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ABSTRACT A frequency-based modeling approach has been developed for the vehicle fitted with
Hydraulically Interconnected Suspension (HIS) system. This frequency-based model has fewer degrees of
freedom (DOF) than the reference time-based model. Several physical parameters of HIS system are selected
to analytically investigate their effects on several indicators of vehicle roll, pitch and bounce modes, such as
roll and pitch angular acceleration, vertical acceleration, and tire ground force. The HIS system parameters
are also coordinately tuned and optimized to meet the ride comfort requirement. The full vehicle drop test
is conducted for the experimental validation. The analytical results of the proposed model have a good
agreement with the measurements.

INDEX TERMS Vehicle suspension, ride comfort, hydraulically interconnected suspension, frequency-
based modelling, parameter tuning, experimental validation.

I. INTRODUCTION

Automotive suspension systems are important for vehicle
handling stability and Noise, Vibration, and Harsh-
ness (NVH) behavior [1]. Active suspension control strate-
gies have been used on luxury vehicles due to its easy
integration with the programmable controller units [2], [3].
The active controller, however, is not an affordable configu-
ration for most of the commercial cars.

The passive suspension systems, such as Hydraulically
Interconnected Suspension (HIS) systems and their deriva-
tives, still have a wide application in the heavy machinery,
automotive, etc. Within a HIS system, hydraulic cylinders
are installed close to the conventional suspensions. Usually,
these cylinders are interconnected using pipes or hoses to
meet certain functions, such as improving roll, pitch or verti-
cal dynamic performance by adjusting the accumulators and
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valves to stiffness and damping control [4] for certain vibra-
tion modes [5]-[7]. The HIS systems can partially decouple
the vibration modes of a vehicle body.

In early studies, the hydraulic cylinders were separately
used on the vehicles and were modeled as a spring-damper
element. Du and Zhang [8] modeled the hydraulic actu-
ator as a spring device. Then, the interconnection con-
cept had been introduced into the design of hydraulic
suspensions. Cao et al. [9], [10] studied the connections
between the upper and lower chambers of hydraulic cylin-
ders. Zhang et al. [5] presented an innovative HIS system
with air stored in the accumulators instead of the fluid
cylinders. This configuration significantly enhanced the reli-
ability of hydraulic suspensions. Also, for the first time,
Zhang proposed a frequency-domain model of the HIS sys-
tem. Then Smith et al. [6] studied the frequency-domain
characteristics on a half-car test rig under different pre-
charged fluid pressure in the HIS system circuits. The han-
dling performance of the vehicle with the HIS system under

2169-3536 © 2019 IEEE. Translations and content mining are permitted for academic research only.

VOLUME 8, 2020

Personal use is also permitted, but republication/redistribution requires IEEE permission. 1091

See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.


https://orcid.org/0000-0001-8026-3430

IEEE Access

M. Wang et al.: Frequency-Based Modeling of a Vehicle Fitted With Roll-Plane HIS

fishhook maneuver was also simulated. Ding et al. [11]
extended the application of the HIS system to tri-axle trucks
in which the HIS system was modeled by transfer matrices
method. The impedance transformation matrix method was
used to derive the hydraulic strut forces in pitch-resistant
HIS system [12]. Zhang et al. [13] overcame the trade-off
between the ride comfort and handling performance of a min-
ing vehicle by adjusting the suspension stiffness or damping
parameters through active control methods. Wu et al. [14]
developed a kinetic dynamic suspension to achieve enhanced
cooperative control of the roll and warp motion modes for
on-road and off-road vehicles. Liu et al. [15] integrated the
HIS model with a traditional tractor-semitrailer suspension.
Qi et al. [16] proposed a new roll-plane HIS to enhance both
roll and lateral dynamics of a two-axle bus. Tan et al. [17]
developed a pitch-roll-interconnected hydro-pneumatic sus-
pension system to achieve the resistance control for pitch, roll
and bounce modes of ambulances to improve the stability and
attenuate the vibration for the lying patients.

The existing studies mainly focus on the dynamic charac-
teristics of the vehicle with HIS and the control strategies
to improve the system performances. The mechanical-
hydraulic coupled vehicle systems are modeled either
in time-domain [10], [18] or in frequency-domain [5], [11].
However, some studies developed a large-scale system
model, which is not computationally efficient and the size of
the model should be reduced [19], [20]. While, some studies
built a half vehicle model or a quarter vehicle model, which
cannot well describe the dynamic behaviors of the full vehicle
because HIS is usually designed for the full vehicle.

Also, the determination of the physical parameters of the
system model is also important for the effectiveness of the
developed model [21], [22]. The parameters identified from
the parameter estimation might not well represent the real
vehicle. The accuracy of the model is highly dependent on
the extracted parameters from the measurement. However,
the influence of the physical parameters on vehicle perfor-
mance has not been comprehensively investigated.

To address these issues, a condensed full vehicle model
coupled with HIS system is developed in the frequency
domain. Then, the vehicle fitted with HIS is compared
with the reference vehicle. The influence of the variation
of model parameters on the vehicle performance, like ride
comfort, is also investigated. Measurements are usually used
as a reliable tool to assess and study the proposed dynamic
model [23]-[26], especially the field testing [16]. A full vehi-
cle drop-test is performed to validate the proposed frequency-
based vehicle model.

Il. FREQUENCY-BASED MODELLING

OF THE VEHICLE SYSTEM

A. VEHICLE MODEL

Instead of using a finite element modeling approach [27]-[29],
a rigid 7-DOF vehicle multibody model is built which is
coupled with the HIS system, as shown in Fig.1, which
includes vertical displacement in center of gravity (CG) of the
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FIGURE 1. Vehicle model coupled with HIS system.

body zg, roll angle ¢, pitch angle 6 and vertical displacements
in the center of four wheels zy; (i = 1,2,34). zii (i =
1,2,3,4) denote the vertical displacements at four suspension
stations, and they are dependent on the vehicle body motion.
Zgi (i = 1,2,3,4) denote tire deflections caused by road
roughness [30]-[32].

The state variables X of the vehicle model are defined as:

X = [Zs ¢ 0 zu1 22 Zu3 Zu4] (D

Based on Newton’s Second Law, the vehicle motion equa-
tions can be established as:

MX (1) +CX (t) + KX (t) = F (1) )

where M, C, and K are system mass, damping and stiffness
matrices, respectively. The values of the parameters of the
vehicle are listed in the Appendix. F(z) denotes the forces
generated by the tire deflections and applied on the vehicle
unsprung mass [33], [34], which is defined as:

F(t)=Tr—zZ; (1) (€)

where Tr. 7, = [O K tT ]T is the transfer function between
the road excitation and the tire ground force. K; = diag([k,
kit, ke, kies]).

The transfer function from external tire force input to the
state variables can be defined as:

H(s) = M + sC + K “)

Modal analysis [4], [35]-[36] is performed on the vehicle
model and the modal parameters s = «+jg is obtained and
shown in Fig.2(a). o and B are the real and imaginary parts
of s, respectively. The value s at each peak in Fig2(a) can
also be expressed as s = ¢wy £ jwg, ¢, oy and wqg =
V1 — c2w, are the damping ratio, undamp-ed and damped
natural frequency, respectively. Thus, the modal parameters
can be obtained:

a)n=\/0l2—‘r,32, S-:a/wn’ wd = f Q)

Then by solving the equation (sI — H(s))X = 0,
the eigenvector of each mode can be obtained. However, these
eigenvectors, namely mode shapes, can be normalized by
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FIGURE 2. The transfer function H(s) of the vehicle model (a) vehicle only with conventional suspension; (b) vehicle with

both conventional suspension and HIS system.

TABLE 1. Motion mode frequencies and shapes for a vehicle with/without HIS system.

Front wheel Front wheel Rear wheel

A vehicle with only conventional suspension Roll Pitch Bounce synchronized asynchronized Rear wheel synchronized asynchronized

Eigenvalue (4,) -1.7336£5.76231  -3.4878+8.2850i  -2.0244+7.1339i  -37.1606+62.9255i -7.8174+£69.4216i -35.8672462.92551  -6.6860+69.3972i
Damped natural frequency (Hz) and damping ratio £,=0.917; £,=0.288; f,=1.319; £,=0.388; f,=1.135; £,=0.273; £,=10.015; £,=0.509; f£,=11.049; ;=0.112; £:=10.015; £,;=0.495; £,=11.045; £,=0.096;
Sprung mass vertical motion (z) -0.000 + 0.0001 0.452 +0.0611 1 -0.032 - 0.043i -0.000 - 0.000i -0.014 - 0.048i -0.000 - 0.000i
Sprung mass roll motion (¢) 1 -0.000 - 0.000i 0.000 + 0.000i -0.000 + 0.000i 0.001 - 0.034i -0.000 + 0.000i -0.014 - 0.030i
Sprung mass pitch motion (6) 0.000 - 0.000i 1 -0.307 - 0.037i 0.013 +0.041i 0.000 - 0.000i -0.028 - 0.051i 0.000 - 0.000i
Front left wheel vertical motion (z,1) 0.016 +0.011i -0.049 - 0.060i 0.109 +0.110i 1 1 0.003 +0.1351 -0.038 - 0.227i
Front right wheel vertical motion (z,,) -0.016 - 0.011i -0.049 - 0.060i 0.109 +0.1101 1.000 + 0.000i -1.000 + 0.000i 0.003 +0.1351 0.038 +0.2271
Rear left wheel vertical motion (z,3) 0.013+0.010i 0.106 +0.190i 0.038 +0.031i -0.011-0.134i 0.040 + 0.226i 1 1.000 - 0.000i
Rear right wheel vertical motion (z,4) -0.013-0.010i 0.106 + 0.190i 0.038 +0.031i -0.011-0.134i -0.040 - 0.2261 1.000 + 0.0001 -1.000 + 0.000i
A vehicle with additional HIS system Roll Pitch Bounce sl;:tlllltrr;:::i ag::;:z::ze: d Rear wheel synchronized as?::l::;l:l?i d

Eigenvalue (4,) -1.5776+11.1740i  -4.6603+7.7610i  -2.4984+7.15151  -45.7087+57.1952i  -10.9879+71.1137i -45.5222456.4701i  -6.1829+69.50961
Damped natural frequency (Hz) and damping ratio £;=1.778; £,=0.140; £,=1.235; £=0.515; £;=1.138; £=0.330; £,=9.103; £,=0.624; f,=11.318; {=0.153; £:=8.988; £,=0.628; £,=11.063; £,=0.089;
Sprung mass vertical motion (z,) 0.000 + 0.000i 0.483 - 0.003i 1 -0.056 - 0.0501 0.000 - 0.000i -0.013 - 0.0631 0.000 + 0.000i
Sprung mass roll motion (¢) 1 -0.000 + 0.000i -0.000 - 0.000i -0.000 - 0.000i -0.050 - 0.069i 0.000 + 0.000i 0.013 - 0.010i
Sprung mass pitch motion (6) 0.000 + 0.000i 1 -0.341 +0.003i 0.008 +0.052i 0.000 + 0.000i -0.052 - 0.0651 -0.000 - 0.000i
Front left wheel vertical motion (z,;) 0.060 + 0.023i -0.015 - 0.076i 0.101 +0.139i 1.000 - 0.000i 1 -0.081 +0.2741 -0.835 +0.340i
Front right wheel vertical motion (z,,) -0.060 - 0.023i -0.015 - 0.076i 0.101 +0.139i 1 -1.000 - 0.000i -0.081 +0.274i 0.835 - 0.340i
Rear left wheel vertical motion (z,3) 0.057 +0.0211 0.050 +0.2361 0.029 +0.0401 0.063 - 0.280i 0.833 - 0.349i 1.000 + 0.0001 1
Rear right wheel vertical motion (z,4) -0.057 - 0.0211 0.050 +0.236i1 0.029 + 0.0401 0.063 - 0.280i -0.833 +0.349i 1.000 + 0.000i -1.000 + 0.000i

dividing the corresponding maximum value, max(abs(X)).
The normalized mode shapes can be used to identify the
vehicle modes, such as vertical, roll, pitch, etc, as shown in
Tab.1.

As shown in Fig.1, the original suspension system consists
of spring and damper parts, in which the modal parameters of
vehicle vibration modes can be obtained, as shown in Tab.1.
Because the accumulators and damper valves can affect the
stiffness and damping, the vibration mode shapes and fre-
quencies are changed correspondingly after the HIS system
is installed, which is shown in Tab.1. Tab.1 indicates that the
HIS system can significantly enhance vibration stiffness for
roll mode without touching other modes. The vibration modes
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can be decoupled by HIS system with special connection
configuration of hydraulic chambers.

B. HIS SYSTEM MODEL

The cylinder connections of HIS system in the roll plane is
shown in Fig.3. HIS system consists of four cylinders in four
suspension stations, oil pipelines, two accumulators and four
damping valves. During certain maneuvers, such as steering,
in one circuit, vehicle body rolls around its longitudinal axis,
the suspension is contracted and the oil in cylinder chambers
is pushed to the accumulator in Circuit A. Then the air volume
in accumulator decreases and oil pressure rises. The same
is for the other circuit. The pressure differences in upper
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FIGURE 3. The schematic diagram of the HIS system.

and lower chambers of cylinders generate an opposite roll
moment, which pushes the vehicle body back to the normal
status.

In HIS system, the upper chambers of cylinders are con-
nected with the vehicle body, and lower chamber is connected
with unsprung mass, as shown in Fig.3. The displacements
at the upper end of the suspension zg (i = 1,2,3,4) are
the same as the connection points on the vehicle body. The
upper displacements are written into a vector form Z; =
[Zs1» Zs2, Zs3» 2s43]'. Knowing the geometry, it can also be
rewritten as:

1 tf —If
_ 1 -t =l
T, = 1 % I ©)
1 -t Iy

Then the change of the chamber volume in upper chambers
AV and lower chambers A Vi can be obtained:

AV = Ay (Zsi — Zui)
AVhpi = —Api (Zsi — Zui) @)

where the areas of upper chambers A¢; and lower chambers Ay,
can be obtained with the inner diameters of cylinders (df, dyi)
and outer diameters of corresponding pistons (dro, dro), Where
subscripts ‘f” and ‘r’ denote front and rear axles, respectively,
and subscripts ‘i’ and ‘o’ denotes inner and outer diameters,
respectively.

Using Circuit A as an example, state variables in one
chamber are affected by other chambers. The transformation
matrix can be used to describe this relationship:

Pab (5) A | Pi(s)
=T 8
[q% (s)} 2 |:611t ® ®
where T ‘3(_1 = T(ToqT 4. T cpTpg is the state transforma-

tion matrix between the front-left upper chamber and the
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front-right lower chamber, which is a 2 by 2 matrix:

T T2
TS, | = 9
2l |: Ty T ] ©)

The elements in T ‘§<_1 are nonlinear functions of the
hydraulic systems. For example, 711 = f(Vao, Pa0, Ry, Ryr,
dp, tp, p, ¥), in which Vg, pao are the pre-charged initial air
volume and initial oil pressure of accumulator in Circuit A,
respectively. Generally, the oil pressure loss at the damper
valves can be expressed as:

Ap; = RiQyi = RyiApi (Zsi — Zui) (10)

Then the Eq.(8) and Eq.(9) are integrated, as follows:

T2 1
D1t (8) — T>1 T>1 q1t (s) (11)
DP2b (5) UAY m q2p (5)
To——Tn —
Ty Ty

Similarly, the relationships between the state variables in
the left-front upper chamber, the left-rear upper chamber and
right-rear lower chamber can also be obtained. The oil pres-
sures can be determined by oil flow quantities in Circuit A.
Eq.(11) can be written as a compact form:

PA(9) =Tp._gQa () (12)

where P5 and Q, are oil pressure states and flow quantity
states in Circuit A, respectively. T;‘) ~ 18 the corresponding
state transformation matrix.

Similarly, the states transmitting in Circuit B can be
written as:

Pg (5) = Tp_ Qs (5) (13)

Then combining Eq.(12) and Eq.(13), the state variables of
the entire system can be obtained:

P(s) =TpgQ(s) (14)
where P (s) = [P (5) P5 (9] Q(5) =[Q4 5) Q5 9]
[Ts, O
TP%Q - |: 0 Tll’geQiI

For Circuit A, flow quantities in cylinders are determined
by the suspension contraction:

O () =s[Ar —Aw Ay —Ap |[Zs —Zu(9)] (15)

where Zu(t) = [zu1, 2u2, 73, Zudi] "
Eq.(15) can be rewritten as:

0x () =sTh xX () (16)

where T3<—X = [Ah —Aop A3y —A4b] [Tz —I (4x4) ]

The same is done for Circuit B, the flow quantities in the
entire HIS system in terms of the vehicle state variables can
be obtained:

Q(s) =sTgxX (s) 7)
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FIGURE 4. Comparison of the response spectrum between the vehicle with HIS and vehicle without HIS (a) vertical
acceleration at CG; (b) roll angular acceleration; (c) pitch angular acceleration; (d) vertical tire ground force at the left-front

wheel at roll motion.

Also, generated by the HIS system, the forces applying on
the vehicle body can be written as:

Fys (s) =Tr—pP () (18)

T .
where P () = [pn P1b P2t P2b P3t P3b P4t P4b] s Trpis
the state transformation matrix between the oil pressures and

the forces that are generated.

Ay —Ap O 0 0 0 0 0
T 10 0 Ay —Ayp O 0 0 0
FP=10 0 0 0 Ay —Ax 0 0
0 0 0 0 0 0 A4 —Awp
Eq.(18) can be rewritten as:
TT
Fu (s) = [ I :|TFePP (s) (19)
—1 (4x4)

C. VEHICLE MODEL COUPLED WITH HIS SYSTEM
The Laplace transformation is performed on both Eq.(2) and
Eq.(19), the dynamic equation of the coupled system can be

written as:

s*MX $)+sCX () + KX (s) =F (s) + Fug(s) (20)

Based on Eq.(14), (17) and (19), transformation matrix
between the road disturbance Zy(s) and the vehicle state
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variables X(s) can be obtained:

H(s)=|:s2M+s<C—|:

T
TZ

TrpTp. . oTo
_14X4] FPPQQX)

~1
+K] Tr—z 1)

Then the transformation matrix between the road distur-
bances and the states accelerations can be obtained:

Hj (s) = s°H (s) (22)

And, transformation matrix between the road disturbances
and the tire ground forces can be written as:

Hr (s) = K (Hz, (5) — I4x4)

where Hz, (s) is the bottom four rows in H (s).
Then the power spectrum density (PSD) for a generalized
transfer function H (s) can be obtained:

Su = H*Sng

(23)

(24)

where S is the PSD matrix for road disturbance inputs;
and superscript * denotes the conjugate transposition of the

matrix.
Compared with the function in the frequency domain in
reference [5], [37] which often has more than 10 DOFs due
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FIGURE 5. The effects of the HIS parameters variations on the roll mode of the vehicle (a) pre-charged initial oil pressure p; (b)
area difference between the upper and lower chamber AAg; (c) area ratio between the upper and lower chamber 1 4¢; (d) damper

valves coefficient Ry.

to the DOFs of the HIS system, the proposed model shown in
Eq.(20) only has 7 state variables. This increases the compu-
tational speed and facilitates the analysis process.

Ill. COMPARISON OF THE RESPONSE BETWEEN THE
VEHICLE WITH HIS AND THE REFERENCE VEHICLE

The vertical acceleration, roll acceleration, pitch acceleration
and tire ground forces are selected as indicators to assess
the vehicle dynamic behavior, specifically, the ride perfor-
mance. Instead of using the Root Mean Square (RMS) of
the responses in the time domain, the responses frequency
spectrum is evaluated. Based on the standard, ISO 2631.1
(ISO 2631,1997), the road inputs of class C with road spec-
trum density S,(ng) = 256x 10~%m?> under reference spatial
frequency nyp = 0.Im~! is used for the simulation. The
nonlinear terms, like p = po (Vo/(Vo — AV))” shown in
Eq.(19), are linearized to its equilibrium position (the status
when the HIS system is pre-charged to its initial condition)
asp = po (1 +yAV / VO). The simulation is performed at a
vehicle speed of v = 10 m/s. The responses spectrum of the
four indicators is shown in Fig.4. The vehicle with the HIS
system and the reference vehicle are compared.

IV. EFFECTS OF THE HIS PARAMETERS VARIATIONS

ON THE VEHICLE DYNAMICS

The effects of HIS physical parameter variations on the vehi-
cle dynamic characteristics are studied. Four physical param-
eters of the HIS system are used as independent variables:
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TABLE 2. The value range of the physical parameters in the HIS system.

Parameters Lower Bound Upper Bound
po/MPa 0.0 4.0
Ade1x10% m’ 1.0 25.0

Aag/1 0.1 0.8

R, /x10° kg:m™s! 0.0 16.0

(a) pre-charged initial oil pressure po;

(b) area difference between the upper and lower
chamber AAy;

(c) area ratio between the upper and lower chamber A 4¢;

(d) damper valves coefficient Ry .

Due to the similarity of the vehicle dynamic behavior
between the front and rear half vehicle, only the front axle
is studied. The variation range of the physical parameters in
the HIS system is shown in Tab.2.

The effects of HIS physical parameter variations on four
vehicle modes are investigated in Section IV. They are roll
mode, pitch mode, bounce mode, and tire ground force.
Two indicators, first-order frequency of each mode and the
maximum amplitude of each modal response, are used to
characterize the static and dynamic behavior of each vehicle
mode. The effects of the four HIS parameters variations on
these two indicators are investigated, respectively.

VOLUME 8, 2020
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FIGURE 6. The effects of the HIS parameters variations on the pitch mode of the vehicle (a) pre-charged initial oil pressure py;
(b) area difference between the upper and lower chamber AAg¢; (c) area ratio between the upper and lower chamber 1 4¢;

(d) damper valves coefficient Ry.

A. EFFECTS ON ROLL MODE

In Fig.5 (a), as the pre-charged oil pressure pg increases,
the frequency of the roll mode goes higher, and the roll
mode becomes stiffer. Higher response amplitude indicates
more energy consumed. In Fig.5 (b) and (c), both frequency
and maximum response amplitude increase with an increase
of either the area difference AAf or area ratio Asr between
the upper and lower chamber. In Fig.5 (d), an increase in
the damper valves coefficient R, produces a decrease in the
response amplitude and a slight increase in the frequency.
Among the four parameters, the roll mode is most sensitive
to the area difference AAs.

B. EFFECTS ON PITCH MODE

The same is done for the pitch mode, as shown in Fig.6.
In Fig.6 (a) and (c), as the pre-charged oil pressure pg
or area ratio Aaf increase, both frequency, and maximum
response amplitude remain constant. In Fig.6 (b), the max-
imum response amplitude increases with increasing area dif-
ference AA¢, whereas, as the area difference AAr increases,
the frequency has a decrease until AA; = 15x10~*m? and
increases after that. When the vehicle motion is dominated
by the pitch mode, the oil volume transferred from the front
cylinders to the accumulators are unchanged. Thus, the pitch
stiffness is not affected by these two factors. In Fig.6 (d),
an increase in the damper valves coefficient R, produces
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an increase in both frequency and response amplitude.
Among the four parameters, the pitch mode is most sensitive
to the area difference AAr and damper valves coefficient R,,.

C. EFFECTS ON BOUNCE MODE

In Fig.7 (a) and (b), as the pre-charged oil pressure pg or
area difference AAy increase, both frequency, and maximum
response amplitude have an increase. When a vehicle has a
bounce motion, the volume of oil pumped into the accumu-
lator’s increases as AAr increases. Because the air volume
is constant, the vertical compressibility becomes worse, and
the vertical frequency increases. In Fig.7 (c), both frequency
and maximum response amplitude remain unchanged, which
indicates that the bounce mode is independent of the area
difference AAy. In Fig.7 (d), the frequency increases with the
increasing damper valves coefficient R,, whereas, R, doesn’t
have a great influence on the response amplitude. Thus, area
difference AAf is the most sensitive factor for the bounce
mode.

D. EFFECTS ON TIRE GROUND HOLDING ABILITY

In Fig.8 (a) and (c), the frequency of the tire ground force
increases with the increasing pre-charged oil pressure pg and
area ratio Aaf,whereas, the maximum response amplitude
decreases. In Fig.8(b), the frequency of the tire ground force
and the maximum response amplitude reach their minimum
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FIGURE 7. The effects of the HIS parameters variations on the vertical acceleration of the vehicle (a) pre-charged initial oil
pressure pg; (b) area difference between the upper and lower chamber AAg; (c) area ratio between the upper and lower

chamber A 4¢; (d) damper valves coefficient Ry.

when AA; = 15x10~*m?2. In Fig.8 (d), the damper valves
coefficient R, doesn’t have great influence on both frequen-
cies of the tire ground force and its response Amplitude.
Overall, pre-charged oil pressure py has the greatest effect
on the frequency, while the area difference AA; affects the
response amplitude a lot.

V. DESIGN AND OPTIMIZATION OF THE HIS
PARAMETERS

The value of the four HIS parameters shown in the previous
section are optimized and tuned to make the vehicle having a
better ride comfort and handling stability. These four param-
eters determine the additional compressibility and damping
properties of the HIS system. When the area difference of
the upper and lower chamber of the cylinder AA¢ and the
area ratio A4r are studied, the pre-charged oil pressure py and
damper valves coefficient R, remain constant, and vice versa.

The four indicators for evaluating the vehicle ride comfort
and handling stability are as follows:

(1) Total frequency-weighted acceleration RMS value o,,,;

(2) The maximum vehicle roll angle max(Sy);

(3) The maximum suspension stroke max(Szsu1);

(4) The dynamic tire load max(Sgy;1).

For roll-resistant HIS system, the physical parameters are
designed to obtain small roll angle. Also, the stroke of the
suspension also needs to be designed to avoid interference
of the sprung and unsprung mass. Also, the dynamic tire
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load should also meet the requirement for handling stability.
The total frequency-weighted acceleration RMS value oy, is
derived as follows.

Based on ISO 2631 standard, the RMS values o can be
derived from Eq.(25):

o’ = Z SuAw

W =W=wy

(25)

where w; and w,, denote the lower and upper bound of the cir-
cular frequencies, respectively; Aw is the circular frequency
interval. The RMS values for bounce, roll and pitch modes
can be calculated using Eq.(25) in each one-third octave
frequency band with a frequency range from 0.5 Hz to 80 Hz.
The frequency weighted RMS values can be obtained by
multiplying the RMS values with frequency weighting coef-
ficients wj; (j = x, y, z). The total frequency weighted RMS
values o, is determined by the axis weighting factors k;

(i=x,y,2):

2 _ 2 2 2 2
Oaw = ki Z WiiOaxi + ky Z Wyiaayi

W SW=wy W =W=wy

)
+k Z W2i0azi

W =W=wy

(26)

where ay, ay is the longitudinal and translational acceleration
of vehicle body, respectively, a, = hosé, ay = —hosq'b'.

Fig.9 shows that smaller A4 and AA; can result in
better performance in the feasible region in max(S¢)-aa2w
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coordinate system. The A4¢ value has no effect on the indi-
cators of max(S,s1) and max(Sge1).The increase of AAg
will significantly decrease both max(S;gu1) and max(Sr1),
the larger AAf can minimize the dynamic tire load
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max(Sri1). As shown in Fig.10, in max(S(,))—crfw coordinate
system, we can’t minimize max(Sy) and o, simultaneously,
it requires po is larger than 0.4 MPa. The max(Sy) value
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FIGURE 11. Full vehicle drop test (a) test set up; (b) front axle drop test; (c) right side drop test; (d) all wheels

drop test.

front axle drop experiments |—>| pitch plane signals

Drop
experiments

left side drop experiments l—>| roll plane signals FFT = PSD

all wheels drop experiments |—>| vertical signals

FIGURE 12. Flow chart of the test procedure.

decreases when pg increases, and the og, will increase,,
which still is within the feasible domain. In max(Sg1)-
max(S;su1) coordinate system, Ry has a greater impact
on both indicators than pg it requires that pg should
be as much larger as possible when Ry is smaller than
1.2x10° kg-m_4-s_1, and the minima of max(Sr,1) can be
reached when Ry = 1.2x10%kg-m~*.s71,

There is a trade off between the physical parameters
of HIS. The physical parameters of HIS need to be coordi-
nately tuned instead of being independently designed. The
feasible regions for the four physical parameters can be
obtained with the requirement for the indicators are known,
as shown by the dash lines in figures.

VI. EXPERIMENTAL VALIDATION

To validate the proposed condensed frequency-domain vehi-
cle model, the full vehicle drop test is performed to com-
pare the experimental results with the analytical results. The
vehicle vibration usually combines a couple of modes. A set
of full vehicle drop tests is performed, and the aim is to
excite the vertical, roll and pitch mode separately. In this
way, the overall vibration is dominated by one mode, which
makes it easier to extract the mode shape and frequency of
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this dominant mode. The test set up is shown in Fig.11. Three
sets of tests are performed, front axle drop test, left side drop
test and all wheels drop test, with pitch mode, roll mode
and bounce mode mainly be excited, respectively. The test
procedure is shown in Fig.12.

In the analytical study, the effects of the variation of four
parameters of HIS system on the vehicle dynamic behavior
is studied. In the test, only the pre-charged oil pressure pg
is selected as a variable for the experimental validation, due
to its easy implementation. In the test, three different oil
pressure pg is adopted, 1.0 MPa, 2.0 MPa, and 3.0 MPa.
Eight well-calibrated accelerators are instrumented on the
sprung and unsprung mass. The time signal is collected using
the data acquisition system [38], [39], and then processed
using a low-pass filter with a 20.0 Hz cut-off frequency. The
measured response spectrum of the three modes, roll, pitch,
and bounce are shown in Fig.13 (a), (c) and (d), respectively,
along with analytical response spectrum of the roll mode
shown in Fig.13 (b). The extracted measured frequencies are
shown and compared with the analytical frequencies in Tab.3.

In Fig.13 (a) and (b), the analytical response spectrum of
the roll mode has a good agreement with the measured data.
As shown inTab.3, of each mode, the analytical frequencies
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TABLE 3. Comparison of measured frequencies of vehicle modes with analytical frequencies/Hz.

po=1.0 MPa o= 2.0 MPa po=3.0 MPa
*S *E error /% *S *E error /% *S *E error /%
*Roll 1.342 1.367 1.86  1.600 1.504 -6.00 1.816 1.760 -3.08
*Pitch 2279 2.122 -6.89  2.285 2.105 -7.88  2.291 2.133 -6.90
*Bounce 1.467 1.353 -7.78 1471 1.413 -3.94 1476 1.398 -5.28

*Note: *S denotes ‘Simulation’; *E denotes ‘Experiment’

are quite close to the extracted measured frequencies with the
error of less than 10%. This good comparison could greatly
validate the effectiveness of the proposed vehicle model.

In Tab.3, among the three vehicle modes, only the roll
mode would become stiffer with an increase of the oil pres-
sure. Also, no matter the oil pressure, the frequencies of
the roll mode are very close to the bounce mode. There
are errors between measured and analytical frequencies. The
reasons are as follows: 1) the actual initial oil pressure pg and
accumulator volume V{ usually has a slight error with the
parameters used in the simulation. 2) vehicle parameters iden-
tified from the parameter estimation might have errors [21].
However, overall, a very good comparison between measured
and analytical data has been obtained.
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VIi. CONCLUSION

New frequency-based modeling for a vehicle with HIS
system has been developed. The proposed vehicle model
has much fewer DOFs than the conventional modeling
approach. The advantage of the HIS system over the reference
vehicle is stated via analytical comparison. The effects of
the HIS system parameters on the several vehicle modes
indicators are analytically investigated, which could provide
a guideline for the parameter tuning of the parameters. The
HIS system parameters are also coordinately optimized to
meet the ride comfort requirement. The full vehicle lab tests
are conducted to validate the proposed vehicle model. A very
good comparison has been obtained between the analytical
and experimental results. The validated proposed vehicle

1101



IEEE Access

M. Wang et al.: Frequency-Based Modeling of a Vehicle Fitted With Roll-Plane HIS

TABLE 4. Vehicle parameters.

Name Value Description
ms kg 1370 Vehicle sprung mass
mys /Kg 42 Vehicle unsprung mass of each suspension in the front axle
My /Kg 42 Vehicle unsprung mass of each suspension in the rear axle
L [kg-m? 291 Sprung mass moment of inertia about the x-axis (about CG)
I,y /kg-m® 1973 Sprung mass moment of inertia about the y-axis (about CG)
¢ /N-s:m™ 2600 Spring damping at each suspension station in the front axle
Cy /N-sm™ 2300 Spring damping at each suspension station in the rear axle
kg /N-m™ 24000 Spring stiffness at each suspension station in the front axle
ky /N-m™ 20000 Spring stiffness at each suspension station in the rear axle
e /N-m™! 200000 Tire stiffness at the front wheel
ko /N-m™! 200000 Tire stiffness at the rear wheel
Ir/m 1.11 Distance from the sprung mass CG to the front axle
I /m 1.67 Distance from the sprung mass CG to the rear axle
tr/m 0.77 The half width of front wheels
t/m 0.77 The half width of rear wheels

TABLE 5. Physical parameters of the HIS system.

Name Value Description
Po/MPa 2.0 Initial oil pressure pre-charged in the HIS system
Vo /L 0.54 The initial air volume of accumulators when the pre-charging process is completed
Ry /kg-s"-m™ 6x10° Pressure loss coefficient in front cylinders lower outlets
R, /kgs"-m™ 6x10° Pressure loss coefficient in rear cylinders lower outlets
d.; /mm 40 The inner diameter of front/rear axle cylinders
dyo /Mmm 20 The outer diameter of front/rear axle pistons
Ady /m? 0.0012 Area difference between upper and lower chambers in front cylinders
AA, /m? 0.0012 Area difference of upper and lower chambers in rear cylinders
Aar/1 0.75 The area ratio of lower and upper chambers in front cylinders
A /1 0.75 The area ratio of lower and upper chambers in rear cylinders

model is a great tool for design, parameter tuning, optimiza-
tion, dynamics study of the vehicle fitted with HIS.

APPENDIX
See Tables 4 and 5.
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