vibration effect of HMDYV, the im-
provement of dynamic tire load is quite obvious. In terms of
body acceleration, low-frequency vibration can be sup-
pressed. But in the middle and high frequency bands, it is
almost the same as that of conventional suspension and even
has a slight worsening trend.

On the one hand, it is because of the selection of opti-
mization focus. On the other hand, it is the increase of en-
ergy conversion process. Conventional suspension converts
kinetic energy into spring potential energy and the internal
energy of the oil in the damper. The linear motor, as an
energy conversion device, converts kinetic energy into
electric energy first. Then consumes energy in the form of

resistance heating. Under the high frequency excitation, the
energy input speed is accelerated, and the energy dissipation
component fails to totally absorb the input energy in time.
Part of the energy is transferred to the sprung mass, in-
creasing the gain about body acceleration. But in general,
the use of bridge network structure to equivalent mechanical
impedance still has the advantages of simple, no complex
mechanical components, and can effectively inhibit vehicle
vibration.

4.2 Discussion on frequency domain characteristics of
three structures

In vehicle vibration analysis, the damping ratio is commonly
used to describe the amplitude-frequency characteristics of
vibration response to input, which is defined as Eq. (18).
Vehicles with lower damping ratios can achieve high com-
fort while achieving better tire adhesion performance re-
quires a higher damping ratio. Sports cars typically have a
large damper and harder tire stiffness, while luxury cars
typically have a small damper and softer springs. The force
between the two ends of a linear motor is related to the



X. Yang, et al. Acta Mech. Sin., Vol. 41, 524208 (2025)

relative velocity between the sprung mass and the unsprung
mass, which is similar to the working mode of a damper.
Compared with the concept of “damping ratio”, the damping
coefficient in the damping ratio is replaced by the im-
pedance of the electrical network of the outer end of the
linear motor. And the ratio obtained can be considered an
“equivalent damping ratio”, as shown in Eq. (19).

C

, 18
T (18)
kkJZ[s)

(== 19
o 2k (19)

Let T'(s) = k k,/Z(s), then the T(s) of three structures can
be expressed as Eq. (20).

=

524208-11

Fs*+Gs3+Hs2+1s+J,
1) = keka,.i4+B:3+c:2+Dt;+E,-’

Let s =jow, then T(s) can be written as Eq. (21). T(s)
contains the impedance function of the external electrical
network, which has both real and imaginary parts. In order
to compare the equivalent damping ratio, its modulus is
taken for calculation as Eq. (22).

(i=1,3,7). (20)

(Pt eg) (fo-Ged)
Tt(]a)) 7kekf(Aiw4_Cla)z—i-Ei)-i-(Dla)_Bia)S)]" (21)

(i=13,7),

F2w8 +(GiL2F,-H,-)w6+(Hi2+2FJﬁ21,-G,-)cu4+(1i272HJ,-)w2 +J2

|T(w)| = kk,

The equivalent damping ratio is shown in Eq. (23).

= Z(%)' (i=1,3,7). (23)

Unlike the fixed value of the damping ratio, the equivalent
damping ratio of the bridge network structure is a function
of frequency. Let @ =2nf then analyze the equivalent
damping ratio of the suspension with Z,, Z;, and Z;, and the
results are shown in Fig. 8.

According to Fig. 8, the equivalent damping ratio of the
suspension with Z; can stabilize and remain around 0.2 after
2 Hz. The suspension with Z; reaches its maximum
equivalent damping ratio around 0.9 Hz, but then rapidly
decreases and tends towards 0.17. The equivalent damping
ratio of the suspension with Z; rapidly reaches 0.13 at 0.1 Hz
and continues to increase thereafter. Although its equivalent
damping ratio exceeds that of the Z; at 12 Hz, it is lower
than that of the Z; before 12 Hz. The purpose of this paper is
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Figure 8 Comparison of the equivalent damping ratio of three types of
suspension.

A2wB+ (Bi2—2Al-C,-)co6 + (cl.2 +24,E,—2B.D l-)a)“ n (D ) C,-E,-)a)Z +E?

L (i=1,3,7). (22)

to reduce the dynamic tire load of HMDV to improve the
negative effects of vertical vibration. Compared to the other
two types of suspension, the Z; can achieve a higher
equivalent damping ratio, which is beneficial for improving
tire adhesion and reducing dynamic tire load. Therefore, the
suspension with Z; can reduce the vibration peak of dynamic
tire load at low and high frequencies, but it will bring a
slight deterioration in comfort, which is consistent with the
analysis conclusion of the damping ratio.

4.3 Influence of interaction between components on
suspension performance

Because the bridge network structure is different from the
series-parallel network structure, there are some influence
relationships between the component parameters. Therefore,
the Z; structure is taken as the research object. The vertical
output response of the suspension is analyzed in the time
domain when the energy storage elements and the energy
dissipation elements change parameters. Then the interaction
law between the elements is studied. L, L,, C,, and C, are
energy storage elements, and R is energy dissipation elements.
Table 6 shows the parameter ranges of circuit components in
the Z; structure. Figures 9-12 show the analysis results.
Figure 9(a)-(c) shows the influence of capacitors C; and
C, on suspension performance, and the other pictures show

Table 6 Value ranges of structural parameters

Parameter Value range
Inductor L; (mH) 0.5-1.5
Inductor L, (mH) 0.5-1.5
Capacitor C; (mF) 96.55-289.65
Capacitor C, (mF) 322.35-967.05

Resistor R (Q) 307.5-922.5
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Figure 9 Influence of parameter changes of the same type of energy storage components on suspension performance: (a) effect of C; and C, variation on
body acceleration, (b) effect of C| and C, variation on suspension working space, (c) effect of C; and C, variation on dynamic tire load, (d) effect of L, and L,
variation on body acceleration, (e) effect of L, and L, variation on suspension working space, (f) effect of L, and L, variation on dynamic tire load.

the influence of inductors L, and L, on suspension perfor-
mance. It can be seen that the combination of capacitors has
a low influence on suspension performance, and the RMS
values of body acceleration, suspension working space, and
dynamic tire load change little. The combination of in-
ductors has a certain influence on the suspension perfor-
mance. When the two inductors are set to smaller values, the
RMS value of the dynamic tire load and the suspension
working space can be reduced. The handling stability and
grounding of HMDV can be improved. However the RMS
value of the body acceleration will be increased, and the ride
comfort will be worsened. Therefore, appropriate values

should be selected based on actual needs. To study the in-
teraction between different types of energy storage elements
and analyze the influence of capacitor and inductor elements
on suspension performance, the combination relationship of
Ci-L; and C,-L; are taken as examples. The analysis results
are shown in Fig. 10.

Figure 10 shows the influence of C; and L; on suspension
performance on (a)-(c), and the influence of C, and L, on
suspension performance on (d)-(f). As can be seen from Fig.
9, the RMS value of body acceleration decreases with the
increase of C; or C, and remains unchanged with the in-
crease of L;. The RMS values of suspension working space
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Figure 10 Influence of parameter variation of different types of energy storage components on suspension performance: (a) effect of C; and L, variation on
body acceleration, (b) effect of C| and L; variation on suspension working space, (c) effect of C; and L, variation on dynamic tire load, (d) effect of C, and L,
variation on body acceleration, (e) effect of C, and L, variation on suspension working space, and (f) effect of C, and L, variation on dynamic tire load.

and dynamic tire load increase with the increase of C; or C,,
and has no obvious relationship with the change of L. The
variation range of the RMS values of the three evaluation
indexes did not change greatly. In general, the parameter
variation of the energy storage component combination had
little influence on the suspension performance.

The bridge network contains both energy storage elements
and energy dissipation elements. Then the R-C; and R-L,
combinations are taken as examples to analyze the interac-
tion between different types of elements and study the im-
pact of parameter changes on suspension performance. The
results are shown in Fig. 11.

Figure 11(a)-(c) shows the influence relationship of R and
C; change on suspension, and the other pictures show the
influence relationship of R and L; change on suspension. As
can be seen from Fig. 11, the RMS value of body accel-
eration decreases with the increase of R but remains basi-
cally unchanged with the increase of C; or L;. The RMS
value of suspension working space and dynamic tire load
increase with the increase of R, and slightly increases with
the increase of C, or L. To further study the influence of
energy consuming components on suspension performance,
the output response of suspension when resistor parameters
change is analyzed, and the results are shown in Fig. 12.
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As can be seen from Fig. 12, the RMS value of body
acceleration decreases with the increase of resistor para-
meters. The RMS value of suspension working space in-
creases with the increase of resistor, and the RMS value of
dynamic tire load first decreases and then increases with the
increase of resistor. In terms of energy, when the energy
consuming element takes a larger value, the input energy
will be dissipated and absorbed at a faster speed. Then the
energy transferred to the sprung mass becomes less, the
body acceleration decreases and better riding comfort can be
obtained. However, while energy consuming components

absorb energy, there is still some energy in the energy sto-
rage elements. Even if the relationship between energy
storage components and suspension output response is not
very obvious, the existence of this part of the energy will
affect the unsprung mass. That will increase the dynamic tire
load, and affect the grounding and handling stability of the
vehicle. Therefore, to suppress the negative effect of HMDV
vertical vibration and reduce the dynamic tire load, it is
necessary to take the appropriate resistor value. Thus the
grounding of the vehicle could be improved based on en-
suring the ride comfort.
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Influence of parameter changes of energy dissipating components on suspension performance: (a) effect of R variation on body acceleration, (b)

effect of R variation on suspension working space, and (c) effect of R variation on dynamic tire load.

5. Conclusion

In this paper, the deterioration of dynamic tire load caused
by the vertical vibration negative effect of HMDV is studied.
The high order impedance function is used to suppress the
negative effect of vertical vibration, and a bridge network
structure is established. The biquartic impedance of an
electrical network is equivalent to that of the mechanical
network by a linear motor. The bridge network structure
with 2 inductors, 2 capacitors, and 1 resistor is constructed
from the perspective of forward structural analysis. Then the
impedance function of different structures is analyzed by
topological formulas. To improve the tire grounding, the
optimization algorithm is used to find the best parameters
corresponding to the bridge network structure. The simula-
tion analysis shows that the strict biquartic impedance is
better than the non-strict biquartic impedance. Compared
with the conventional suspension, the RMS values of the
dynamic tire load and suspension working space can be
reduced by 10.76% and 18.10%, respectively. The body
acceleration is also maintained to the same degree as that of

the conventional suspension. The suspension with a bridge
network can also suppress the vibration at low and high
frequencies of HMDV. The Z; structure was selected as the
research object to analyze the influence of parameter per-
turbations of different components on suspension perfor-
mance. It was found that the parameter changes of energy
storage components had a general effect on the improve-
ment of suspension performance. The parameter variation of
energy consuming components has a great influence on the
performance of the suspension. Selecting the appropriate
parameters for the bridge network structure can improve the
grounding of the vehicle and keep the ride comfort to a good
degree.

The mechatronic suspension using the bridge electrical
network proposed in this paper only uses four energy sto-
rage elements and one energy dissipation element to achieve
the biquartic impedance function. Compared to the im-
plementation of series-parallel networks with high order
impedance functions, the bridge network can be achieved
with only 5 components. Compared to the bicubic im-
pedance function containing five components, this paper
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achieves a higher biquartic impedance by changing the type
and quantity of components. In addition, this mechatronic
suspension uses a linear motor and external circuit to si-
mulate the impedance function. This reduces the space oc-
cupied by mechanical components, providing great
convenience for the layout and maintenance of practical
applications. The proposed analysis method provides a new
idea for the suppression of the negative effects of vertical
vibration of HMDV. It also provides a research direction for
the realization and analysis of higher-order impedance
functions. The types and connection modes of electrical
elements proposed in this paper are only part of the electrical
network. Future research will include different types and
quantities of components, and based on simulation analysis,
experiments are conducted to verify the simulation results.

Appendix

The expressions of the impedance functions of other bridge
network structures are as follows:

1 _A2S4+st3+C2s2+D2s+E2

ZyS)  Fos*+Gys3+Hys2+DLs+J, (AD
Ay =LiL,C\Cy,
By =RC\Cy(Ly+1Ly),
C,=L,C,+L,C,
D, =R(C,+Cy),
E,=1, (A2)
F,=RL,L,C\C,,
Gy =LiLy(C+ Cy),
Hy=R(L,C,+ L,Cy),
L=L,+L,
J =R,
1 Aus*+Bys3+Cys’+Dys+Ey (A3)
ZAS)  Fs*+ G+ Hys2+ s +J, 0
Ay =LL,CG,
By =RL,C\Cy,
Cy=(Li+Ly)(C+ Gy,
Dy=R(C\+(Cy),
E, =0,
(A4)
Fy=RL,L,C\Cy,
Gy =L iL,C,
Hy=RL\(C\+Cy) +RL,C,,
I,=L+L,,
Jy =R,

1 Ass*+Bys3+Css24+Dgs+Es

Z(s)  Fes*+Gs3+Hss2+Iss+Js

A5 =L,L,C\Cy,
Bs=RL,C\C,,
Cs=LG+Ly(C+ (),
Ds=R(C\+(y),

Es=1,

Fs=RL\L,C\C,,
Gs=L\L,C,

Hs=R(L,+ L)) (C,+Cy),
Is=L,+L,,

Js=0,

1 Ags*+Bes3+Ces?+Ds +Eg
Z(s)  Fe*+Ge3+Hg+1gs+J;

Ag=L\L,C\Cy,
Bg=RL,C\C,,
Co=Ci(L1+Ly) + LGy,

D¢ = R(C,+ (),

E.=1,

F,=RL\L,C/C,,
Gs=LiL,(C+Cy),
Hg=RL\(C,+ Cy) +RL,C,,
Is= Ly,

Js=R,

1 _ A8S4+38S3+C852+D&S'+E8
Zy(s)  Fes*+Ggs 3+ Hgs?+Igs+Jg

Ag = L,L,C\C,,
By = RC\Cy(Ly+Ly),
Cs=Ly(C+C) +L,Cy,

D8 =RC2,
Eo=1,
Fy=0,

Gy =LiL)(Ci+Cy),

Hy = R(L, + Ly)(C,+ (),
Iy=L,,

Js =R,

1 _ A9S4+89S3+C9S'2+D95'+E9
Zy(s)  Fos*+Gos3+Hos?+1gs+Jy

524208-16

(AS5)

(A6)

(A7)

(A8)

(A9)

(A10)

(Al1)
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Ay =0,

By =RC\Cy(L+L,),
Co=(C+ )Ly +Ly),
Dy=RC,,

Ey=1,

Fy=RL\L,C\C,,

Gy = LiLy(C+ Cy),
Hy=RL,(C,+C,))+RL,C,,
Iy=1L,,

Jy=R.

(A12)
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