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Abstract

Because of significantly changed load and complex and variable driving road conditions of commercial vehicles,
pneumatic suspension with lower natural frequencies is widely used in commercial vehicle suspension system. How-
ever, traditional pneumatic suspension system is hardly to respond the greatly changed load of commercial vehicles.
To address this issue, a new Gas-Interconnected Quasi-Zero Stiffness Pneumatic Suspension (GIQZSPS) is presented

between air chambers.

modeling

in this paper to improve the vibration isolation performance of commercial vehicle suspension systems under fre-
quent load changes. This new structure adds negative stiffness air chambers on traditional pneumatic suspension
to reduce the natural frequency of the suspension. It can adapt to different loads and road conditions by adjust-
ing the solenoid valves between the negative stiffness air chambers. Firstly, a nonlinear mechanical model includ-
ing the dimensionless stiffness characteristic and interconnected pipeline model is derived for GIQZSPS system. By
the nonlinear mechanical model of GIQZSPS system, the force transmissibility rate is chosen as the evaluation index
to analyze characteristics. Furthermore, a testing bench simulating 1/4 GIQZSPS system is designed, and the testing
analysis of the model validation and isolating performance is carried out. The results show that compared to tradi-
tional pneumatic suspension, the GIQZSPS designed in the article has a lower natural frequency. And the system
can achieve better vibration isolation performance under different load states by switching the solenoid valves

Keywords Pneumatic suspension, Quasi-zero stiffness system, Gas-interconnected system, Nonlinear dynamic

1 Introduction

Suspension system performs the significant influence
on vehicle ride comfort. The design of new suspension
configurations and matching of corresponding struc-
tural parameters is very important to attenuate the vibra-
tion excitation from the roads, and to maintain tire-road
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contact [1]. Due to significant load changes and complex
driving conditions, commercial vehicles have higher
requirements for suspension. Pneumatic suspension is a
kind of suspension with a non-linear stiffness and a low
natural frequency [2], which is widely used in commer-
cial vehicles and passenger vehicles [3]. For past decades,
according to the vibration isolation theory [4], the non-
linear characteristics of pneumatic suspensions have an
extremely complex effect on the overall vehicle perfor-
mance and have attracted researchers’ attention [5, 6].
Compared with the traditional metal suspension system,
the vehicle equipped with pneumatic suspension system
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can adjust the vehicle height in real time with the change
of driving conditions. Further, the pneumatic suspension
system with quasi-zero stiffness structural characteris-
tics can not only ensure the original load-bearing capac-
ity, but also further reduce the natural frequency and
improve the comprehensive vibration isolation perfor-
mance of the vehicle [7], especially the low frequency and
ultra-low frequency vibration isolation performance [8].
The advantage of quasi-zero stiffness in vehicle vibration
isolation has led to a continuous increase in attention in
this field.

The scope of research on quasi-zero stiffness is very
extensive and has been going through a considerable
period of time. Molyneux [9] first introduced the concept
of Quasi-zero Stiffness (QZS) with one spring placed ver-
tically and two springs placed horizontally, which is the
most typical structure: the three-spring QZS suspension
system. Based on this, Carrella et al. studied characteris-
tics of such QZS systems, including static analysis [10],
static optimization [11], and force transmissibility analy-
sis [12]. This structure has low dynamic stiffness and high
static stiffness which is widely used in practice. However,
this structure cannot change the positive and negative
stiffness and is only suitable for systems with constant
isolation mass. Hao et al. [13] conducted a comprehen-
sive dynamic analysis about the force transmissibility of
the QZS suspension system through an exact motion
equation model. Further, they proposed a two-sided
damping constraint control strategy for QZS isolator,
which can effectively isolate shock and swiftly stabilize
the transient state into the steady state response [14]. The
above researches are all studies on the inherent charac-
teristics of quasi-zero stiffness isolators, and have not yet
been applied to specific objects. Inspired by the three-
spring isolator, researchers explore additional imple-
mentation structures for QZS-based vibration isolation
theory. More realistically, they started putting QZS isola-
tors into specific application scenarios. Complex ways to
realize the negative stiffness like cam-roller-spring [15],
magnetic spring [16], cylinders [17] were implemented.
They applied the magnetic one in a conceptually designed
platform [18], which can achieve 6-DOF low-frequency
vibration isolation. Sun et al. [19] utilized magnetic
spring as a negative stiffness component and analyzed
the effective isolation band. Meanwhile, they applied this
structure to the Stewart platforms to improve its isola-
tion performances in all six directions [20]. However, the
existing quasi-zero stiffness isolation systems are mostly
applied to fixed high-precision instruments, and the
range of vibration isolation is small, which is more diffi-
cult to apply to mobile vehicles.

Generally, QZS isolators are applied to mechanical or
electromechanical structures and most were designed
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based on a constant sprung mass. Although there have
been some studies on the application of quasi-zero
stiffness isolators in vehicle suspensions, they are also
designed based on load invariance. However, the load of
commercial vehicles significantly and frequently changes
[21]. This leads to insufficient vibration isolation fre-
quency bands for traditional commercial vehicle suspen-
sions based on fixed load design, which cannot adapt to
load changes from unloaded to fully loaded. Therefore,
this article proposes a new type of GIQZSPS to improve
the vibration isolation performance of commercial vehi-
cle suspension systems under frequent load changes.
Pipes are used to connect air chambers between positive
stiffness pneumatic suspension and negative stiffness cyl-
inders. By controlling the solenoid valve on pipelines, the
working state of the system can be adjusted to adapt to
frequently changing loads. The static and dynamic char-
acteristics of GIQZSPS system are analyzed in different
states. The main contributions of this paper are summa-
rized as follows.

(1) A new semi-active structure of GIQZSPS system is
realized by controlling the solenoid valves, which
can obtain different dynamic characteristics for
vehicles’ different driving conditions.

(2) GIQZSPS structure parameters influencing the
dynamic stiffness characteristics and comprehen-
sive vibration isolation performance are analyzed.

(3) A dimensionless model of GIQZSPS system is pro-
posed, and non-linear dynamics characteristics of
both two operating states are analyzed by numeri-
cal simulation.

The rest of this paper is organized as follows. A math-
ematical model of GIQZSPS system in the disconnected
and the connected states are developed in Section 2. In
Section 3, the effect of load and damping on the dynamic
characteristics of GIQZSPS system is given using the fre-
quency response. The experimental set-up and results are
presented in Section 4, followed by the conclusions in
Section 5.

2 Nonlinear Modelling of GIQZSPS System

2.1 Structure Description of GIQZSPS

The proposed GIQZSPS is composed of an air spring, two
pairs of double-direction acting cylinders, connection pipe-
lines and solenoid valves. The air spring provides positive
stiffness force to support system load. Double-direction
acting cylinders are arranged in both sides of air spring
to provide negative stiffness force. The position shown
in Figure 1 is the static equilibrium position. By precisely
designing structure parameters, the dynamic stiffness can
approach quasi-zero. Furthermore, solenoid valves are
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Figure 1 Schematic of configuration of GIQZSPS system

applied to regulate the opening or closing of the pipeline
connecting the air chambers between the positive and neg-
ative stiffness components.

2.2 Nonlinear Modelling of GIQZSPS in the Disconnected
State

The dynamic model of GIQZSPS system in disconnected
state includes the model of air spring and cylinders. Fig-
ure 2 shows the motion of GIQZSPS system with all sole-
noid valves closed, where the pneumatic suspension is in a
disconnected state with double-direction acting cylinders.
Due to external excitation such as road profile, the pneu-
matic suspension restoring force F,, in the vertical direc-
tion can be expressed as

F, = F; — 4Fpy 4 sin 6, (1)

where Fs is the vertical spring force, and Fpra is the
force generated by a pair of double-direction pneumatic
cylinders.

For the positive stiffness system, the stiffness model of
pneumatic suspension can be derived explicitly as

2

A
K = n(P, pP)—&—, 2
n(Pos + Py) (Vo — Az) ( )

P, ‘
P, Sprung mass
Pneumatic n
Cylinder i
v PV,

Air Spring

Figure 2 QZS pneumatic isolator diagram
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where K is the pneumatic suspension stiffness, # is the
gas polytropic index, this value depends on the gas flow
rate inside the air spring. # is generally chosen as 1.3-1.4,
and it can be regarded as an adiabatic process, Py, is the
initial air pressure of the air spring, P, is atmospheric
pressure, Po. is the initial air pressure of the negative
stiffness cylinder, A, is the effective area of the pneumatic
actuator piston, Vj is the initial volume in the air spring,
and z is the displacement of the sprung mass relative to
the initial position.

As illustrated in Figure 3, the global static stiffness
characteristics of this isolator depends on the air spring
initial pressure Py, atmosphere P, and the angular devia-
tion 6 of cylinders from its horizontal reference. In the
equilibrium position, the distance between two hinged
points is Lg. When the sprung mass moves z, the cylinder
turns an angle 6. The distance of piston moves inside the
cylinder is d. The relationship between those parameters
can be expressed as

zZ — 20
Lo ) ®)

Correspondingly, the piston moves d:

d=\/L3+ (z — z0)*> — Lo. (4)

The vertical restoring force can be rewritten as follows:

f=arctan (

AZ
Fy = n(Poa + Pa)TeZ

d
—4A | Py, 0 — P, |sing
do+\/L3+22— Lo
(5)

Figure 3 Double-direction pneumatic cylinder diagram
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In the formula, A is the cross-sectional area of the dou-
ble-direction pneumatic cylinder, and v is the volume of
the air spring after being stretched or compressed. Define
the following dimensionless coefficients as

(04 Py, Py,
0= i Bo= 2B = =X
Ol—l—l—\/l—)/z P, P,
do z A Vo
(X:i...)/:i...}vzi...(g: .

Ly Lo A AcLg

In term of dimensionless form, Eq. (5) is rewritten as
1)
Fr=Fs — Fn = n(Bo + 1)m

o " 5
— 4 _— ] —1 .
* {ﬁ1<a+\/1+82—1) }«/1+82

(6)

By differentiating Eq. (6) with respect to the dimen-

sionless displacement §, the dimensionless non-linear

stiffness K, of GIQZSPS system in the disconnected state
is obtained as

K. = n(Bo+ 1) £ " 1
= 0 —_— R
' -2 T atei ?)
—n82<pn+1:| — 41;.
a(l + 82) 1+ 52)%

To analyze dynamic characteristics of the quasi-zero
stiffness system, the structure parameters should satisfy
some quantitative equations [22]. The quasi-zero stiffness
is supposed to occurs near the equilibrium [23]. That
means the stiffness K, = 0 when § = 0. By incorporat-
ing this equation into Eq. (7), it can be calculated that the
necessary condition for the system stiffness to achieve
quasi-zero can be obtained as follows:

n(Bo + 1)% — 481 — 44 =0. (8)

As §hown in Eq. (8), it can be found that system stiff-
ness K, is influenced by parameters Py, Lo and dj.

2.3 Nonlinear Modelling of GIQZSPS in the Connected
State

In connected state, the air spring and four double-
direction acting cylinders are linked by pipelines. As
shown in Figure 4, when valve 1 and 2 are open, the
gas flow between the cylinders and the air spring is
allowed to exchange. And connecting pipeline diagram
is shown in Figure 5. The systematic analysis reveals
that the pressure, volume and mass of the cylinders
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Figure 5 Connecting pipeline diagram

changes dramatically. GIQZSPS can be regarded as an
adiabatic process without heat exchange between the
gas and the external environment [24-26]. Based on
the above assumptions, the GIQZSPS composed of air
spring, pipelines and double-direction acting cylinders
can be divided into three parts. It includes mathemati-
cal model of state parameters of air spring and double-
direction acting cylinders, pipeline model and mass
exchange model. According to the process of suspen-
sion compression, the mathematical model of GIQZSPS
system is established theoretically. The modeling pro-
cess is as follows.

Mes

Double-Acting
Cylinders

Mes k

Air Spring

Ma

Pipe

Figure 6 Gas Mass exchange of the connected state
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Then, the gas state can be expressed as follows:

k
p<2> = cons. 9)

The instantaneous mass and volume of air in each
chamber is calculated as

t
m = mo + / mdt, (10)
0

V=V—A4.-d (11)

Compressed gas exchange between the air spring
and double-direction cylinders mainly depends on the
flow characteristics of the pipe. Therefore, the accurate
mathematical description of the flow can better reflect
the dynamic characteristics.

Two ends of the pipe are simplified into two throt-
tling holes with the same cross-sectional area. There-
fore, flow area S. can be calculated by multiplying the
square of pipeline inner diameter D. The mass flow rate
of gas flowing through the pipeline can be expressed as

—SeP1y/ 7 (

k+1
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distribution model of pipe flow is used to reflect the pres-
sure loss along the pipe and the hysteresis of air trans-
mission [27], so that the model can be more accurately
described as

0, t<é,
_RRyTyl | ; ;
e 2 “mp(O,t— 5), > .

iy (L, ) = (13)

In the formula, / is the length of the pipeline; a is the
speed of sound, taken as 345.2 m/s and ¢ is the time for
gas to flow through the pipeline. In addition, gas mass
exchange will occur in the suspension system when air
chambers are connected. In the process of vehicle vibra-
tion, there is a certain pressure difference between the air
spring and the double-direction acting cylinder due to
the different internal gas pressure change speed. Because
of the existence of pipeline, the two can exchange mass.
The mass exchange between the air spring and the dou-
ble-direction acting cylinder is shown in Figure 6.

In fact, the connected state is to use the pipeline to
realize the mass exchange of gas in the positive and nega-
tive stiffness air chamber. During the vibration process,

k+1

k-1 P
) B < p,

qm =

2 k
2k P\ k Py | k+1 P
—Selr mmn{(ﬁ) - (%) }"Kfffl'

(12)

1

Among them, P; is the gas pressure at the pipeline
inlet, Py is the gas pressure at the pipeline outlet, 77 is the
gas temperature at the pipeline inlet, R is the gas related
parameter, and its value is R =287 N-m/(kg - K).
Where b is critical pressure ratio. The disconnected state
can be seen as a special situation with the area of throt-
tle orifice zero, S, = 0. Meanwhile, considering the pipe
length, internal friction and other factors, the dynamic

t

M1 = M1 — / Hge1dt,
0
t

My = Mea0 — / Hgedt,
0

t
Mmce3 = Mc30 — / Tge3dt,
0

t
M4 = Mg — / Mgeadt,
0

the mass parameters of the air spring and the double-
direction acting cylinder model also need to be changed
in time. When the system is connected, the positive and
negative stiffness elements of each suspension generate
gas flow and exchange through the pipeline. With the
central air spring as the reference point, the instantane-
ous mass of gas in each air chamber is as follows:

t t t t
Mg = Mgo + / g dt + / Macadt + / Mge3dt + / geqdt,
0 0 0 0

(14)
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Figure 7 MATLAB/Simulink model

where 71, is the mass flow of pipeline gas when the gas
in the negative stiffness chamber i flows to the air spring.
Combined with the state model of air and double-direc-
tion acting cylinder and the pipeline mass flow model
mentioned above, the corresponding simulation model is
built in the MATLAB/Simulink environment, as shown
in Figure 7.

3 Nonlinear Dynamic Analysis of GIQZSPS System
3.1 Frequency Response of GIQZSPS

The stiffness characteristic is a part of the dynamic
characteristic of the system. Dynamic analysis is an
important means of exploring system characteristics.
The force displacement relationship of the quasi-zero
stiffness vibration isolation system can be approxi-
mated as a cubic polynomial which is shown in Fig-
ure 3. The restoring force in the disconnected state can
be approximately obtained by Taylor series expansion
[28] at z = 0 and push to

1
k —4A[Poc — Pyl —————== |z

\/LE+ 22
1 3

)

In the complex connected state of GIQZSPS system,
the force-displacement fitting cubic term is used to sim-
plify the calculation as follows:

F =

+ 2A[pOc _Pa]
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stiffness I:j Damping
element
S
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Figure 8 QZS isolator force transfer structure diagram

F = kz+ k2. (16)

The quasi-zero stiffness vibration isolation system is
shown in Figure 8. It includes the mass m on the spring
and the external damper with damping coefficient is c.
The GIQZSPS system composed of vertically placed air
springs and two pairs of horizontally fixed double-direc-
tion acting cylinders, as well as the connecting rod and
other mechanisms. Under the action of simple harmonic
exciting force f = Fcoswt, the mass vibrates up and
down near the equilibrium position. The force acting on
the ground by the system is f;.

Under the action of external harmonic excitation force
f = F coswt, the mass oscillates up and down near the
equilibrium position. The dimensionless form of the sys-
tem dynamics equation can be changed to

%+ 2 wox + 3 (& + e5) = Feoswt. (17)

In the formula, & = ﬁ, wo = \/%, &= % The peri-

odic response of the system can be written as:

x(t) = A cos(wt + @). (18)

Substituting Eq. (18) into Eq. (17) yields:
(a)(z) — a)z)Acos(a)t + @) — 2EwowAsin(wt + @) 19)
19

+ sa)(z)AS’cos3 (ot + @) = Fcoswt.

By ignoring higher-order harmonic terms, the coeffi-
cients of the second and third terms equal to zero. There-
fore, the following equation can be obtained

3 A
(a)2 — a)z)A + ZeawiAd = Fcosgp,
0 2540 (20)
—2£wowA = Fsing.
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Figure 9 Frequency response in two working states

The system amplitude frequency response function
can be obtained by subtracting the phase from Eq. (20)
as follows:

3 2 .
{@g —wHA + 4860(2)A3:| + (—2EwowA)? = F2.
(21)
Simplify Eq. (21) as follows:

2

[(1 — QDA+ iyAg} + (—26QA)% = F?, (22)
where Q = wﬂo,y = wio

The frequency bifurcation phenomenon is shown in
Figure 9. It bends the resonant peak toward higher fre-
quencies. The equilibrium point exists when the external
excitation Q < €, or Q > Q in system disconnected
state. When the external excitation is within this inter-
val, GIQZSPS has two stable states. The upper branch is
the vibration with larger amplitude and the lower branch
is the vibration state with relatively smaller amplitude.
The amplitude changes up or down to another branch
when the excitation frequency is further increased or
decreased, resulting in the instability of GIQZSPS sys-
tem. Obviously, compared to the disconnected state,

Page 7 of 15

12 T T T T T

—— m=empty

104 — mz=half
m=full

A
.
24
04
T T T T T
0.0 0.5 1.0 15 2.0 2.5 3.0
Q
(a) Connected state
10 T T T T T
— m~empty
s m=half i
m=full
6 i
A4 i
| g
04 =
T T T T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0

(b) Disconnected state

Figure 10 Amplitude-frequency response of GIQZSPS
under different loads

the frequency bifurcation range of connected state is
decreased which makes GIQZSPS system more stable.
However, the maximum amplitude of the upper branch
increases significantly, which makes the isolation perfor-
mance worse.

Eq. (22) consists of a quadratic equation in ©2 solving
the above quadratic equation for Q2 gives

VA2 (454 — 3y A2 1482 — 352y A2) 4 2

(23)

3
Qo = <1 —rA+ 2§2> +
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Figure 11 Effect of stiffness on jump frequency €, Q4 in connected
and disconnected state

In case of 21 = Qo
A2(4E% — 3y A% +4E2 — 382 yAH) + F2=0.  (24)

The maximum amplitude corresponding to the jump
frequency can be obtained as
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If 4(£* + £2)% << F?(3y + 3£2y), the equation above
can be simplified as

Amax = | B
max — 3y+3$2y‘

Jump-up frequency €2, and jump-down frequency
€24 can be obtained by combining Eq. (23) and Eq. (26).
It illustrates that excitation force amplitude F, stiffness
y and damping ratio £ impact the isolation performance
of GIQZSPS. y mainly depends on the system mass.
& mainly depends on the system damping coeficient.

The frequency bifurcation phenomenon of GIQZSPS
system always exists in the absence of a damper. The fre-
quency response curve of system bends to right owing to
the non-linear stiffness characteristics. Figure 10 show
the influence of load on frequency response. The increase
of sprung mass will enlarge the jump frequency inter-
val, which is not conducive to the stability of GIQZSPS
system.

Through analysis Figure 10, it can be found that the
stability of the system is mainly affected by the system
load and damping ratio. The larger the load, the smaller
the damping ratio, and the poorer the stability of the sys-
tem. A larger damping ratio can eliminate the jumping
phenomenon of the system and ensure its stability. Com-
pared to others, the stability of quasi zero stiffness non
connected states is more sensitive to parameter changes.

Figure 11 shows the relationship between the jump-
ing frequency 2, 24 and the dynamic stiffness y under
different sprung mass m,. Apparently, the impact of
load on the jump-down frequency 2, of GIQZSPS sys-
tem is much greater than that on jump-up frequency
Q.. In addition, the disconnected state is more sensi-
tive to sprung mass. For example, when y = 6, the fre-
quency interval of the disconnected state is 1.386. And
the frequency interval in connected state is 1.108. In Eq.
(23), the jump-down frequency 2, contains higher sub-
term of stiffness y than the jump-down frequency €2,,.

(26)

264 + 2+ \/4EH + £ + P23y +36%)

(25)

max —

3y + 3£2y
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Figure 12 Amplitude-frequency responses of connected state and disconnected state

Meanwhile, the value of stiffness y in the disconnected
state is larger. Therefore, the jump interval in the discon-
nected state is larger than that in connected state.

Figure 12 shows the effect of the damping ratio £ on
the amplitude-frequency response. For a small damping
ratio £ = 0.00015, the jumping phenomenon still occurs
when the excitation frequency fluctuates up and down
throughout the frequency domain. As the damping ratio
& increases, the maximum amplitude Ap.x decreases
which lead to the system more stable. The jump-up fre-
quency €2, is constant because the effect of the damping
ratio & can be neglected in the calculation. In Figure 13(a)
and (b), when the damping ratio § < 0.05, the jump-
down frequency 2; decreases rapidly with the increase of

the damping ratio £. When the damping ratio reaches to
a certain position, the jump interval is equal to zero, and
the jump phenomenon disappears, and the damping ratio
& at this time is the critical damping ratio of GIQZSPS
system. The main difference between the two states lies
in the critical damping ratio. The critical damping ratio
of connected state is around 0.1, while the disconnected
state is less stable and requires a larger critical damping
ratio of 0.124.

3.2 Force Transmissibility of GIQZSPS
To compare the vibration isolation performance of the
suspension, the force transmissibility of GIQZSPS system
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Figure 13 Amplitude-frequency response of connected state
and disconnected state with different damper

is calculated. The force transmitted to the unsprung mass
through the quasi-zero stiffness suspension is

Fi=cz+F, (27)
. 3 2
E = <A + 4yA3> + (26wA)2. (28)
The force transmissibility is derived as
3 2
(A + ayAS) + (26wA)? 29)

T =

F2

Obviously, the force transmissibility of GIQZSPS sys-
tem in connected and disconnected states are function of
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Figure 15 Force transmissibility of connected state in different loads

damping ratio, stiffness and excitation force amplitude.
Whereas the force transmissibility of the linear system
only depends on damping ratio.

Figure 14 presents the force transmissibility of
GIQZSPS system in connected and disconnected states
and the air spring. The natural frequency and resonance
peak of GIQZSPS system in the disconnected state are
the smallest, and the vibration isolation performance is
better. GIQZSPS system in the connected state has simi-
lar natural frequency in the disconnected state. However,
its resonance peak without load is much higher than that
in the disconnected state, which results in worse isolation
effect.

Through analyzing the effect of load on the isolation
performance, different loads in connected state can be
compared. As shown in Figure 15, GIQZSPS system in
connected state is sensitive to the system load. As the
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Figure 16 Experimental setup of GIQZSPS

Table 1 Initial pressure of air spring and cylinders

Experiment Pressure in air Pressure in
spring (bar) cylinders (bar)
Pneumatic suspension 2.5 -
2.8 -
Disconnected 2.5 33
2.8 36
Connected 2.5 25
2.8 28

load increases, the resonance peak decreases obviously,
resulting in a better isolation performance.

4 Experiment and Validation

4.1 Experimental Apparatus

Figure 16 shows the experimental setup of the pro-
posed system. This servo system includes mainly a
hydraulic cylinder controlled by a servo valve and con-
troller. A single-channel servo hydraulic system is used
to create kinds of ideal excitations such as sinusoidal
exciton and random exciton. Experiments are divided
into dynamic experiments with sinusoidal signals and
dynamic experiments with random exciton. A motion
sensor is installed to measure the vertical relative dis-
placement between the excitation stage and the sprung
mass, while two acceleration sensors are glued on the
excitation stage and sprung mass.

4.2 Frequency Responses with Sin Road Profile

To maintain consistency, a sinusoidal excitation
with the same amplitude as a single channel servo
hydraulic system is given. Frequency is controlled
within 0.5-10 Hz. According to the simulation of

Model-in-the-Loop (MiL), the natural frequency of
GIQZSPS system in two working states is about 0.6 Hz.
In order to study the characteristics of GIQZSPS and
traditional air suspension, we conducted the follow-
ing comparative experiments. The comparison model
adopted includes: (1) GIQZSPS system in connected
state (2) GIQZSPS system in disconnected state and (3)
pneumatic suspension. The pneumatic suspension is a
single air spring without an additional air chamber. Ini-
tial pressure of air spring and cylinders of each system
are given in Table 1.

The time-domain response is measured by accelera-
tion sensors located on the sprung and unsprung mass.
Response relationships between acceleration and time
under three system working states when low (0.5 Hz) and
high frequency (5 Hz) signals are input which are shown
in Figure 17. When the air pressure of air chambers on
both sides are 0, GIQZSPS system can be regarded as an
ordinary air spring. Generally, GIQZSPS system shows
no isolation effect at 0.5 Hz near the natural frequency.
The acceleration amplitude of the sprung mass is larger
than that of unsprung mass. Vibration isolation effective-
ness is obvious at high frequency. In the experiment, the
force transfer rate is the ratio of the root mean square
value of the acceleration of the mass block to the root
mean square value of the acceleration of the excitation
table. By converting the acceleration responses of the sys-
tem under synchronous frequency excitation into root
mean square values, the force transfer rate of the system
under different frequency conditions is calculated. The
results are shown in Figure 18.

After processing time-domain response at different
frequencies, Root Mean Square (RMS) of acceleration is
obtained. The force transmissibility in the experiment is
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obtained by the ratio between the RMS of sprung mass
and unsprung mass.

Test results of GIQZSPS system are compared with
the simulation in Figure 19. There still exists a difference
between the theoretical and test results especially within
the 1-3 Hz frequency. It is assumed that the mass oscil-
lation is in a steady state with small amplitude near the
static equilibrium position. Furthermore, the natural
frequency of the experimental bench itself will have an
impact on the overall effect, which cannot be simulated
in the theoretical derivation. However, the natural fre-
quency attained from the theoretical solution are essen-
tially the same as those obtained from the experiments.

In addition to the no-load case, experiments under full
load are also conducted to investigate the effect of load
variation on the damping performance under different
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the force transmissibility is distinctly higher than that Figure 20 Force transmissibility of different suspension system

in natural frequency. And force transmissibility around
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3 Hz under light load will also be improved. However, it
is still far below the value in the natural frequency.

GIQZSPS system is sensitive to sprung mass. Com-
pare to the simulation, the most obvious difference in the
experimental results lies in the attenuation of force trans-
missibility in the middle frequency band (1-3 Hz). The
simulation results show that the force transmissibility in
the mid-frequency band gradually decays from higher
values to lower values. It is evident from the experiments
that there is a smaller decrease or even an increase in the
force transmissibility in the mid-frequency band. The
possible reason is that the natural frequency of the bench
itself is close to the transmission rate of suspension force
in this frequency band, resulting in the diffusion of sin-
gle point resonance as regional resonance. This may have
prevented the force transmission rate from declining as it
should have.

5 Conclusions

This article aims to establish a brand-new air suspension
system to solve the problem of significant load changes
in current commercial vehicles. Furthermore, character-
istics of GIQZSPS in connected and disconnected states
can reflect its advantages and disadvantages compared
to traditional air suspension. The findings clearly indi-
cate that stiffness characteristics of GIQZSPS can be
influenced by structural parameters, cylinder pressure
and sprung mass. Main conclusions were summarized as
follows:

(1) A static analysis of the influence with different
structural parameters on GIQZSPS stiffness was
performed. The analysis points out that when air
spring stiffness is constant, the air pressure in cyl-
inders has the greatest influence on the system stift-
ness.

(2) The pipeline model and the influence of parameters
on the stiffness of the system are introduced. The
analysis shows that the length of pipeline is posi-
tively correlated with the frequency band of stift-
ness change, while the diameter of pipeline is nega-
tively correlated with that.

(3) The influence of stiffness and damping ratio on the
frequency response in the two states is also ana-
lyzed. The simulating results show that the natu-
ral frequency of GIQZSPS in disconnected state
is small, the resonance peak is low, and the vibra-
tion isolation performance is better. The frequency
bifurcation phenomenon is more obvious, the criti-
cal damping is relatively large, and the stability is
relatively poor.
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(4) The validity of GIQZSPS system is verified through
bench experiments. The experimental results
clearly show that GIQZSPS has excellent isolation
performance in the two states. However, the experi-
mental results also show that the force transmissi-
bility of GIQZSPS in the two states has two reso-
nance peaks, which means that GIQZSPS is more
susceptible to the influence of the natural frequency
of the experimental bench.
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