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Abstract. The purpose of this study is to analyze the pavement-friendly per-
formance of an agricultural truck with two types of hydro-pneumatic suspension
(HPS) struts on dynamic load coefficient (DLC). The nonlinear dynamical models
of two different types of HPS struts with one gas chamber and two oil chambers
(Model 1) and with one gas chamber and three oil chambers (Model 2) are set up
to calculate their nonlinear vertical forces. A quarter—vehicle mathematical model
of an agricultural truck is set up for the analysis of the nonlinear vertical forces of
two proposed suspensions which is implemented in MATLAB/Simulink platform.
The obtained results indicated that the pavement-friendly performance of Model
2 is better than performance of Model 1. Especially, the values of DLC at axle of
vehicle with Model 2 reduce by 6.97% in comparison with Model 1 when vehicle
moves on ISO class C road surface at vehicle speed of 40 km/h and full load.
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1 Introduction

Hydro-pneumatic suspension (HPS) system is applied widely in engineering fields
because the gas absorbs excessive force while the oil is nonlinear elasticity and good
vibration damping perforation. A multi body co-simulation approach was proposed to
investigate the effects of HPS parameters on the ride safety [1]. A semi-active HPS based
on the electro-hydraulic proportional valve control was proposed using the control strat-
egy to adjust the damping force of the semi-active hydro-pneumatic suspension [2]. A
HPS model based on fractional order was built with the advantage of fractional order
in viscoelastic material modeling considering the mechanics property of multiphase
medium of hydro-pneumatic suspension system [3]. The ride comfort of vehicle using a
HPS applied with the semi-active control was analyzed and compared with a passive cab
suspension [4]. A hydro-pneumatic inerter-based suspension system theoretical model
was developed to analyze its performance which was controlled to improve vehicle ride
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comfort based on the mechanical network theory of inerter and semi-active control [5].
The performance of the hydro-pneumatic suspension system of heavy truck on the ride
quality of road surfaces was proposed to compare to the rubber and air spring suspen-
sion systems based on a full dynamic model of a heavy vehicle [6]. The performance of
the hydro-pneumatic suspension system of heavy truck on vehicle ride comfort was pro-
posed and compared to those of rubber, leaf and air springs of the suspension systems [7,
8]. A hydro-pneumatic suspension strut concept with integrated two gas chambers was
proposed to realize nearly symmetric stiffness properties in compression and rebound,
and progressively hardening roll stiffness characteristics [9]. The nonlinear stiffness and
damping properties of a simple and low cost design of a hydro-pneumatic suspension
(HPS) strut that permits entrapment of gas into the hydraulic fluid were analyzed by
both experimental and numerical methods [10]. The semi-active hydro-gas suspension
was proposed for a tracked vehicle to improve ride comfort performance, without com-
promising the road holding and load carrying capabilities of the passive suspension
[11]. The HPS optimal parameters of a multi-axle heavy motorized wheel dump truck
were found out based on virtual and real prototype experiment integrated Kriging model
[12]. A dual-chamber HPS was proposed and analyzed the effect of various suspension
parameters on the storage stiffness and damping coefficient [13]. This proposal study
is to analyze the performance of an agricultural truck with two types of HPS struts in
terms of the negative impact on road surface. The nonlinear models of two types of
hydro-pneumatic suspension (HPS) struts which consist of two oil chambers and one
gas chamber (Model 1) and three oil chambers and one gas chamber (Model 2) are set up
to determine their nonlinear vertical forces and then it is connect with a quarter—vehicle
mathematical model of an agricultural truck to analyze and evaluate their effectiveness
on the dynamic load coefficient (DLC).

2 Mathematical Model of HPS Strut

Structural schematic of two types of HPS struts with two oil chambers and one gas
chamber (Model 1) and three oil chambers and one gas chamber (Model 2) is show
in Figs. 1 and 2 which consist of the main oil chamber (1), oil chamber (2), ring oil
chamber (3), the gas chamber (4), the oil pressures of the oil chambers (1), (2), (3) and
gas chamber (4) p1, p2, p3 and p,, the effective areas of cylinder, rod and floating piston
and gas chamber, A1, Ay, and A3, the area of the orifices between oil chamber (1) and
chamber (2) and the area of the orifices between oil chamber (1) and chamber (3) Aj»
and A3, the vertical displacements of vehicle axle, floating piston, and vehicle body z,,
zg and zy. Nonlinear dynamic model of two types of HPS struts is shown in Fig. 3 which
consist of the stiffness and damping coefficients of Model 1 ky, and cp13, the stiffness
coefficient and two damping coefficients of Model 2 ky, c> and c;3, vehicle axle and
vehicle body masses m, and my, and the vertical forces of Model 1 and Model 2 Fy,; and
Fhn.
From Fig. 3a, the vertical dynamic force of Model 1 is determined by

Fp = Fy + F, (D

where, Fy is the elastic force of the gas chamber and F; is the damping force of the oil
chambers.
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The elastic force of the gas chamber of Model 1 is determined by

Fr = (pa — po)As ()

The pressure in the gas chamber is defined as an adiabatic process following the laws
of thermodynamics

poVy = paVy 3)

where pg and V are the initial absolute pressure and volume in the gas chamber, p, and
V, are the absolute pressure and volume in the gas chamber, n is the polytrophic rate (1
<n<14).

Vo"
Pa =P0<V—> s Va=Vo+A3(zp — 2a) 4)
a
Combination of Eqgs. (4) and (2), the elastic force of the gas chamber of Model 1 is
achieved by

Vo
F =po<— - 1>A3 )
k Vo +A3(zp — 24)

The damping force of Model 1 is determined by

mqg
Fe=pi1(A1 —A3) — p3(A1 — A2) — (Po - A_3>(A2 —A3) (6)

where A1, Ay, and A3 are the area of cylinder, rod and floating piston, p; and p3 are the
pressures in the oil chamber (1) and chamber (3).
The flow rate through the orifice is determined by:

0= chlg/ 2(”3%’)”sign<zb — Za) 7

where, Cq is coefficient of discharge, A3 is the area of the orifices and p is the density
of oil.
On the basic of volume balance, the flow rate is inferred by

0=(A1—A)@ —Za) ®)
Combination of Eqs. (7) and (8), the relationship p; and p3 is achieved by

p(AL — A3, — 2|, — 20)
242
2CdA13

p3=p1+ &)

The differential motion equation of floating piston can be determined by

(P1 — pa)Az +mag = mgZg (10)
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Fig. 1. Model 1

The Eq. (10) can be rewritten by

ma(Za — g)
pi=pa+ T8 (11)
Az
Combination of Egs. (11), (9) and (6), the damping force of Model 1 is achieved by
p(A1 — A2z, — 2,](z, — 2,) Vo "
F,=— |32“|b Y 4 poAy — A [ —F—— ) -1
2C3A7, Vo +A3(zp — 2a)
mq ..
—A_(ZdA3 — gA2)
3
(12)
From Fig. 3b, the vertical dynamic force of Model 2 can be determined by
Fppn = Fr + Fen (13)

where, Fi is the elastic force of the gas chamber, F¢, is the damping force of the oil
chambers and it is achieved by

po Pl 4lG k) (Al(Al — 42’ +A2(§ @ —A2>2))
(14)

2 2 2 2
2C, A7 A7 A3
Vo

1)" M AL ony)
_— — —(Z4A3 — gA2
Vo +A3(zp — 24) A3

+po(Az — Az)(



784 T. T. Hung et al.

% 7y Vehijle body

Cylinder

Main piston

Floating piston
Vehicle axle
Fig. 2. Model 2
Fy, % Vehicle body Fy. * Vehicle body
Zy Zy
LY LY
y /L?J/c/m kh/%/ /b(:h%w/:hm
Za }_fla
Y N
Fhﬁ Vehicle axle th* Vehicle axle
(a) Model 1 (b) Model 2

Fig. 3. Nonlinear dynamic model of two types of HPS struts

3 Quarter-vehicle Dynamic Model of a Mining Dump Truck

The schematic diagram of 2-DOFs quarter—vehicle dynamic model of an agricultural
truck with two models of HPS struts is shown in Fig. 4 which consists of the tire stiffness
and damping coefficients k; and c;, the random road surface roughness q.
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Fig. 4. 2-DOFs quarter—vehicle dynamic model

The equations of vehicle motion of Fig. 4 are written as follows

mpZp = —Fp; (15)

MaZq = Fpi — [kt(q —za) ta(g — Za)] (16)

Road surface excitations: The random road surface roughness of random white noise
is used as excitation source waveform for vehicle [18], the random road profile is pro-
duced by filtering the white noise using the following mathematical model of the road

roughness.
q(1) + 27 foq(t) = 27,/ G (no)v(H)w(t) a7

where, G4(ng) is the road roughness coefficient which is defined for typical road classes
from A to H according to ISO 8068(2016) [17], ng is a reference spatial frequency which
is equal to 0.1 m, v(t) is the speed of vehicle; fy is a minimal boundary frequency with a
value of 0.0628 Hz, ny is a reference spatial frequency which is equal to 0.1 m, w(t) is
a white noise signal.

Dynamic load coefficient (DLC): To analyze the pavement-friendly performance
of two types of hydro-pneumatic suspension systems, the DLC is chosen as objective
function which is defined by a ratio of the root mean square of the vertical dynamic tire
force over static load [14—16] as follows:

Fr rus

DLC = (18)

N

where, Frrums, Fs are the root mean square of the vertical dynamic and the static tire
force.
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4 Results and Discussion

In order to analyze the pavement-friendly performance of two HPS struts (Model 1 and
Model 2), the quarter—vehicle mathematical model of an agricultural truck is solved
in Matlab/Simulink software under the road surface excitations and a set of vehicle
parameters in Table 1. The simulation results of the vertical dynamic tire load at axle
with two types of HPS struts when vehicle moves on the ISO class C at the speed of
40 km/h and full load are shown in Fig. 5. The results of Fig. 5 reflect that the peak
amplitudes of dynamic tire force with Model 2 are smaller than Model 1.

Table 1. Parameters of the vehicle and HPSs.

Parameter | Value Parameter | Value | Parameter | Value Parameter | Value
my/kg 145 mp/kg 1000 | k¢/(N/m) 185500 |c¢/(Ns/m) | 2100
po/Mpa 1.5 Vp/m3 1.3 x | Ay/m2 2.5 x Ap/m2 1.6 x
104 10-3 10-3
Az/m2 1.3 x 103 |Cd 0.62 Aqp/m2 6 x A13/m2 7.5 x
104 104
T ' Model 1
%20007 o ,, —Model 2
2 Ll ; .
s P It |
g i T !
£,-2000f !
0 10 20 30 0 50
Time(s)

Fig. 5. Dynamic tire forces at axle of vehicle with two types

The pavement-friendly performance of two HPS struts of two types of HPS struts
will be analyzed and compared in next sections when vehicle moves under the different
operating conditions.

Road surface condition: In order to evaluate the pavement-friendly performance of
two HPS struts, the road surface conditions from ISO class A road surface to ISO class
E road surface are considered when vehicle moves at vehicle speed of 40 km/h and
full load. The DLC values in comparison with both two types of Models under variable
road surface conditions are shown in Fig. 6. The results of Fig. 6 shows that the DLC
values with both two types of Models increase rapidly when the road surface quality
deteriorates. The DLC values with Model 2 respectively reduce 2.69%, 4.41%, 6.97%,
11.54% and 19.27% in comparison with Model 1 when vehicle moves on from ISO class
A road surface to ISO class E road surface which prove that the negative impact on road
surface with Model 2 has improved significantly in comparison with Model 1.
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Vehicle speed conditions: The different speed conditions from vehicle speed of
20 km/h to vehicle speed of 70 km/h are chosen to compare the pavement-friendly
performance of two types when vehicle moves on ISO class D road surface and full
load. The DLC values in comparison with both two types of Models at different speed
conditions are shown in Fig. 7. The results of Fig. 7 shows that the DLC values with
Model 2 are increase with the increase of vehicle speed. The DLC values with Model
2 respectively reduce 5.74%, 5.88%, 6.97%, 7.96%, 8.68% and 8.61% in comparison
with Model 1 with the change of vehicle speed from 20 km/h to 70 km/h. These results
show that the pavement-friendly performance of Model 2 is improved significantly in
the high vehicle speed region.

Vehicle body mass conditions: To analysis the pavement-friendly performance of
two HPS struts when the value of vehicle body mass changes, the m;, values from
25% my, to 200% my, are chosen when vehicle moves on ISO class C road surface at
vehicle speed of 40 km/h. The DLC values in comparison with both two types of Models
under different vehicle body mass my, are shown in Fig. 8. The results of Fig. 8 show
that the DLC values of both two types of Models quickly decrease when the my, value
increases. However, my, value increases, it will affect on the durability and safety of
vehicle components. The DLC values with Model 2 respectively reduce 3.11%, 4.86%,
6.78%, 6.97%, 4.23%, 4.18%, 5.75% and 4.8% in comparison with Model 1 with the
change of my, value from 25% my, to 200% my,. The negative impact on road surface with
Model 2 is also significantly improved in comparison with Model 1 with the change of
vehicle body mass.

0.4— :
BModel 1
BModel 2

B C E
Different road surface conditions

Fig. 6. DLC values of both two models under different road surface conditions

5 Conclusions

In this study, a quarter—vehicle mathematical model of an agricultural truck was set
up to analyze and evaluate the pavement-friendly performance of two HPS struts. The
major conclusions drawn from the analysis can be summarized as follows: (1) The DLC
values with both two types of Models increase rapidly when the road surface quality
deteriorates. The DLC values with Model 2 respectively reduce 2.69%, 4.41%, 6.97%,
11.54% and 19.27% in comparison with Model 1; (2) The DLC values with Model 2
respectively reduce 5.74%, 5.88%, 6.97%, 7.96%, 8.68% and 8.61% in comparison with
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Fig. 7. DLC values of both two models at different vehicle speed conditions
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Fig. 8. DLC values of both two models under the different vehicle body mass

Model 1 with the change of vehicle speed from 20 km/h to 70 km/h; and (3) The DLC
values with Model 2 respectively reduce 3.11%, 4.86%, 6.78%, 6.97%, 4.23%, 4.18%,
5.75% and 4.8% in comparison with Model 1 with the change of m;, value from 25%
my, to 200% mp,.
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