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Abstract: Inerters, a new type of mass element, have been successfully applied in various fields, such
as in automotive and civil engineering. The development of a new element, named a mechatronic
inerter, which consists of a ball-screw inerter and permanent magnet electric machinery, proves the
feasibility of adopting electrical element impedances to simulate corresponding mechanical elements.
In this paper, the structures of the bridge electrical network and series-parallel electrical network
and their impedance characteristics are first introduced. Then, a seven-degree-of-freedom vehicle
model is established. In addition, by comparison with passive suspension, a bridge network and
a series-parallel network with various basic topologies are used to improve the vibration isolation
performance of mechatronic inertial suspension, and the advantages of the bridge network (a) are
demonstrated. Finally, a bridge electrical network (a) was designed and a real vehicle test was carried
out. The test results showed that the mechatronic inertial suspension based on the bridge network
(a) was superior to the passive suspension; the RMS (root-mean-square) values of the suspension
working space and dynamic tire load of the left rear wheel suspension were reduced by 21.1% and
6.3%, respectively; and the RMS value of the centroid acceleration was improved by 1.8%.

Keywords: suspension; mechatronic inerter; bridge network; high-order impedance; real vehicle test

1. Introduction

Vehicle suspension has gradually developed from passive suspension with fixed
parameters, to semi-active suspension with variable parameters [1], and active suspension
with active control [2]. However, the suspension structure still utilizes a “spring-damper”
system, which are connected in parallel, and the improvement of suspension performance
has encountered a bottleneck. Since Smith proposed the inerter in 2002 [3], the inerter-
based vibration suppression system has been a popular direction in mechanical fields
and has successfully made up for a lack of inertial element and promoted the structural
development of vehicle suspension. This article refers to suspension with an inerter as
inertial suspension. With the rapid development of inertial suspension systems, the inerter
has developed various implementation forms. Papageorgiou et al. introduced a rack-
and-pinion inerter in 2009 [4], Faraj proposed a ball-screw inerter in 2019 [5], and Liu
designed a hydraulic inerter in 2018 [6]. Other inerters have been proposed by scholars,
such as a fluid inerter [7,8] and hydraulic electric inerter [9]. Inertial suspension performs
better than passive suspension [10-12]. Moreover, an inerter can effectively improve the
performance of mechanical vibration isolation systems [13-16]. To date, inertial suspension
has been widely applied in train suspension [17,18], bridges [19,20], buildings [21,22], and
robots [23].

With the appearance of inerters, electromechanical similarity theory has achieved a
complete correspondence, where an inerter corresponds to a capacitor, a damper corre-
sponds to a resistor, and a spring corresponds to an inductor [24]. Smith et al. improved
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suspension performance by optimizing suspension layouts with an inerter in 2004 [25]. The
optimization was further carried out using linear matrix inequalities, and a synthesized
passive network was realized by Bott-Duffin, which indicated that the system performance
could be further improved by allowing higher order passive impedance [26]. However,
network synthesis for a high-order impedance can be hard to realize mechanically. There-
fore, Wang et al. proposed a mechatronic inerter, consisting of a ball-screw inerter and
permanent magnet electric machinery in 2011 [27], and the system impedance was realized
with the combination of mechanical and electrical networks.

The research on mechatronic inerters mainly focuses in two directions. One is the
mechatronic inerter [28-30] and its external circuit [31,32]. Ning et al. introduced a new
controllable electrically interconnected suspension based on a mechatronic inerter in 2020,
which was composed of a controllable electrical network and two independent electro-
magnetic suspensions [33], and the results showed that the vertical vibration and roll
performance of the vehicle could be improved by controlling the resistance of the electrical
network. The other direction is the simplification of higher-order impedance and synthesis
of passive networks [34,35]. Shen et al. used the structure-immittance approach to im-
plement an optimal design methodology for mechatronic ISD (inerter—spring—damper)
suspension in 2022, which ensured the simplicity of the suspension structure [36]. In sum-
mary, although a mechatronic inerter can utilize an external electrical network to simulate
a target mechanical impedance and improve the performance of the suspension system,
the external electrical network is complex. The problem of the simplest realization of
high-order impedances remains to be studied.

A bridge network is a typical electrical circuit that is widely used in electrical theory.
Unlike a series-parallel network, the bridge network is an non-series-parallel network
that has a special connection method; to solve the impedance expression, the equivalent
conversion of the A structure and the Y structure is required, and the bridge network
is converted into a series and parallel network and calculated [37]. Then, the simplest
realization of a biquad impedance of the bridge network is realized [38]. Moreover, the
impedance expressions of different bridge networks have been discussed [39], and the
results indicated that a bridge network can achieve a high-order impedance, with fewer
components compared with Brune synthesis. Considering the large number of high-order
impedance elements and the few studies on the simplification of high-order impedance,
in this paper, a bridge network is used to simplify high-order impedance and apply it
to mechatronic inertial suspension. Based on electromechanical similarity theory, the
electrical network of mechatronic inertial suspension is studied. In summary, the bridge
network is advantageous for improving the vibration isolation performance. This paper will
concentrate on the performance enhancement of a vehicle mechatronic inertial suspension
system using a bridge electrical network, to make full use of the advantages of mechatronic
inertial suspension.

The following parts of this paper are organized as follows: Section 2 establishes a
seven-degree-of-freedom vehicle model and analyzes three bridge networks and three
series-parallel networks. The parameters of the proposed bridge networks and series-
parallel networks are optimized in Section 3. In Section 4, the characteristics of the bridge
network (a) are simulated and analyzed, as well as compared with a series-parallel network
(d). Section 5 conducts reports test of a real vehicle. Finally, the summary and conclusions
are presented in Section 6.

2. Model Building
2.1. Seven-Degree-of-Freedom Vehicle Model

In order to evaluate the influence of a bridge network on the performance of a vehicle, a
seven-degree-of-freedom vehicle model is established in Figure 1. The front axle suspension
adopts passive suspension. As the comfort of the rear passengers is very important, this
paper applies mechatronic inertial suspension to the rear suspension system, and the
mechatronic inerter is connected in series with a damper and then connected in parallel
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with a spring [40], as shown in Figure 1. The mechatronic inertial suspension is presented
in Figure 2. The mechatronic inerter is connected to the damper in series, and the spring is
connected to the mechatronic inerter and damper in parallel, when the mechatronic inerter
is stimulated by vibration, the linear motion is converted into the rotating motion of the
flywheel and motor through a ball screw. As shown in Figure 1.

Z |1 |2
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b |
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Figure 2. Mechatronic inertial suspension.
The vertical motion equation at the center of mass of the vehicle body is:
maZy = Fio+ Fo0 + F30 + Fao )

The roll motion equation of the vehicle body is:

1,6 = (Fyo + Fao — Fio — Fso)g @
The pitching motion equation of the vehicle body is:
Ly¢ = I (F30 + Fao) — 1 (Fio + Fo) (3)
When the pitch angle and roll angle are small, the following relationship holds:
Zlozza—11§0—d7€
Zoo=Za—lo+% @)

Zao=Za+lho—%
Z4Q=Za+lzq0+d7€
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The vertical motion equation of the unsprung mass is:
m121 = Kt( ) FlO
myZy = t(Qz — Z2) — Fxo 5)
m3Z3 = Ki(Q3 — Z3) — Fao
myZy = Ke(Qa — Za) — Fao
The forces of the four suspensions are:
Fio =k¢(Z1 — Z10) + Cf(Zl Z10)
20 = kp(Zo — Zno) + c§(Z2 — Zao)
F30 = ky(Z3 — Z30) + u3
ek . (6)

us = b(Zyz — Zao) + () M (Zyy — Zs0) = cr(Z5 — Zsa)
Fyo = ki (Zy — Zyo) + 1y

g = b(Zpy — Zag) + (35) Tk(zbzl — Z40) = ¢r(Zy — Zp)

where m, is the sprung mass. mj, my, m3, and my are the unsprung mass of the four
suspensions, respectively. K; is the equivalent stiffness of the tire. k; and cf are the spring
stiffness and the damping coefficient of the front suspensions, respectively. kr and ¢, are the
spring stiffness and the damping coefficient of rear suspensions, respectively. Z1g, Zp, Z30,
and Z, are the vertical displacements of the connection between the vehicle body and the
four suspensions. Fyg, Fg, F39, and F4 are the forces of the four suspensions, respectively.
Z1,Zy, Z3, and Z, are the vertical displacements of four unsprung masses, respectively. Z;3
and Zj4 are the vertical displacements of the mechatronic inerter of the left rear suspension
and the right rear suspension. Q1, Q», Q3, and Q4 are the displacement inputs of the four
wheels. Z, is the vertical displacement of the sprung mass. 6 is the body roll angle, and I is
the body roll moment of inertia. ¢ is the body pitch angle, and I, is the body pitch moment
of inertia. I; and /; are the distance from the front axle and rear axle to the body centroid,
respectively. d is the wheelbase, b is the inertial coefficient of the mechatronic inerter, and v
is the vehicle speed. k; and k, are the inductive torque constant and the inductive voltage
constant of the rotating motor, respectively. Z is the impedance of the external circuit of the
rotating motor. u3 and uy are the forces of the series branch of the mechatronic inerter and
the damper, respectively. P is the lead of the ball screw.

In this paper, a real vehicle was used for the test, the simulation parameters refer
to real vehicle data, and the main dimensional parameters of the vehicle were obtained
according to the vehicle user manual, as shown in Table 1.

Table 1. Main parameters of the vehicle model.

Parameters Symbol Unit Value
Sprung mass i kg 1659
Unsprung mass of left and right front wheels my, my kg 47.5
Unsprung mass of left and right rear wheels mg, My kg 42,5
Spring stiffness of front axle suspension ke KN-m~! 25
Spring stiffness of rear axle suspension ky KN-m~! 22
Damping coefficient of front axle suspension cr kN-s-m~! 1.8
Damping coefficient of rear axle suspension cr kN-s-m™1 15
Equivalent stiffness of tire K KN-m~! 192
Distance from front axle to body centroid Iy m 1.28
Distance from rear axle to body centroid I m 1.43
Wheelbase d m 1.62
Inertance of rear suspension b kg 308
Body roll moment of inertia I kg-m2 1088

Body pitch moment of inertia Iy kg-m2 3032
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2.2. Bridge Network

Common bridge networks include a bridge rectifier circuit, half bridge circuit, full
bridge circuit, wheatstone bridge, balanced bridge, and unbalanced bridge. The bridge
network used in this paper was an unbalanced bridge circuit. The most common bridge
network consists of five resistance elements, as shown in Figure 3a. And Figure 3b is the
equivalent network.

(b)

Figure 3. (a). bridge network consists of five resistance elements. (b). Equivalent network of the
bridge network.

Where Ry, Ry, Rz, Ry, and Rs are resistors, T, Ty, and T3 are equivalent impedances.
In Figure 3, when the A structure of Figure 3a is transformed into the Y structure of
Figure 3b, the equivalent transformation equation is:

_ _ KRRy
Ty = RiFR,+R;3
Ty = Rpks @)
2 = R{+R+R;
Ts — Rzlz{3
3= Ri1+Ry+R3

Therefore, the impedance expression of Figure 3a is:

To +Ry4)(T3 + R
Z:TH—( 2+ Rq)(T3 + Rs)

8
Th+Ry+T3+Rs ®)

A bridge network composed of resistance, capacitance, and inductance has many kinds
of structures. In this paper, the three most basic bridge networks are selected. Considering
the special solution method of a bridge network, the selection principles of the bridge
network studied in this paper were as follows. First of all, a resistor, a capacitor, and
an inductor can constitute three kinds of A structures and three kinds of Y structures,
respectively. Since the impedance of the resistance has no effect on the total impedance
order [41], the remaining two elements of the bridge network are selected as resistors to
form a five-element bridge network with three resistors, one capacitor, and one inductor, as
shown in Figure 4.

(@ (0)

Figure 4. (a—c) are five-element bridge networks of three different structures.
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According to the impedance transformation method shown in the Equation (8), the
impedance transfer function of Figure 4a can be expressed as:

1 - A154+B1S3+C152+D15+E1
Za(s)  Fist+Gis3 4+ Hys2 4+ Iis+ |

)

Ay = (Ry + Ry + R3)L3C3,

By = (R1RyCy + RiR3Cy + L1)L1Cy + (Ry + Ry + R3)R1 L1 C3,

C = (R1R2C1 + R1R3C1 + Ll)R1C1 + (R1 + 2R, + 2R3)L1C1,

D1 =2R1C1(R2 + R3) + Ly,

E1 =Ry +Rs, (10)
F = (Ry + Ry)R3L41%Cy?,

Gi = (Ry + Ry)(R1R3Cy + L1)L1Cy + Ry RyR3 L1 CF,

Hy = (Ry + Ry + R3)R1L1Cy + (Ry + R2)R3L1Cy + (R R3Cy + L1)R1RoCy + RoR3L1 Gy,

L = (R1R2C1 + R1R3C1 + Ll)Rl 4+ R1RyR3Cq1 + (R1R3C1 + Ll)Rz,

Ji = (R2 + R3)R; + RaR3.

Similarly, it was calculated that the orders of the impedance transfer functions of the
bridge network (b) and the bridge network (c) were also double fourth order, which will
not be repeated here.

2.3. Series-Parallel Network
Correspondingly, three five-element series-parallel networks are shown in Figure 5.

Ry Ci Ci L

R2 R3 R2 R3

(d) (e) )

Figure 5. (d—f) are five-element series-parallel networks of three different structures.

From electrical knowledge, the impedances of the three series-parallel networks in
Figure 5d-f were all of biquadratic order. With the same number of components, the bridge
network can achieve a higher order impedance than the series-parallel network.

3. Optimization of the Inertial Suspension Parameters

In order to achieve the best performance of the mechatronic inertial suspension,
the parameters of the suspension needed to be optimized. In this paper, the particle
swarm optimization (PSO) algorithm, which is suitable for multi-objective environments,
was selected to optimize the structural parameters of the external electric circuit of the
mechatronic inerter. The PSO algorithm is an intelligent optimization algorithm, whose
basic idea is to initialize a group of random particles (random solutions) and find the
optimal solution through iteration. The specific optimization process is shown in the
Figure 6. To begin, the particle is initialized, the fit value of the particle is then compared
with the best location it passes through, and the speed and position of the particle is
updated. The process ends when the termination condition is met in each iteration, the
particles update their position attributes by tracking the individual extremum and global
extremum, and finally find the optimal particle [42]. The PSO algorithm has the advantages
of fast search speed and memory, due to the need to adjust few parameters, so the structure
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is simple, and it is suitable for solving practical engineering problems. Particle velocities
and positions are updated in accordance with the following two formulas:

VERL = AVE 4 dyr (PR — XF) + dora (PR gy — XF) (11)

Xk+1 — Xk + Vk+1 (12)

where A is the inertia factor, its value affects the global and individual optimization ability.
V is the velocity of the particle. X is the current position of the particle, and k is the current
number of iterations. d; and d, are non-negative constants, called acceleration factors, and
the general range is between 0 and 4. r{ and r, are random numbers between (0, 1). P;; and
Pg4 are the individual extremum and global extremum, respectively.

Particle initialization

|

Individual and group
extremum calculation

!

Update particle speed
and position

.

Boundary Processing

A

Whether the
condition is met

Figure 6. Parameter optimization flow chart.

This paper mainly studies the influence of the bridge network and the series-parallel
network on the mechatronic inertial suspension, so three resistors (R, Ry, R3), one capacitor
(C1), and one inductor (L1) of the external electrical circuit are taken as individuals to be
solved. Moreover, the performance indicators have different units and orders of magnitude,
so it is necessary to establish a unified objective function. The performance indexes of the
mechatronic inertial suspension are divided by the corresponding indexes of the passive
suspension, and the sum of their quotients is taken as the objective function. In this
paper, f is the objective function of optimization, which is obtained by weighting the
following parameters. The influence of different units of evaluation indexes is ignored;
meanwhile, the improvement of suspension performance is studied by quantifying the
objective function Therefore, the optimization of evaluation indexes of the ride comfort
and the road friendliness is transformed into the minimum value problem of the unified
objective function. The smaller the value of the optimization objective function, the better
the optimization effect, and the performance improvement is obvious. In the optimization
process, the road condition and running speed are set as C grade and 20 km/h, respectively,
and the number of iterations is 100. Due to the mechatronic inertial suspension being
used to replace the rear suspension system, the relevant evaluation indexes of the rear
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suspension are mainly used as the optimization objectives. The expression of the unified
objective function and constraint conditions are as follows:

Feo BA(P) LRSWS(P) i LRDTL(P) @ RRSWS(P) n RRDTL(P)
"~ BApas LRSWSpas  LRDTLpas  RRSWSpas  RRDTLpas

(13)

P=[C; Ly Ri Ry Ry (14)

BA(P) < BApuss
LRSWS(P) < LRSWSpas
LRDTL(P) < LRDTL pass
RRSWS(P) < RRSW Spas
RRDTL(P) < RRDTLpgss
LM < P < UM

(15)

LM = [0, 0, 0, 0, 0]
UM = [10, 100, 5000, 5000, 5000]

where BA(P), LRSWS(P), LRDTL(P), RRSWS(P), and RRDTL(P) indicate the root mean
square (RMS) of the centroid acceleration, working space of the left rear wheel suspension,
dynamic tire load of the left rear wheel, working space of the right rear wheel suspension,
and dynamic tire load of the right rear wheel of the optimized mechatronic inertial suspen-
sion, respectively. The above parameters were used to evaluate the ride comfort and road
friendliness of the vehicle. BApas, LRSWSpas, LRDTLpas, RRSWSpas, and RRDTLypas are the
RMS of the corresponding performance indexes of the traditional passive suspension. P
is the set of parameters to be optimized. LM and UM are the upper and lower bounds of
these parameters, and these parameters will affect the handling stability of the vehicle.

After many iterations, the optimized parameters of the proposed bridge network and
series-parallel network were revealed, as shown in Table 2.

(16)

Table 2. Optimized parameters of the electrical network.

Bridge Network Series-Parallel Network
Parameters

(a) (b) (c) (d) (e) (f)

Capacitance C; (mF) 8 3 8.4 6.3 25 7.5

Inductance L1 (mH) 18.8 17.5 35 16 13.7 15
Resistance Rq () 2908 2553 857 2976 2856 2598
Resistance R, () 2984 2824 3000 2768 2708 2714
Resistance Rz () 2992 2996 1350 2748 2158 2944

4. Discussion

In this section, numerical simulations are carried out to verify the effectiveness of the
mechatronic inertial suspension based on the bridge network (a).

4.1. Road Input

Assuming the vehicle is driving at a speed of # on a grade C road, the random road
input is expressed as:

z;(t) = —0.111[uz,(t) + 404/ G4 (no)uw(t)] (17)

where z,(t) is the vertical displacement of the random road input, w(t) is the white noise
with mean value of 0, and G,(19) is the road roughness (2.56/ 10* m3).

In the simulation model, four road inputs were required. The random road input of
the left front wheel is the same as that of the left rear wheel, but the random road inputs of
left front wheel and right front wheel are slightly different. In addition, the time when the
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front wheel and the rear wheel receive the road input is different in the simulation process.
Therefore, the wheelbase divided by the speed was the value of the delay in the simulation,
and the left rear wheel and the right rear wheel have a delay compared with the left front
wheel and the right front wheel, respectively.

In this paper, the road inputs of the left front wheel and the right front wheel are
almost the same; thus, those of the left rear wheel and the right rear wheel are also virtually
identical. To make this paper concise and clear, the centroid acceleration, vehicle body pitch
angular acceleration, vehicle body roll angular acceleration, working spaces of the left front
wheel suspension and the left rear wheel suspension, and the dynamic tire loads of the left
front wheel and the left rear wheel were selected as the performance evaluation indexes.

4.2. Performance Analysis of Mechatronic Inertial Suspension

The parameters in Tables 1 and 2 were input into the proposed mechatronic inertial
suspension based on a bridge electrical network and a series-parallel electrical network for
simulation. The vehicle speed was 20 m/s. The RMS values of performance indexes were
obtained, as shown in Tables 3 and 4.

Table 3. RMS comparison of mechatronic inertial suspension based on the bridge network.

Passive Bridge Network
Suspension Performance Index Suspension
P (€] (b) (V]

RMS of centroid acceleration (m-s—2) 1.8792 1.7902 1.8023 1.8010

RMS of body roll angular acceleration (rad-s~2) 0.1059 0.1044 0.1037  0.1037
RMS of body pitch angular acceleration (rad-s2) 1.3827 1.3440 13532 1.3539
RMS of working space of left front suspension (m) 0.0266 0.0256 0.0257  0.0257
RMS of dynamic tire load of left front wheel (kIN) 1.9287 1.8665 1.8781  1.8781
RMS of working space of left rear suspension (m) 0.0271 0.0201 0.0202  0.0203
RMS of dynamic tire load of left rear wheel (kN) 1.8907 1.7389 1.7497  1.7495

Table 4. RMS comparison of mechatronic inertial suspension based on the series-parallel network.

Passive Series-Parallel Network

Suspension Performance Index Suspension @ © ®
RMS of centroid acceleration (m-s—2) 1.8792 1.8354 1.8378  1.8446
RMS of body roll angular acceleration (rad-s2) 0.1059 0.1131 0.1125 0.1125
RMS of body pitch angular acceleration (rad-s~2) 1.3827 14571 14591 1.4642
RMS of working space of left front suspension (m) 0.0266 0.0253 0.0252  0.0254
RMS of dynamic tire load of left front wheel (kN) 1.9287 1.8444 1.8441 1.8528
RMS of working space of left rear suspension (m) 0.0271 0.0229 0.0233  0.0230
RMS of dynamic tire load of left rear wheel (kN) 1.8907 1.7855 1.7897  1.7935

From Tables 3 and 4, it can be noted that among three mechatronic inertial suspensions
based on the bridge network, the bridge network (a) had the best improvement in vehicle
performance. Similarly, the series-parallel network (d) was the best in its group. Moreover,
compared with the series-parallel network (d), the mechatronic inertial suspension based
on the bridge network (a) had a greater effect on improving the performance of the vehi-
cle. According to Section 2, it can be concluded that with the same number of electrical
components, the bridge network could achieve a higher order impedance compared with
the series-parallel network. Therefore, the bridge network (a) was selected as the external
electrical network for the mechatronic inerter for the following part.
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5. Experimental Research

To further validate the vibration isolation performance of the vehicle mechatronic
inertial suspension system employing a bridge electrical network (a), a test of a real vehicle

was carried out on the road.

5.1. Structure Selection and Real Vehicle Installation

The key components of mechatronic inerter include the ball-screw pair, flywheel, and
rotating motor. The specific parameters were determined, as shown in Table 5.

Table 5. Parameters of the key components.

Parameter Value Parameter Value
Nominal shaft diameter dy (mm) 16 Rated power P (W) 2000
Lead P (mm) 5 Rated speed 7, (r-min~1) 3000
Center distance of balls on both sides d, (mm) 16.75 Maximum speed 71, (r-min~1) 6000
Groove diameter d. (mm) 13.5 Rated torque T (N-m) 5.88
Number of columns x Number of turns 1 x 2.65 Rated voltage U, (V) 310
Effective stroke [y (mm) 120 Rated current I, (A) 6
Lead screw stiffness k; (N-um™~1) 130 Inductive torque constant k; (N-m/A) 0.98
Dynamic rated load ¢, (kN) 5.4 Inductive voltage constant k. (V-s/rad) 0.98
Static rated load c,y,; (kN) 13.3 Allowable stress o, (N-mm*Z) 150
Dynamic load coefficient ks 2 Radius of flywheel r (mm) 30
Static load coefficient ky 3 Thickness of flywheel i (mm) 20

After completing the parameter design of the ball-screw pair, flywheel, and rotating
motor, a mechatronic inerter based on a bridge network (a) was developed and connected in
series with the damper. Then they were installed in the rear suspension of the test vehicle,
to prepare for the subsequent road test, to comprehensively analyze the performance
advantages of a mechatronic inertial suspension based on a bridge network (a). In addition,
three axis acceleration sensors, a PCB acceleration sensor, a SICK laser displacement sensor,
and Siemens LMS Test Lab data acquisition instrument were used to collect the centroid
acceleration, roll angular acceleration, pitch angular acceleration, suspension working

space, and dynamic tire load signals of the test vehicle.
The test instruments and real vehicle test are shown in Figure 7.

Siemens LMS Test Lab data
acquisition instrument

PCB acceleration sensor

Sick laser displacement
sensor

Test vehicle

Suspension installation

Mechatronic inerter and
damper

Three axis acceleration
sensor

Bridge network (a)

Figure 7. Test instruments and real vehicle test.
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Working space of left front wheel

Working space of left rear wheel

5.2. Random Road Input

It was assumed that the test vehicle ran at a speed of 20 km/h on a C grade road. To
ensure the consistency of the random road input, the test vehicle was tested on the same
road section and ran along the white solid line of the road. The sampling interval was
0.005 s, and the sampling time was 10 s. The result of time domain is shown in Figure 8

and Table 6.
10
a8 —Traditional passive suspension
; 6 —Bridge network(a)
= 4
g,
2 0
§ -2
o 4
% 6
3 -8
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Figure 8. Performance comparison under random road conditions with a vehicle speed of 20 km/h.
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Table 6. Performance index with a random input.

RMS of Passive Bridge Network (a)
Performance Index Suspension RMS Improvement (%)
Centroid acceleration (m-s~2) 1.2656 1.2428 1.8
Vehicle body roll angular acceleration (rad-s~2) 1.1139 1.0526 55
Vehicle body pitch angular acceleration (rad-s~2) 0.4426 0.4643 —-49
Working space of left front suspension (m) 0.0142 0.0138 2.5
Dynamic tire load of left front wheel (N) 1022 1000 22
Working space of left rear suspension (m) 0.0145 0.0114 21.1
Dynamic tire load of left rear wheel (N) 981 919 6.3

It can be seen from Table 6 and Figure 8 that, compared with the passive suspension,
the RMS values of centroid acceleration and vehicle body roll angular acceleration of the
mechatronic inertial suspension based on a bridge network (a) were reduced by 1.8% and
5.5%, respectively. While, the RMS values of the suspension working space and dynamic
tire load of the left rear suspension, comparing the passive suspension with the mechatronic
inertial suspension based on a bridge network (a), were decreased by 21.1% and 6.3%. The
above improvements improved the ride comfort of the vehicle. However, the RMS value of
vehicle body pitch angular acceleration was increased by 4.9%, and this increase of vehicle
body pitch angular acceleration made vehicle handling stability slightly worse. Meanwhile,
considering that only the rear suspension system adopted the proposed mechatronic inertial
suspension based on a bridge network, it was found that the RMS values of the suspension
working space and dynamic tire load of the left front suspension were improved by 2.5%
and 2.2%, respectively, which is less than the improvement effect of the rear suspension
system. It can be concluded from the above results that the bridge network (a) could
improve the ride comfort of the vehicle, but the effect was not sufficiently significant, and
the handling stability was not improved.

5.3. Pulse Road Input

A comparison of the peak value of performance indexes with a pulse road input and
when the vehicle speed was 20 km/h is shown in Table 7 and Figure 9.

Table 7. Performance index with a pulse road input.

Peak to Peak of Bridge Network (a)

Performance Index Passive Peak to Improvement
Suspension Peak (%)
Centroid acceleration (m-s~2) 7.2110 7.1722 0.5
Vehicle body roll angular acceleration (rad-s~2) 4.9686 4.5532 8.4
Vehicle body pitch angular acceleration (rad-s~2) 9.6225 10.1903 -5.9
Working space of left front suspension (m) 0.1128 0.1102 2.3
Dynamic tire load of left front wheel (N) 7200 7038 22
Working space of left rear suspension (m) 0.1234 0.1008 18.3

Dynamic tire load of left rear wheel (N) 7047 6568 6.8
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Figure 9. Comparison diagram with a pulse road input with a vehicle speed of 20 km/h.
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From Table 7 and Figure 9, we can see that, for the centroid acceleration, the im-
provement of the peak to peak of the mechatronic inertial suspension based on the bridge
network (a) was much small than that of the passive suspension, from 7.2110 (m-s~2)
to 7.1722 (m-s~2), which is only 0.5% and helped to improve the vehicle ride comfort.
However, for the vehicle body roll angular acceleration, the improvement was appar-
ent, from 4.9686 (rad-s~2) to 4.5532 (rad-s2), and the degree of reduction was 8.4%. For
the vehicle body pitch angular acceleration, the peak to peak of the mechatronic inertial
suspension was relatively higher than that of the passive suspension, which increased
from 9.6225 (rad-s~2) to 10.1903 (rad-s~2) (5.9%), and there was no improvement in the
vehicle handling stability. The peak to peak values of the suspension working space and
dynamic tire load of the left front suspension, comparing the passive suspension with
the mechatronic inertial suspension based on a bridge network (a), were reduced by 2.3%
and 2.2%, respectively. The performance improvement of the left rear suspension was
obvious compared to the left front suspension. The suspension working space decreased
from 0.1234 (m) to 0.1008 (m) (18.3%), and the dynamic tire load decreased from 7047 (N)
to 6568 (N) (6.8%). These improvements helped to improve the vehicle ride comfort and
road friendliness.

In summary, the proposed mechatronic inertial suspension based on a bridge net-
work (a) can better realize a high-order suspension impedance and has better working
performance, to effectively improve the ride comfort and vibration isolation performance
of vehicles.

6. Conclusions

In this paper, the optimal design of mechatronic inertial suspension with an external
electrical network was studied. First, an optimization design method of the external circuit
of vehicle mechatronic inertial suspension was proposed using a bridge network. Then,
a whole-vehicle dynamic model, considering the vertical motion, roll motion, and pitch
motion of vehicle body, was established, and the basic structure and impedance transfer
function of the bridge network and series-parallel network were analyzed. The particle
swarm optimization algorithm was used to optimize component parameters of three bridge
networks and three series-parallel networks. Then, a performance comparison and analysis
of the mechatronic inertial suspension using a bridge network and series-parallel network
was studied, and the bridge network (a) and series parallel-network (d) were selected.
On this basis, the bridge network (a) and series-parallel network (d) were compared in
the time domain and frequency domain, and the bridge network (a) with better vibration
suppression ability was selected as the electrical network for the mechatronic inerter. Finally,
a road test with a real vehicle was carried out with a random road input and pulse road
input, respectively.

The results show that, under the random input condition, compared with the passive
suspension, the mechatronic inertial suspension based on a bridge network (a) could reduce
the RMS value of centroid acceleration by 1.8%, the RMS value of the body roll angular
acceleration by 5.5%, and the RMS values of the suspension working space and dynamic
tire load of the left rear wheel suspension by 21.1% and 6.3%, respectively, which effectively
improved the ride comfort of the vehicle.

This article provides a research direction for the passive optimization design of mecha-
tronic inertial suspension and verified its effectiveness and feasibility, laying the foundation
for further improvements of the vibration isolation of vehicle mechatronic inertial suspension.
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