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Abstract. With heavy multi-axle vehicle interconnected suspension system as research object, a
mathematical model of elastic force of four-axis interconnected hydro-pneumatic suspension system
is established and simulation and bench test are carried out. Based on the mathematical model, the
stiffness characteristics of interconnected suspension and independent suspension under different
working conditions are compared and analyzed, and the stiffness characteristics of interconnected
suspension are also parametrically analyzed. The results show that compared with independent
suspension, the stiffness of interconnected suspension system is increased and the nonlinear
characteristics are obvious under single wheel excitation and rolling conditions. Each parameter has
different influence on stiffness characteristics. The vertical stiffness increases with the increase of the
diameter of piston rod, the increase of the initial pressure and the decrease of the initial volume of
accumulator. The roll stiffness increases with the increase of the diameter of the cylinder, the
decrease of the diameter of piston rod, the decrease of initial volume and the increase of initial
pressure of accumulator, and the increase of installation distance of two cylinders

1. Introduction

As large loading and transportation vehicles, heavy multi-axle vehicles are necessary for the
development of military vehicles and off-road vehicles [1]. Heavy multi-axle vehicle mostly adopts
hydro-pneumatic suspension to improve riding comfort and stability. The interconnected
hydro-pneumatic suspension system is widely used in heavy multi-axle vehicles now because of its
nonlinear stiffness, balancing the load of each axle, anti-roll and so on, which is superior to
independent suspension [2].

Domestic and foreign scholars have conducted extensive research on hydro-pneumatic suspension
system. CAO et al. studied the roll stiffness, pitch stiffness and damping characteristics of
interconnected suspension system with different modes [3]. Smith et al. studied the dynamic
characteristics of an off-road vehicle equipped with hydraulic interconnected system [4]. Wang Zeng
Quan, et al. considering the factors of oil compression and piston rod friction, established a nonlinear
model of interconnected hydro-pneumatic suspension, and verified by test [5]. Zhang Junwei
established the mathematical model of interconnected suspension system under multiple working
conditions and analyzed the system characteristics [2]. Chen Sheng Zhao et al. designed a rolling
interconnected hydraulic suspension system, established a mechanical-hydraulic coupling vehicle
dynamics model, and carried out tests to analyze the effect of key parameters on vehicle [6]. Ding Fei
et al. deduced the impedance matrix of hydraulic subsystem based on transfer matrix method,
established the multi-body dynamic equation and studied the vibration characteristics of the car body
[7].

Based on the research of characteristics of two-axis interconnected suspension, we establish the
elastic force mathematical model of four-axis interconnected suspension system for heavy multi-axle
vehicles. The stiffness characteristics of interconnected suspension and independent suspension
system are compared and parameterized, which provides theoretical basis for reasonable design and
parameter determination of stiffness for interconnected suspension system.
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2. Elastic Force Model of Interconnected Hydro-Pneumatic Suspension

In order to further improve driving performance of heavy multi-axle vehicles, the cylinders and
accumulators of hydro-pneumatic suspension system are connected based on certain rules to achieve
load balancing and anti-rolling functions. Without affecting output force characteristics of suspension
system, the system is simplified and the connection diagram of four-axis interconnected
hydro-pneumatic suspension system is shown in Fig.1.

Py 1R, P, 3R, Pos R Po7 Ry
Fig. 1. Connection diagram of four-axis interconnected hydro-pneumatic suspension

Compared with independent suspension, each of four oil cylinders sharing one accumulator on the
left and right sides, each cylinder is not cross-connected. In the four-axis interconnected suspension
system, the rod cavities and rodless cavities are connected through hydraulic circuit, and the right and
left coaxial oil cylinders are cross-connected to achieve anti-rolling function. The rod cavities are
connected to each other, and the rodless cavities are connected to each other on the same side to
realize balancing axial loads function. The whole suspension system is composed of two identical
hydraulic system oil circuits, and an accumulator is connected in the middle of each oil circuit. When
wheels are excited by vertical vibration, the movements of piston rods cause flow of oil in hydraulic
circuit, so that the volume of accumulators are changed, resulting in the output elastic force of
suspension system [2][8].

In order to reduce complexity of elastic force model, the following assumptions are made [6][9].

(1) The effect of temperature on oil characteristics is neglected and oil compressibility is not
considered;

(2) There is no leakage of oil and gas in the whole suspension system,;

(3) The cylinder is a rigid body without compression, and the geometric sizes of cylinder are the
same;

(4) The effect of friction is not considered.

As shown in Fig.1, assuming that the initial volume and pressure of two accumulators under static
equilibrium state areV, , P, , the volume and pressure of the left accumulator at any time
areV, , P, .The volume and pressure of the right accumulator areVy , Py . According to the law of gas
thermodynamics[10], the equation of state of two accumulators is obtained.

RV, =RV, =RV’ (D

Where, 7 is the adiabatic index of the gas, the whole process is an adiabatic process.

With the left accumulator as research object, the volume of accumulator at any time is related to
the displacement of piston rod and initial volume of accumulator.

Ve =V, —AV, (2)
AV, = A(X + X+ X+ X)) = A (X, + X, + X, + %) 3)

Similarly, the volume change of the right accumulator can be obtained.

AVp = A + X, + X+ X) = A (X + X + X5+ X)) 4)

Based on formula (1) ~ (4), we can obtain,
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— P0V07 (5)
) [\/0+A2(X2+X4+X6+X8)_A|(X1+X3+X5+X7)]y
PV,
R e (6)

[Vo + Az(xl XX+ X7)_ A|(X2 X+ X+ Xg)]7
Where, the relative displacement of the wvertical vibration of each cylinder piston is
x(=L2,3,4,5,6,7,8). Ais the area of the rodless cavity of cylinder, A, is the area of rod cavity,

and the diameter of piston rod isd , then, A — A, =zd* /4.

According to analysis of hydro-pneumatic suspension, the output force of each cylinder can be
obtained as follows[5],

F=P;A —FA, (7)

Where, P, is rodless cavity pressure, P,;is rod cavity pressure.
There are pressure losses in oil flowing, which mainly include resistance loss along the way,
partial pressure loss, and pressure loss caused by one-way valves and orifices. According to the flow

direction of oil shown in Fig. 1, the relationship between the pressure in accumulator and the pressure
in rod chamber and rodless chamber of any cylinder can be obtained.

P+AP.+AP, i=13,57
a@ {PR +AP AP, 1=2,4,6,8 ®)
P+AP AP, +AP. i=13,5,7
b { P.+AP.+AP, + AP, i=2,4,6,8 ©)

Where, AP, and AP, are the local pressure losses at outlet connection of the left and right
accumulators; AP, is the pressure loss along oil path to rodless cavity; AP; is the pressure loss along

oil path to rod cavity; AP;is the pressure loss caused by damping hole and check valve of each

cylinder.
Based on formula (7) ~ (9), the output force of cylinder can be obtained.

F- _ (PLAI - PRAZ) +[(APL+APai)A1 _(APR+APbi +Apﬁ)A2] I = 1:3:597
" (P,A —P A)+[(AP,+AP A — (AP +AR, + AP,)A] i=2,4,6,8
From formula (10), it can be seen that the pressure of accumulator determines the elastic force of
hydro-pneumatic suspension system. The pressure loss determines the damping force, and the output
elastic force F; of cylinders can be obtained as,

PA-RA 1=13)5,7
PRA_PLAZ i1=2,4,6,8
According to formula (5), (6), (11), the elastic force of cylinders can be obtained.

With cylinder 1 as the research object, the output elastic force of cylinder suspension is obtained
under the motion of cylinder 1 piston rod.

(10)

ki

(1)

_ Al P0V07 _ A2P0V07
Fkl _(Vo_Alx)y (V0+A2X)y (12)

Assuming that the pressure and volume of accumulator under static equilibrium state respectively
are Pp=72MPa | V,=3.0L  the diameter of cylinder and piston rod respectively

areD=0.14m,d =0.10m . The elastic force characteristic is shown in Fig.2, and the elastic force
increases nonlinearly with the piston compression displacement.
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Fig. 2. The elastic force characteristic of hydro-pneumatic suspension

3. Simulation and Test

According to analysis of output force in the elastic force model of interconnected suspension, the
modules of accumulator, cylinder, oil chamber, one-way valve and damping hole are selected in
AMESim software to model the independent hydro-pneumatic suspension. The theoretical analysis
of elastic force model and simulation model are verified by bench test, which lays a foundation for
analysis of stiffness characteristics of interconnected suspension.Fig.3and Fig.4 are independent
suspension simulation model and bench test respectively.

Fig.3.Independent suspension AMEsim model Fig.4.Hydro-pneumatic suspension bench test

Fig.5.shows the independent hydro-pneumatic suspension force characteristics comparison by
simulation and test under sinusoidal excitation Z = 0.02sin(27zt) . It can be seen from Fig. 5 that the
difference between test and simulation curve is mainly at the two end points but the change tend is
same during the process (especially in the equilibrium position). In overall stretching process of
-2mm—+20mm, the force values are between 0.24~1. S6KN.In overall compression process of
+20mm—0—-20mm, the force values are between 0~4.05KN. The simulation values in the overall
stretching process are slightly smaller than the test values, but the simulation values of the overall
compression process are slightly larger than experimental values, the reason is that the friction force,
the weight of cylinder and fixture are ignored in the force characteristics model. The overall data
deviation is within the margin of error, which can be used as the basis for theoretical analysis of the
elastic force model of interconnected hydro-pneumatic suspension.
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Fig. 5. The output force characteristics comparison

4. Analysis of Stiffness Characteristics of Interconnected Suspension System

4.1 Stiffness Characteristics Under Vertical Condition

Only one cylinder is subjected to vertical excitation under single wheel vertical excitation
condition. Taking cylinder 1 as the research object, assuming that X, = X, X, =0 i=2,... ,8according
to the definition of stiffness, the stiffness of hydro-pneumatic suspension can be obtained under

single wheel vertical excitation condition by taking derivation of formula (12) with respect to the
displacement X [8].
oF, ? ?
K =—%=yRV/( A ot A 7) (13)
X (Vo - Alx)y (Vo + Azx)y
As for the independent hydro-pneumatic suspension system, each cylinder is independent, and

four cylinders on the left and right sides share an accumulator. Under single wheel vertical excitation
condition, the output elastic force and vertical stiffness are,

R = —ofY (14)
YV - AXY
. OF' 2yPV.7
K =Sk o A\)700+1 (15)
ox - (Vo—AX)Y

The stiffness characteristics under single wheel vertical excitation condition are compared as
shown in Fig.6.
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a) Interconected Suspension b) Independent Suspension

Fig. 6. Stiffness characteristics comparison of suspension system
From the stiffness characteristics comparison in Fig.6, it can be seen that the stiffness increases
during the compression process, which impedes the relative movement of piston rod. The stiffness of
interconnected suspension system is much larger than that of independent suspension system. Its
nonlinearity is also superior to that of independent suspension.
Assuming that the relative displacement of all pistons is the same under vertical excitation
condition, that is, X, = X(i=1,2...,8) | according to the elastic force model, the elastic force of the

suspension is obtained.
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PV, .
Fo=—20_1p g (16)
(\/0_4X'Ab)
Under this condition, the elastic force characteristics of interconnected suspension and
independent suspension are the same, and the vertical stiffness is
oF, 4y APV,
k= T A (17)
X (Vy—4AX)

Formula (17) reflects the vertical stiffness characteristics of interconnected suspension under
vertical excitation condition. The main influence parameters are the initial volume, initial pressure of
accumulator and piston rod diameter. Fig. 7~9 show the effect of each parameter on vertical stiffness.
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Fig. 7. Vertical stiffness characteristics
under different diameter of piston rod

Fig. 8. Vertical stiffness characteristics
under different initial pressure
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Fig. 9. Vertical stiffness characteristics under different initial volume

As can be seen from Fig.7~9, when suspension displacement is small, the stiffness is small, which
is beneficial to its smoothness. As compression displacement increases, the stiffness of
interconnected suspension system increases nonlinearly. As the diameter of piston rod increases, the
vertical stiffness increases, the nonlinear characteristics increase. The initial pressure of accumulator
has less influence on vertical stiffness under this working condition, and the initial pressure increases,
and the vertical stiffness increases, and the nonlinear characteristics do not change significantly. As
the initial volume of accumulator increases, the vertical stiffness decreases.
4.2 Stiffness Characteristics Under Rolling Condition

The piston displacement of the right and left suspension cylinder is opposite under rolling
condition. Assuming that the roll angle is ¢ and the installation distance of two cylinders between left

B
and right is B ,the cylinder displacement X 55, = E(p s X468 = _E¢ ,and the roll moment of
suspension is obtained as follows,
B
M(p:E(Fkl+Fk3+Fk5+Fk7_Fk2_Fk4_Fk6_Fk8) (18)

Based on formula 5, 6, 11and 18, the roll moment of interconnected suspension system can be
obtained.
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__2BA+A)RVY _ 2B(A+ ARV

19
"Ny 2Bo(A+A)T [V, + 2Bo(A AT (19

However, the roll moment of independent suspension is
«_ 2BARV/  2BARV/

= (20)
" (v, -2ABp)y  (V,+2ABe)
With taking the derivation of roll moment with respect to roll angle ¢, the roll stiffness of
interconnected suspension and independent suspension can be obtained.

_aM‘/’ _ 4BZ(A|+A2)27/POV0}/ +4BZ(A+AZ)27/POV0}/ (21)
" 0p  [V,—2Bp(A+A)I [V, +2Bp(A+A)T
oM, _ 4BAY/RV)  4B’ATRV/
7 8p  (V,—2BpAY) (V,+2BpA)"
Fig.10 and 11are the roll moment and roll stiffness characteristics comparison of interconnected
suspension and independent suspension system. It can be seen that the roll moment and roll stiffness

of interconnected suspension system are much larger than that of independent suspension, and the
nonlinearity of roll stiffness is also better than that of independent suspension. For interconnected

suspension system, when the roll angle |§0| <3, the roll stiffness is small and can keep a certain value,

(22)

that is, the roll moment increases linearly at the equilibrium position. When the roll angle |(p| >3 the

roll stiffness increases rapidly with the increase of roll angle. When the roll angle of vehicle is large,
it can provide a very large roll stiffness and improve stability of vehicles. For independent suspension
system, the roll stiffness increases as parabola, and its nonlinear characteristic is poor.
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a) Interconected Suspension  b) Independent Suspension a) Interconnected Suspension b) Independent Suspension

Fig. 10. Roll moment characteristics comparison Fig. 11. roll stiffness characteristics comparison
Formula (21) is an expression for the roll stiffness of interconnected suspension system. The roll
stiffness of interconnected suspension system is mainly affected by the diameter of cylinder, the
diameter of piston rod, the initial pressure and initial volume of accumulator, the installation distance
of cylinders between left and right. Fig.12~16 show the influence of different parameters on roll

stiffness.
5 5x10° 55X 10’
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Fig.12.Roll stiffness characteristics Fig. 13. Roll stiffness characteristics
under different cylinder diameter under different piston rod diameters
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Fig. 16. Roll stiffness characteristics under different installation distance
From Fig.12 ~16, it can be seen that roll stiffness of interconnected suspension system increases
and the nonlinear characteristic is enhanced with the increase of the diameter of cylinder. The smaller
the diameter of piston rod is, the larger the roll stiffness is, and the nonlinear characteristic is obvious.
With the increase of initial pressure of accumulator, the roll stiffness increases, but the influence on
nonlinear characteristics is not obvious. The smaller the initial volume of accumulator, the greater the
roll stiffness and the more obvious the nonlinear characteristics. Increasing the installation distance

of cylinders between left and right will increase roll stiffness and enhance nonlinearity.

5. Conclusion

The elastic force model of four-axle interconnected suspension system for heavy multi-axle
vehicle is established, and the simulation and test are carried out. The stiffness characteristics of
interconnected suspension and independent suspension are compared and analyzed under different
working conditions. The following conclusions are drawn:

(1) Compared with independent suspension, the interconnected suspension system can provide a
larger and more nonlinear vertical stiffness under single wheel vertical excitation condition. And
under rolling condition, it can provide a larger roll stiffness and improve stability of vehicles. When
the roll angle is small, the roll stiffness is almost constant and relatively small, ensuring the riding
comfort of vehicles.

(2) Different parameters have different effects on vertical and roll stiffness characteristics. The
vertical stiffness increases with the increase of the diameter of the piston rod, the increase of the
initial pressure and the decrease of the initial volume of accumulator under static equilibrium state.
The roll stiffness increases with the increase of the diameter of the cylinder, the decrease of the
diameter of the piston rod, the decrease of initial volume and the increase of the initial pressure of
accumulator, and the increase of the installation distance of two cylinders between left and right.
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