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Abstract. The hydro pneumatic isolation (HPI) of the cab combined by the high static stiffness
and nonlinear viscous damping of the pneumatic isolation; and nonlinear adjustable damping of
the hydraulic isolation are proposed. Based on the simulation and experimental studies, a nonlinear
dynamic model of the soil compactor interacting with the deformable terrains is built to analyze
the low frequency ride comfort of the HPI. The HPI’s performance for improving the ride comfort
and health of the driver is evaluated via both the power-spectral-density and root-mean-square of
acceleration responses of the driver’s seat heave, pitching and rolling cab angles. The research
results show that the HPI’s characteristics with high static stiffness and nonlinear damping have
an obvious impact on reducing low frequency vibration and controlling the cab shake of the
vehicle in comparison with the traditional rubber mounts.

Keywords: soil compactors, low frequency region, ride comfort, hydro pneumatic isolation.
1. Introduction

The soil compactor is a kind of equipment for road-building, and it belongs to the category of
road equipment in construction machinery. It is widely used in filling and compaction of large
engineering projects such as highway, railway, airport runway, dam, and stadium. With
mechanical gravity and the excitation force of the drum, the soil compactor is suitable for
compaction of sandy, semi-viscous and cohesive soil, subgrade stable soil and asphalt concrete
pavement layer, so that the rolled layer will produce permanent deformation and compaction so
that the compacted layer will produce permanent deformation and compaction [1, 2]. The current
investigations on soil compactor show that the deformed terrain, especially the elastoplastic soil,
has a great influence on the ride comfort of drivers [1, 3, 4]. Vibrations caused by the interaction
between wheels and elastoplastic soil will be transmitted to the driver via the isolation systems of
the seat and cab, as shown in Fig. 3(a). Besides, the vibration frequency is one of the important
factors to calculate the design and determine the durability of mechanical structures. The
well-know existing researches of Khalkar V. and Ramachandran S. had analyzed the effects of the
natural frequencies of the spring steels [5-7], studied of free undamped and damped vibrations [8],
and analyze the effects of the V-shape and the free vibration [9-11] of a cracked cantilever beam
under all different experimental and simulated conditions. It was found that the vibration
frequency was significantly affected by the spring stiffness of the structure and vice versa. In the
vibration of moving mechanical devices, the vibration frequency should be determined through
spring stiffnesses to reduce the effect of vibration on structural strength and travel stability.
However, with the soil compactors roller moving and compacting on the deformed soil ground,
the stiffness of the soil was changed and increased after the compaction process of the vibratory
drum on the soil ground, thus, it is difficult to control the vibration stability of the vehicle. Also,
the driver is very sensitive to low-frequency vibration, and the vibration generated by deformed
terrain is often in the low frequency range of 0.5-10 Hz, which makes the driver feel extremely
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uncomfortable [12].

Therefore, the vibration isolation system of the cab is closely related to the physical and mental
health of drivers and passengers, and its vibration isolation performance is one of the main factors
to measure the ride comfort of vehicles. From the point of view of existing products, the traditional
rubber isolation (TRI) with low damping and high stiffness is mostly used in the cab isolation
system of the soil compactors [1-2, 4, 13, 14]. However, the rigidity of rubber is only good at
absorbing high frequency vibration. Meanwhile, the low damping characteristic of rubber is not
conducive to the control of low frequency vibration. Low frequency excitation will make the cab
shaking, at this point, more damping is needed to consume the vibration energy [14].

In order to improve the vibration isolation performance of the TRI and enhance the ride
comfort of the vehicle, Kordestani A. studied the influence characteristics of rubber vibration
isolator parameters [1], and Nguyen V. L. optimized the TRI by adding auxiliary hydraulic
suspension [2]. However, the results show that the cab shake is still serious under low frequency
excitation. Therefore, the improvement of the ride comfort performance of the vehicle under low
frequency vibration by TRI is limited.

The pneumatic isolation (PI) equipping the suspension systems of the cars, passenger vehicles,
commercial vehicles, and high speed trains [15, 16] were also applied to cab isolation systems to
improve the ride quality and health of the driver in the low frequency range [17, 18]. The
researches indicated that both the nonlinear viscous damping and high static/elastic stiffness
characteristics of the PI could control the vibration transmission and improve the driver’s ride
quality. Furthermore, the PI not only appeared less resonant peaks but resonant peaks were lower
than mechanical springs and TRI with equivalent properties [16]. Besides, the cab hydraulic
isolation (HI) were also researched for the earth-moving machinery, construction equipment, and
industrial vehicle to control the cab shaking as well as improve the ride quality [19, 20]. The
results showed that the nonlinear liquid damping and high stiffness characteristics of the HI greatly
reduced the acceleration responses of the cab in comparison with the TRI. However, according to
the ISO 2631-1-1 evaluation standard, the vertical vibration of the driver’s seat and the pitch
vibration of the cab are still large [21].

In order to make full use of the advantages of the PI and HI to improve the ride comfort and
reduce energy consumption, a hybrid mathematical model of the hydro pneumatic suspension
(HPS) was proposed and applied to agricultural tractors and dump trucks [22, 23]. They found
that the ride comfort of the cab was greatly improved. Although the above research did not
consider the influence of ground deformation, the results showed that the hybrid HPS could
effectively improve vehicle ride comfort, which provided the direction and idea for the research
in this study.

This paper, the hydro pneumatic isolation (HPI) combined by the high static stiffness and
nonlinear viscous damping of the PI and the nonlinear adjustable damping of the HI are proposed
for the soil compactor cab. A nonlinear dynamic model of the vehicle under the interaction of the
wheels-clastoplastic soil at the frequency 35 Hz of the drum is built to analyze the HPI’s
performance for improving the driver’s ride comfort and health. The HPI’s low frequency ride
comfort is then evaluated via both the power-spectral-density (PSD) and root-mean-square (RMS)
of acceleration responses of the driver’s seat heave, pitching and rolling cab angles in both the
numerical simulation domains of the frequency and time.

2. Hydro pneumatic isolation model

The cab of the soil compactor was mainly equipped with the TRI [1-2, 13] to isolate vibration
sources transmitted from the vehicle frame to the cab floor, as given in Fig. 1(a). However, the
isolation performance of these old rubber isolations was very low, especially the pitching vibration
of the cab was very high [1, 3]. Thus, a new optimal design of the TRI was then carried out to
improve the ride comfort [4], as illustrated in Fig. 1(b). Its mathematical model was shown in
Fig. 2(a). The dynamic force of the TRI in the direction z is given by:
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Frpr = ¢Z2 + ky 2, (1)

where ¢, and k, are the linear damping and stiffness coefficients of the TRI, ¢, and ¢z are the
nonlinear damping parameter of the fluid flow and nonlinear viscous damping parameter of the
air in the air bag, k,, k,,, and M are the static, viscous stiffness constants and the mass of the air
in the air bag, respectively.

to Cab
Upper
chamber )
Air bag
Annular
to Frame

orifice

- : . Lower chamber Orifice Damping plate

a) Old rubber isolation b) New rubber isolation ¢) Hydro pneumatic isolation
Fig. 1. Structure models of cab isolation systems
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Rear frame Rear frame
a) TRI b) HPI
Fig. 2. Mathematical models of cab isolation systems

According to standard ISO 2631-1 [21], the isolation performance of these new rubber mounts
was still low. Therefore, in this paper, a cab’s HPI for the soil compactors based on the isolation
performance of both the HI [16] and PI [17] is proposed to further improve the ride comfort. The
structure of the HPI mainly includes an air bag, damping plate, and closed chamber filled with the
fluid, as plotted in Fig. 1(c). Its mathematical model is given in Fig. 2(b).

The nonlinear dynamic equations of the HPI is respectively calculated as follows.

1) With the dynamic force of air bag: The air bag’s dynamic responses are calculated based on
the numerical values of the volume, temperature, mass, pressure, density, and shape of the air bag.
Assuming that air bag is only deformed in the vertical direction z. Thus, the new volumes of air
bag and reservoir after deformation are:

Vp = Vo — Az +Av, V= r0 T Agv, (2)

where V}, and A, is the air bag’s initial volume and effective area; V,.q is the reservoir’s initial
volume; A; is the pipeline’s cross section area; and v is the air’s displacement in surge pipe.

Based on the GENSYS model for calculating the dynamic parameters of the air bag [16], the
static and viscous stiffness constants of k., and k,,, and the mass M of the air bag in Fig. 2(b) are
given by:

pOAeZz)L ksVrO
=2 k= ., M=Al,pA, 3)
T Vot Vo U Vg stspP

where A = (%) (VV+°V), Do and 4 are the initial pressure and polytropic rate of the air in the air
S boTVro

bag; 5, and p are the length of the surge pipe and air density.
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The corresponding static and viscous forces of F; and F, of the air bag in the vertical motion
are given by [16]:

F, =kez, F,=ky(z—v)=cglv|Psign(®) + Mi. 4)

The nonlinear viscous damper ¢z is modeled in Fig. 2(b), which is only related to the velocity
over the damping ¢, and determined by:

cp = cATHF = O.SpAsa(cfr + Con + € + ¢y ) AP, %)

where the numerical values of ¢g., Cop, Cc, and ¢, are the loss coefficients due to friction,
enlargement, contraction, and bends in the pipe, respectively.
The dynamic force F, of air bag in the vertical motion z is then derived by:

Fy = F,+ F, = Mi + ¢3|0|Psign(®) + k,z. (6)

2) With the dynamic force of hydraulic damper: Also assuming that the fluid inertial force in
the orifices and the annular orifice is negligible, and fluid dynamic responses through the orifices
and the annular orifice only move in the vertical motion z. Therefore, the differential pressure of
the upper and lower chambers was calculated as follows [14]:

ap = [co (fl—)z + cq (j—)z ] 1212, )

where c, and c, are the parameters determined based on the geometric dimensions of the orifices
and annular orifice; 4., 4,, and A, are the influence of the chamber, orifices, and annular orifice
areas; andzis the relative velocity of the PHM.

The liquid damping force generated due to the differential pressure Ap and the effect of the
damping plate area A, on the fluid flow is calculated as follows:

Fyp = ApaAp = cpl2z, (®)
where ¢, = Apqa[co(Ac/A0)? + cq(Ac/Ag)?] is the damping parameter of the HPI, as modeled in
Fig. 2(b).

By combining Egs. (6) and (8), the dynamic force of the HPI is written by the equation:
Fupy = Fy + Fp = M + cg|0|Psign(®) + koz + cplz|z. 9)

The HPI’s isolation performance is then simulated and compared with the TRI via Eq. (10)
and vehicle model in section 3:

¢,z + k,z, ith TRI,
- { ri + ke wi (10)

Mij + cploPsign(®) + kez + culz|Z, with HPI.
3. Modeling of the soil compactor
3.1. Model and motion equations of vehicle
Based on the soil compactor’s actual structure in Fig. 3(a), a 3D nonlinear model with 11DOF

of the vehicle dynamic is established to analyze the low frequency performance of the HPI, as
modeled in Fig. 3(b).

ISSN PRINT 1392-8716, ISSN ONLINE 2538-8460, KAUNAS, LITHUANIA 1177



RIDE COMFORT PERFORMANCE OF HYDRO PNEUMATIC ISOLATION FOR SOIL COMPACTORS CAB IN LOW FREQUENCY REGION.
RENQIANG JIAO, VANLIEM NGUYEN, VANQUYNH LE

J=
te
Vibration
isolation
mounts

E )z
b 4

Rear frame

a) The actual structure of a vehicle b) 3D dynamic model
Fig. 3. Actual structure and nonlinear dynamic model of soil compactor

In Fig. 3 the vertical motion of the driver’s seat is defined by z,; the vertical, pitching, and
rolling motions of the cab are defined by z., ¢., and 6., respectively, and those are also defined
by Z.¢, @rf, and 6, of the rear vehicle frame; the vertical and rolling motions of the drum and
front frame are also defined by z,4, 6, and z¢f, 055; the mass of the driver’s seat, cab, rear vehicle
frame and engine, front vehicle frame, and drum are defined by m,, m., m,f, mgf, and my,
respectively; the damping and stiffness parameters of the tires and drum’s rubber mounts are
defined by c;j, k¢j and ¢y, kqj; the longitudinal and transversal distances of the vehicle are
defined by [, and b,; [, is the distance from the articulated frame steered to the centre of gravity
of front floor, (j = 1-2, u = 1-6, v = 1-5).

Based on the nonlinear dynamic model of the soil compactor in Fig. 3(b), and by Newton’s
second law of motion, the equations that describe the dynamic behavior of the vehicle can be
written by the matrix form:

MO =F, (11)

where M is the mass matrix expressed as M = [a;;]11x11, { # J then a;; = 0, and i = j then
a;j is:

diag(a;;) = (mg,me, mpp, Mep, My, Loy Ly Lo I Lees Lax )
0= [Zs, ZeyZefy Zrfy Zgy Pos Prfs QC, gff: Qrf: Qd]T

is the displacement vector with the 11DOF; F = [E,, T,]" is the vector of the forces
Ey = [Ff F, Ffy, Ffy, F5]™ and moments Ty, = [T, T, T8, Tf;, Try, TS 1" at centre of gravity of
the seat, cab, front/rear frames, and drum in three motion directions of z, ¢, and 6.

According to the vertical motion of the seat, cab, front/read frames, and drum, the vector of
vertical forces F, is respectively determined as follows:

The vertical dynamic forces F? and F(; of the isolation mounts on the seat and cab floor are

given by:

4
F? = —Fgq = —[coa(Zs — Zes) + ksq(2s — 25)], Fch =Fsq — Z Fci' (12)
i=1

where ¢4 and kg, are damping and stiffness values of seat suspension; z., is the displacement of
the cab floor at the seat; F; is the vertical dynamic force of the HPI or TRI to the cab floor at
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mount i determined in Eq. (10).
The vertical dynamic forces F7, F;, and F7 of the drum rubber mounts and tires on the
front/rear frames and drum can be expressed by:

4 2 2
Fy=F, Fy=)FE-YF-F Fi=>F (13)
i=1 1 j=1

j=

where F; and F/ are the vibration excitation forces of the vibratory drum and tires determined via
the models of the rigid drum-elastoplastic soil interaction and elastic tires-deformable terrain
contact in Section 2.2.

Similarly, according to the pitching and rolling motions ¢ and 6 of the cab, front/read frames,
and drum, the vector of moments T, is also determined as follows:

The moments of the cab and rear frame in the pitching motion of ¢ can be expressed by:

2
T? = Z E'l, —
i=1 i
2 2 2 4
19 =Y F =10 ) Fls= Y Elg= ) Ely~ My
=1 =1 =1

i=3

4
Flly + Fyly,
= (14)

The moments of the cab, rear/front frames, and drum in the rolling motion is described by:

2 4
T8 = ) (“DFE by + ) (“DFE by + Fagby,
i=1 i=3
A 2 4 2
T8 = D (D E by + ) (“DE by + ) (1)IE by = My, 1s)
i=1 i=3 j=1
Tfr = Max,
g = -Tf,

where F, = Fj + F;, My, = F,l, and My, = Fjb, — Fjbs are the vertical force, the rotation
moments of pitching and rolling axes at the articulated-frame steered.

3.2. Excitation forces of the drum and tires

The characteristics of elastic deformation and the elastodynamic response of the rigid soil
ground surface to the movement of mechanical devices have been studied based on the model of
the rigid disk embedded in a transversely isotropic full-space under forced harmonic excitations
[24-26]. The vibrations of mechanical devices interacting with the soil ground are greatly affected
by the elastoplastic soil with the rigid ground surface. In this study, based on the interaction model
of the elastoplastic soil and rigid drum in Ref. [2], the excitation forces of the vibratory drum are
written by:

eymaZy + Mgz, = eyFi + F§ — ecseq + (6 — Dkspzq + vF, + F,,

2
2 =
j=1

(16)

2
[caj(Zrrj — Zaj) + kaj(Zrrj — 2aj)],
j=1
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where (zgf; — z4;) and its derivative are determined by the equation of (zss; — z4;) = z4 +
(-1)/ +1bj+3 (B¢ — 84); cse and kg, are the elastic damping and plastic stiffness constants of the
soil; m,, is mass of the rotating eccentric of the drum; F, = m,w?esinwt is the vertical projection
of the rotating eccentric mass with its vibrator rotational velocity w and eccentricity e; ¥ and ¢
are the damping and plasticity factors of the soil.

Besides, the excitation forces between the deformable terrain-elastic tire contact are given by
Ref. [27]:

F) = cj(2ej = 2xj) + kej(2e) = ) (17)

where z;; and its derivative are determined by the equation of z;; = z,f — ls@,f + (— 1)/ b 50;;
Z, is the sinking of the soil under the wheel.

4. Experimental investigations

To assess the HPI’s performance via the soil compactor dynamic model, the TRI of the soil
compactor is given and measured to determine the accuracy of the model. Based on the actual
structure of the vehicle in Fig. 4(a) and its operation parameters listed in Table 1, both the
numerical simulation and experimental processes are performed at a speed of 0.83 m-s™! under the
compaction condition of the vehicle on the elastoplastic soil at an excitation of the vibrator drum
35 Hz. The steps of the measurement process are made as follows: The ICP three-direction
acceleration sensors, LMS dynamic test, and analysis system are applied to determine the
accelerations on the seat and cab floor, as given in Fig. 4(a). Based on the signal processor and
computer displaying the measured results, the measured datum of the accelerations of the driver’s
seat heave, pitching and rolling cab angles are computed and displayed. The results of the PSD
values of the driver’s seat heave, pitching and rolling cab angles are then compared with that of
the simulation results, as depicted in Figs. 4(b)-(4d).

o
<

«ﬁ: —— Measured
NE' """" Simulation
S 04 ) (34.80,®
g - 0.067)
a 3| T
wn
/&~ 02
e 4 1
Q
g 8 16 32 64
g z
) 4 03 1 2 4 8 16 32 64
T : o Frequency/Hz
a) The experimental model of the soil compactor b) Driver’s seat heave
%, 03 —— Measured > 0.08 —— Measured
o 04k r Simulation So | e Simulation
e H £006
S 03 3
z g 0.04
0.2f
& & 0.02
on - o0 0.
= 0.1
= =]
= 0 8 16 32 = 05 1
Frequency/Hz Frequency (Hz)
¢) Pitching cab angle d) Rolling cab angle

Fig. 4. Experimental model and measured results of the soil compactor with TRI; 1, 3-Cab floor
accelerometer, 2-Driver’ seat accelerometer, 4-Signal processor and display the results

The comparison results in Figs. 4(b)-4(d) indicate that the simulation results almost agree with
the experimental results regarding the frequency of the various peaks in the responses and the
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trend, therefore, the mathematical model with the numerical values of the soil compactor is
accurate and feasible. The vehicle dynamic model is then used to analyze the ride comfort
performance of the HPI in the low frequency region.

5. Numerical simulations and discussions
5.1. Evaluation index and simulation conditions

Evaluation index: A good isolation system should have the ability to minimize vibration
transmission to improve the driver’s ride comfort based on reducing the RMS acceleration
response in the time region [2, 27]. Besides, the physical health and mental of the driver were
influenced not only by the acceleration vibrations but also by the PSD acceleration response in the
frequency region [14, 21]. According to the international standard ISO 2631-1 [21], the PSD value
had been applied to assess the endurance limit of the human body under the impact of various
vibration sources. The ISO 2631-1 showed that the driver’s health was seriously affected by the
vertical vibration at a range of 4-10 Hz and rotational vibration of 0.5-2 Hz.

In this study, both the maximum PSD and RMS values of the driver’s seat heave, pitching and
rolling cab angles are chosen as the indexes to evaluate the ride comfort performance of the HPI
in comparison with the TRI. The results of the smaller PSD and RMS values of the corresponding
isolation system mean its better performance. Their RMS values is given by:

i = |(1/T) f [a3(©)]2 dt, (18)

where x denotes the TRI or HPI; R refers to the motional direction of the driver’s seat heave,
pitching angle, or rolling cab angles; a(t) are the TRI or HPI accelerations in the R, and T is the
simulation time.

Simulation conditions: To compare the isolation performance of the HPI with the TRI, the
static stiffness of both the TRI and HPI is the same (k, = k,), while the viscous stiffness k,, and
the mass M of the air bag are calculated based on the air bag’s structure parameters. The low
damping coefficient of the TRI depends on the nature damping of rubber, while the high nonlinear
damping parameters are calculated based on the HPI’s structure parameters. The numerical values
of the TRI and HPI listed in Table 1 are used for the simulation. Both the HPI and TRI are then
simulated and compared under the same condition of the vehicle moving and compacting on the
elastoplastic soil at a vibration excitation of the vibrator drum 35 Hz. Besides, the numerical
values of a high density soil of the elastoplastic soil ground and an off-road terrain of Grenville
loam with its poor surface roughness, as listed in Table 3, have been used as the excitation sources
under the vibrator drum and wheels during the simulation. The vehicle model is then simulated
and the evaluation index is used to analyze the HPI’s performance.

Table 1. Numerical values of the soil compactor

Parameter Value Parameter | Value Parameter | Value Parameter Value
mg / kg 85 Ly / kgm?| 1.2x10* l,/m 0.383 ks /Nm'! 1.2x10%
m, / kg 891 sy [ kgm? | 1.9x10°3 l,/m 0.1 kg1,/Nm! 3.9x10°
me / kg 2822 | g /kgm? [ 3.0x10° [ I;/m | 0524 | ke, /Nm' | 0.5x10°

myr / kg 4464 by /m 0.55 ly/m 0.136 | ¢, /Nsm! 1.2x10?

my / kg 4378 b, /m 0.7 ls/m 0.76 | c41,/Nsm™ | 2.9x10°
I / kgm? 560 b; /m 0.68 lg /m 0.9 cu2/Nsm! | 4.0x10°
I,y / kgm? 523 b,/ m 0.945 I, /m 0.6 f/Hz 28/35
I /kgm?| 3.1x10°|  bg/m 0.945 lg/m 1.5 | vy/kmh! 3
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Table 2. Numerical values of the TRI and HPI

Isolation | Parameter Value Parameter Value
TRI krip/Nm! | 9.1x10° | ¢pq,/Nsm'! 218
kysq/Nm! | 1.2x10° | ¢34/ Nsm'! 29
M,,/kg 98 M;,/kg 33

keip/Nm' | 9.1x10° | cgy,/Ns?m? | 12.4x10°
HPL | kega/Nm' | 12X10° | cgy,/Ns?m? | 10.7%10°
Kpio/ Nm' | 153%105 | cpyp/Nm? | 20x10°

Kpse /| Nm' | 2015105 | Cpae/ NS'm? | 45%10°

Table 3. Numerical values of the elastorplastic soil with its poor random surface

Parameter Value Parameter Value Parameter Value
kSp/Nm'1 283x10° g,n 0.87,1.01 c/Pa 3.1x10°
ke /Nm' | 42.3x10° | k. /Nm®™D | 0.06x10° wg 2.14

Cse /Nsm! | 37.1x10° kg /N m®2 | 5880x10° | G(mg) /m?cyc! | 3782.5x10°6

5.2. PSD acceleration results

The comparison result of the PSD values with the HPI and TRI are plotted in Fig. 5,
simultaneously, the comparison result of the resonance frequencies are also listed in Table 4.
Observing the simulation results in Fig. 5 and Table 4, the PSD acceleration responses of the
driver’s seat heave, pitching and rolling cab angles with the TRI appear more resonance peaks at
the low frequency region, thus, the health of the driver is significantly affected by the elastoplastic
soil ground with the high density soil. Contrary to TRI, the HPI’s resonance peaks appear less and
their PSD values are lower, especially at 2.09 Hz, 2.49 Hz, and 8.59 Hz. Additionally, due to the
influence of the elastic stiffness of air bag, the HPI’s resonance frequencies are significantly varied
in comparison with that of the TRI.

0.6
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= 38.9% —HPI
3 0.4
2
o
wnn
202
3 (8.59,0.057) (35.18, 0.045)
b= u | ]

2 i -

4 8 16 32 64

>
W
S}

Frequency/Hz
a) Driver’s seat heave

o
=
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' " (8.59
2.49,0.054)— &3
(249,005 ¥ £ 0.058) TRI

P eas%!

N
'S

(2.09,0.42)m

o
w
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e

)
o
=)
X

(2.1,0.17)

| (2.2,0.019)mi:

Pitching PSD acc./(rad2 .5_3)
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" ] i
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845 1 2 4 8 16 32 64 8‘5 1 2 4 8 16 32 64
Frequency/Hz Frequency/Hz
b) Pitching cab angle ¢) Rolling cab angle

Fig. 5. Frequency responses of the driver’s seat and cab

At an excitation frequency range below 10 Hz, the resonance peaks of all PSD acceleration
responses with the HPI are strongly reduced. Particularly at a low frequency range below 4 Hz,
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the maximum PSD values of the driver’s seat heave, pitching and rolling cab angles with the HPI
are greatly decreased in comparison with the TRI by 38.9 %, 59.5 % and 64.8 %. This can be due
to the effect of the nonlinear viscous damping forces Fp = ¢ |0|#sign(v) and the nonlinear liquid
damping forces Fj, = c,|Z|Z of the hydraulic damper. In addition, due to the stiffness of the HPI
is changed and depended on the volume and pressure of air bag in the operation process. Thus, the
influence of the vibration on the driver’s health is significantly improved by the HPI in the low
frequency range below 10 Hz.

At the excitation frequency range upper 10 Hz, the resonance frequencies of the PSD
accelerations with the TRI also occur at 35.18 Hz under the frequency excitation of the drum in
all three directions. This is due to the effect of the resonance at the excitation 35 Hz of the vibrator
drum. Therefore, the HPI equipped for cab isolation mounts of the soil compactors can better
improve the driver’s health in the low frequency range in comparison with the TRI.

Table 4. Resonance frequencies of TRI and HPI
Resonance frequency / Hz
Mounts
h | f Ll fa| fs5| fo| F
TRI 1.69 | 1.89 | 2.09 | 2.49 | 5.69 | 8.59 | 35.18
HPI 1.7 | 2.1 | 22 35.10

5.3. RMS acceleration results

The PHI’s performance is evaluated not only by the driver’s health via the PSD values but also
by the driver’s ride comfort via the RMS values. The acceleration responses of the driver’s seat
and cab are also depicted in Fig. 6. Observing the simulation results, we can see that the
acceleration results with the HPI are lower than that of the TRI under the elastoplastic soil ground
and at the excitation 35 Hz of the vibrator drum.
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b=
o
> 5 ‘ ‘ ‘ L8
45 46 47 48 49 50
Time/s
a) Driver’s seat heave
—~ 0.1
% 1§ 03
E g 02
S 05 S 01}
8 0 g of
205 en
= = -0.1
2 S
Z-15 : : : : - ‘ ‘ ‘ ‘ J
&% 46 47 48 49 50 025 16 47 43 49 50
Time/s Time/s
b) Pitching cab angle ¢) Rolling cab angle

Fig. 6. Acceleration responses and RMS acceleration results of the driver’s seat and cab

To emphasize clearly the HPI’s performance, the RMS accelerations of the driver’s seat and
cab are given in Fig. 7. The comparison results also show that the RMS values of the driver’s seat
heave, pitching and rolling cab angles with the HPI are remarkably reduced in comparison with
the TRI by 35.4 %, 42.4 %, and 52.7 %, respectively. This can also be due to the impact of both
the nonlinear viscous damping force Fg with its high nonlinear viscous damper cg and liquid
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damping force Fj, with its high nonlinear liquid damper cj,. Therefore, it can be concluded that the
driver’s ride comfort is remarkably improved by the HPI.

1,

g g 06SmS’ B TRI
= : 0.42 m/s? -HPI
$—
% 0.6¢ 0.33 rad/s?
9 04F 0.19 rad/s?
< 0.110 rad/s>
S 0.2t ll 0.052 rad/s’
o

0 l-

Driver's seat  Cab's pitch Cab's roll
Degrees of freedom
Fig. 7. RMS results of the driver’s seat and cab at an excitation drum 35 Hz

Table 5. RMS acceleration results of the driver’s seat and cab with cab’s isolations of the soil compactor

Isolations TRI PI HI AHI HPI
Ay / MS? 0.65 0.63 0.51 0.58 0.42
awpe /Tads? | 033 [ 032 | 024 | o021 0.19

In addition, compared to the existing results of cab’s isolations for the vibratory rollers
including the TRI [1], pneumatic isolation (PI) and hydraulic isolation (HI) [14], the TRI equipped
with auxiliary hydraulic isolation (AHI) [2] under the same conditions of the simulation. The
results of the driver’s seat heave and pitching cab angle are listed in Table 5. The comparison
results show that the RMS acceleration responses of the driver’s seat and cab with the HPI are
lower than all other isolations researched previously. Consequently, the HPI could provide the
good ride comfort for the cab isolations of the soil compactors, particularly reducing the vibration
of the driver’s seat heave and controlling the cab shacking.

6. Conclusions

Based on the measured and simulation results of the soil compactors, both the acceleration
responses and PSD values with the HPI are greatly reduced in comparison with the TRI under the
elastoplastic soil ground at the excitation 35Hz of the drum. Particularly, the maximum PSD
values of the driver’s seat heave, pitching and rolling cab angles are strongly decreased by 38.9 %,
59.5 %, and 64.8 %, respectively; and their RMS values are also lower by 35.4 %, 42.4 %, and
52.7 %, respectively. Consequently, the cab’s ride comfort is remarkably improved by using
the HPL

Due to the vibration characteristics of the HPI with its high static stiffness and nonlinear
damping, the HPI can effectively isolate the vibration transmission and control cab shake for the
soil compactors in the low frequency region. Moreover, the vibration isolation performance of the
HPI can be further improved by optimizing or adopting active/passive control of the nonlinear
damping coefficient ¢, which will provide a new idea for the low frequency vibration control of
off-road vehicles.
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