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ABSTRACT The dynamic properties of two types of interconnected hydro-pneumatic struts (HPSs), which
are designed based on two different types of the HPSs with integrated gas chamber, have been investigated
through the setup experiment on the designed prototypes and established numerical model on the basis of the
AMEsim software in this research work. Detailed analysis of the dynamic properties has been posted on the
experimental data, including the in-phase and out-of-phase tests. Special emphasis has been placed on the
analysis of some unusual phenomenon shown in the experiment, such as the negative output force, output
force distortion, and small stiffness, and so on, which are seldom reported by researchers in this area. Then,
the effect of the structural parameters, which include the length/diameter of the interconnected pipes and the
size of orifices, to the dynamic properties, especially to the unusual phenomenon shown in the experiment,
will be discussed through the established AMEsim model, in which the validity of the AMEsim model has
been verified through the experiment. The presented research work provides the fundamental investigation on
two types of interconnected HPSs, which have great potential application in the area of a vehicle suspension

system.

INDEX TERMS Interconnected hydro-pneumatic strut, suspension, dynamic properties.

I. INTRODUCTION

As the demand of maneuverability and comfort to com-
mercial vehicles is of greater concern, vehicle’s suspension,
which can solve the conflict between ride comfort and vehi-
cle handling which is present in conventional suspension
systems, has been widely investigated. Besides, the large
variations in operating loads and operating conditions in
vehicles require suspensions with variable characteristics.
A semi-active/active suspension, with controllable stiffness
and/or damping, such as Magneto-Rheological dampers, can
be adjusted according to vehicle states to achieve improved
vehicle ride and handle performances simultaneously [1]. The
performance of a semi-active/active suspension strongly rely
on not only its semi-active/active devices, but the related
control methodologies. A wide variety of different controller
synthesis has been reported for semi-active/active suspension
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controller designs such as Skyhook damping control [2],
neural network control [3], [4], Fuzzy control [5], [6]. Here,
it should be noted that the commercial applications of semi-
active/ active suspension haves been limited because of its
high cost.

The mechanically/hydraulically interconnected suspen-
sion is the other kinds of device to balance the ride and
handling performance of vehicles [7], [8]. Comparing with
the traditional mechanically interconnected suspension, for
example the anti-roll bar, hydraulically interconnected sus-
pension (HIS) could offer even greater design flexibility
by introducing fluid couplings among different chambers
in/between different suspension strut units [9], and has small
structural changing and less unsprung mass [10]. Some stud-
ies have also shown that HIS can yield significantly higher
roll mode stiffness and damping with soft vertical ride per-
formance [11]. Therefore, HIS has been widely studied and
applied on Heavy Duty Vehicles. The recent researches all
showed that HIS, in some contents, can improve the designed
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compromise between handling performance and ride comfort
under the working condition that the full-car suspension is
in bounce-, roll-, pitch-, dual-modes [12]-[18]. For exam-
ple, Hou et al. investigate the stiffness characteristic of HIS
and the results shows that HIS can bitterly improve vehi-
cles’ rolling resistance [12]. Zhang et al. utilized a 4-DOF
half-car model, which integrated a typical anti-roll HIS sys-
tem, to investigate the modal stiffness and damping charac-
teristics [13]. Smith et al. applied the HIS to a 9-DOF vehicle
model to assess the handling performance [14]. Ding et al.
investigated the characteristics of pitch-resistant HIS systems
for two-axle vehicles in the pitch plane [15], and proposed
a new HIS to enhance the roll dynamics of the tri-axle
straight trucks [16]. Yao et al. used the hydraulic circuit
flow-pressure relationships to derive a mathematical model
for a dual-mode interconnected suspension [17]. Lam et al.
proposed a fuzzy control methodology applying to HIS on the
full-car model, and experimental results show that HIS can
effectively reduce the pitch motion and prevent rollover [18].
The above studies are all related to the HIS strut with external
gas chambers (accumulators), which are usually arranged
in the interconnected hydraulic pipes. Wu proposed a novel
hydro-pneumatic strut (HPS), as shown in Fig. 1(b) for left
(L) or right (R) strut, in which the HPS is integrated with
one internal gas accumulator [19]. Recently, Zhang et al.
used statistical linearization to analyze the nonlinearity of
this type of HPS and investigated the effect of the struc-
tural parameters through mathematical model [20]. Jiao et al.
investigated the effect of environmental temperature to the
properties of this type of HPS through established numerical
model [21]. Based on the analysis of single HPS shown
in Fig 1(b), Wu investigated the dynamic properties of the
interconnected hydro-pneumatic strut (IC HPS), as show in
Fig. 1(a), in which the orifices between the main and annular
chambers of struts have been cancelled comparing with those
shown in Fig. 1(b), and the results show that this type of IC
HPS can provide good anti-roll properties [19]. Cao et al.
presented set of investigation focusing on the anti-roll and
anti-pitch properties, handling performance and ride comfort
on the IC HPS shown in Fig. 1(a) considering the fluid
compressibility based on the simulation [9], [22]-[24]. Since
then, although the research papers regarding the IC HPS con-
tinuous appearing, based on the researcher’s investigation on
available literatures, the research of the two types of IC HPS
investigated in this study shown in Fig. 1, looks discontinued,
and it is still lack of experimental verification on these kinds
of HPS or IC HPS.

Considering the above, this paper will propose one IC HPS,
as illustrated in Fig. 1(b), based on the fundamental strut
design proposed by Wu [19], and investigate the dynamic
properties of two types of IC HPS, as illustrated in Fig. 1,
based on the experiment on the designed prototypes, and
the numerical model on AMEsim software. The equations of
motion, derived through the force balance, volume conserva-
tion and the polytrophic process of gas, will be summarized
in Chapter 2. Chapter 3 will present the design parameters
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FIGURE 1. The structural diagram of two types interconnected
hydra-pneumatic suspension strut.

of the prototypes, the established numerical model based on
AMEsim software, and the set-up experimental platform. The
dynamic properties obtained through set-up experiment will
be presented, and then analyzed in Chapter 4. Based on the
result presented in Chapter 4, Chapter 5 will focus on the
analysis of effect of structural parameters to the dynamic
properties of IC HPS. The result shows that the Type 2 IC
HPS, as illustrated in Fig. 1(b), is able to provide good
stiffness and damping properties with stable working prop-
erties through suitably designed structural parameters, which
will be summarized in the last chapter. The presented work
provides the fundamental investigation of the two types of IC
HPS based on the experimental data, and provide advising for
the practical application of these kind of IC HPS.

Il. MODELLING OF TWO TYPES OF INTERCONNECTED
HYDRO-PNEUMATIC STRUTS

Fig. 1 illustrates the structural diagram of two types of inter-
connected hydro-pneumatic strut (IC HPS), which will be
investigated in this paper. The first type of IC HPS (Type 1),
as illustrated in Fig. 1(a), was proposed by Wu [19]. The
fundamental strut design for Type 2 IC HPS, as shown
in Fig. 1(b), was also proposed by Wu [19], and its intercon-
nected working condition will be investigated in this study,
as well.

A. MODELING OF TYPE 1 IC HPS

Two identical HPS (L, R) shown in the Fig. 1(a), originally
proposed by Wu [19], assemble the Type 1 IC HPS, and its
dynamic properties has been studies based on mathematical
model [19]. The HPS is integrated with one internal gas
accumulator and one group of orifices between the main oil
chamber (MC) and the rod oil chamber (RC). The MC of strut
L (or R) and annular oil chamber (AC) of strut R (or L) are
connected through hydraulic pipes, as illustrated in Fig. 1(a).
Therefore, the oil can be moved between MC and RC in one
strut, and MC and AC among struts. The oil flow between MC
and RC will change the volume of the inert gas (nitrogen gas)
chamber (GC), and then provide the stiffness properties. The
mathematic model of Type 1 IC HPS has been derived by Wu
based on the rules of force balance, volume conservation, and
the polytrophic process of gas [19], and will be summarized
following, which will be utilized to establish the AMEsim
model.
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Ignoring the inertia force of the movement parts and mass
of structure, the output forces of struts can be evaluated
through:

Fi = P1jA1; — P3iAsi + Fpsign ()  (i=L,R) (H

where Pj; and Pj3; represent the pressure of MC and AC,
respectively; Aj; and A3; are the area of MC and AC respec-
tively; Fy is the seal friction of struts; X; is the velocity of
main piston, and downward direction is defined as positive
direction.

Based on the volume conservation and ignoring the fluid
compressibility, the fluid flow can be expressed as:

Oi1L = =01 — Q1L3R (2a)
O1r = —012r — Q1R3L (2b)
O3, = —QIRr3L (2¢)
Osr = —Q1L3R (2d)

where Qy; and Q3; (i = L,R) are the fluid flow rates in MC
and AC, respectively; Q12; (i = L,R) are the fluid flow rate
from MC to RC; Q;3(i = L or R; j = R or L) represents the
fluid rate through the hydraulic pipes between MC of strut i
and AC of strut j.

Assuming the pressure variations between MC and RC can
be expressed as:

2|Pip — Parl .

Q1o = Cynipraing 75187’1(P1L —Py) (Ba)
2|P1gr — Parl| .

O12r = Cynizraig fSlgn(PlR —Pyr) (3b)

where Cy is the flow coefficient; njp; and aj2;(i = L, R) are
the number and area of orifices between MC and RC of struts;
P»i(i = L, R) are the pressure of RC of struts.

Assuming laminar fluid flow through the interconnected
pipes, the fluid flow across the interconnected pipes can be
expressed as:

xD*
QL3R = 1281 (P1L — P3r) and
aD*
O1r3L = 128 (P1r — P3L) 4

where D and L are the diameter and length of interconnected
pipes; w is the dynamic viscosity of fluid.

The flow rate in MC and AC of each strut can be obtained
through the velocities of the main pistons, x; and x,, as:

Q1R = —XR - A1gr;
QO3g = Xg - A3r )

Therefore, the velocity of floating piston can be obtained
from (2) and (5) as:

O1L = —X1 -AL;
Q31 = X - A3r;

X = (A1LXp — A3gXR) /A4 and
Xm = (A1pxr — A3LxL) /A4L (6)
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where X; (i = L, R) is the velocity of the floating piston
related to the top of main piston.

Following the polytrophic process of ideal gas, the pressure
of GC (P4;) can be expressed as:

P4V, = PoiVy; (i=L,R) (7

where n is polytropic index; Vy; is the volume of GC; Vj; and
Py; are the initial gas volume and pressure of GC, respec-
tively.

The above established equations of motion did not con-
sider the fluid compressibility, which is widely accepted by
researchers [19], [25], [26]. As the main purpose of this study
is to investigate and verify the basic dynamic properties of
these types of IC HPS by experiment, the compressibility of
the oil has been ignored as well.

B. MODELING OF TYPE 2 IC HPS
The single HPS design, which composes the proposed Type 2
IC HPS, was introduced by Wu [19]. Comparing with that
for Type 1 IC HPS, the flow can move between MC and AC
through orifices in strut. Except the above issue, Type 1 and
Type 2 IC HPS are similar.

Based on the above, one can easily find that the flow
conservation equation should consider the added flow path
between MC and AC in the Type 2 IC HPS design as:

Oi1L = =01 — Q131 — Q1L3R (3a)
O1r = —Q12r — Q138 — Q1R3L (8b)
O3 = Qirsr + Q131 (8c)
O3r = Q1L + O13r (8d)

where Q1y; (i = L, R) are the fluid flow rate from MC to AC.
The pressure variations across the orifices between MC and
AC can be expressed as:

2|Py, — P3|,

Q131 = CynizrLaist fﬂgn(f’u —P3) (9a)
2|P1g — P3g| .

O13r = Cgnizraizgr 75%’”(1’11{’ — P3g) (9b)

where n13; and aj3; are the number and area of orifices
between MC and AC of struts, respectively.

From (5) and (8), the following fluid flow relationship can
be obtained:

Q1oL + Q12r = X1 - Ao + X - A2r (10)

where Ay; (i = L, R) is the area of piston rod, as shown
in Fig. 1. Apart from the above, the other equations related
to Type 2 IC HPS are similar to those for Type 1.

IIl. EXPERIMENTAL AND SIMULATION

In this section, the experimental setup will be presented in
detailed, which includes the selected testing signals. At the
same time, the simulation model based on the AMEsim soft-
ware will also be established. The dynamic properties of these
two types of IC HPS will be evaluated and analyzed based on
the experiments and simulation results.
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A. EXPERIMENTAL SETUP

In order to investigate the dynamic properties of these two
types of IC HPS, the prototypes have been designed and
manufactured, and then tested on MTS structural dynamic
test system, as shown in the Fig. 2. The design parameters
and characteristics of these two types of IC HPS have been
summarized in Table 1.

FIGURE 2. Experimental platform.

TABLE 1. Design parameters and experimental setting of IC HPS.

Definition Description Value

Number of orifices between the main
[SPIR . 10
and rod oil chamber

Number of orifices between the main

N3y, Nisr and annular oil chamber (only in Type 22
2)
) Area of orifice between main and rod oil
aiy, ap, (mm?) 3.10
chamber

Area of orifice between main and
aisy, Arsr (mmz) . 1.70
annular oil chamber (AC)

Ay, Ay, (mm?) Area of the main piston 3117
Ay, Ax(mm?) Area of the strut rod 1590
Az Az (mm?) Area of the annular chamber (AC) 1527
Ay, Ay (mm?) Area of the floating piston 962
Diameter of interconnected hydraulic
D(mm) . 6
pipes
Length of interconnected hydraulic
L(mm) . 2500
pipes
Initial charge pressure at the full
Py(MPa) . . 0.44
extension condition
ho(mm) Initial testing position of the two struts 73.8

It should be noted that the prototypes are identical, except
that the orifices between MC and AC on the Type 2 IC HPS,
as shown in Fig. 1. Two adjustable flow valves (max 6 mm
diameter) were installed at the end of each pipe. The struts
were installed on the MTS 849 test system and one estab-
lished test platform based on the MTS 248 hydraulic actu-
ator, respectively. The rod of struts was fixed to an inertial
beam through a 10 kN force sensor. Six pressure sensors
(0-10 MPa) were installed to measure oil/gas pressure in MC,
AC and GC chambers of each strut, as illustrated in Fig. 2.
The displacement of each strut was measured by a Linear
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(a)

(b)

FIGURE 3. The established simulation model based on AMEsim software:
(a)Type 1 IC HPS; (b)Type 2 IC HPS.

Variable Differential Transformer (LVDT) integrated within
actuator. The gas temperature was measured by a thermocou-
ple installed inside the GC. The initial charging gas pressure
was 0.44 MPa, when the struts were fully extended under
room temperature (30°). The middle position of struts is set to
be 73.8mm (compressed from the full-extended position), and
the recorded total force is 1850 N at room temperature (30°).

B. AMEsim MODELING OF 2 TYPES OF IC HPS

Based on the equations of motion derived on section II, and
structural schematic shown on the Figs. 1 and 2, and Table 1,
the AMEsim models of these two types of IC HPS have been
established, as presented in Fig. 3. Here, it should be noted
that the friction properties utilized in the established AMEsim
model is the combination of the stiction friction force (350N),
the Coulomb friction force (350N), the stick displacement
threshold (0.1mm), and time constant (0.0001s), which is the
available command combined in the AMEsim software and
the parameters are selected based on the experimental data.

C. EXPERIMENT

Two series experiments based on the harmonic signal
were designed to analyze the pressure/force — displace-
ment/velocity properties of these two types of IC HPS.
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TABLE 2. AMEsim model parameters [19].

Definition Description Value
n Ploytropic index 1.4

Cy Flow coefficient 0.7
u(Ns/m?) dynamic viscosity of fluid 0.6

The first series experiment is the in-phase test, and the
peak velocity is 200 mm/s (1Hz-31.83mm, 1.5Hz-21.22mm,
2Hz-15.92mm). The second one is the out-of-phase test (180°
phase deviation), and the signal can be expressed as:

x;, = Bsin Qnft —n/2); xgp =Bsin2uft+n/2) (1)

where B and f are the amplitude and frequency of the har-
monic excitation. In this situation, the left strut (L) is on the
position of maximum extension (—B), and the right strut (R) is
on the position of maximum compression (B) at the beginning
of the test.

It has been found from the experiment that the output force
of Type 1 IC HPS will be extremely high in the out-of-phase
working condition, which will be analyzed in the following
sections. Therefore, the experiment for out-of-phase test is
limited to 7.96mm with 1 Hz and 2Hz, and then the detailed
dynamic analysis will be conducted based on the experiment
and AMEsim model together.

IV. RESULTS

The main purpose of this section is to present and analyze the
basic properties of these two types of IC HPS, and verify
the validity of the established simulation model based on
AMEsim software. Here, it should be noted that the data
presented in the following sections is based on the left strut
(L) of the IC HPS shown in Fig. 1, as both sides are identical.

A. DYNAMIC PROPETIES UNDER IN-PHASE

WORKING CONDITION

Fig. 4 presents the experimental data for the force - displace-
ment/velocity properties of two types of IC HPS under the
first series test signal, as presented in subsection III-C.

It can be found from Fig. 4 that the maximum output force
and stiffness of Type 1 IC HPS is higher than those of Type 2
IC HPS. This is mainly due to the facts that adding one
additional path, one additional path between MC and AC in
the Type 2 design, in an enclosed hydraulic system will make
the system become soft. The output force for Type 2 IC HPS
is always positive, and the maximum and minimum output
force will be found in the neighborhoods of the points of full
compression and extension, which are directly related to the
maximum and minimum pressure of GC (Py), respectively.

However, one can also find three special phenomena for
Type 1 IC HPS in Fig. 4: (a) the maximum output force is
obtained before the point of full compression (zero veloc-
ity/maximum displacement); (b) the F-x curve shows the
distortion during the compression procedure; (c) the output
force will go to the negative value in the extension procedure,

100630
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FIGURE 4. Experimental data of two types of IC HPS based on the first
series test signal: (a) F; — x for Type 1; (b) F; — x for Type 2; (c) F, — x for
Type 1; (d) F; — x for Type 2.

and the maximum negative value happens around the point of
minimum velocity. Based on the researcher’s investigation,
the above phenomenon did not be reported in the available
literatures, and then they will be analyzed in detailed in this
study.

As presented in section II, the system output force is
directly related to the pressure between MC and AC, and the
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(b)

FIGURE 5. Experimental data for (a) main chamber pressure(P;;)/annular
chamber pressure(Ps; )-displacement; (b) Py, x Ay, P3; x Az,
Py x Ay — P3; x As;, and output force F; - Displacement (Type 1 IC HPS).

friction. Let us examine the pressure of P17 and P3y,, as illus-
trated in Fig. 5(a), and the value of Pi; x Ay, P31 X A3g,
P x AL — P31 x Asp, and output force Fy, for Type 1 IC
HPS, as illustrated in Fig. 5(b).

One can find from Fig. 5(a) that along the compression
procedure: (a) from Point A to B, as the delay(block) of
fluid flow in the interconnected pipes, the flow from MC of
right strut to the AC of left strut cannot effectively fill the
AC chamber (Q31, — O1r3r > 0). And then the pressure of
AC (P3r) will decrease slowly toward the vacuum section.
Therefore, the output force and Py x Ay, — P3r X Asg,
as presented in (1), will increase, as shown in Fig. 4(a);
(b) from point B, cavitation happens in the AC, and it goes
to the vacuum section (at around 170mm/s)[27]. Therefore,
P11 xA1L — P31 X Ajzr, the output force (ignoring the friction),
from Point B to C will almost follow the curve of P;;, x A1z,
as shown in Fig. 5(b); (c) after point C, with the decrease of
the excitation velocity, the fluid will fill the AC quickly, as AC
is on the almost vacuum condition, and then P3; will increase
fast, as shown in Fig. 5(a). Therefore, Pi; x A1 — P3p X A3L
and the output force will drop sharply, as shown in Fig. 4(a)
and Fig. 5(b), respectively. After fully charging, the fluid flow
returns to the normal working condition, and then the pressure
of AC increases slowly toward point D, as shown in Fig. 5.
Here, it should be noted that from Point B to C, one can
observe that the P37 increase slowly after the point close to
the maximum velocity, this is mainly due to the leaking of the
seal between MC and AC, which will be discussed based on
the AMEsim model in subsection IV-C.
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From Point D to A is the extension procedure, the out-
put force goes to negative value at the neighbor of middle
position, as the value of Pip x Az smaller than P3; X
Aszr, as shown in Fig. 5(b). Based on the above description,
the mentioned three phenomena for Type 1 IC HPS are mainly
related to the delay(block) of the fluid flow in interconnected
pipes, which will be discussed in detailed in the next section.

B. DYNAMIC PROPETIES UNDER OUT-OF-PHASE (180°
PHASE DEVIATION) WORKING CONDITION

Fig. 6 presents the experimental data for the force - displace-
ment/velocity properties of Type 1 and 2 IC HPS under the
second series test signal, as presented in subsection III-C.

Again, it can be found from Fig. 6 that: (a) that the
maximum output force and stiffness of Type 1 IC HPS is
higher than those of Type 2 IC HPS; (b) the stiffness and
damping of the Type 2 IC HPS is almost zero, and the curve of
force-velocity shows that its properties is only related to the
friction. This is mainly due to the fact that at this excitation
with low peak velocity (100mm/s), in the Type 2 IC HPS
the sum of fluid flows in/between MC and AC of two struts
(X_i—1 .z Q1i + 03:) is almost zero, and then almost not push-
ing the floating piston, which can be found from the pressure
curve of the gas chamber, as illustrated in Fig. 7. One can
easily realize that this kind of dynamic properties of the Type
2 IC HPS design is unacceptable for practical applications.
It will be shown in the next section that through adjusting
the size of orifices and interconnected pipes, the dynamic
properties of the Type 2 IC HPS can be modified significantly.

For the Type 1 IC HPS design, the output force will change
from around -2000 to 4000 N, and do not have significant
change under the second series test signal (7.96 mm ampli-
tude) with 1 and 2 Hz excitation frequencies. This is mainly
due to the fact that in the initial condition, P4r > P4;, and this
large pressure difference will make the filling procedure from
MC to AC between both sides of struts more efficient, and
then avoid the block condition in the interconnected pipes,
as mentioned in the in-phase test shown in subsection IV-A.
No block in the interconnected pipes will also avoid the
cavitation and then the output force distortion, as presented
in the last subsection. Therefore, the maximum and minimum
output force are mainly related to the compression of the
gas chamber. It should be noted that with the increase of
the excitation peak velocity, the block condition may happen,
which will be discussed in the next section.

It can also be found from Fig. 6 that for the Type 1 IC HPS
design the output force (a) can go to around 4000 N under
low excitation amplitude (7.96mm); (b) will go to the negative
value at extension procedure. The first phenomenon is mainly
due to the facts that under this design the fluid utilized to push
the gas chamber (L or R) is the summation of those from MC
(L or R) and AC (R or L), as fluid flow rate equation presented
in (6). Therefore, considering the safety reason, only limited
experiment has been conducted in this design.

For Type 1 IC HPS, the negative output force can
be explained by the equation of system output force,
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(b)
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(d)

FIGURE 6. Experimental data of two types of IC HPS based on the second
series test signal: (a) F; — x for Type 1; (b) F; — x for Type 2; (c) F; — x for
Type 1; (d) F; — x for Type 2.

as illustrated in (1). Focusing on the left strut, the output force
can be expressed as Pz, X A1r, — P3p x A3, and the pressure
of AC (P31) is related to the pressure of MC on the right
strut (P1r). Therefore, for out-of-phase test, the condition of
P31 x Azp higher than Py, x A1 can be expected, especially
from the beginning of the extension procedure.

C. AMESIM MODEL
The AMEsim model has been established to evaluate
the dynamic properties of these two types of IC HPS.
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(b)

FIGURE 7. Experimental data of gas chamber pressure(P,;) -
displacement for(a) Type 1 IC HPS;(b) Type 2 IC HPS.

Fig. 8 illustrates the result of output force-displacement curve
obtained from experiment and the simulation based on the
AMESsim model for the two series test signal, as presented
in subsection III-C. It can be found from Fig. 8 that the
established AMEsim model can catch the dynamic proper-
ties of the prototypes with good agreement, although these
two types of IC HPS show complicated dynamic properties,
as mentioned in the above two subsections.

The main difference between experiment and model can be
observed: (1) in the area of around the maximum output force
at the compression procedure of Type 1 IC HPS for the first
series test, (2) in the maximum displacement area of Type 2
IC HPS for the second series test.

The first difference is mainly due to the leaking between
MC and AC, as shown in Fig. 9, which compares the pres-
sure of AC (P3r) obtained from experiment and AMEsim
model. Because of leaking, in the compress procedure, under
high working pressure the experiment shows that P37 will
increase slowly after the vacuum section, as mentioned in
subsection IV-A and shown in Fig. 5 (a). AMEsim model
do not consider this leaking, and then P3; will keep vacuum
condition until the excitation velocity drops to some value,
which will allow the MC of the other strut to charge AC effi-
ciently. Definitely, adding one path in the enclose hydraulic
system will soften the system, which has been illustrated
in Fig. 8 that the maximum output force of experiment is
smaller than AMEsim model. In the extension procedure,
the main piston pushes the fluid flowing out of AC, and
considering the delay of the interconnected pipes, the fluid
will leak from AC to MC, especially the negative output
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(a)

(b)

(d)

FIGURE 8. Comparisons of the experimental and simulated curve of
output force (F;)-displacement (x): (a) Type 1 (1.5Hz-21.22mm, in-phase);
(b) Type 1 (2Hz-7.96mm, out-of-phase); (c) Type 2 (1.5Hz-21.22mm,
in-phase); (d) Type 2 (2Hz-7.96mm, out-of-phase).

force section, as shown in Fig. 4. Therefore, in the whole
extension procedure, the value of P3; of AMEsim model is
always higher than that of experiment. Here, it should be
noted that as the main purpose of this research paper is to
compare and reveal the fundamental dynamic properties of
Type 1 and 2 HPS shown in Fig. 1, the detailed investigation
of the leakage will be the topic of the future research work.

The second difference is mainly due to the friction of seal.
In the established AMEsim model, the packed friction model
has been selected. For Type 2 IC HPS, because of its small
output force, the effectiveness of the friction will become
obvious.

V. DISCUSSION

Based on the result and analysis of the dynamic properties
of these two types of IC HPS presented in section IV, this
section will be focused on the effect of the strut parameters
to the dynamic properties, special emphasis will be put on
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FIGURE 9. Comparison of the AC pressure (P5;) between experimental
and simulated data.

FIGURE 10. The simulated output force - displacement for Type 2 IC HPS
under 2Hz-7.96mm and 2Hz-11.93mm excitations, out-of-phase.

those phenomena presented in section IV. As mentioned in
section III, only small amplitude (7.96mm) harmonic test
signal has been conducted for the second series test. This is
mainly due to the extreme output force for Type 1 IC HPS,
which has been explained in subsection IV-B. Fig. 10 illus-
trates the comparison of the output force for Type 1 IC HPS
under harmonic excitation with excitation frequency, 2 Hz,
and amplitude 7.96 and 11.93mm based on the AMEsim
model. It can be found from Fig. 10 that under the same
frequency, small change of amplitude will result in a huge
difference on output force of Typel IC HPS. Therefore, for
the safety reason, in the experiment for the second series
test, only small amplitude has been selected, and the dynamic
properties discussion, to be presented in this section, will be
based on the AMEsim model under harmonic test signal with
11.93mm amplitude.

A. EFFECT OF INTERCONNECTED PIPES

Based on the result shown in section IV, one can find that
lots of phenomenon is directly related to the fluid flow
delay/block in the interconnected pipes, and then this section
will mainly analyze the effect of interconnected pipes through
changing the diameter and the length.

1) THE LENGTH OF INTERCONNECTED PIPES

Fig. 11 illustrates the simulated result of dynamic proper-
ties of these two types IC HPS for different length (2 m,
2.5 m, 3 m) of interconnected pipes based on AMEsim model.
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(a)

(b)

(d)

FIGURE 11. The simulated output force- displacement data with different
length of connection pipes (2.0 m, 2.5 m, 3.0 m): (a)Type 1 (2Hz-15.92mm,
in-phase); (b) Type 1 (2Hz-11.93mm, out-of-phase); (c) Type 2 (2Hz-15.92,
in-phase); (d) Type 2 (2Hz-11.93mm, out-of-phase).

The harmonic excitation with 15.92 mm amplitude and 2 Hz
frequency is applied to the in-phase test, and 11.93 mm
amplitude and 2 Hz frequency for out-of-phase test.

Fig. 11(a) illustrates the in-phase test for Type 1 IC HPS.
It can be found from Fig. 11(a) that: (a) with the decrease
of the length of interconnected pipes, the output force dis-
tortion phenomenon in the compression procedure, which is
mainly due to the cavitation in the AC, and is directly related
to the block of the fluid flow in the interconnected pipes,
as discussed in the subsection IV-A, will become small and
disappear. To demonstrate this point, Fig. 12(a) illustrates the
pressure of AC (P3y,), from which one can easily find that the
P31 will leave the vacuum section with the decrease of length
of the interconnected pipes; (b) the maximum output force
will decrease with the decrease of length of interconnected
pipes. This is due to fact that shorter interconnected pipes will
make smaller delay or avoid block, and let P3 of one side strut
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(b)

FIGURE 12. The simulated pressure of AC (P5;) - displacement of Type 1
IC HPS with different length of connection pipes (2.0 m, 2.5 m, 3.0 m):
(a) 2Hz-15.92mm, in-phase; (b) 2Hz-11.93mm, out-of-phase.

can catch the Py of the other side, and then avoid cavitation.
Therefore, the output force shown in (1) will become small.

Fig. 11(b) illustrates dynamic properties for the out-of-
phase test for Type 1 IC HPS, from which it can be found that
the output force will increase with the increase of the length
of interconnected pipes, but not have significant change. It is
because that (a) with the increase of the length of intercon-
nected pipes, the fluid flow delay will increase, and then P3
will increase and decrease in the compression and extension
procedure, respectively, as illustrated in Fig. 12(b); (b) huge
pressure difference between P3;, and Pip at the initial condi-
tion will faster the fluid flow in the interconnected pipe, and
then slow down the cavitation condition in the AC. There-
fore, the maximum output force is almost directly related to
the displacement and happen at the point of the maximum
displacement. In fact, one can observe from Fig. 11 (b) that
small output force distortion happens for the 3 m length
of the interconnected pipes, and then the maximum output
force is located before the point of maximum displacement as
discussed for the in-phase test, and illustrated in Fig. 12(b),
in which the P3; goes to the vacuum section for 3mm length
connection pipes.

Fig. 11(c) presents the dynamic properties for the in-phase
test for Type 2 IC HPS. It can be found that (a) as one extra
fluid path added in Type 2 IC HPS, the output force is smaller
than those for Type 1 IC HPS;(b) the extra fluid path will
make the fluid flow in the system smooth, and then the output
force shows almost not change for different length of the
interconnected pipes.

Fig. 11 (d) illustrates the dynamic properties for the out-
of-phase test for Type 2 IC HPS, from which it can be found
that with the increase of length of interconnected pipes, the
curve of output force vs displacement will (a) become narrow,
which can be observed from the difference of the output force
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FIGURE 13. The simulated output force-displacement data with different
diameters of connection pipes (5mm, 6mm, 7mm): (a)Type 1
(2Hz-15.92mm, in-phase); (b) Type 1 (2Hz-11.93mm, out-of-phase);

(c) Type 2 (2Hz-15.92mm, in-phase); (d) Type 2 (2Hz-11.93mm,
out-of-phase).

at the maximum velocity points between the compression
and the extension procedures. Besides, it is mainly due to
the increase of the damping with the increase of length of
interconnected pipes; (b) turn counter-clockwise, which is
also related to the fact that the increase of block with the
increase of the length of interconnected pipes will increase
the system stiffness.

2) THE DIAMETER OF INTERCONNECTED PIPES
Fig. 13 presents the simulated result of dynamic properties of
these two types IC HPS for different diameters (5 mm, 6 mm,
7 mm) of interconnected pipes based on AMEsim model.
The harmonic excitation with 15.92 mm amplitude and 2 Hz
frequency is applied to the in-phase test, and 11.93 mm
amplitude and 2 Hz frequency for out-of-phase test.
Comparing Fig. 13 with those shown in Fig. 11, one can
find that the trend of the dynamic properties of these two
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(d)

FIGURE 14. The simulated output force data with different number (2, 5,
10, 20) of 2mm orifice for Type 2 IC HPS: (a) F; — x (2Hz-15.92mm,
in-phase); (b) F; — x (2Hz-15.92mm, in-phase); (c) F; — x (2Hz-15.92mm,
out-of-phase); (d) F; — x (2Hz-15.92mm, out-of-phase).

types of IC HPS with the changing of the diameters of the
interconnected pipes are agreed with those for the length of
the interconnected pipes, but with opposite direction, and
more significant. This is due to fact that the delay of fluid
flow in the interconnected pipes can be evaluated by (4), from
which one can realize that the effective of the diameter is
power 4 and positive direction, comparing with those for the
length, which is the linear and opposite.

B. THE ORIFICES BETWEEN MAIN AND ANNULAR
CHAMBERS OF TYPE 2 IC HPS

As mentioned in section IV-A and section IV-B, that the
dynamic properties of Type 2 IC HPS show small stiffness
(almost zero stiffness and damping in the out-of-phase con-
dition). This is not suitable for practical applications. In sub-
section V-A, it has been illustrated that through changing the
length and diameter of the interconnected pipes the stiffness
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(a)

(b)

FIGURE 15. The simulated pressure of annular chamber with different
number (2, 5, 10, 20) of 2mm orifice for Type 2 IC HPS: (a) P5; — x
(2Hz-15.92mm, in-phase); (b) P5; — x (2Hz-15.92mm, out-of-phase).

of Type 2 IC HPS can be modified. This subsection will
focus on the effectiveness of orifice between MC and AC to
the stiffness and damping properties. Fig. 14 illustrates the
dynamic properties under different number of orifices.

From Fig. 14, one can find that the stiffness and damping
properties of Type 2 IC HPS can be effectively improved
with the modification of the orifice between MC and AC.
Besides, comparing with those for Type 1 IC HPS, it can be
realized that Type 2 IC HPS can avoid the cavitation condition
(distortion phenomenon in the compression procedure) in
AC, as shown in Fig. 15 for the pressure of AC (P3r.).

VI. CONCLUSION

In this study, the dynamic properties of two types of IC HPS
have been investigated based on set-up experiment on the
designed prototypes and the established simulation model
based on the AMEsim software. The result shows that the
established simulation model can catch the experiment with
good agreement, and then the dynamic analysis and dis-
cussion were conducted on the basis of the experiment and
simulation model together.

The result shows output force distortion condition and
negative output force situation for Type 1 IC HPS. It has been
illustrated that the above phenomenon is directly related to the
delay/block of the fluid flow in the interconnected pipes, and
can be modified through selecting shorter or larger diameter
interconnected pipes. However, for the out-of-phase working
condition, the negative output force condition will always be
meet, except decreasing the area of the Annular Chamber.

For Type 2 IC HPS, it shows similar dynamic properties
comparing with those for single strut system for in-phase
working condition, and low stiffness properties for out-of-
phase test. It has been verified that the stiffness can be
adjusted through selecting longer and smaller diameter inter-
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connected pipes, but the most efficient way is to narrow the
orifices between Main Chamber and the Annular chamber.
The result suggests that Type 2 IC HPS not only has ability to
provide suitable stiffness and damping properties, but also is
able to avoid the cavitation phenomenon in annular chamber
through properly designed orifice between main and annular
oil chamber.

The presented work provides the fundamental investigation
on two types of interconnected hydro-pneumatic struts. The
results suggest that the Type 2 IC HPS has great poten-
tial application in the area of vehicle suspension system.
Therefore, future investigation will be placed on: (a) the
leakage properties based on the experimental data; (b) the
modification of the dynamic properties of Type 2 IC HPS
through variable orifice between main chamber and annular
or diameter in the connection pipes base on the experimental
data, and their sensitive analysis [28]; (c) investigation of the
full vehicle model with consideration of the roll/pitch mode
based on the established IC HPS model.
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