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ABSTRACT The dynamic properties of one kind of Inter-Connected Hydro-Pneumatic Struts (IC HPS),

which is designed based on the developed double-gas-chamber compacted Hydro-Pneumatic Struts (HPS)

integrating double inner gas chambers, will be investigated in this research. Comparing with the traditional

IC HPS designs based on single gas chamber compacted HPS, the proposed IC HPS can postpone the

force distortion, and then increase the working envelop, provide good stiffness performance and be stable

in both In-Phase and Out-of-Phase working condition. The equation of motion of the proposed IC HPS

will be derived firstly. And then based on the established dynamic model, the related simulating model will

be established utilizing the AMEsim software, and the validity of the established simulating model will

be verified on the basis of experimental data and available literatures. The validity and performance of the

proposed IC HPS will be verified and investigated through comprehensive comparison with traditional IC

HPS designs. Finally, the detailed sensitivity analysis of the essential design parameter of the proposed IC

HPS will be presented to illustrate the advantage of the proposed IC HPS design.

INDEX TERMS Double-gas-chamber compacted Hydro-Pneumatic Struts, dynamic properties, sensitivity

analysis.

I. INTRODUCTION

Vehicle suspension, as one of the most important parts

in the vehicle to solve the conflict between ride comfort

and vehicle handling [1], has increasingly development in

recent years. To meet the requirement of large variation

in operating loads and condition in practical applications,

the semi-active/active suspension system with the proper-

ties of controllable stiffness/damping and working simultane-

ously [2], such as the Magneto-Rheological (MR) dampers,

has been proposed [3]. However, high operating cost restrict

this kind of semi-active/active suspension system to bewidely

accepted in practical applications [4]–[6]. The Hydraulically

Interconnected Suspension (HIS) system is the other kinds

of device to balance the ride and handling performance

of vehicles [7]–[10], and has the potential to provide bet-

ter suspension performance through semi-active/active con-

trol methodologies [11]–[13], comparing with the traditional

mechanically interconnected suspension system, for example

the anti-roll bar [14]. Recently, HIS has been popularly inves-

tigated and applied on Heavy duty Vehicles.

The associate editor coordinating the review of this manuscript and

approving it for publication was Shihong Ding .

Most of research on HIS is based on the Hydro-pneumatic

Strut (HPS) with external gas chamber [14]. Obviously,

sometimes this kind of design cannot satisfy the installation

space requirement. Wu [15] proposed one type of compacted

HPS design, which integrated an inner air chamber separated

with the hydraulic chamber through a floating piston in the

rod section, as illustrated in Figure 1 (b) for single strut, and

introduced the IC HPS design based on no orifices between

the main and annual hydraulic chambers, as illustrated in

Figure 1 (a). Cao et al. [16]–[19] extended the research work

regarding the IC HPS design presented by Wu [15] through

considering the fluid compressibility, and presented a set of

research work focusing on the anti-roll and anti-pitch proper-

ties, handling performance and ride comfort. Guo et al. [20]

modified the HPS design methodology presented by Wu [15]

through changing the floating piston with an air bag, and

also presented the investigation of ICHPSworking condition.

Here, it should be noted that the above research work on

compacted HPS and its IC HPS are all based on numerical

analysis, and lack of the experimental validation. Recently,

Jiao et al. [21] studied the effect of temperature through the

parametric modeling on this type of HPS. Zhang et al. [22]

investigate the sensitivity analysis of this kind of HPS through
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FIGURE 1. The structure diagram of three types of hydraulic
interconnection hydro-pneumatic strut: (a) Type 1 IC HPS by Wu [15]
(b) Type 2 IC HPS by Lin et al. [24] (c) Type 3 IC HPS Proposed in this
paper.

the nonlinear mathematic model. Lin et al. [23] firstly inves-

tigated the dynamic properties of the single HPS design

presented by Wu [15] and then its interconnection working

condition, as illustrated in Figure 1 (b) [24]. Lin et al. [24]

compared the dynamic properties of Type 2 IC HPS illus-

trated in Figure 1 (b) with those presented by Cao et al. [19],

as illustrated in Figure 1 (a), through experimental set-up

and the established AMEsim model. The results presented by

Lin et al. [24] show that (1) For the IC HPS model presented

by Wu [15] illustrated in Figure 1 (a), the phenomenon of

output force distortion occurs under compression stroke in

the In-Phase test, and it is easily to be totally block in the

Out-of-Phase test. This is mainly related to the delay/block

of the fluid flow in the interconnected pipes [24]; (2) For the

model presented by Lin et al. [24], although the phenomenon

of the output force distortion can be limited in small working

range, it meets the small stiffness condition in the Out-of-

Phase working conditionwhichmay bemodified by changing

the dimension of the size of orifices and/or connection pipes.

Considering the above, this research paper will propose

a novel IC HPS design based on a developed double-gas-

chamber HPS illustrated in Figure 1 (c) (Type 3 IC HPS)

in which an extra air chamber will be installed in the annual

chamber of HPS separated the fluid chamber through a float-

ing piston as shown in Figure 1 (c). Fundamentally, this kind

of design is focused on solving the phenomenon of the output

force distortion and block of the design presented byWu [15]

illustrated in Figure 1 (a) (Type 1 IC HPS), and providing

acceptably stiffness performance comparing with those intro-

duced by Lin et al. [24] illustrated in Figure 1 (b) (Type 2 IC

HPS). Firstly, the equation of motion of three kind of IC HPS

designs will be derived. Then, the related dynamic models

will be established based on the derived equation of motion

through AMEsim software, and the validity of the established

model will be verified through the comparison with available

literatures and partial experimental data. Finally, extensive

parameters analysis will be presented to illustrate the validity

of the proposed IC HPS design and its advantage comparing

with those presented by Wu [15], Cao et al. [16]–[19] and

Lin et al. [24]. The result shows that (1) comparing with the

design proposed byWu [15], the added Annual Gas Chamber

(AGC), working as an extra absorber, can postpone the flow

fluid restriction (distortion), and then increase the working

envelop in the In-Phase test signal; (2) comparing with the

design proposed by Lin et al [24], the orifices between the

main and annual fluid chamber in the proposed IC HPS have

been cancelled, which can increase the system stiffness in the

Out-of-Phase working condition; (3) the dynamic properties

of the proposed IC-HPS can be easily modified through the

pre-charging pressure in AGC in large working range.

II. MODELING OF INTERCONNECTION

HYDRO-PNEUMATIC STRUTS

In this section, the equation of motion of three different kinds

of IC HPS designs, as illustrated in Figure 1, will be estab-

lished. The fundamental equation of motion is derived based

on the relationship of force balance, volume conservation and

the polytrophic process of gas.

A. MODELING OF TYPE 1 IC HPS

The first type of ICHPS, as shown in Figure 1 (a), is originally

proposed by Wu [15], and its extensive investigation based

on simulation have been presented by Cao et al. [19], and

experimentally investigated by Lin et al. [24]. The key issue

of this type of IC HPS design is that (1) Its single HPS inte-

grates the gas accumulator in the rod section separating the

hydraulic chamber through a floating piston; (2) No orifices

exists between the Main oil Chamber (MC) and Annual oil

Chamber (AC) in single HPS ;(3) The MC of HPS L (or R) is

connected to the AC of HPS R (or L) through hydraulic pipes

to establish the IC HPS system.

Ignoring the inertia force of the movement parts, the output

forces Fi of struts i can be evaluated through:

Fi = P1iA1 − P3iA3 + Ffisign(ẋi)(i = L,R) (1)

where P1i and P3i represent the pressure of MC and AC

of strut i, respectively; A1 and A3 are the area of MC and

AC, respectively; Ffi is the seal friction between piston rod

and cylinder of strut i; ẋi is the velocity of main piston, and

downward direction is defined as positive direction. Here,

it should be noted that as the main purpose of this paper is

to propose and verify the validity of one type of novel IC

HPS design, to simplify the expression, in this paper simple

Coulomb damper model was utilized to describe the effect

of the total output force associated with the friction on the

floating piston(s), and its effect to the inner force balance,
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which is related to the hydraulic pressure distribution, will be

ignored.

Based on the principle of the volume conservation ignoring

the fluid compressibility, the fluid flow can be expressed as:

Q1i = −Q2i−Q3j (2)

Q2i = Q12i (3)

Q3j = Q1i3j

(i = L or R; j = R or L) (4)

where Q1i is the flow into the MC of strut i; Q2j is the flow

into the Rod oil Chamber (RC) of strut i; Q3j is the flow into

the AC of strut j; Q12i is the flow fromMC to RC; Q1i3j is the

flow fromMC of strut i to AC of strut j through the hydraulic

pipe.

Under the assumption of continuous flow, the flow of each

strut can be obtained through the following equations:

Q1i = −A1·ẋi (5)

Q2i = A4 · ẋ4i (6)

Q3j = A3 · ẋj (7)

Therefore, the velocity of floating piston can be obtained

from Equations (3)-(7):

ẋ4i =
A1ẋi − A3ẋ j

A4
(8)

where A4 is the area of RC and Gas Chamber (GC) ẋ4i is the

velocity of floating piston, and upward direction is defined as

positive direction.

Based on the polytrophic process of ideal gas, the pressure

(absolute) of GC can be expressed as:

P40i·V
n
40i = P4i·V

n
4i = constant (9)

V4i = V40i − A4·1x4i (10)

where P40i and P4i represent the initial charging pres-

sure (absolute) and working pressure (absolute) of GC, and

their related volumes are defined as V40 and V4, respectively.

1x4i is the displacement of floating piston related to its initial

position, which is associated to the V40, and the upward

direction is defined as positive; n is polytropic exponent.

The pressure of oil chamber can be expressed as:

P2i = P4i (11)

P2i = P1i −
Q2
12i·ρ

2(Cd · a12i·n12i)
2
sign(ẋ) (12)

where P1i and P2i are the pressure of MC and RC, respec-

tively; ρ is the density of the oil; Cd is the flow coefficient;

a12i and n12i are the area and number of the orifices between

MC and RC, respectively.

The MC and AC of the left and right struts are only con-

nected by a pipe and the pipe is too long to ignore its effect

on the system, so the pressure of the two side of pipe that be

affect by the long pipe must be considered. The basic formula

of flow velocity of the long pipe can be expressed as:

v =

√

2 · D |1P−9.81·ρ · L·sinθ |

L · ρ · f f
(13)

where θ is the inclination of the pipe. Due to the effect

of the inclination of the pipe is ignored in the experiment,

the angle of the interconnection pipe assumed to be horizon-

tal. The flow velocity in this experiment can be expressed as:

v1i3j =

√

2·D13 ·
∣

∣1P1i3j
∣

∣

L13 · ρ · f f
(14)

where v1i3j is the flow velocity from MC of strut i to AC of

strut j through the interconnection pipe; D13 and L13 are the

diameter and length of the pipe betweenMC of strut i and AC

of strut j, respectively;1P1i3j is the pressure drop between the

MC of strut i and AC of strut j; ρ is the density of the oil and

f f is the friction factor. The flow rate is then computed from

the fluid velocity:

Q1i3j = v1i3jAp (15)

where Ap is the cross sectional area of the hydraulic pipe.

As the main purpose of this paper is to investigate and ver-

ify the basic dynamic properties of these types of IC HPS,

the compressibility of oil is neglected in the above equation.

B. MODELING OF TYPE 2 IC HPS

The second type of ICHPSwas investigated by Lin et al. [24],

in which orifices exist between MC and AC comparing with

the strut of Type 1 IC HPS. Therefore, the flow distribution

in Type 2 IC HPS will be re-arranged based on Equation (2)

in Type 1 IC HPS as:

Q1i = −Q2i−(Q13i + Q1i3j) (16)

and the fluid flow through the added orifices betweenMC and

AC can be expressed as:

Q13i = n13ia13iCd

√

2 |1P13i|

ρ
sign(ẋi) (17)

where Q13i is the flow fromMC to AC which is generated by

the additional damping orifices; 1P13i is the pressure drop

between MC and AC; a13i and n13i are the area and number

of the orifices between MC and AC, respectively.

Therefore, the velocity of floating piston can be obtained

from Equation (5),(6),(14)-(17):

ẋ4i + ẋ4j =
A2(ẋ i + ẋj)

A4
(18)

where A2 is the area of the piston rod. Other equations related

to Type 2 IC HPS are the same as those of the Type 1.
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C. MODELING OF TYPE 3 IC HPS

The third type of IC HPS are shown in the Figure 1 (c),

in which one extra gas chamber is arranged in the AC of its

single HPS comparing with the single HPS of Type 1 IC HPS.

The equation of flow rate is similar to Type 1 IC HPS, except

flow distribution in Type 3 IC HPS will be re-arranged based

on Equations (2) and (7) in Type 1 IC HPS as:

Q1i = −Q2i − Q3j (19)

Q3j = Q1i3j = A3(ẋj + ẋ5j) (20)

where ẋ5j is the velocity of annular piston, and upward direc-

tion is defined as positive direction. Based on the polytrophic

process of ideal gas, the pressure of AGC can be expressed as:

P50i·V
n
50 = P5i·V

n
5 = constant (21)

V5i = V50i − A5·1x5i (22)

where P50i and P5i represents the initial charging pres-

sure (absolute) and working pressure (absolute) of AGC, and

their related volumes are defined as V50 and V5, respectively;

1x5i is the displacement of annular piston related to its initial

position, which is associated to theV50. Apart from the above,

the othermathematical equations related to Type 3 ICHPS are

the same as those of the Type 1.

III. EXPERIMENTAL AND TESTING SETUP

In this section, simulation models of three types of IC HPS

will be established based on the derived equation of motion

in the last section through AMEsim software. The validity

of the established AMEsim model for Type 1 and 2 IC HPS

will be verified through comparison with those presented by

Lin et al. [24] and [23] under the same experimental setup

and design parameters, which have been verified through

experimental data. In order to keep the initial charging pres-

sure in AGC, there is a ‘‘stop point’’ in the Type 3 IC HPS,

as illustrated in Figure 1 (c), so the annular piston will be

in stay at the ‘‘stop point’’ when the pressure in AGC lager

than the working pressure of AC in working process without

considering the inner effect of annular piston friction.

A. TESTING SETUP

The models of these three kinds of IC HPS are shown in the

Figure 2, and Table 1 summarized all of the design parameters

in the established simulation models. The testing setup in this

paper consists of two parts: In-Phase test and Out-of-Phase

test, as there are two typical excitation signals utilizing the

performance of IC HPS system. The first series of simulation

setup is the In-phase test, and can be expressed as:

xi = Bcos (2π ft) (i = L,R) (23)

where B and f are the amplitude and frequency of the har-

monic excitation, respectively.

The second series of testing setup is the Out-of-Phase test,

and can be expressed as:

xL = Bcos(2π ft − π/2) (24)

xR = Bcos(2π ft + π/2) (25)

FIGURE 2. Simulation model based on the AMEsim software: (a) Type 1,
(b) Type 2, and (c) Type 3.

Lin et al. [24] utilized two sets of excitation signals,

as listed in Table 2, which will also be selected in this study,

to verify the validity of the established AMEsim model for

Type 1 and 2 IC HPS. Considering the fundamental structural

design for Type 3 IC HPS, one can easily realize that under

large initial charge pressure in the AGC, the Type 3 should

be similar to Type 1 IC HPS, as the ‘‘stop point’’ will block

the movement of annular piston and then the pressure of AGC

is always larger than the working pressure of AC. Therefore,

this property will be utilized to verify the AMEsim model for

Type 3 IC HPS.

B. MODEL VERIFICATION

Figure 3 compares the dynamic properties (Output force-

Displacement based on the excitation signal listed in

Table 2 for No.1 and 2 testing signals) of Type 1 and 2 ICHPS

based on the experimental data from Lin et al. [24], and those

obtained through the established AMEsim model, as shown

in Figure 2. It can be easily observed from Figure 3 that the

AMEsim model can greatly catch the characteristic of the
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TABLE 1. Parameters setting of the simulation.

FIGURE 3. Comparison of the experimental data and simulation result.
(a) Type 1 (No.1 testing signal in Table 2); (b) Type 1 (No.2 testing signal
in Table 2); (c) Type 2 (No.1 testing signal in Table 2); (d) Type 2
(No.2 testing signal in Table 2).

experimental result. The main difference exists in No.2 test-

ing signal for Type 2 IC HPS, which is mainly related to

the fact that simple Coulomb damper model was utilized in

the established AMEsim model and ignoring the inner effect

of the friction, as mentioned before, and for Out-of-Phase

excitation, the whole system is very sensitive to the pressure

distribution, which is associated with the friction [24].

As mentioned above, the validity of Type 3 IC HPS

AMEsim model will be verified through the dynamic prop-

erties comparison with those for Type 1 IC HPS under

large initial charging pressure for AGC, as listed in Table 2.

Figure 4(a) and (b) illustrate the simulation result of Output

force-Displacement for both Type 1 and 3 IC HPS based on

the No 1 and 2 test signals listed in Table 2. Perfect match

can be found from Figure 4(a) and (b) for Type 1 and 3 IC

HPS. One can also find from Figure 4(c) and (d) that under

lower initial charging pressure for AGC of Type 3 IC HPS,

the negative pressure working range of Type 3 IC HPS is

significantly smaller than that for Type 1 IC HPS. However,

big jump can be observed in the compression stoke for Type

3 IC HPS, which is mainly because of the stick of the added

annular piston because of the ‘‘stop point’’, which will be

discussed in detailed in the next part. From Figure 4, it can

be found that as expected under large pre-charging initial

pressure in AGC the dynamic properties of Type 3 IC HPS

is similar to that for Type 1 HPS, and then the validity of the

established AMEsim model for Type 3 IC HPS can also be

verified.

FIGURE 4. Comparison of the experimental data and simulation result:
(a) No.1 testing signal in Table 2 (b) No.2 testing signal in Table 2
(c) No.3 testing signal in Table 2 (d) No.4 testing signal in Table 2.

Based on the above analysis, the validity of the established

AMEsim models for Type 1, 2 and 3 IC HPS has been ver-

ified. In the next part, the detailed performance comparison

and analysis will be presented.

IV. DISCUSSION

As the main purpose of this paper is to proposed one type

of IC HPS, as shown in Figure 1(c), which can provide

good stiffness properties comparing with Type 2 IC HPS

under Out-of-Phase working condition, and greatly shorten

the distortion working range comparing with the Type 1 IC

HPS. Therefore, in this section the validity of the Type 3 IC

HPS will be verified firstly, and it will be shown that Type

3 ICHPS has greater application potential comparingwith the

other types of IC HPS. And then the investigation of dynamic

properties based on extensive excitation signals will be pre-

sented. Finally, the sensitive analysis of the most important
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TABLE 2. Excitation signals for model verification.

FIGURE 5. Dynamic properties (Output force-Excitation Displacement) comparison of Type 1 and Type 3 IC HPS with different testing signal
listed in Table 3. Note: the number in figures is similar those listed in Table 3.

TABLE 3. The test signals for the dynamic performance comparison (In-phase test).

design parameter, the initial charging pressure of AGC of

Type 3, will be discussed in detailed.

A. COMPARING WITH TYPE 1 IC HPS

According to those presented by Lin et al. [24], one can

easily find that for Type 1 IC HPS there are three phe-

nomenon which may not be acceptable for practical appli-

cation: (1) force distortion; (2) large negative pressure

working range; (3) easily to be lock in Out-of-Phase work-

ing condition. The above phenomenon are all related to the

non-continues of fluid flow, which is associated to the pres-

sure distribution, and then the peak velocity. In the following

subsection, the dynamic properties comparison between Type

1 and 3 HPS will be presented based on three kinds of exci-

tation signals: In-Phase test, Out-of-Phase test and Random

test.

1) IN-PHASE TEST

The comparison of dynamic performance (Output force-

Excitation displacement) under harmonic excitation signals
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of Type 1 and Type 3 IC HPS based on the established

AMEsim models for In-Phase test has been illustrated

in Figure 5, and all of the test signals have been summa-

rized in.

Basically, it can be observed from Figure 5 that for Type

3 IC HPS (1) the maximum output force is smaller than that

of Type 1, which is because of the fact that the added extra

gas chamber will make the hydraulic system softer; (2) the

condition of negative output force has been attenuated signif-

icantly comparing with Type 1 IC HPS, except at the end of

the extension stroke (close to the maximum extension point)

under large amplitude excitation signals (Figure 5 (b1)). This

is mainly due to the fact that the inner influence of the

friction of annular piston in the AMEsim model building

in this paper has been neglected, so the oil in this system

may more likely to push the annular piston to squeeze the

volume of AGC (no resistance) rather than flow to the MC

through the interconnection pipe (high resistance) at the end

of extension stroke, which will lead to the pressure in AC

greater than that in MC and then the condition of negative

force occurs; (3) the condition of the output force disturbance

vanishes.

From Figure 5, one can also found that (1) comparing

Figure 5 (a), (b), and (c), with the increasing of the peak

velocity, Type 3 IC HPS shows stable dynamic properties,

but the Type 1 IC HPS not. This is mainly due to the block

of hydraulic flow in the Type 1 IC HPS design between the

connection pipes as discussed by Lin et al. [24]; (2) com-

paring Figure 5 (c) under the same peak velocity, with the

increasing of the excitation amplitude, the Type 1 IC HPS

shows significant force distortion, which is also due to the

block of hydraulic flow between the connection pipes as

discussed by Lin et al. [24], but Type 3 IC HPS shows very

stable dynamic properties.

Furthermore, it should be noted from Figure 5 a(1), b(1)

and c(2) that under the same excitation amplitude, the output

force of Type 3 IC HPS in higher excitation frequency is

larger than that in lower one, which is mainly due to the

fact that the oil in compression stroke will push the floating

piston to squeeze the gas in GC rather than passing through

the interconnection pipe under higher peak velocity, which

will lead to the increasing of the output force.

2) OUT-OF-PHASE TEST

The comparison of dynamic performance (Output force-

Excitation displacement) under harmonic excitation signals

of Type 1 and Type 3 IC HPS based on the established

AMEsim models for Out-of-Phase test has been illustrated

in Figure 6, which illustrate the dynamic properties of

the right side HPS. Table 4 summarized all of the test

signals.

One can easily find from Figure 6 that (1) Type 1 IC HPS

shows large negative force working range from the end of

the extension stroke and increasing with the increase of the

excitation frequency. This is mainly due to the block of fluid

flow in the connection pipes, as discussed by Lin et al. [24];

TABLE 4. The test signals for the dynamic performance comparison
(Out-of-Phase test).

FIGURE 6. The comparison of Type 1 IC HPS and Type 3 IC HPS at
Out-of-phase test. Note: the number in figures is similar those listed
in Table 4.

FIGURE 7. The comparison of Type 1 and Type 3 IC HPS at Random test.

(2) Comparing with Type 1 IC HPS, Type 3 IC HPS shows

positive output force in the whole testing range and stable

dynamic properties. Here, it should be noted that as men-

tioned in section III(B) the dynamic properties of Type 3 IC

HPS can be modified by the initial charging pressure of

AGC, and this point will be investigated in detailed in the

Sub-section IV(C).

3) RANDOM TEST

Based on the analysis presented in the above two Sub-

sections, one may be realized that under random types of

excitation, Type 1 IC HPS may not work stable. In this

section, simple combination of harmonic excitation, as shown

in Equation. (26) and (27), will be utilized to test the dynamic

properties of Type 1 and 3 IC HPS under random type of test

signal.

Figure 7 illustrates the output force in time domain, from

which one can easily realize that Type 1 IC HPS may not be

60346 VOLUME 9, 2021



R. Li et al.: Dynamic Properties Analysis of a New Kind of IC HPS

FIGURE 8. Dynamic properties (Output force-Excitation Displacement) comparison of Type 2 and Type 3 IC HPS with different testing signal
listed in Table 3. Note: the number in figures is similar those listed in Table 3.

suitable for random type excitation in this kind of excitation

condition.

xL = 0.01 sin (2 ∗ pi ∗ t) +0.004 sin (2 ∗ pi ∗ 1.5 ∗ t)

+ 0.006 sin(2 ∗ pi ∗ 3 ∗ t) (26)

xR = 0.01 sin (2 ∗ pi ∗ 2 ∗ t) +0.003 sin (2 ∗ pi ∗ t)

+ 0.005 sin(2 ∗ pi ∗ 0.5 ∗ t) (27)

Based on the above comparison, one can easily find that

Type 3 IC HPS can overcome the drawback (distortion, neg-

ative force condition) of Type 1 IC HPS, and then is able to

work in Random test signal, except that provide lower output

force comparing with Type 1 IC HPS.

B. COMPARING WITH TYPE 2 IC HPS

Based on the investigation presented by Lin et al. [24],

the main drawback for Type 2 IC HPS is the low stiffness

in the Out-of-Phase test signal. Although, it can be improved

through the modification of the dimension of the connection

pipes and the orifice between the AC and MC. As mentioned

before, Type 3 IC HPS will be designed to improve the

stiffness in the Out-of-Phase condition comparing with those

for Type 2 IC HPS. Therefore, in this section the comparison

of dynamic properties of Type 2 and 3 IC HPS in the In-Phase

and Out-of-Phase test will be presented.

1) IN-PHASE TEST

The typical testing signals for the In-Phase test are the same

as those listed in Table 3. Figure 8 illustrated the dynamic

properties comparison for the Type 2 and 3 IC HPS.

From Figure 8, one can easily find that (1) Comparing with

Type 2 IC HPS, Type 3 can effectively improve the stiffness,

FIGURE 9. Comparison of output force of Type 2 IC HPS and Type 3 IC
HPS at out-of-phase test. Note: the number in figures is similar those
listed in Table 4.

and it will be increased with the increase of the peak velocity,

except under low frequency and large amplitude excitation

signals; (2) negative output force can be observed for Type

3 IC HPS, which is still mainly due to the block of the fluid

flow between the connection pipes as discussed before and

presented by Lin et al. [24]; (3) under low frequency and

large amplitude excitation (low peal velocity, as illustrated

in Figure 8 (a1)) test signal, the Type 2 IC HPS shows

large stiffness properties comparing with Type 3 IC HPS,.

This is mainly due to the fact that under low peak velocity,

the hydraulic fluid can easily flow between the MC (R or L)

and AC (L of R), and in this condition the maximum output

force is directly related to the compression of gas chamber,

as those presented by Lin et al. [24].
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FIGURE 10. Simulation result of Type 3 IC HPS under different pre-charging pressure in AGC at In-Phase test. Note: the number in figures is
similar those listed in Table 5.

TABLE 5. In-phase excitation (Pressure GC, 0.44Mpa).

2) OUT-OF-PHASE TEST

The typical testing signals for the Out-of-Phase test are the

same as those listed in Table 4. Figure 9 illustrated the

dynamic properties comparison for the Type 2 and 3 IC HPS.

It can be found from Figure 9 that comparing with those

for Type 2 IC HPS, Type 3 can effectively improve the

stiffness under Out-of-Phase working condition, which is the

main drawback for Type 2 IC HPS design as presented by

Lin et al. [24].

Based on the above analysis, one can easily find the

proposed novel IC HPS design (Type 3) can provide good

stiffness properties comparing with Type 2 IC HPS under

Out-of-Phase working condition, and greatly shorten the dis-

tortion working range comparing with the Type 1 IC HPS.

For these kinds of IC HPS design, Lin et al. [24] already

presented the influence of the dimension of the connection

pipes and the orifice (Type 2) to the dynamic properties of

the IC HPS. For the proposed the IC HPS design (Type 3),

the initial charging pressure in AGC play the essential role,

and then in the next Sub-section the investigation of that will

be presented in detailed.

C. INFLUCENCE OF THE PRE-CHARGING PRESSURES IN

AGC OF TYPE 3 IC HPS

Based on the above two parts of performance comparison

between the proposed IC HPS (Type 3) with those for Type

1 and Type 2 IC HPS, and those presented in Section 3.2 for

model verification, one can realized that the performance of

Type 3 IC HPS is extremely sensitive to the pre-charging

pressure of the add Annual Gas Chamber (AGC). Therefore,

this sub-section will be focused on investigation of the influ-

ence of the pre-charging pressure of AGC under different

working condition, which includes In-Phase excitation and

Out-of-Phase excitations.

1) IN-PHASE TEST

Table 5 summarized the test signals adopted in this study.

Figure 10 illustrated the simulation results between the exci-

tation displacement and the output force for the test signals

listed in Table 5.

It can be observed from Figure 10 that (1) under the same

excitation signals, with the increasing of the Pressure Ratio,

the output force will be increased; (2) with the increasing of
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the Pressure Ratio, the output force will be easier to reach the

negative force area and the phenomenon of force distortion

occurs. This is because of the fact that with the increasing

of the Pressure Ratio the AGC gradually loses its function as

a buffer and the system will be close to Type 1 IC HPS; (3)

under the same Pressure Ratio, with the increase of excitation

frequency (peak velocity), the system will also be easier to

reach the negative force working range and phenomenon of

force distortion occur. It because that the function of AGC to

be working as buffer is limited by the pre-charging pressure,

and under the same Pressure Ratio, the fluid block condi-

tion will be easier to happen with the increase of excitation

frequency (peak velocity), so the negative force and phe-

nomenon of force distortion will be easier to occur.

It can also be found output force jumping points from

Figure 10. These jumping points occur at the compression

stroke, and it is related to the Pressure Ratio and the peak

velocity. The main reason is that at the compression stroke

the volume of the total Annual chamber (AGC and AC) will

increase, and then the annular piston will touch the ‘‘Stop

point’’. Therefore, (1) under low peak velocity, as illustrated

in Figure 10 (a1) to (a3), the jumping will not happen, this

is because of the fact that the effect of resistance between

the connection pipes is small; (2) under the same set the

excitation signal, the jumping points will be more easily to

happen with the increase of Pressure Ratio, which will make

the pressure in AGC is much higher than the system pressure

in the compression working stroke, and then the annular

piston will be easier to touch the ‘‘Stop point’’; (3) under the

same Pressure Ratio, with the increase of the peak velocity,

the jumping points will not show constant trend, as the whole

system is directly related to the pressure distribution, which

is directly associated with the resistance on friction of piston,

orifices and the connection pipes, which will be investigated

in the future research.

2) OUT-OF-PHASE TEST

Table 6 summarized the test signals adopted in this study

for the Out-of-Phase test. Figure 11 illustrated the simulation

results between the excitation displacement and the output

force for the test signals listed in Table 6

TABLE 6. Out-of-phase (Pressure GC, 0.44Mpa).

Actually, very close conclusion as presented in Figure 10,

can be observed from Figure 11. With the increase of Pres-

sure Ratio, the output force increases, and finally the sys-

tem will be similar to Type 1 IC HPS, as discussed in

Sub-section III(B).

Considering the above investigation and analysis applied

on the Type 3 IC HPS, one can realize that the dynamic

FIGURE 11. Simulation result of Type 3 IC HPS under different
pre-charging pressure in AGC at out-of-phase test.

properties of Type 3 I HPS can be easily modified trough

the pre-charging pressure in the AGC, and its combination

with the orifices between theMC andAC, and the size (length

and dimension) of the connection pipes. Therefore, through

property calibration, the proposed IC HPS design can meet

different practical requirement.

V. CONCLUSION

One kind of Inter-Connected Hydro-Pneumatic Struts (IC

HPS), which is designed based on the developed double-gas-

chamber compacted Hydro-Pneumatic Struts (HPS) integrat-

ing double inner gas chambers, has been proposed in this

research. Based on extensive investigation on the dynamic

properties of the proposed IC HPS, it has been shown that

comparing with the traditional IC HPS designs (Type 1 and

2 IC HPS in Figure 1(a) and (b)), the proposed IC HPS (Type

3 ICHPS in Figure 1(c)) can provide good stiffness properties

comparing with Type 2 IC HPS under Out-of-Phase working

condition, and greatly shorten the distortion working range,

and negative force range comparing with the Type 1 IC HPS.

Considering that the dynamic properties of the proposed

IC HPS is very sensitive to the essential design parameter,

the initial charging pressure of the Annular Gas Chamber

(AGC), extensive design parameter sensitivity analysis has

been conducted on this essential design parameter. The result

suggested that the dynamic of the proposed IC HPS can be

modified in large working range through the pre-charging

pressure in AGC.

Overall, this research presented in this paper suggested

that the proposed IC HPS has more application potential

comparing with other types of IC HPS. Here, it should be

noted that (1) as the main purpose of this research paper

is to propose and verify the validity of the proposed IC

HPS, and for the seeking of clear expression, some important

parameters, such as the inner effect of the friction in the

floating and annular pistons, and the friction models, have

been simplified, which will be one of the future research

topics; (2) although the model validation is based on part of

experimental data, to obtain more accuracy dynamic model,

especially the friction model in the system, completed exper-

imental set-up will be conducted in the future work; (3) other
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effect of design parameters, such as the dimension of the con-

nection pipes and orifices between the MC and RC, will also

be investigated based on the design experimental set-up in the

future works; (4) this paper utilizes the typical test signals

(In-Phase, Out-of-Phase and random test signals) to evaluate

the performance of IC HPS based on force excitation signals,

which is popularly utilized in the first step design analysis

for IC HPS, and the result shows superior performance of the

proposed ICHPS comparing with those presented byWu [15]

and Lin et al [24]; Here, it should be noted that the whole

performance analysis should also include the base excitation

test, which will be future research topic.
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