Journal of Southeast University (English Edition)

Vol. 39, No. 1, pp. 89 —97

Mar. 2023 ISSN 1003—7985

Ameliorating the vibratory roller’s ride quality
based on QZSS and the seat’s semi-active suspension

Nguyen Van Liem"’

Zhang Jianrun’

Zhou Huaxiang"’

(" School of Mechanical and Electrical Engineering, Hubei Polytechnic University, Huangshi 435003, China)
(*Hubei Key Laboratory of Intelligent Conveying Technology and Device, Hubei Polytechnic University, Huangshi 435003, China)

(*School of Mechanical Engineering, Southeast University, Nanjing 211189, China)

Abstract: A combination of the semi-active suspension ( SAS)
and quasi-zero stiffness structure ( QZSS) is proposed for a
seat suspension to improve the ride comfort of a vibratory
roller. A 3D vehicle dynamic model is built to assess the
isolation performance of the seat’s SAS combined with the
QZSS under a vehicle’s different working conditions on
elastoplastic soil. An experimental investigation is also used to
verify the accuracy of the model. The weighted root mean
square (a,,) and power-spectral-density (PSD) accelerations
of the driver’s seat are selected as the evaluation indexes. The
research results show that the seat’s SAS significantly
improves the vibratory roller’s ride comfort compared to the
seat’s passive suspension (PS), whereas the QZSS added into
the seat’s PS improves the ride comfort better than the seat’s
SAS. In particular, with the QZSS embedded in the seat’s
SAS, the values of a,, and the maximum PSD of the driver’s
seat are strongly reduced by 75.7% and 74.3% compared to
the seat’s PS, respectively. Therefore, the QZSS embedded in
the seat’s SAS should be used to further enhance the ride
comfort of the vibratory roller.
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‘x JTith vibratory rollers working on the elastoplastic

soil ground, the vibration responses of the driver’s
seat in the vertical direction and cab shaking are great.
These values strongly influence the ride quality and work-
ing performance of drivers''™. Thus, to ameliorate the
ride quality of vibratory rollers, a cab’s isolation systems
of vibratory rollers were examined by applying hydraulic
mounts ( HMs) ™.
methods, the semi-active isolation systems of a vibratory

Moreover, based on optimal control
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roller cab were studied and controlled”™. As a result,

the ride quality of the driver was remarkably ameliorated
compared to the cab’s passive isolation systems. Howev-
er, according to the standard of ISO 2631-1"', the vibra-
tion of the driver’s seat in the vertical direction was still
high, especially under the condition of the vehicle com-
pacting on elastoplastic grounds. To solve this problem,
the seat’s passive suspensions ( PS) of vibratory rollers
need to be improved.

The existing studies of the driver’s seat suspension
showed that the semi-active suspension ( SAS) of the
driver’s seat optimized or controlled could improve the
ride comfort better than that of the seat’s PS!*”, especial-
ly with the fuzzy control. Moreover, the driver’s seat
suspension embedded by the quasi-zero stiffness structure
(QZSS) was studied to improve the vehicle’s ride com-
fort®™ . The QZSS was also tested to validate its actual
performance'"”!
the QZSS were optimized to enhance ride comfort'".
The study results show that the seat’s ride comfort was
greatly improved by the seat’s PS added by the QZSS.
However, the 1D vehicle dynamic model was only used
to evaluate the performance of the seat’s SAS and
QzSS'"™ | whereas the actual structure of the vehicle is
3D. Therefore, the performance of the SAS and QZSS
has not been fully reflected yet. Furthermore, based on
the isolation performance of the SAS and QZSS, a com-
bination of the SAS and QZSS can further improve the
ride comfort of the driver’s seat. However, this issue has
not been considered yet. In addition, in the models of the
SAS and QZSS, the vibration excitation of the rigid road
surface was only used to assess the performance of the
SAS and QZSS. However, with off-road vibratory roll-
ers, off-road vehicles mainly travel on deformable terrain

Moreover, the dynamic parameters of

and compress elastoplastic soils. Thus, the stability and
isolation performance of the SAS and QZSS could be af-
fected by the excitation of deformable soil grounds. How-
ever, this issue has not been studied and evaluated yet.
To solve the above existing problems and enhance the
ride comfort of vibratory rollers, a QZSS embedded in a
seat’s SAS is proposed and researched. A 3D dynamic
model of a vibratory roller was built to evaluate the isola-
tion performance of the seat’s SAS added by the QZSS



90

Nguyen Van Liem, Zhang Jianrun, and Zhou Huaxiang

under various conditions of the vibratory roller. In addi-
tion, an experimental study of the vibratory roller was
performed to enhance the reliability of the mathematical
model and calculation result. The decrease in the weigh-
ted root mean square and power-spectral-density ( PSD)
accelerations of the driver’s seat to enhance the ride com-
fort of the vibratory roller was selected as the evaluation
index.

1 Mathematical Model

A 3D nonlinear dynamic model of a vibratory roller
with 9 degrees of freedom considering the interaction be-
tween wheels and elastoplastic soil ground was built to
evaluate the vehicle’s ride comfort (see Fig. 1).

Fig.1 Vibratory roller’s dynamic model

In Fig. 1, m, and z, are the mass and displacement of
the driver’s seat, cab, front/rear vehicle floor, and
drum; ¢, and ¢, are the pitching angles of the cab and
rear vehicle floor, respectively; 6 is the rolling angles of
the cab, front/rear vehicle floor, and drum; kdj, kwj and
cy» €, are the stiffness and damping coefficients of the
drum’s isolations and wheels, respectively; F, is the
seat’s force response; F_ are the force responses of the
cab’s HM; [, to [, and b, to b, are the distances of the ve-
hicle in the x- and y-directions; and v, and ¢, are the
moving speed and vibration excitation of the vehicle, re-
spectively (i=1,2,3,4; j=1,2; 9 =s,c, fb, b, and d;
d=c,fb, b, and d).

To simplify the calculation process of the motion equa-
tions of the vehicle, the following assumptions are given:
1) Due to the vehicle’s vibration being generated by the
drum/wheel and deformable terrain interaction in the ver-
tical direction, it is assumed that the longitudinal and hor-
izontal impacts are very small and ignored. 2) At the
swivel joint between the front and rear vehicle floor,
there are two yawing and rolling motions. Other motions
are constrained. 3) The deformation of the cab floor and
rear vehicle floor is very small. Moreover, the displace-
ments of the driver’s seat, cab floor, and front/rear vehi-
cle floor around their equilibrium position are very small.

Based on the vehicle dynamic models in Fig. 1 and by

applying Newton’s second law of motion, the vibratory
roller’s motion equations can be represented in the matrix
form as

MZ +CZ +KZ =F(1) (1)

where M, C, and K are the mass, damping, and stiffness
matrices, respectively; Z is the displacement vector; and
F(1) is the exciting force vector.

The excitation forces of F, F
are determined as follows.

F,, and F in F(1)

ci? dj?

1) F, of the seat’s suspension is determined by the
process presented in Section 2.

2) F, of the cab’s isolation: The cab’s isolation was
equipped with four rubber mounts to reduce its vibration.
Existing research shows that a cab’s HM improved the vi-
bratory roller’s ride comfort better than rubber and pneu-

. 12
matic mounts' ™

. Thus, the cab’s isolation was used by
The

lumped parameter model is plotted in Fig. 2, where k, and

the HM to improve the vehicle’s ride comfort.

c, are the stiffness and damping coefficients of the rubber
mount, respectively, and ¢, is the damping coefficient of
the fluid of the HM.
zC
Cab | J

Gl "
J Zy

/

Fig.2 The model of a cab’s HM

Zep
=~

3) F, of the cab’s HM is expressed by'"™

Zevi
= [2o=2p + (=D b= ... (2)
I +(=1)"""b,(6. - 6,,) ]
where if i=1, 2, thenu=1, =1, +1,+1,, andv=i+
1; and if i =3, 4, thenu =2, I=1, andv=i-1.
4) F, of the drum’s isolation: The vibratory roller uses

Fo=kyzag + CoZay + CuZa

most of its time to work on elastoplastic soil. Thus, ac-
cording to Ref. [1], an interaction model of the drum and
elastoplastic soil was established, as shown in Fig. 3,
k ., and c_ are the elastic stiffness, compres-

se? ps?

where k
sion stiffness, and compression damper, respectively.

(b)

The interaction model of the drum and elastoplastic

Fig. 3
soil. (a) Loading phase; (b) Drum-hop phase
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Based on the research results of Ref. [1], the calcula-
tion method for the relative stiffness and damper to de-
scribe the elastoplastic property of the soil ground was
given based on two indexes, i.e., plasticity factor £ and
damping ratio y:

k c

&= ps : ’y — se (3)
k +k, k,

The mutation parameter of ¢ is from O to 1. The value
£ =0 achieved as k, =0 refers to the purely plastic soil
property, which degrades the loss of the drum-soil con-
tact. The value £ =1 refers to an ideal elastic soil proper-
ty achieved as k—o .

Under the interaction between the rigid drum and elas-
toplastic soil ground, the drum’s vibration equation is ex-
pressed by''™

F,= kdj(zih/‘ - Zdj) + cdi(Zlhj - Zdj)
Fg = kps[zd - (q - Zes)] = Ceszes + keszes} (4)
myZ,=F, -F, +F,

where z, -2y =2y =24+ (= 1)’b;, (6, -0, j=1,2.

In a vibration cycle of the drum and elastoplastic soil
interaction, two or three distinct phases (i.e., loading,
unloading, and drum-hop phases) occur in the motion of
the drum, which is described as follows:

Loading phase: The soil ground is compressed by the
drum. Thus, its density is increased, and it becomes
elastic. The stiffness of k., and k, is increased, whereas
the compression damper ¢, is reduced. To describe the
relationship of ¢, v, and z;, the drum’s motion equation
is given by'"
eym, fd +myZ, =g’de +F,—ec,;+...

+((ﬁ;—1)kPSZd+(<;'yFe+Fe (5)

2 .
F, =m_ ew sinwt

Unloading phase: The drum moves upward, and the
soil ground is restored. The drum’s equation is written as

myZy =F, —c Z, + F, (6)

Drum-hope phase: The soil ground has become elastic,
and the drum easily separates from the soil ground sur-
face. The drum’s equation is written as

myZ, =Fy+mg +F, (7

From Egs. (4) to (7), F,is then determined.

5) F, of the wheel-deformable terrain contact: In the
condition of a vehicle traveling on a deformable terrain,
under the effect of the static load and dynamic load of the
wheels, the contact region of the wheel and terrain could
have two deformations: 1) only deformation of the terrain
(region of ba) and 2) deformation of the wheel and ter-
rain (region of b'ob), as illustrated in Fig.4. m_ and r,
are the wheels’ mass and radius, respectively; p and 7 are
the press and stress of the deformable soil ground at point

X; 2., Z., and z_are the wheels’ displacement, wheel’s
static deformation, and terrain’s sinkage, respectively;
and ¢ is the excitation of the terrain surface.

Fig.4 Model of the wheel and soil ground contact

Based on the study results in Refs. [12 —13], the gen-
erated force of p and 7 in the deformable regions of ba
and b'ob is expressed as follows:

P
F,, = jOBWrW(pCOSgD + 7sing) de

k " 8
p = (F +k0)zx ( )
7 =(C +ptang) (1 —e™")

where z, =z, +9-2, =9 +2, — 2, —Z,; N 1s the sink-
age exponent; k is the terrain’s sinkage stiffness; k_ is the
terrain’s internal friction stiffness; B, is the wheel’s

width; and C is the soil cohesion coefficient.
Thus, the force responses of the wheels are calculated

by
ij+Fng—ijg:0} (9)

Fy=kyZ +c,Z

where Z, =z, - Lo, -z, +(=1)'b, ,0,, j=1-2.
To determine F i the vibration excitation of g of the
deformable terrain needs to be computed. Based on the

standard of ISO/TC108/SC2/WG4" | the PSD of the

terrain surface roughness S(n) is written as!"* ™
ny % 2.25 n>n,
son =snp (o) o= (10)
n, 3 n$n0

where S(n,) is the reference density of the terrain surface
roughness, and n, is the reference spatial frequency.
Based on the white noise signal of the random function
(w) and S(n) of the terrain surface roughness at a mov-
ing speed of the vibratory roller (v,), the vibration exci-

tation of q is calculated as follows'”:

G +2mn,viq =2mn,/S(ny) vy w (11)

Four different levels of the terrain surface roughness es-
tablished via their PSD value, i.e., good surface, medi-
um surface, poor surface, and very poor surface, were
[16]

proposed by Mitschke' ™ to calculate ¢g. Therefore, g can
be determined by selecting one of four different levels of

the terrain surface roughness.
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2 SAS of the Driver’s Seat
2.1 Seat’s SAS added by the QZSS

QZSS’s term is as follows: With a structure designed
by the elastic spring, if the compressive force F increa-
ses, the deformation z also increases and vice versa. The
relationship between F' and z is determined by F = kz.
Thus, k is defined as the elastic spring’s “positive stiff-
ness, ” as plotted in Fig. 5(a). Conversely, with a struc-
ture designed by two symmetrical springs or elastic bars,
if the compressive force F increases, the deformation z
reduces and vice versa. Thus, k is defined as the elastic
spring’s “negative stiffness, ” as plotted in Fig. 5(b).
With a structure designed by the combination of “positive
if the deformation z
increases or reduces, the force F is always a constant.

s

stiffness” and “negative stiffness,’

Thus, k is defined as “quasi-zero stiffness, ” as plotted in
Fig.5(c). This QZSS is then studied and applied to the

seat suspension of the vibratory roller.
F F F
Elastic
bar
N
4 2 7
F 7 F '

/ F |
s /
s P
7 /
v

() (b) (b)

Fig.5 The model and characteristics of the QZSS. (a) QZSS’s
model; (b) Characteristic of the restoring force-deformation force

Model of the seat’s SAS added by the QZSS: The PS
of the vibratory roller seat was designed using a passive
steel spring and damper'>™, as modeled in Fig.6(a). c,
and k, are the passive damping and stiffness parameters of
the seat’s PS, respectively.

™
- To c;b floor

(a) (b)
Fig.6 Driver’s seat suspension model. (a) Seat’s PS; (b) seat’s
SAS added by the QZSS

Cs
“cs

Based on the dynamic models of the vehicle in Fig. 1
and the PS of the driver’s seat in Fig. 6(a), F, of the PS
is expressed by

FS =FPS =ks(zs _ch) +CS(ZS _ch) } (12)

Zc< :Zc _llgoc _blec

The vibratory roller’s ride comfort was mainly im-
proved based on the optimization and control of the cab
isolations, whereas the seat’s suspension was always used
by the PS"™ . With this model, the ride comfort of the
driver’s seat is difficult to be ensured based on ISO 2631-
1%, To improve the vehicle’s ride comfort, the seat’s PS
was added by a semi-active damping parameter ( C
and the QZSS, as modeled in Fig. 6(b).

In Fig.6(b), a, b, and c are the distance between the
wall and seat, the initial length of the horizontal spring,
and the length of the hard guide bar used to link between
the horizontal spring and seat, respectively; Z; and x are

semi )

the distance between the cab’s floor and initial position of
the seat and the length after deformation of the horizontal
spring; and k, is the stiffness parameter of the horizontal
springs. Under the impact of the static load P = m_g on
the driver’s seat, the suspension deformation of the seat is
generated by Z. Thus, F| is determined by

FS = Fsemi + Fr

Fsemi :(Csemi +C;)Z (13)
2k (b-x)(Z, -

F o=k z4 b =02 =2)

a—Xx

where F__, is the semi-active damping force, and F is the

restoring forces of the springs k and k,.
Based on theinitial and equilibrium positions of the

driver’s seat in Fig. 6(b), x and Z, are calculated as

X=a- A/cz—(zo—Z)z}
Z,=/c —(a-b)’

By substituting Eq. (14) into Eq. (13), F, is rewritten
by

(14)

1 _Bz
B —(,-2)°/b

F . =F

semi

+kSZ+akS[ +1](ZO—Z)

(15)

where « =2k, /k,, B, =c/b, and B, = a/b are the stiffness
ratios and geometrical dimension ratios of the QZSS.

Under the excitation of z, on the seat’s suspension, the
seat’s vibration was then generated by z (see Fig.6(b)).
Thus, the seat’s vibration equation is written as

mz = —[(Cyu+c)(Z, —2,) +...+k(z,—2.) +
ak (A+1)(Z,-2) ] (16)

where A= (1 -8,)/ /B —(Z,-2)°/b"; Z,-Z =z, -
Z.; and z is given in Eq. (12).

Eq. (16) is used to evaluate the performance of the
seat’s SASS added by the QZSS.

2.2 Control of the seat’s SAS using fuzzy control

The fuzzy controller can control suspension systems un-
der various operating conditions, and its control perform-

ance is good and stable. However, its performance is
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strongly dependent on control rules™”.

To enhance the
performance of the fuzzy controller, its control rules opti-
mized by the genetic algorithm were used to control C

semi

of the seat’s SAS. The fuzzy control was designed by two
input variables of the vertical displacement “e =z, —z.”
and velocity “ec = ¢” of the driver seat’s suspension and
one output variable of C The model of the fuzzy con-

trol for the vibratory roller is plotted in Fig.7.

semi *

i
$ If---Then--- : ,T

If---Then--- |

e !

I'{} If---Then--- Cemi i

|

Fuzzy control Vehicle model

Fig.7 Control model of the seat’s SAS using the fuzzy control

The structure of the fuzzy control includes the fuzzifi-
cation interface, fuzzy inference system, and defuzzifica-
tion interface. First, crisp values in the fuzzification in-
terface are transformed into linguistic variables (LVs).
The fuzzy inference system is then used in accordance
with inference rules. Finally, LVs are transformed back
to crisp values via defuzzification for use by a physical
plant""”

1) Define and set the LVs of the input/output values.
The LVs of ¢ and ec are classified as negative-big (NB),
negative-small (NS), zero (Z), positive-small (PS),
and positive-big (PB). Moreover, the LVs of C_; are
classified as small (S), medium-small (MS), medium
(M), medium-big (MB), and big (B). The numerical
values of the LVs are defined in Tab. 1. Tab.1 Language
variables and thetheir numerical values

. The fuzzy control is designed as follows:

Inputvalue Output value
LV e ec LV Coomi/10?
NB -0.02 -0.30 S 0.1
NS -0.01 -0.15 MS 0.4
z 0 0 M 0.8
PS 0.01 0.15 MB 1.2
PB 0.02 0.30 B 1.5

2) Set the membership function. The membership
function of the input/output values is used by the triangu-
lar function (see Fig.7).

3) Set the control rule of the fuzzy control. Based on
the optimal control rules of the fuzzy control"®, as listed
in Tab. 2, the control rules are applied to control C__ .

The control rule of e, ec, and C_ . is then established by

the following:

semi

1) If e is NB and ec is NB, then C_ , is B.
2) If e is NB and ec is NS, then C; is MB.
25) If e is PB and ec is PB, then C_,, is B.

The centroid method and minimum function established

in the fuzzy control tool were then chosen to calculate
C.,.,; based on the control rule and parameter values of e
and ec.

Tab.2 The optimal control rule of the fuzzy control

e

ec

NB NS zZ PS PB
NB B B MB S S
NS MB M MS S MS
Z MB MS S MS M
PS MS S MS M B
PB S MS MS M B

3 Results and Discussions
3.1 Evaluation index

The isolation performance of the suspension systems
was mainly evaluated using three indexes, namely, ride

quality, suspension deformation, and road friendli-

[3-4,7]
ness

. The driver’s seat ride quality was evaluated via
the weighted root-mean-square seat acceleration (a,,) in
the time region[H‘m. In addition, based on ISO 2631-
1", the PSD acceleration was applied to evaluate the
effect of the vibration on the human body’s endurance
limit in the low-frequency region, especially at a low-fre-
quency region from 0.5 to 4 Hz. a__ of the driver’s seat is

written as">”

0.5

T
ay, = (17 zdi) (17)
0
where 7, is the acceleration of the driver’s seat, and T is
the simulation time.

Thus, to evaluate the vehicle’s ride quality and the per-
formance of the seat’s SAS added by the QZSS, the
seat’s a,, and maximum PSD value were selected as the
evaluation indexes.

3.2 Performance of the seat’s SASS added by the

QZSS

The vibratory roller mainly works on elastoplastic soil.
Thus, to evaluate the performance of the seat’s SAS add-
ed by the QZSS on improving the vehicle’s ride comfort,
the optimal parameters of the QZSS in Tab. 3™, the
lumped parameters of the vibratory roller in Tab. 4", the
parameters of the elastoplastic soil ground at the rigid
drum and wheel in Tab. 5",

poor level of the soil ground surface in Tab. 6

and the parameters of a
U9 were
chosen to simulate at the vibratory roller’s low velocity v,
=1.67 m/s under excitation of the drum f=28 Hz. The
simulation result of the seat’s acceleration under four dif-
ferent cases of the seat’s suspension, namely, 1) seat’s
PS, 2) seat’s SAS, 3) seat’s PS added by the QZSS (PS
+QZSS), and 4) seat’s SAS added by the QZSS (SAS
+ QZSS), is plotted in Fig. 8.
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Tab.3 QZSS’s optimal parameters

P y ky/ ¢/ B P
arameter a/m
(KN-m ") (kN-s-m1) ‘ :
Value  0.286 5.8 120 0.63 0.73 1.17

Tab.4 The dynamic parameters of the vibratory roller

Parameter Value Parameter Value
my/kg 85 Cy12/(KN-s- m™") 4.0
m./kg 891 I,/m 0.383
mg,/kg 2822 | hh/m 0.1
my,/kg 4464 || L/m 0.524
my/kg 4378 || I/m 0.136
ky,/(MN- m™") 0.91 Is/m 0.6
ks 4/(MN- m™") 0.12 || l¢/m 0.76
ky,/(MN- m™") 3.9 I,/m 0.9
kg 2/(MN- m™") 0.5 ly/m 1.5
Ca/(N-s-m™") 218 b,/m 0.55
cu4/(N-s-m™h 29 by/m 0.7
Cp/(KN - s - m™?) 20 by/m 0.68
Cya/(KN- s - m™%) 4.5 b,/m 0.945
cq,/(KN-s-m™") 2.9 bs/m 0.945

Tab.5 The parameters of the elastoplastic soil ground

Off-road surfaces Parameter Value
& 0.87
Elastoplastic soil ground kp/(MN - m~") 283
under the rigid drum ke/(MN - m~") 42.3
Co/(kNs - m™1) 37.1
0/(°) 29.8
Deformable soil ground k/(N- m™""~ ! ) 6
under the wheels ky/(MN- m~""%) 5.88
C/Pa 310

Tab.6 The parameters of a poor surface of the soil ground

Parameter Value
S(ny)/(em? - cycle ™) 3782.5
8 2.14

Fig. 8(a) reveals that the driver’s seat acceleration with
the seat’s SASS is lower than that of the seat’s PS. This
result is attributed to the active damping parameter C_; in
Eq. (13) controlled via the fuzzy control to decrease the
driver’s seat acceleration. With the PS + QZSS, the
driver’s seat acceleration is remarkably decreased in com-
parison with the seat’s SAS and PS. This result is attribu-
ted to the effect of the restoring force F, of the springs de-
scribed in Eq. (13). The existing studies demonstrate that
the performance of the seat’s PS added by the QZSS in
improving the seat’s ride comfort is better than the seat’s
PS without the QZSS"™™". Moreover, this research indi-
cates that the driver’s seat acceleration with the PS +
QZSS is reduced in comparison with the seat’s SAS.
Hence, the QZSS improves the ride comfort better than
the SAS. With the SAS + QZSS, the driver’s seat accel-
eration is decreased as compared to the PS + QZSS. This
result is because of the impact of C_, and F, in Eq. (13).

In addition, the calculation results in Fig. 8(b) indicate
that a, with the seat’s SAS, PS +QZSS, and SAS + QZSS

_— e Seat's PS; =e=-= Seat's SAS
T 2.0 - PS+QZSS; —— SAS+QZSS
E z

2 10

5

(=9

s 0

=]

2

= —-1.0

35

Q

3 2.0

< 30

(a)

o8- 0777
R
!
. 0.6 % § Q
[ 0.478 2 =
£ 04l -
2 0.236
N
oa b I - 0.189
Seat's PS  Seat's SAS  PS+QZSS SAS+QZSS
(b)

Fig.8 The driver’s seat’s vibration response. (a) Acceleration
response; (b) Weighted root-mean-square acceleration

has been strongly reduced by 38. 5%, 69. 6%, and
75.7% compared to the seat’s PS, respectively, especial-
ly with the SAS + QZSS. Thus, the ride comfort of the
vehicle with the SAS + QZSS is better improved in com-
parison with the seat’s SAS and PS + QZSS.

The driver’s seat vibration response in the low-frequen-
cy range is also presented to compare the performance be-
tween the seat’s SAS, PS + QZSS, and SAS + QZSS, as
shown in Fig.9. The result shows that the PSD accelera-
tion of the driver’s seat with the seat’s SAS, PS + QZSS,
and SAS + QZSS is also obviously decreased compared to
the seat’s PS, particularly with the SAS + QZSS. This re-
sult is also attributed to the impact of C_ , and F, in Eq.
(13). In particular, at a low-frequency range of 0.5 to
4.0 Hz, which strongly influences the safety and health
of the driver'”’, the results in Tab. 7 indicate that the
maximum value of the PSD seat acceleration with the
seat’s SAS, PS + QZSS, and SAS + QZSS is markedly

semi

2

. S”)

0.6 -

(3.698,0.529) s geat's gis
. B == eat's S
1.899,0.450 5)
S (R85 ) - - - PS+QZSS
g2 04l ’ —— SAS+QZSS
Z ¥ (3.698,0.351 2)
= i
a (1 it
£ 31(3.698.0.194)
£ 02 " (92940149 6)
8 .
ks i
3 X 1(28.18,0.012 09)
<<.C) 0 5 ‘r o trs) kY
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Fig.9 PSD acceleration response of the driver’s seat
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Tab.7 The maximum PSD acceleration of the driver’s seat

Isolations Frequency/Hz Maximum PSD/(m? - s73)
Seat’s PS 3.698 0.529
Seat’sSAS 3.698 0.351
PS + QZSS 3.698 0.194
SAS +QZSS 3.698 0.136

decreased by 33.6%, 63.3%, and 74.3% in compari-
son with the seat’s PS, respectively, especially with the
SAS + QZSS. Thus, the QZSS embedded in the seat’s
SAS greatly ameliorates the driver’s ride comfort in terms
of frequency and time ranges. However, the performance
of the SAS + QZSS only evaluates under one operating
condition of the off-road vibratory roller. To fully assess
the stability and performance of the SAS + QZSS, the va-
rious values of the vehicle’s velocity and driver’s mass
should also be simulated and evaluated.

3.3 Performance under various conditions

Under the same simulation conditions of the vibratory
roller in Section 3. 2, the change in the vehicle’s speed
and driver’s mass was used to assess the stability and per-
formance of the SAS + QZSS. With the change in the
driver’s mass m_ =[60, 65, ..., 100](kg), the calcula-
tion results are depicted in Fig. 10(a). The results show
that a, with the seat’s PS, PS + QZSS, and SAS + QZSS
has been decreased when the value of m_ is increased and
vice versa. Therefore, the ride comfort of the driver is
significantly influenced by the change in m,. However,
using the SAS + QZSS, a,, was not only reduced com-
pared to the seat’s SAS and PS + QZSS but also became
stable under the change in the driver’s mass.
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"B, Nal
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q ‘B, 9 o
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Fig. 10  Seat’s vibration response under different conditions.
(a) Change in the driver’s mass; (b) Change in the vehicle’s moving
speed

Similarly, the calculation results with the change in the
vehicle’s speed v, =[1.0, 1.5, ..., 5.0](m/s) are de-
picted in Fig. 10 (b). The results show that when the
vehicle’s speed is increased, a,, with the seat’s PS, PS +
QZSS, and SAS + QZSS is also increased and vice versa.
Thus, the ride comfort of the driver is remarkably de-
creased when the moving speed of the vibratory roller is
increased. Using the SAS + QZSS, the result of a is
smaller than that of the seat’s SAS and PS + QZSS under
all the different moving speeds of the vehicle. Thus, the

QZSS embedded in the seat’s SAS can markedly enhance
the ride comfort of the vibratory roller under different
simulation conditions.

3.4 Experimental study

To verify the study results of the 3D vehicle dynamic
model, an off-road vibratory roller with the cab isolation
equipped with the HM and seat’s PS embedded by the
QZSS was used for the experiment. The experiment of
the vibratory roller was performed in the condition of the
vehicle working on a poor level of the elastoplastic soil
ground surface at v, = 1. 67 m/s under the excitation of
the drum f=28 Hz. In addition, the calculation parame-
ters of the vibratory roller and elastoplastic soil ground
used in the simulation for the experimental study are listed
in Tabs. 4 to 6. The experimental model of the vehicle is
plotted in Fig. 11. To determine the acceleration and PSD
acceleration of the driver’s seat, a 3D acceleration sensor
of ICP® was installed on the seat to calculate its accelera-
tion response. Then, a dynamic test and analysis system
of the Belgium LMS was applied to compute and display
the measurement results.
response and PSD acceleration of the driver’s seat are il-

The results of the acceleration

lustrated in Fig. 12.

LW, e

1—Structure of the QZSS added to the seat suspension
2—Acceleration sensor installed on the driver's seat
3—Acceleration sensor installed on the floor of the cab
4—Hydraulic mount of the cab isolations
S—Displacement of the measured results

Fig.11 Experiment model of the vehicle using the cab’s HM
and seat’s PS added by the QZSS

Fig. 12(a) shows that the seat’s acceleration in the nu-
merical simulation is similar to that in the measurement.
The calculation result of a_, in the numerical simulation is
only higher than the measured result of a in the experi-
ment by 8.5% . Moreover, the PSD acceleration response
in Fig. 12(b) indicates that the resonance peaks of the
PSD acceleration of the driver’s seat with the numerical
simulation are similar to those of the measurement in all
the responses and trends. However, the comparative re-
sults between the numerical simulation and measurement
in Fig. 12 also show that the acceleration response and
PSD acceleration of the driver’s seat of the measurement
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Fig. 12 The measurement result of the seat’s vibration re-

sponse. (a) Seat’s acceleration; (b) Seat’s PSD acceleration

This result
is attributed to the effect of some deviations in the dynam-
ic parameters of the vibratory roller and QZSS. In addi-
tion, there was also a small error during the installation of

and numerical simulation have a small error.

the experimental equipment. However, these errors are
very small and insignificantly affect the research results.
Therefore, the mathematical model of the vibratory roller
and the numerical simulation results are acceptable.
Hence, the QZSS embedded in the seat’s SAS should be
applied to ameliorate the driver’s ride quality of off-road
vibratory rollers.

4 Conclusions

1) The seat’s SAS, controlled by the fuzzy control,
significantly improves the vibratory roller’s ride comfort
compared to the seat’s PS, whereas the QZSS added into
the seat’s PS improves the vehicle’s ride comfort better
than the seat’s SAS.

2) With the QZSS embedded in the seat’s SAS, a,
and maximum value of the PSD acceleration of the
driver’s seat have been markedly decreased compared to
the seat’s PS, SAS, and PS + QZSS. In particular, the
values of a,, and the maximum value of the PSD accelera-
tion of the driver’s seat are strongly reduced by 75. 7%
and 74.3% compared to the seat’s PS, respectively.

3) By applying the SAS and QZSS for the driver’s seat
suspension of the vibratory roller, the results of this study
greatly ameliorate the ride comfort of drivers. Therefore,
this study not only contributes to the existing body of
knowledge on vibratory rollers, but it could also provide

an important reference for the application of the QZSS on
the semi-active seat suspension of other vehicles to further
improve the ride comfort of drivers.
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