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The comfort efficiency of the vibratory roller cab using rubber isolations is very low under different excitation
frequencies. Therefore, based on the isolation efficiency of the hydraulic isolation with its quadratic damping
value, the hydraulic dampers are designed and added to the cab’s rubber isolations to ameliorate the cab’s ride
comfort and shaking. Based on the dynamic model of the vibratory roller cab equipped with rubber isolations,
the influence of the damping values of the rubber isolations in the frequency domain is analyzed. Based on these
analysis results, the quadratic damping values of hydraulic dampers are calculated and optimized via optimizing
the geometric dimensions of hydraulic dampers and the dynamic model of the vibratory roller cab. The efficiency
of the hydraulic dampers designed and optimized are then verified experimentally. The results show that with the
cab’s rubber isolations use, to ensure the vibratory roller’s ride comfort, the front and rear damping values of the
cab’s rubber isolations need to be designed in the range of 21.8 < ¢,1 < 43.6 and 2.9 < ¢, < 5.8 kNsm~!. With
the cab’s rubber isolations added by the optimal hydraulic dampers of ¢,; = 11.06 and ¢z < 4.05 kNs?m~2,
the maximum values of the power-spectral-density of the cab’s vertical and pitching accelerations are strongly
reduced by 94.3% and 77.0% in comparison with cab’s rubber isolations. Besides, the root-mean-square values of
the cab’s vertical and pitching vibrations with the optimal hydraulic dampers are also greatly decreased by 75.5%
and 75.2% compared to rubber isolations. Therefore, applying the designed and optimized hydraulic dampers
into the cab’s rubber isolations to control the vibratory roller cab’s ride comfort and shaking under the different

excitation frequencies is necessary.

1. INTRODUCTION

With the vibratory rollers moving and working on de-
formable grounds, their speed was quite low. Thus, the vibra-
tions from deformable grounds in the low-frequency domain
greatly influenced the cab’s noise and ride quality.' In the
isolation system of the vibratory roller cab, the rubber mate-
rials were mainly used to design the cab’s rubber isolations
for reducing the cab’s vibration in the low-frequency domain
and the cab’s noise in the high-frequency domain.*® The ad-
vantages of the cab’s rubber isolations using rubber materials
were low cost, simple structure, and easy fabrication. How-
ever, the disadvantage of these rubber isolations was that the
ability to isolate vibrations of the cab in the low-frequency do-
main was poor due to the damping characteristics of the rubber
materials being very low. Therefore, the health and comfort of
the driver were difficult to ensure in the working process of
vibratory rollers.

To ameliorate the ride comfort of the vibratory roller cab in
the low-frequency domain, based on the isolation efficiency of
the seat suspension system using the negative stiffness struc-
ture,”® the isolation system of the vibratory roller seat was
added by the negative stiffness structure to enhance the seat’s
vertical comfort. !0 Besides, the cab’s isolation system us-
ing the rubber isolations was studied to decrease the cab’s

vertical vibration and shaking by increasing the damping val-
ues of rubber materials. Based on the design of the engine’s
rubber mounts, to increase the isolating efficiency of the en-
gine’s rubber mounts, the hydraulic mounts using hydraulic
dampers were added into the engine’s rubber mounts to iso-
late the engine’s vibration in the low-frequency domain.'!1?
The results showed that the isolation ability of hydraulic isola-
tions was better than rubber isolations. To further ameliorate
the efficiency of the engine’s hydraulic isolations, based on the
method of controlling the damping properties of the liquid by
using the MRF (magnetorheological-fluid),'* Engine hydraulic
isolations were studied and controlled. The control result of
the engine’s hydraulic isolations was also better than without
control.'*'® Based on these study results of the engine’s hy-
draulic isolations, the hydraulic isolations were also applied to
the vibratory roller cab’s isolations to control the cab’s verti-
cal vibration and shaking.!®!”-8 The hydraulic damper of the
hydraulic isolation added into the vibratory roller cab’s isola-
tions was designed by a damping plate in the chamber of the
hydraulic damper. The damping plate was connected to the
cab floor while the chamber of the hydraulic damper was con-
nected to the vibratory roller frame. The oil was filled in the
chamber to increase the damping force via the eight orifices
designed on the damping plate and the annular gap between
the damping plate and chamber when the damping plate was
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Figure 1. Isolation model of vibratory roller’s cab using
rubber mounts.

moving in the chamber.!>?° To further ameliorate the quality
of the vibratory roller cab using hydraulic isolations, the damp-
ing values in hydraulic isolations were controlled.?!-?*> The vi-
bratory roller’s cab ride quality was better improved.

In the above studies, the front-end and rear-end hydraulic
isolations applied to the vibratory roller cab’s isolations were
designed by the front-end and rear-end damping values with
their constant damping values of Cy, = [ch1, 2] . The con-
stant damping values were then analyzed and controlled to en-
hance the isolation efficiency of the hydraulic isolations. How-
ever, C}, depends greatly on the geometric dimensions of the
orifice’s diameter, plate’s diameter, chamber’s diameter, and
the annular gap between the damping plate and chamber. To
calculate these numerical values of C}, all geometric dimen-
sions of the hydraulic dampers as well as design damping pa-
rameters of the hydraulic isolations need to be analyzed in de-
tail based on the dynamic model of the vibratory roller cab.
However, these problems are ignored in all existing research.

To supplement these deficiencies, based on the dynamic
model of the vibratory roller cab equipped with the rubber
isolations, the influence of the damping values of the rubber
isolations in the frequency domain is analyzed. Based on the
analysis results, a hydraulic damper is designed and added to
the cab’s rubber isolations. The damping values of these de-
signed hydraulic dampers are then calculated and optimized
based on the optimization of the geometric dimensions of hy-
draulic dampers and dynamic model of the vibratory roller cab.
The aim of this study is the design and optimization of the
cab’s hydraulic isolations to control the vibratory roller cab’s
ride comfort and shaking.

2. MODEL AND CALCULATING APPROACH
2.1. Model of Cab with Rubber Isolations

In the isolation systems of the vibratory roller cab using the
rubber isolations, the physical parameters of the front-end rub-
ber isolations are larger than the physical parameters of the
rear-end rubber isolations to reduce the pitching cab vibration.
However, the physical parameters between the left and right
rubber isolations are the same.?!»?* Thus, to study the cab’s
vibration, a half model of the vibratory roller’s cab using the
front and rear rubber isolations is established in Fig. 1a. Where
Ze, ¢c, and m, are the vertical displacement, pitching angle,

and mass of the cab. [; and [, are the distance between the
front/rear isolations and the center of gravity of the cab. zp;
and 2o are the front and rear vibration excitations of the cab
from the vibratory roller’s body. ¢,; and k1 and ¢,.2 and k.o
are the damping and stiffness values of the cab’s front and rear
rubber isolations.

The vibration equations of the cab in Fig. 1b is written in the
time domain as follows:?!

{ MeZe = cr1 21 + ke Z1 + craZo + ko Zo 1

ch;c = (CTZZZ + kroZs)ly — (Cr121 + k1 Z1)ly

where 71 = 2p1 — 2c + l1¢c and Zs = zpo — 2. — lo@e.
To evaluate the cab’s vibration characteristic in the fre-
quency domain, based on the Laplace transfer function, the
transfer functions in the cab’s vertical and pitching vibrations
in the frequency domain calculated from Eq. (1) could be ex-
pressed by:?*
{ach(m) + a12Pc (i) = b11Zp1(iw) T b12Zb2(iw) | @)
21 Ze(iw) + @22 Pe(i) = b21 Zp1(iw) + b22Zp2(iw)

arr = —mew? + (cr1 + ¢r2)iw + (kr1 + kp2)

where a1 = (Crglg — crlll)iw + (kr2l2 — krlll) and
bll = crliw + krh and 612 = Crgiw + krg
ag1 = (cralz — cril)iw + (kpaly — krily)
a9 = — sz —+ (Crll% + crgl%)iw —+ (k‘rll% —+ kr2l%)
a9 = —(crliw + krl)lh and agy = (Crgiw + k;‘y‘Q)lQ

Ze(iw)s Pe(iw)» Lb1(iw) and Zpz(i,) are the vibrations and ex-
citations of the cab in the frequency domain.

By dividing Eq. (2) by the front excitation of Zy; ;.. Eq. (2)
is described by the following matrix:

{011 a12:| {Hz(iw)} _ {bn 512} { 1 }

azi  azz2] | Heiw) bor  b22| | Zvagiw)/Zi(ie) )
3)

Zc(iw) ¢c('iw)

Zp1(iw) Zp1(iw)
tion’s transfer functions from the vibratory roller’s body to the

cab’s vertical and pitching directions.

herein H, ;) = and Hy(i) = are the vibra-

From the parameters of the vibratory roller’s cab and its iso-

lation systems designed, both the matrices of {2 = {au au]
az1  a22

bir b1z

b1 b2o

both H. ;) and H ;. in Eq. (3) are determined by:

and ¥ = [ ] in Eq. (3) could be calculated. Therefore,

H,

Qe

I: 1 a12:|
Zb2(iw)/Zb1(iw) a22
aill 1

a1 Zya(iw)/ Zo1 (i)

(3w)

4

Qle

Hey(jwy =

By transforming Eq. (4), the obtained results of H ;) and
H 4;.,) are the complex number form and described by:
{ Rl )

Hy(jo) = Ap +iBy

From the complex number equations of H ;) and H ;)
in Eq. (5), the relationship between the excitation frequency
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Table 1. Simulation parameters of the cab and its isolations.

Parameter Value Parameter Value
me/kg 445 | kp/Nm~1 | 9.1 x 10°

cr1/Nsm~1 | 218 | Ekpo/Nm~! | 1.2 x 10°

¢ro/Nsm~1 29 l1/m 0.100
I./kgm? 280 l2/m 0.524

Table 2. Results of the maximum |H. ;)| and | H ;) -

Damping values | Max |Hz(jw)| Max |H¢(ju)|
A=0 128.7 152.0
A=1 52.1 101.7
A=50 26.7 59.4

A =100 18.3 38.4
A =200 13.6 28.0

and acceleration response in the cab’s vertical and pitching di-
rections could be expressed by:>*

‘Hz(jw)| ZWQVA§+B§ 6)

|Hyjun| = w?\ /A + B
herein w = 27 f and f is the excitation frequency of the cab’s
vibration model from the vibratory roller’s body.

Eq. (6) was then applied to evaluate the cab’s vibration char-
acteristics in the frequency domain.

2.2. Cab’s Vibration Characteristic under the
Influence of Damping Values

With the design parameters of the vibratory roller’s cab
using the rubber isolations provided in Table 1,223 these
parameters were then simulated to evaluate the cab’s vibra-
tion characteristics in the frequency domain under the in-
fluence of damping values C' = X X [cp1,¢p2], here A =
{0, 1,50, 100,200}. The relationship result between the exci-
tation frequencies and acceleration responses in the cab’s ver-
tical and pitching directions are shown in Figs. 2a and 2b. Be-
sides, the maximum values of |Hz(jw)| and |H¢(jw)| are listed
in Table 2.

Figs. 2a and 2b show that with the cab’s isolation system us-
ing the front and rear rubber mounts with their stiffness values
of k.1 and k.o, the two resonant frequencies of the cab’s iso-
lation system appear at f; = 2.0 and fo = 7.7 Hz. At these
two resonant frequencies, the amplitude-frequency responses
of the cab’s vertical acceleration and pitching acceleration are
strongly affected by the change in the damping value of C.
With the cab’s isolation system without the damping value
of C(A = 0), the amplitude-frequency responses of |Hz(jw)|
and |Hy;,| are very high. However, with the small damp-
ing values of ¢,; and c,2 added in the cab’s isolation system
(A = 1), the maximum values of \ﬁz(jw)| and \H¢(jw)| in
Table 2 are strongly reduced by 59.5% and 33.1% in compar-
ison without C. This implies that the damping values must
be added to the cab’s isolation system to improve ride com-
fort. However, with the damping values of the cab’s rubber
mounts designed by ¢,; = 218 and ¢,; = 29 Nsm~12:23:2
the maximum values of |ﬁz(jw)| and \ﬁ¢(jw)| are still very
high. This means that the cab’s ride comfort is very poor.

150
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(

‘H:[[

50-

Frequency (Hz)
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Figure 2. (a) Characteristic of cab’s vertical acceleration. (b)
Characteristic of cab’s pitching acceleration.

Thus, the damping value of C' needed to be increased. With
the increase of the C' at A = {50,100, 200}, the results in
the same Figs. 2a and 2b indicate that |ﬁz(jw)| and |H¢(jw)|
are still greatly reduced. Especially, A increases from 50-200,
the maximum values of |ﬁz(jw)| and |ﬂ'¢(jw)| are greatly re-
duced from 59.5%- 89.4% and 33.1%-81.6% in comparison
without C(\ = 0). However, when A > 200, the maximum
values of |Hz(jw)| and |H #(jw)| are insignificantly reduced in
comparison with their values at A = 200. Accordingly, to
ensure the ride comfort of the vibratory roller, the damping
values of the cab’s rubber isolations should be designed by
A >50(c1 > 10.9 x 10%andc,o > 1.45 x 10% Nsm~!). How-
ever, both ¢,.1 and ¢, are difficult to achieve in these ranges if
the cab’s isolations are designed and used by rubber materials
with ¢,; = 218 and ¢, = 29 in Table 1.

To solve this problem, the cab’s rubber isolations added by
the hydraulic dampers to increase the damping values will be
designed and calculated in the next section.

2.3. Design of Cab’s Hydraulic Isolation

Based on the structure of the cab’s rubber systems used in
the vibratory roller cab in Fig. 3a,>> a hydraulic damper was
designed and added to the rubber mount to enhance its damp-
ing value. Its structure and mathematical model are plotted in
Figs. 3b and 3c. Where D1, D,, and Dj are the diameters of
the chamber, damping plate, and orifice. k, and ¢, are the stiff-
ness and damping values of the rubber material in the rubber
mount. H is the annular gap.

To calculate the dynamic equation of the designed hydraulic
damper (DHD), some assumptions are made as follows: (1)
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Figure 3. (a) Rubber isolation. (b) Hydraulic isolation. (c)
Mathematical model of hydraulic isolation.

the inertia and friction of the oil in the chamber are very small,
(2) the temperature and density of the oil are stable during the
working process of DHD, (3) the damping plate mainly works
in the vertical direction, and (4) the vertical deformation of
DHD is x. Based on the study results presented by Jiao, Wang,
Zhang, Hua'!® and Nguyen,? when the damping plate is mov-
ing in the chamber, the moving velocities of the oil generated at
the orifice and annular gap are v, and v,. The pressure losses
of the oil at the orifice and annular gap are expressed by:

Apa = 7|Ua‘va; (7)

herein p is the oil’s density, &, and J, are the loss coefficients
of the oil at the orifice and annular gap.

Under the influence of the effective areas in the chamber
(A7), annular gap (As), and orifice (A3) of DHD, both ¢, and
d4 in Eq. (7) are determined by:!°

A — A D? — jD? A —A D?

S, = LA ]23and5a:71 2:—22;
24, 2D? 24, 2D?

nD? n(D?—-D32) jmD2 ®)

where A} = T71, Ay = =2 and A3 = 22, jis the

orifice number on the plate.

The flow ratio of the oil in chamber I and chamber II through
the orifice and annular gap is determined based on the contin-
uous flow equation of the oil as follows:??

Q = Al.%‘ = 53110 = nga. (9)

By substituting the values of Ay, Ay, and A3 from Eq. (8)
into Eq. (9) and transforming Eq. (9), both v, and v, can be
determined by:

D2 2
L__i and v, = —5 .
j D3

— 10
D? _ D32 (10)

Vo =

4
Crl
Chl

Zp2 Zbh1

-/

Figure 4. Isolation model of vibratory roller’s cab using
hydraulic isolations.

Based on the pressure losses of the oil at the orifice and an-
nular gap determined by Ap, and Ap, in Eq. (7), the differ-
ence in the oil pressure in the hydraulic damper is written as
follows:

Ap = Ap, + Ap,. (11

Therefore, the force response of DHD generated by the in-
fluence of the difference of the oil pressure (Ap) on the damp-
ing plate’s area (A4) is expressed by:

Fh = Ap X A4 = Ch|i'|.’ﬁ; (12)

where Ay is calculated by Ay = 7(D3 — jD3)/4 and ¢, is the
quadratic damping value of DHD.

The ¢, depends on the geometric dimensions of DHD and it
is described as follows:

v D3

_Y D} —jD3]
16 [(DF - D3)?

i*Ds |’

ch (13)
where ¢ = pr(D3 — jD3?)D3.

Based on the quadratic damping value c;, of DHD added in
the cab’s front and rear rubber isolations, the vibration model
of the vibratory roller’s cab using front and rear hydraulic iso-
lations is established in Fig. 4.

Therefore, the vibration equations of the cab added by DHD
in Fig. 4 can be rewritten by:

mcéc = (Crl + ch1|i'1|)i'1 + krlxl"_
 (Cr2 + cnalda]) @2 + kraao )
I.pc = [(cra + chal@2|) T2 + kroxa)]lo—’
[(er1 + cn|@1])E1 + ki ]l

(14)

where x1 = Z; and x5 = Z5. Both Z; and Z5 have been
calculated in Eq. (1).

Eq. (13) is applied to analyze the characteristics of ¢;,; and
cn2- Then, Eq. (14) is used to optimize the efficiency of DHD
in isolating the vibration of the vibratory roller cab.

3. CALCULATION RESULT AND ANALYSIS

3.1. Influence of DHD Added in Cab’s
Rubber Isolations
The cab’s vibration was mainly generated by the random ex-

citation from the off-road ground surface. Thus, to evaluate the
influence of DHD added in the cab’s rubber isolation system,
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Figure 5. (a) Vibration excitation of cab floor. (b) Vertical
RMS cceleration. (c) Pitching RMS acceleration of cab.

the random excitations of zp; and zp1 = zp1 {t = (I1 + l2)/v}
computed from the random excitation of the off-road ground
surface via ISO 8068 class D and vibratory roller model were
applied for the simulation.?® The excitation result of z;; at a
low speed of the vibratory roller of v = 10 km/h is shown in
Fig. 5a.

Based on the dynamic parameters of the cab’s rubber iso-
lations in Table 1 and initial parameters of the cab’s front
and rear hydraulic dampers with c¢;; = 20 x 10° and
cho = 4.5 x 10® Ns?m~2,21:23 ynder the change of C}, =
[a1 X cp1, 2 X cp2] with g o increasing from 0.0 to 1.6,
the cab’s vertical root-mean-square (RMS) acceleration (ay, )
and pitching RMS acceleration (a¢c) calculated by a,i, =

\/ fos.(; w(2 k() df in the frequency domain?’-?8 are plotted in

Figs. 5b and 5c.

Reducing the .. and a4 of the cab also means increas-
ing the ride comfort and the durability of the structures. Thus,
Gwze and agc are used to evaluate the influence of DHA on
the cab’s ride comfort.

Figs. 5b and 5c show that a,,,. is strongly increased while
Qwge 18 insignificantly changed with the increase of cp,;. Con-
versely, a,,.. is insignificantly changed while a,,¢. is signif-

4.0 e O (MVS?) o a,, (rad/s?)

()

3.0/ e

RMS acceleration
N
o

0 0.4 08 12 16

Figure 6. Change of the damping ratio between the cab’s
front and rear hydraulic dampers.

icantly affected by the increase of cp2. This means that cp;
strongly affects the cab’s vertical ride comfort while ¢ sig-
nificantly affects the cab’s shaking. Both a.,. and a4, attain
their minimum values when c¢p,; and cps are designed within
the ranges of a1 X c¢p1 with 0.3 < a1 < 0.7 and g X ¢po
with 0.7 < ag < 1.1. Thus, to improve both the cab’s ver-
tical vibration and shaking, the damping values of the front
and rear hydraulic dampers should be designed in the ranges
of 6 x 10° < ¢p1 < 14 x 10% and 3.15 x 10® < ¢pe <
4.95 x 103 Ns?m~2,

Besides, the damping ratio between the cab’s front and rear
vibration isolations is 8 = cp1/ch2 = 4.44.2-23 However,
the change of this damping ratio can also affect both the cab’s
vertical vibration and shaking. Thus, a change range of 3 from
0.5 to 8.0 is also simulated to evaluate the influence of 3. The
simulated result is presented in Fig. 6.

The result shows that both @, and a4, attain their min-
imum values when the damping ratio is changed in a range
of 1.0 < 8 < 3.0. When the £ is increased from 3.0 to 8.0,
both a,,.. and a4 are strongly increased. Thus, the cab’s ride
comfort is very poor. This is the reason why in the design of the
cab isolation system of off-road vibratory rollers, the damping
values of the front-end isolations are usually higher than those
of the rear-end isolations.2!2> However, in the existing stud-
ies of the vibratory roller cab using hydraulic isolations, these
damping values are not optimized. Thus, optimizing cj; and
cp2 to enhance the cab’s vertical vibration and shaking is nec-
essary.

Based on hydraulic isolation designed in Fig. 3 as well as its
quadratic damping value calculated in Eq. (13), we can see that
the damping values of ¢p1 and cp,2 depend on the geometric di-
mensions of Dy, Dy, and D3. This means that to optimize cp1
and cp2, the influence of Dy, Ds, and D3 on the damping char-
acteristic of DHD needs to be evaluated, and these geometric
dimensions need to be optimized.

3.2. Influence of Geometric Dimensions
of DHD

Influence of the orifice’s diameter and number: Based on
the basic geometric dimensions of a hydraulic damper listed
in Table 3,' to evaluate the influence of the orifice diameter
(Ds3) and orifice number (j) on the damping characteristics
of Cy, = [ch1, cha), both D3 and j changed in the ranges of
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Table 3. The geometric dimensions of the hydraulic damper.

Parameter | Value | Parameter | Value
D1/mm 124 H/mm 1.0
Da/mm 122 plkg m—3 850
D3/mm 10 7 8.0
50-
oAy
! =2
45! .
- Fp =4
e -
5 40 =6
Z -
x Optimal region of C:: oj=8
(_f 35 6.O<CM<14 j:‘]o
3.15<¢,<4.95
) j=12
3.0 .
0 5 10 15 20 25
D, (mm)

Figure 7. Influence of D3 and j on C},.

1.0 < D3 < 20 and 2 < j < 12 are simulated. Their influence
results have been presented in Fig. 7.

Fig. 7 shows that both D3 and j significantly affect C},.
Whith the increase of D3 and j , the flow of oil moving through
the orifices increases, thus, the fluid resistance in the orifices
decreases and the damping value of C, is reduced. Fig. 7
also shows that under the change of D3 and j, the maximum
value of the hydraulic damper is achieved by 4.86 Ns?m—2
at D3 = 1.0 and 5 = 2. However, this value only satis-
fies the design condition of the rear hydraulic damper with
3.15 x 103 < ¢p2 < 4.95 x 10% Ns?m~2. Based on the design
condition of the front hydraulic damper with 6 x 10% < ¢ <
14 x 103 Ns2m™2, the ¢y is not achieved under any changes
in D3 and j. Therefore, to simplify the design of the front and
rear hydraulic dampers, the geometric dimensions of D3 = 10
and j = 8 are applied for both the front and rear hydraulic
dampers.

Influence of the chamber diameter and annular gap: To
assess the influence of the chamber diameter D and annular
gap (H = 0.5(D; — D3)) on C}, = [cp1, cpa), based on basic
geometric dimensions of D and D, provided in Table 3, both
the changes of D; and H from 76 < D; < 196 and 0.1 <
H < 1.5 are simulated. The simulation result is shown in
Fig. 8.

Fig. 8 indicates that both D, and H strongly affect Cj,.
When D, is increased, the damping plate area is also in-
creased, thus, the damping value of C}, is increased and vice
versa. Conversely, when H is increased, the flow of oil mov-
ing through the annular gap is also increased. Therefore, the
damping value of C}, is decreased. Based on the simulation
result in Fig. 8, we can see that to satisfy the design con-
ditions of the front and rear hydraulic dampers, the range of
124 < Dy < 196 and 0.1 < H < 1.2 could be designed for
the front hydraulic damper and the range of 100 < D; < 172
and 0.1 < H < 1.3 could be designed for the rear hydraulic
damper. However, to simplify the manufacturing process of

15¢ -%-D, =76
Optimal | =D, =100
region D, =124
@g 10 of ¢, -8 D, =148
& =D, =172
(2]
e D, =196
X
o 5¢ = M Optimal
B., region
of ¢,
0 e o & K o
0 0.5 1 1.5 2

Figure 8. Influence of Dy and H on C},.

the front and rear hydraulic dampers, their D; dimensions
should be uniform. Therefore, the geometric dimensions of
124 < D; < 148 could be designed for both the front and
rear hydraulic dampers while the annular gap of H = H; with
0.1 < H; < 0.5 should be applied for the front hydraulic
damper and H = Hy with 0.3 < Hy < 0.9 should be applied
for the rear hydraulic damper.

Based on the above analysis results, to enhance the effi-
ciency of DHD of the vibratory roller cab, the geometric di-
mensions of Dy and H need to be optimized based on the
boundary conditions of { D1, H, 3, ch1, Cha}-

4. OPTIMIZATION
DAMPERS

4.1. Optimization Approach

OF HYDRAULIC

There are many methods used to optimize parameters in
mathematical models, such as the micro-genetic algorithm,
PID-fuzzy control, optimal neural-fuzzy control, and genetic
algorithm.?>2*3%  Among them, the genetic algorithm (GA)
is known as an optimization method with a simple struc-
ture but high efficiency in finding multi-objective functions.
Thus, GA is applied to optimize the geometric dimensions
of D; and H. In this study, GA is defined as finding
a vector of a = [Di, Hy, Hs]T to obtain the minimum
value of J = [awze, @uwgpe]’ . Thus, to perform the opti-
mization process, the geometric dimensions in a vector of
a are encoded by Dy = [124,125,..., Dy ,...,147,148]7,
.,0.49,0.5]7, and Hy =

H = [0.1,011,... Hy,..
[0.3,0.317...,H1j,...,0.89,0.9]T. These parameters are
randomly chosen to calculate Cy, = [cp1,cpo] via GA and

Eq. (13).

Based on the boundary conditions of the front and rear hy-
draulic dampers determined by 6 x 102 < ¢;; < 14 x 102,
3.15 x 103 < cpa < 4.95 x 10%, and 1.0 < 8 < 3.0 in section
3.1, the values of C}, = [cp1,cp2] that satisfy the boundary
conditions will be applied to calculate the minimum value (fit-
ness value) of J = [@yzc, Guwge)’ via the vibration model of
cab in Fig. 4. From the initial population, the crossover proba-
bility, and the mutation probability of GA established by 200,
0.95, and 0.05 in 103 generations, GA is then performed based
on MATLAB software. The details of the optimization pro-
cess are illustrated in Fig. 9. After the optimization process is
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Figure 9. The GA’s flow chart for the model of cab and
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0.68
@ooo%
0.64 @,
© S
C;go 60 e
’ % X 781
0.56 | . o7 ;
K

Figure 10. Fitness curve and optimal result.

finished, the smaller values of a,,.. and a,,¢. generated in the
evolutionary generations are saved and plotted in Fig. 10.

The results show that the evolutionary generations are car-
ried out from O to 400, both the fitness values of a,,,. and
awgec decrease rapidly. This is due to the high mutation prob-
ability of the optimization process, thus, the optimal values
of @y .. and a,¢. are quickly found. When the evolution-
ary generations are increased from 400 to 780, the mutation
probability isreduced, thus, both a,, ;. and a.,¢. decrease more
slowly. When the evolutionary generations are increased from
781 to the end, both a,,.. and a,,¢. remain almost unchanged.
Therefore, the optimal values can be achieved from the gen-
eration of 781 to the end. By saving the optimization results
in the MATLAB/Workspace, the parameters of the optimized
hydraulic dampers (OHD) are provided in Table 4. From these
optimal results, the efficiency of OHD will be analyzed in sec-
tion 4.2.

Table 4. The optimal result of front and rear hydraulic
dampers.

Parameter DHD | OHD
] 444 | 273
D1/mm 124 130.0
H1/mm 1.0 0.22
Ho/mm 1.0 0.54
cp1/kNs?m—2 20 11.06
chal/kNs?m—2 4.5 4.05
6.0r xr7 PR e RI
Y: 6.01 DHD
o —OHD
2 40
E 94.3%
RN
©
A 20-
N
: 1
BRY
O - ATTES =
0.5 1 2 4 8 16 32
Frequency (Hz)
(a)
157 - RI
. DHD
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S
=
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o
0 NI e |
0.5 1 2 4 8 16 32
Frequency (Hz)
(b)

Figure 11. (a) Vertical PSD acceleration response. (b)
Pitching PSD acceleration response of cab in the frequency
region.

4.2. Efficiency of
Dampers

Optimized Hydraulic

Under the same simulation condition of the cab’s vibration
model in Section 3, three different cases of the cab’s isolations
using RI, DHD, and OHD are then simulated. Results of the
power-spectral-density (PSD) of the cab’s vertical and pitching
acceleration responses in the frequency domain are plotted in
Figs. I1a and 11b.

By adding OHD in the cab’s RI, the two resonant frequen-
cies of the cab’s isolation system also appear at f; = 2.0 and
fo = 7.7 Hz. It is like the simulation results in section 2.2.
This is because the stiffness of the cab’s isolation system does
not change while the resonance frequencies of the system are
not affected by the damping values. However, at these two res-
onant frequencies, the maximum values of the PSD of the cab’s
vertical and pitching accelerations with OHD are strongly re-
duced in comparison with both RI and DHD. Especially, these
PSD values with OHD are smaller than those of RI by 94.3%
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Figure 12. (a) Vertical RMS acceleration. (b) Pitching RMS
acceleration of cab.

and 77.0%.

Besides, based on the results of the PSD of the cab’s vertical
and pitching acceleration responses in Fig. 11, the computed
and compared results of a,,.. and a4, between RI, DHD, and
OHD are presented in Figs. 12a and 12b.

Results in Fig. 12 also show that both a,,,. and a,¢. with
OHD are lower than those of RI and DHD. Especially, a,,..
and a,,¢. With OHD are remarkably decreased by 40.4% and
35.8% in comparison with DHD and by 75.5% and 75.2%
compared to RI. These analysis results imply that with the
OHD is added into the cab’s rubber isolations, the cab’s ride
comfort and shaking are strongly improved in comparison with
the cab’s rubber isolations under the different excitation fre-
quencies of the vibratory roller cab.

4.3. Experimental Study of OHD

To demonstrate the practical effectiveness of OHD added
into the cab’s isolations, a simple experiment of the vibratory
roller with its cab isolations equipped with RI, DHD, and OHD
is performed. During the test, the engine is on. However,
the engine rotates at high frequency and very small vibration
amplitude with its harmonic excitation. Besides, the engine’s
isolation system is also used by the good hydraulic mounts.
Therefore, the engine’s vibration has very little effect on the
cab vibration. The cab’s vibration was mainly affected by the
excitations of the low frequency and high vibration amplitude
of the vibratory drum and the elastic deformation of the ran-
dom ground surface when the vibratory roller is moving and
working. Therefore, the vibratory roller was measured under
an harmonic excitation force of the drum (F; = Fy sin 27 f)
at 28 Hz when the vibratory roller is moving and working on
elastic deformation ground of rubber material at 3.0 km/h. The

Hydraulic
isolation

Analysis and | IS
display result|icsees

: s -
Acc sensors

Figure 13. The measurement diagram of the vibratory roller
cab.

measurement diagram of the vibratory roller cab is plotted in
Fig. 13.

To measure the vertical power-spectral-density (PSD) accel-
eration and pitching PSD acceleration of the cab, two three-
dimensional sensors have been installed at the front cab floor
and rear cab floor at the positions of the cab’s isolation mounts
to determine the vertical accelerations (a.; and a.z) of the
front and rear cab floor (see Fig. 13). From the two mea-
sured accelerations of a.; and a.o, the vertical acceleration and
pitching acceleration of the cab are calculated by:

{éc = gcl - lléc = Qc2 — 12(50 .
¢c - (acl - a'c2)/lc ’

where [. = [, + l.2 and both [.; and [.y are calculated in
Table 1.

The measured signals of the %, and ¢ are then transmitted to
Belgium-LMS-dynamic-test to calculate measurement results
of the vertical PSD acceleration and pitching PSD acceleration
of the cab. Based on the measured and computed results with
RI, DHD, and OHD, the PSD of the cab’s vertical and pitching
accelerations are given in Figs. 14a and 14b.

Like the simulation results between RI, DHD, and OHD in
section 4.2, the experiment also shows that with RI used, the
amplitude-frequency responses of the cab’s vertical PSD accel-
eration and pitching PSD acceleration at the resonant frequen-
cies are very high. However, with DHD and OHD added, their
amplitude-frequency responses are strongly reduced in com-
parison with RI nder the excitation frequencies, especially with
ODH. Based on the simulation and experiment results of OHD
added in the cab’s rubber isolations, the study shows that the
cab’s ride comfort and shaking are remarkably improved com-
pared to the cab’s traditional isolations using rubber materials.
Therefore, OHD should be studied and applied to replace the
cab’s RI to improve the vibratory roller’s ride quality.

15)
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Figure 14. (a) The experimental result of the vibratory roller
cab using RI, DHD, and OHD; Vertical PSD acceleration. (b)
Pitching PSD acceleration of cab.

5. CONCLUSIONS

With the cab’s isolation using the rubber materials, the
damping values of the cab’s RI are very low. Thus, to ensure
the vibratory roller’s ride comfort, these damping values need
to be designed in the range of 21.8 x 103 < ¢,; < 43.6 x 103
and 2.9 x 103 < ¢;9 < 5.8 x 103 Nsm~!.

With adding the quadratic damping values of DHD into
the cab’s RI, both the cab’s vertical vibration and sharking
are greatly affected by the change of C}, = [cp1,ch2] and
damping ratio 8 in DHD. To improve the cab’s vertical vi-
bration and sharking, these values should be designed in the
range of 6 X 10% < ¢p1 < epe < 4.95 x 103 Ns?m~2, and
1.0 < B < 3.0.

The quadratic damping values of Cj, = [ch1, cho] depend
greatly on the geometric dimensions of the chamber diame-
ter (D7) and annular gap (H) in the hydraulic dampers. With
the dynamic parameters of Dy, H, cp1, ch2, and 3 optimized
by GA, the maximum values of the PSD of the cab’s vertical
and pitching accelerations are strongly reduced by 94.3% and
77.0% in comparison with RI. Besides, both a,,.. and a,¢c
with OHD are also greatly decreased by 75.5% and 75.2%
compared to RI. Additionally, the experiment results also show
that the maximum values of the PSD of the cab’s vertical and
pitching accelerations with OHD are also lower than those of
the cab’s RI and DHD. Therefore, with OHD added into the
cab’s RI, the cab’s ride comfort and shaking are remarkably
ameliorated under the different excitation frequencies of the

vibratory roller cab. From this study result, OHD should be
added to the cab’s rubber isolations to improve the vibratory
roller’s ride quality.
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