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This paper investigates the performance of the hydraulically
interconnected suspension system with the full vehicle model of ride
and handling. A sensitivity analysis has been performed by changing
the coefficients of the cylinder and accumulator valves and the initial
conditions of the accumulators in the default hydraulic circuits to
determine the effect on the frequency and damping of the system
response such as roll, pitch, and bounce. This study highlights the
importance of the influence of all system parameters to investigate
vehicle vibration characteristics. The results provide valuable insights
for designers and engineers working on improving automotive
suspension system performance. Damping and frequency of modes
change up to 179% with the change of cylinder valves and 141% with
the change of accumulator valves and 74% for the initial pressure of
accumulators change in mentioned range.

Introduction

Physical laws and mathematical relationships
can be used to model all natural phenomena [1],
allowing for simulation of various systems using
available software. However, many differential
equations derived from mechanical and natural
phenomena, such as hydraulic interconnected
suspension systems, are non-linear. While solving
non-linear differential equations is easy with
current software, it is necessary to linearize the
equations for simpler calculations and further
analysis, including taking the equations into the
state space. Simulation can aid in understanding
the characteristics of different systems [2],
including the interconnected suspension system
discussed in this treatise.

Shao and colleagues [3] used a motion-mode
energy method to select the dominant vehicle body
mode as a control objective in real-time, resulting
in improved responses for roll, pitch, and bounce.
Lam et al. [4] controlled the roll angle in a sport
utility vehicle with a fuzzy controller and pressure
control unit. Xu et al. [5] studied the handling and
ride specification of an SUV with a his and antiroll
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bar, taking into consideration roll angle, tire forces,
and the working space of struts.

Zhu et al. [6] improved roll response through
accumulator pressure control in a model for roll-
plane active his. Shao [7] studied anti-roll and anti-
pitch configurations through modal analysis,
demonstrating that roll and pitch stiffness were
improved. Xu and Zhang [8] improved roll and
pitch stiffness without affecting other modes by
using modal analysis and combining roll and pitch
his. Zhu et al. [9] used fuzzy, fuzzy PID and LQR
controllers to improve roll angle response,
concluding that the fuzzy PID controller was more
stable and effective.

Hong et al. [10] improved bus handling by
using a motion-mode energy method that
considered roll response and mode energy. Xu et
al. [11] showed that a roll and pitch independently
tuned interconnected suspension  (RPITIS)
outperformed an anti-roll bar, improving
longitudinal stability through tire forces, lateral
stability through roll angle and yaw rate, and
rollover critical factor of an SUV vehicle.

Yao et al. [12] mitigated the roll and pitch angle
by using a dual-mode interconnected suspension,
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with mode changing depending on the vehicle
working condition and optimized mode switching
threshold. Ding et al. [13] investigated the
characteristics of the pitch-resistant his system,
demonstrating that both top and bottom direction
damper valves (DDVs) affected the vehicle body's
pitch motion, and pitch damper valves (PDVS5s)
were able to change the load distribution among
wheel stations.

Wang et al. [14] used a hydraulically
interconnected inerter-spring-damper suspension
(HIISDS) to compensate for traditional passive
suspension limitations and enhance ride and
handling with a fuzzy control switching based on
steering input. Zhu et al. [15] studied the road
holding ability of his system with a comparison to
an anti-roll bar through modal analysis. Saglam
and Unlusoy [16] studied the roll and pitch angle
response of a three-axle vehicle and showed that an
improved hydro-pneumatic suspension system
improved handling while only slightly degrading
ride comfort due to increasing roll and pitch
accelerations.

Tkachev and Zhang [17] showed an increased
roll cancellation ability of an active his system for
preventing rollover by using a half-car model.
Zhang et al. [18] tuned the pitch and bounce
response of a mini-vehicle through modal analysis
and showed that cooperative control of bounce and
pitch motion modes improved ride and handling.

Li et al. [19] improved the handling
performance of an articulated six-axle vehicle
through a proposed HIS system. Qi et al. [20]
improved the ride and handling of a bus by using
an electronic controller and air spring actuator to
optimize tire forces and bounce acceleration, as
well as lateral acceleration, roll angle, yaw rate,
and rollover critical factor simultaneously. Wu et
al. [21] optimized the anti-roll control parameter
and point of switching in a dual-frequency-range
semiactive suspension system to enhance the ride
and anti-roll specification of a vehicle.

The main contribution of this paper is mentioned as
follows:

1. Obtaining full vehicle model and mix it with
HIS model
2. Investigating the impact of accumulator and

cylinder valve change on frequency and
damping of system modes such as roll and pitch
and bounce

3. Investigating the effect of the accumulator's
initial situation change on the system response

4, System response of roll, pitch, and bounce
monitor with the change of initial pressure of
accumulator and cylinder and accumulator
valves
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In this paper, in the first section, the full vehicle
model of Ride and Handling was used to model the
hydraulic interconnected suspension system,
which is set up in MATLAB Simulink, and in the
second section all the mentioned suspension
parameters change in the specified range to
investigate frequency and damping of roll, pitch,
and bounce. By analyzing the system's responses
with different inputs, the effect of changing each
valve on the vehicle's dynamics were identified,
and control rules will be extractable to improve its
performance in various maneuvers. Figure 1 shows
an overview of this study.

1. Mehodology
2.1. Vehicle model

The full vehicle model incorporates the engine input
torque, brake input torque, and steering input, which are
dependent on the vehicle's driver input, allowing for
simulation of various maneuvers. The model is
composed of three sub-systems: ride, handling, and
tires, each with its own input and output. The ride
system's input is the longitudinal, lateral acceleration
and rate of yaw angle, producing the vertical force of the
tires and roll angle as output.

Frequency and

damping of mode
system (Roll, Pitch,Bounce)

=

Figure 1: overview of this study
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Figure 2: General overview of ride model

The tire subsystem's input is the slip angles and
vertical force of the tires, generating the lateral and
longitudinal force of the tires and self-aligning moment
of tires as output. These outputs, along with the engine
input torque, brake input torque, and steering input,
serve as inputs for the handling system while yaw rate
and lateral and longitudinal acceleration of the vehicle
and slip angles of tires are as output of this subsystem.
Figure 3 illustrates the information flow within the full
vehicle model model.
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At first, seven degrees of freedom of the ride
subsystem are considered, which are available in
Equations (1) to (7). The degrees of freedom are roll,
pitch , and bounce , and four vertical displacements of
the wheels. The input of the system is the longitudinal,
lateral accelerations and yaw rate and the output is the
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vertical force of the tires plus roll degree. Parameters in
Equations (1) to (10) are shown in Figure 2. Also,
F;, F4, F, are a force in spring and damper and tires
respectively.
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Figure 3: General scheme of information flow in the full vehicle model

msZ = Fgy + Fai1 + Fgpq + Fary + Fog + Faiz + Frp +(1)
. Fdrz

Ip@ = (Foq + Fquq + Fgp + Faip)c — (Fpq + Fapq +(2)

. Fsrz + Fdrz)d

190 = (Fiz + Faiz + Fspz + Far2)b — (Fsrl + Fgr +

3

. Fsrl + Fdrl)a( )
Myi1Zwir = Frn — Fsin — Fan (4)
Myr1Zwr1 = Fer1 — Fsr1 — Far (5)
MuyiaZwiz = Friz = Fsia = Fara (6)
Myr2Zwrz = Fira = Fsr2 — Farz (7

that the vertical force of the tires is obtained from
Equation (8).

Fy = K (20 — zw) ®)

It should be noted that, equations (1) to (7) are just
for the ride model without any lateral and longitudinal
acceleration; if longitudinal and lateral accelerations are
entered into the model, equations (2) and (3) will change
to Equations (9) and (10). In result, equations (9) and
(10) are complete form of equations (2) and (3) and will
used in 14 DOF model.

199 = mga, (Ah) + meg(Ah)0+(Fgp + Fap + Fp +
Far2)b — (Fspq + Far1 + Fg1 + Faina
(I + ms(Ah)*)¢p = msa, (Ah)cosp —
msg(Ah)sing+(Fgy + Fa + Fyp + Fgip)c —(10)

(Fsrl + Fdrl + Fsrz + Fdrz)d

©)

The inputs of the vertical force of the tires are applied
into the subsystem of the tires along with the slip angles
which are the output of the handling subsystem. It
determines the longitudinal and lateral forces and torque
in each wheel. A simple magic formula is used in this
subsystem. This subsystem has four degrees of freedom
of wheel rotation. The output of this system enters the

handling subsystem. This subsystem has three degrees
of freedom. The longitudinal and lateral displacement of
the center of mass and the yaw angle are available in
Equations (11) to (15).

Qy = Uy — VY
MgAy = Fy1€058 — Fyy15iné + Fypqcos6 —
Fyrlsincs + Fle + Fx‘rZ

(1)
(12)
(13)
(14)

Ay = Uy + Vxy
msay = Fy11€058 + Fysiné + Fypqcos6 +
Fyp1SinS + Fypp + Fypp
I,V = +CFyy1 €05 § — CFypq €OS 8 + CFyp —
CFyry — CFy11 Sin S + CFypq SIinG + aFyq sind +
aFyi1 €0s 8 + aFyr1sind + aFyyq cos § — bFy, —
bFyry + Myy + Myry + Mpiz + My

(15)
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Figure 4: General scheme of the symbols used in the
handling model
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where M in Figure 4 and Equation (15) is the torque
of the wheels and the speed of the tires is obtained from
the Equations (16) to (19). And of course, its output can
be used to calculate wheel slip angles and longitudinal
and lateral accelerations of the center of mass. Figure 4
depicts the general outline of the symbols used in the
handling model.

Lywyu = Tan — Toin — FxinRw (16)
Lywr1 = Tar1 — Tpr1 — Fxr1Rw (17)
Lywp = Taz — Thiz — FxipRw (18)

(19)

Lywrz = Tarz — Tprz — FxraRu

2.2. HIS model

The overall outline of the ride subsystem is as follows.
As it is clear below, you can add the force input to the
four wheels. Below is the hydraulically connected
subsystem, which changes in the length of the struts is
its input and its output is forces. This force applies the
sprung and unsprung mass in opposite ways. The
Equations of the HIS subsystem are given in Equations
(20) to (49) above.

In the next step, the equations of forces added to
the system equipped with HIS are extracted. The
general equation of the system is in Equations (20)
to (22), where the matrix A and P are the cross-
sectional areas and pressures of each of the double-
acting cylinders, respectively.

Figure 5 shows an overview of the HIS subsystem. HIS
parameters which are used in this section have shown in
Figure 5.

MZ +CZ + KZ + D;AP(t) = Fop(t) (20)
A = diag([A} Ap A7 AR A} AR AT AED (21)

P = [P P P} P P P Py Pg] (22)

P,

Accumulator B _+

ERR N o

P RacuB
acuB

RR Actuator

RL A :
ctuator Ry Rcs

Figure 5: General overview of HIS subsystem

Therefore, the forces that apply from the cylinders on
both sides are given in Equations (23) to (26).

Fy = Apy Py — A1 Py (23)
Fy = APy — Apo By (24)
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F3 = Ap3Py — ApaPp (25)
Fy = AryPy — ApsFy (26)

And the vehicle Equations which were generally
given in equations (1) to (7), the double-acting cylinder
force terms are added in the form of equations (27) to
(29) which are given below.

F1 + FZ + F3 + F4 = PA(Z(AT _AB)) + PB(Z(AT -
an)

—aF]_ - an + bF3 + bF4 = PA(b - a)(AT - AB) + (28)
Pg(b—a)(Ar — Ap)

—dF1 + CFZ - dF3 + CF4 = PA(—ZdAT - ZCAB) + (29)
PB(ZCAT + ZdAB)

(27)

And the accumulator is modeled through Equation
(30), which is obtained from the derivation of the

adiabatic gas model.

s, _ YQaFa Fo 2
bo=——G) (30)

p p

And the pressures of each of the separate circuits are
obtained from equations (31) to (38), where Q is the
output flow rate from each of the cylinders or the input
to the accumulators and R is the coefficient of valves. It
should be noted that the following system is related to

the default HIS model.

P’Il" :Pa+Rc1Q”}' (31)
PE% =P+ RC4—Q§ (32)
P’I?3 :Pa+Rc7Q’I3" (33)
Pg =Pa+Rc6Qg (34)
Ps = Py + Re2Q (35)
Pf = Py + R3QF (36)
P§ =Py + RcgQ3 @37)
Pf =Py + RcsQt (38)

And the input flow rate in accumulators 4 and Bis
obtained from equations (39) and (40).

Qa=0Qr+ Q5+ Q3 + Q3 (39)
Qp = Qp +0QF + Q3 + 0 (40)

According to Equation (30), the equation of the
pressure change rate of two accumulators is calculated
as equations (41) and (42).

PA = nleacuA = nA(Q’}' + Qg’ + Q% + Qg) (41)
= WA(Z(Z(AT - AB)) + 9((b —a)(Ar — AB)) +
@(=2dA7 — 2¢Ap) + Zipy1 (Ap) + Zpr1 (A7) +
Zmr2(Ap) + Zmya (A7)

Pg = 15Qacu, = n5(Q3 + QF + Q3 + Q7) (42)
= UB(Z(Z(AT - AB)) + 9((b —a)(Ar — AB)) +
@(2dAr + 2¢cAp) + Zpyr1 (A7) + Zyr1 (Ap) +

Zmr2 (A7) + Ziy2 (Ap))

where n, and ngare calculated from Equation (43)
respectively.

1
YPmean—acua Y Pmean-acua =

Na = ( )Y
4 VprA PprA (43)
_ YPmean—acu Y Pmean-acu 1
Mg = v P )
prB prB
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In examining the initial conditions of the problem, it
should be considered that after installing the
hydraulically interconnected suspension system to the
vehicle, the height of the center of mass of the car
changes , and the roll angle of the car also changes. It is
important to note that in all the circuits, the pitch angle
of the vehicle in the static state is equal to zero. The
equations (44) to (49) are related to the calculation of
the static state.

2(Fy + F3) = (kgpr + kgn + ko + ksi2)Zps_pis +

(44)
(—ksr1a — ksn@ + kgpob + kgi20)0ps_pis + Mg
—ZaFl + 2bF3 = (—ksrla - kslla + kSTZb +
ksi20)Zgs—pis + (ksr10® + kga® + kgppb* + (45)
ks2b*)0gs_pis
Fy = ApPy — APy (46)
F3 = ApPy — ApPp (47)
PA =
PoraaV)
praA'praA (48)
Voran — ((AT — Ag)(Zgs—nis — aOps_pis) +))y
prad (Ar — Ap)(Zgs—_mis + bOgs_pis)
Pg =
PorasVyy
praBYpraB (49)
w _ ((AT — Ap)(Zgs-mis — aBgs-nis) +) v
prab (Ar — Ap) (Zgs—_pis + bOgs_pis)

In the following, verifying the responses of the
full vehicle model is done in previous research by
the same researcher [22].

It should be noted that the frequency of the system is
obtained from the distance between the two peaks of the
response and damping from the logarithmic reduction
method from Equation (51) [23].

Arash Darvish Damavandi et al.

5==In|2
n

(50)

Xn+1

Damping = { = (51)

)
Var2+52
2.3. Parameter study

As mentioned before, the parameters of the
system that have been examined with changes are
two valves of accumulators and eight valves of the
cylinder, and the initial pressure of the
accumulators. These parameters are respectively
introduced in the text to Rycyqa — Racup @Nd Req —
R.g and P,.

The change range of each parameter is specified
below and these ranges are extractable from
previous studies.

60% < Rycua — Racus < 100%
60% < R;1 — R < 100%

50 kPa < Py < 500 kPa

3. Result and discussion

To analyze and understand the system, the idea of
superposition is used, in the sense that the effect of
different parameters is investigated in different states.

3.1. Analysing impact of accumulator valves on system
responce

At first, we keep the cylinder valves constant and
observe the responses of the system by increasing the
coefficient of the two accumulator valves in the same
way (the valve becomes more closed).

2
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Figure 6: The response of (a) pitch angle (deg) (b) roll angle (deg) (c) bounce (m) in terms of time (sec) in the half-bump
sine wave maneuver for different coefficients of the accumulator and constant valve coefficients
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As can be seen in Figure 6(a), the symmetrical
increase of the accumulator valves coefficient does not
change the response of the pitch angle, while according
to Figure 6(b), the symmetrical increase of the
coefficient of the accumulator valves has a significant
effect on the roll response and increases the roll angle.
While according to Figure 6(c), the changes in the
accumulator valves will not have much effect on the

response of the bounce.

In the following, we keep the cylinder valves
constant and observe the responses of the system
by increasing the valve coefficient of accumulator
A and keeping the valve coefficient of accumulator
B constant. As can be seen in Figure 7(a), the
asymmetric increase of the accumulator valves
changes the response of the pitch angle only
slightly, which is not significant; If according to

Figure 7(b), the asymmetric increase of the
coefficient of the accumulator valves will have a
significant effect on the roll response and will
increase the roll angle. The noteworthy point is that
the effect on the roll angle response, in this case, is
less than the case of symmetrical change of the
accumulator valves, so it is considered that the two
valves are parallel to each other and increasing the
coefficient of each one has a greater effect on The
response of the roll angle of the system. And while
it can be seen in Figure 7(c) that the asymmetric
changes of the accumulator valves had a greater
effect on the response of bounce compared to the
case of symmetrical changes. of course, it is
necessary to mention that the asymmetric increase
of the coefficient of the accumulator did not have a
positive effect on the response of the bounce.

2

05 ‘\

5

OPOV acu A=100% & OPOV acu B=90%
OPOV acu A=90% & OPOV acu B=90%
OPOV acu A=80% & OPOV acu B=90%
OPOV acu A=60% & OPOV acu B=90% | |
T

4t

3 I

N
T

a — \ |
O =0 | N a
= f ‘ S ‘ ARA
= | | ‘ = I3 A
2 Al | S 3 o AAA R A A A
o or AV, ||l N e o k{l] v RVAY; 7
v \
| | || LMY
| | | 1 | (1 | [V
05F Ll | \/
| | /I T [V
[ ‘ OPOV acu A=100% & OPOV acu B=90% 2 \ |
At | | OPOV acu A=90% & OPOV acu B=90% ) I v
'I | OPOV acu A=80% & OPOV acu B=90% 37 1 [
v OPOV acu A=60% & OPOV acu B=90% |
15 A . A L A L | 4 .
0 0.5 1 1.5 2 25 3 3.5 0 0.5 1 1.5 2 25 3 3.5 4
(@) Time(sec) Time(sec)
a
0.035 T I L : (b)
OPOV acu A=100% & OPOV acu B=90%
0.03} OPOV acu A=90% & OPOV acu B=90% ||
OPOV acu A=80% & OPOV acu B=90%
OPOV acu A=60% & OPOV acu B=90%
0.025 1
0.02
— 0015
£ |
4 l
N oo1f ‘
0.005 [ "
b i}
il g nd ‘->»7(_";\_/A?/;\;/\\/-\/\/\_,__,_
[} ‘\‘_“ \/ v/
4
-0.005 [ g
0.01 L L . . . .
0 0.5 1 1.5 2 25 3 3.5 4
Time(sec) (c)

Figure 7: The response of (a) pitch angle (deg) (b) roll angle (deg) (c) bounce (m) in terms of time (sec) in the half-bump
maneuver for different coefficients of accumulator valve A and constant valve coefficients

In changing the coefficients of accumulator valve B
and keeping accumulator valve A constant, there is no
additional analysis except that the responses are the
same if the coefficients of the accumulator replace. The
car's maneuver involves a left front wheel step input, and
Table 1 shows the damping and frequency of different
modes (roll, pitch , and bounce) in the system under
varying coefficient levels of accumulator valves when
cylinder valves are closed. Table 1 shows that damping

4162  Automative Science and Engineering (ASE)

decreases and frequency increases at a specified rate
when the accumulator valves area tightens respectively.
No significant changes are observed in pitch and bounce
modes. It shows that accumulator valves play a
significant role in roll mode and an unimportant role in
pitch and bounce mode. there is a 75% and 13% change
in frequency and damping of roll respectively. OPOV,
acu A, Con system, and Peak in Table 1 stand for the
“opening percentage of valve”, the accumulator A, the
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conventional suspension system without HIS, and the
maximum response, respectively. It should be noted that
the Freq. and damping in Table 1 are obtained from
Equation (51).

Table 1: Damping and frequency of different modes of
the system in different coefficient of accumulator valves
with closed cylinder valves

Arash Darvish Damavandi et al.

3.2. Analysing impact of cylinder valves on system
responce

In the following, we keep the valves of the
accumulators constant and check the responses of
the system by increasing the cylinder coefficient of
eight-cylinder valves in the same way. As can be
seen in Figure 8(a), the symmetrical increase of the

Roll . N .
OPOV  OPOV Freq. (Hz)  Peak (deg)  Damping cylinder valves increases the response of the pitch
acuB  acuA angle, and as can be seen in Figure 8(b), the
100 100 3.73() 2.6(-) 0.27(-) symmetrical increase of the coefficient of the
38 gg 3-22(513;/2 g-;(‘li"zﬁ;/) g-ig(‘g%ﬁ cylinder valves also has a significant effect on roll
-15(11%) -9(12%) -10(-61%) response and will also increase the roll angle. And
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Figure 8: The response of (a) pitch angle (deg) (b) roll angle (deg) (c) bounce (m) in terms of time (sec) in the half-bump
maneuver for constant coefficients of accumulator valves and different valve coefficients
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Therefore, in the following, we keep the valves of the
accumulators constant and also the coefficients of the
cylinder valves, except for the coefficients of the valve
located on the bump, and check the responses of the
system. As is predictable, all the mentioned responses
have improved when we open the mentioned cylinder
valves. It is worth mentioning that in this maneuver the
front left wheel is engaged first and after some time the
rear left wheel is involved in this maneuver, we only
opened the valves of the front left cylinder while the
correct thing was that after the first wheel passed, the
valves of The front left cylinder was closed and the
valves of the rear left cylinder were opened. Therefore,
our answers are correct in the range of the first rise of
the system.

In the end, it seems that if there is a force in the
HIS cylinders in the direction of worsening the
dynamic situation of the car; It should be weakened
or vice versa. If the lower chamber pressure
decreases; The upward force is reduced and the
pressure drop in the upper chamber also weakens
the downward force. Now, if the car is in a
vibrating road maneuver; The force that
contributes to the roll must be reduced. Now, if the
problem is to improve the dynamic condition of the
car in cornering, in order to reduce the yaw angle
rate, the vertical force of the rear tires should be
more than the front tires, because of that, the lateral
force of the rear tire is greater than the front, and
this causes a resistant torque to be applied around
the yaw. And also if the lateral acceleration tilts the
body of the car and the car rolls; The fluid flow
moves toward the accumulator. Tightening the
accumulator valve, also has a double pressure on
the fluid, which causes the return of the roll. Of
course, it is necessary to determine, for example,
whether the roll angle created in the car is due to
lateral acceleration or not; which in any case is
considered logical for opening and closing or
raising and lowering the coefficients of the cylinder
and accumulator valves.

In the next step, the effect of accumulator valves and
cylinder valves, as well as accumulator parameters such
as initial pressure, on damping and frequency of
different system modes such as roll, pitch , and bounce
are investigated.

Table 2 shows the damping and frequency of
different modes under various coefficient levels of
cylinder valves while accumulator valves are
closed. dissimilar previously, no significant
changes are observed in roll mode, but there are
substantial changes in pitch and bounce modes. As
it can be seen in roll mode max change percentage
is 3% which is ignorable. When it comes to pitch
mode, in damping and frequency 130% and 28%
change are observed respectively. And when
bounce takes into consideration damping and
frequency 179% and 42% change is observed
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respectively. The #1 and #2 in Table 2 stand for the
first and second double acting cylinders.

Table 2: Damping and frequency of different modes of
the system in different coefficirnt of the mentioned
cylinder valves with closed accumulator valves

Roll
OPOV #2 OPOV #1 Freq. (Hz) Peak (deg) Damping
100 100 4.25(-) 2.81(-) 0.06(-)
90 90 4.27(0.4%) 2.91(3%) 0.07(3%)
80 80 4.25(0%) 2.99(6%) 0.07(3%)
60 60 4.23(-0.4%) 3.13(11%) 0.07(3%)
Pitch
OPOV #2 OPOV #1 Freq. (Hz) Peak (deg) Damping
100 100 7.75(-) -0.98(-) 0.05(-)
90 90 6.49(-16%) -1.11(13%) 0.09(80%)
80 80 6.09(-21%) -1.23(25%) 0.11(130%)
60 60 5.55(-28%) -1.42(45%) 0.11(130%)
Bounce
OPOV #2 OPOQOV #1 Freq. (Hz) Peak (m) Damping
100 100 9.52(-) 0.031(-) 0.34(-)
90 90 7.19(-24%) 0.031(0.9%) 0.71(109%)
80 80 5.55(-41%) 0.032(2%) 0.85(150%)
60 60 5.47(-42%) 0.034(8%) 0.95(179%)

3.3. Analysing impact of initial situation of
accumulators on system responce

Table 3 examines the impact of the initial
accumulator  pressure, revealing noticeable
changes in roll mode damping and pitch mode
frequency as pressure changes. The left front wheel
step input is still applied, but now the cylinder and
accumulator valves are completely open. When it
comes to the initial pressure of accumulators, there
is no important change In pitch and bounce mode
but in roll mode, damping , and frequency 74% and
62% opportunity change respectively.

Table 3: Damping and frequency of different modes of
the system at different levels of initial pressure of the
accumulator with accumulator and cylinder valves
opened

Roll
Py Freg. (Hz)  Peak (deg) Damping
Py =500 kPa 1.72(-) 2.73(-) 0.16(-)

Py =250 kPa 1.88(9%)  2.93(7%)
Py =125 kPa 2.14(19%)  3.40(24%)
Py =50 kPa_ 2.80(62%) 3.78(38%)

0.13(-19%)
0.09(-39%)
0.04(-74%)

Pitch
Py Freg. (Hz)  Peak (deg) Damping
Py =500 kPa 0.96(-) -1.38(-) 0.27(-)

Py =250 kPa 0.96(0,5%) -1.37(-01%)  0.27(-0,4%)
Py =125kPa 0.97(1%)  -1.37(-0,1%)  0.25(-6%)
Py =50kPa 0.97(1%)  -1.36(-02%)  0.23(-12%)

Bounce
Py Freqg. (Hz)  Peak (m) Damping
Py =500 kPa 1.12(-) 0.039(-) 0.17(-)

Py =250 kPa 1.12(0,3%) 0.039(1%)  0.17(1%)
Py =125kPa 1.13(0,8%) 0.041(5%)  0.17(1%)
Py =50kPa 1.14(18%) 0.046(17%)  0.17(2%)
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4.Conclusions

The simulation analyzed the impact of system
parameters, such as accumulator valves, cylinder
valves, and initial conditions of accumulators, on
the system modes of roll, pitch, and bounce. The
study also examined the effect of resource changes
on the frequency and damping of each system
mode. The results indicated that closing
accumulator valves increased the roll response
frequency while decreasing its damping. No
significant change was observed in pitch and
bounce mode. Additionally, the study investigated
the damping and frequency of other modes under
different cylinder valve coefficients while
accumulator valves were closed. The impact of
initial pressure on accumulators was also analyzed,
revealing a noticeable change in the damping mode
of the pitch. overall, the simulation provided
insights into how different system parameters
affect suspension dynamics.

In conclusion, the development of hydraulically
interconnected suspension has shown great
potential for improving vehicle performance and
safety. Although existing systems have
demonstrated effective results, further research can
focus on optimizing and advancing this technology
in terms of ride comfort, handling, and energy
efficiency. Some potential future work could
involve exploring new materials and designs for
the hydraulic lines and components, integrating
electronic controls for more precise and adaptive
suspension response, and investigating potential
uses of machine learning and artificial intelligence
to enhance system optimization and predictability.
It is clear that the potential benefits of hydraulically
interconnected suspension are substantial, and
continued research and innovation  will
undoubtedly bring new and exciting improvements
to this vital automotive technology.

To provide a brief overview of this study's
achievements:

1. 75% and 13% change in frequency and
damping of roll mode with accumulator valve
coefficient change respectively.

2. In pitch mode, damping, and frequency have
130% and 28% changes And bounce has
damping and frequency changes of 179% and
42% change respectively with the change of
cylinder valve coefficient change.

3. In roll mode with changing initial pressure
of accumulator, damping and frequency
opportunities 74% and 62% change
respectively.

In future works, it is suggested that considering the

effect of cylinder and accumulator valves on the system

Arash Darvish Damavandi et al.

responses, to develop control rules for better control of
the system.
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