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Abstract
To enhance the vibratory roller’s ride quality, semi-active suspension of the driver’s seat embedded by the quasi-zero-stiffness-
structure (QZSS) has been proposed and researched. A dynamic model of the vibratory roller is established to evaluate the
ride quality of the vehicle and the efficiency of the QZSS added into the semi-active seat suspension under the various
operating conditions of the vibratory roller. The experiment with the vibratory roller is also given to verify the accuracy of
the mathematical model. Two indexes of the root mean square seat acceleration in the time domain (aws) and power spectral
density (PSD) seat acceleration in the frequency domain are chosen as the objective functions. The study indicates that the
vehicle’s ride quality with the semi-active seat suspension is better than that of the passive seat suspension, while the vehicle’s
ride quality with the semi-active seat suspension embedded by the QZSS is remarkably improved in compared to the semi-
active seat suspension without the QZSS. Especially, the aws and maximum PSD of the driver’s seat are greatly decreased by
76.0% and 73.4% in comparison with the passive seat suspension, respectively. Consequently, the semi-active seat suspension
should be embedded by the QZSS to further improve the vibratory roller’s ride quality.
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1 Introduction

When the vibratory roller was moving and working on the
elastoplastic soil ground, the vertical vibration of the driver’s
seat and the cab shaking were very high. They greatly
affected the driver’s ride comfort [1, 2]. Therefore, to improve
the vibratory roller’s ride comfort, the vehicle cab’s rubber
mounts were researched and replaced by using hydraulic
mounts [3]. Moreover, based on the optimal controllers of
the PID-fuzzy controller and optimal fuzzy controller, the
cab’s semi-active hydraulic mounts of the vibratory roller
were then controlled to further improve the driver’s ride com-
fort [3, 4]. The study results showed that the vehicle’s ride
comfort using the cab’s semi-active hydraulic mounts was
remarkably improved in comparison with the rubber mounts
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and hydraulic mounts without control. However, according
to ISO 2631-1 [5], the driver’s seat acceleration response
was still high, especially under the condition of the vibratory
roller working on the elastoplastic soil grounds. Therefore,
the driver’s seat passive suspension of the vibratory roller
needs to be redesigned to improve the driver’s ride comfort.

In the suspension systems of the vehicle, cab, and seat,
the passive suspension had been replaced by using the semi-
active suspension controlled by Neuro control, PID control,
Fuzzy control, or Feedback control to improve the vehicle’s
ride comfort [3, 4, 6–10]. The result indicated that the vehi-
cle’s ride comfort was obviously improved in comparison
without the control, especially with using the fuzzy con-
troller. However, the control of the driver’s seat suspension
of the vibratory rollers has not yet been concerned in the
existing studies.

Besides, with the seat’s passive suspension of the vehicles,
a new design of the quasi-zero-stiffness-structure (QZSS)
added into the seat’s passive suspension to improve the vehi-
cle’s ride comfort had been researched and developed [11,
12]. The design parameters of the QZSSwere also optimized
by the genetic algorithm to enhance its isolation performance
[13]. The isolation performance of the QZSS was then tested
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to validate the research result [14]. The research results man-
ifested that with the seat’s passive suspension embedded by
the QZSS, the vehicle’s ride comfort was strongly amelio-
rated in comparisonwithout theQZSS.However, in the above
studies, the 1-D model of the vehicle dynamic had been only
established to assess the isolation performance of the QZSS
[11–14] while the actual structure of the vehicles is a 3-D
structure. Therefore, the QZSS’s performance had not been
fully evaluated yet.

The isolation performance of the QZSS and semi-active
suspension for the driver’s seat suspension of the vehicles
was researched in the existing studies. However, the applica-
tion of the QZSS and semi-active suspension on the driver’s
seat suspension of off-road vibratory rollers had not been
performed yet. Furthermore, a combination of both QZSS
and semi-active suspension of the driver’s seat suspension
could further ameliorate the vehicle’s ride comfort. How-
ever, this problem has not been concerned yet. In addition,
in all vibration models of the QZSS and semi-active suspen-
sion, the excitation of the rigid road surface was only applied
to evaluate their isolation performance. With the vibratory
rollers, they mainly move and compress on the elastoplastic
soil ground. Therefore, the isolation performance and stabil-
ity of both QZSS and semi-active suspension of the driver
seat could be affected by the excitation of the deformable
terrain. However, this problem has not been evaluated yet.

In order to solve the above existing problems, a semi-
active suspension added by theQZSS is proposed and studied
for the vibratory roller’s seat suspension. A 3-Dmodel of the
vibratory roller dynamic is established to assess the vehi-
cle’s ride comfort under the various working conditions of
the vibratory roller. The vibratory roller experiment is also
performed to ensure the reliability of themathematicalmodel
as well as the calculation results. The reduction of both the
weighted root mean square acceleration and power spectral
density acceleration of the driver’s seat is chosen as the objec-
tive function to evaluate the vibratory roller’s ride comfort.

2 Dynamic models of vibratory roller

2.1 Modeling of the vibratory roller dynamic

To determine the vibration equations of the vibratory roller
and assess the driver’s ride comfort, a 3-D vehicle dynamic
model with 11 degrees of freedom had been built under the
interaction of the wheel/drum and elastoplastic terrain, as
shown in Fig. 1. Where, zδ and mδ are the displacement
and mass of the driver’s seat, cab, front/rear vehicle floor,
and drum; θϑ is the rolling angles of cab, front/rear vehi-
cle floor, and drum; φc and φrb are the cab and rear vehicle
floor’s pitching angles; {cdj, cwj} and {kdj, kwj} are the pas-
sive damping coefficients and passive stiffness coefficients

Fig. 1 The 3-D dynamic model of the vibratory roller

of the drum isolations and wheels; Fs is the vertical force
response of the driver’s seat suspension;Fci are the verti-
cal force responses of the cab’s isolation systems; qj are the
vibration excitations of the vibratory roller under the wheels;
v0 is the vehicle’s moving velocity; l1–8 are the vibratory
roller’s distances in the x direction; and b1–5 are the vibra-
tory roller’s distances in the y direction; i � 1–4; j � 1–2; δ
� s, c, fb, rb, d; and ϑ � c, fb, rb, d.

In order to reduce the computational complexity of the
vibratory roller’s vibration equations, some assumptions are
given to overcome some limitations of the model as fol-
lows: (1) the displacement of the driver’s seat, cab floor,
and front/rear vehicle floor around their equilibrium posi-
tion are very small; (2) the deformation of the cab’s floor
and rear floor of the vibratory roller is also very small; (3)
at the swivel joint between the front floor and rear floor of
the vehicle body, there are two yawing and rolling motions,
other motions are constrained; and (4) assuming that the lon-
gitudinal and horizontal impacts are very small and ignored
due to the vibrations of the vibratory roller being generated
by the wheel/drum and deformable terrain interaction in the
vertical direction.

By application of Newton’s second law of motion for the
dynamic model of the vibratory roller in Fig. 1, the vibration
equations of the vehicle could be written in the matrix form
as follows:

MZ̈ (t) + C Ż (t) + K Z (t) � F(t) (1)

where M is the mass matrix, C is the damping coefficient
matrix, and K is the stiffness coefficient matrix; Z̈ (t) is the
acceleration vector, Ż (t) is the velocity vector, Z(t) is the
displacement vector; and F(t) is the vector of the exciting
forces of the model, respectively.

The excitation force Fci of the cab isolation, excitation
force Fwj of the wheels, and excitation force Fdj of the drum
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Fig. 2 Lumped parameter model of the cab’s hydraulic mount

inF(t) are calculated in Sect. 2.2while the excitation forceFs

of the driver’s seat suspension in F(t) is calculated in Sect. 3.

2.2 Force excitations of the vibratory roller

2.2.1 Force excitation of the cab isolations

The cab isolations of the vibratory roller were used by four
rubber mounts to isolate the vibrations of the cab. The exist-
ing studies indicated that the cab’s rubbermounts replaced by
using the hydraulic mounts better ameliorated the ride com-
fort of the vibratory roller [1, 2]. Thereby, in this study, the
hydraulic mounts of the cab isolation are used to ameliorate
the vibratory roller’s ride comfort. The dynamic model of the
cab’s hydraulicmount is plotted in Fig. 2.Where cr , kr , ch are
the damping coefficient of the rubber mount, stiffness coef-
ficient of the rubber mount, and fluid’s damping coefficient
in the hydraulic mount.

Based on the study result in Refs. [3, 4], the excitation
force Fci of the cab’s hydraulic mount was calculated by:

Fci � (cci żcbi + kcizcbi) + chi|żcbi|żcbi
zcbi � zc − zrb + (−1)u+1ϕclu+1 − ϕrbl + ...

+ (−1)i+1(θc − θrb)bv (2)

where

{
i � 1 − 2

i � 3 − 4
then

⎧⎪⎨
⎪⎩
u � 1, l � l1 + l2 + l3

, and v � i + 1

u � 2, l � l4, and v � i − 1

.

2.2.2 Force excitation of the wheels

When the vibratory roller is moving and working on the
deformable terrain with the random terrain surface, under the
influence of the static and dynamic loads of the wheel, two
different deformations of the wheel and terrain contact are
appeared including (1) only the terrain’s deformation (region
of ba) and (2) the deformation of both wheel and terrain
(region of b’ob), as shown in Fig. 3. Where rw is the radius
and mw is the mass of the wheel; zw is the dynamic displace-
ment of the wheel; zw0 is the static deformation of the wheel;
and zx is the sinkage of the deformable terrain.

The pressure p and the shear stress τ arising from the
soil compression in the deformable regions of ba and b’ob

Fig. 3 The wheel-deformable terrain contact model

thus impact the wheel. Thus, the reaction force Fgw of the
deformable terrain under the wheel is given as follows [15,
16]:

Fgw �
∫ ϕa

0
Bwrw p cosϕdϕ +

∫ φa

0
Bwrwτ sin ϕdϕ (3)

Both p and τ are given by Bakker as follows [16]:

p � (kθ + k/Bw)z
n
x and τ � (p tan θ + c)(1 − e− j/K ) (4)

wherek and kϕ are the soil stiffness coefficients for sinkage
and internal friction; n is the sinkage exponent; Bw is the
width of the wheel; c is the soil cohesion coefficient; and zx
� zoa + q − zox � q + zw − zw0 − zox, herein, q is the terrain
surface excitation and it is described as follows.

According to ISO/TC108/SC2/WG4 [17], the power spec-
tral density (PSD) of the terrain surface roughness S(ψ) is
written as [17, 18]:

S(ψ) � S(ψ0)

(
ψ

ψ0

)−w0

, w0 �
{
3

2.25

ψ ≤ ψ0

ψ > ψ0
(5)

The value S(ψ0) provides ameasure for the random terrain
with the reference spatial frequency ψ0 � 1/2π (cycle/m).
Based on the white noise signal of the random function (w)
and S(ψ) of the terrain surface at a constant speed v0 of
the vibratory roller, the terrain irregularities q can then be
simulated by [7]:

q̇ + 2πn0v
2
0q � 2πn0

√
S(n0)v0w (6)

Four different levels of the good-, medium-, poor-, and
very poor-surface of the terrain surface established based on
their PSD value were proposed to calculate the q [19]. Thus,
the desired terrain roughness can be yielded by choosing a
value in four different levels of the terrain surface roughness.

According to the dynamic model of the vibratory roller in
Fig. 1 and the wheel-deformable soil contact model in Fig. 3,
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Fig. 4 The drum-elastoplastic soil interaction model: a loading phase;
b drum-hop phase

the force responses Fwj of wheels are described as:

Fw j � cw j ż j + kw j z j

Fgw j + Fw j � mw j g
(7)

where z j � zrb − ϕrbl5 − zw j + (−1) jθrbb j+3, j � 1–2.

2.2.3 Force excitation of the vibratory drum

The vibratory rollers use the most of its time to work on
the elastoplastic soil ground. Thereby, according to Adam
and Kop [1], a model of the rigid drum and elastoplastic soil
interaction is built in Fig. 4 to determine the force excitation
Fd of the vibratory drum. The elastoplastic property of soil
can be expressed via a plasticity factor ε and a damping ratio
of plastic soil γ as:

ε � kps
kps + kse

and γ � cse
kps

(8)

where ε is the compression ratio; kse is the elastic stiff-
ness; kps is the compression stiffness; cse is the compression
damper, respectively.

In a vibration cycle of the rigid drum-elastoplastic soil
interaction, there are two or three distinct phases that occur
in the motion of the drum and they are described as follows:

Loading phase: The gravel-soil ground is compressed by
the drum. The density is thus increased and it has become
elastic. The elastic stiffness and compression stiffness of
the gravel-soil ground are increased while the compression
damper is decreased. In order to describe the relation ofzd , ε,
and γ , the vibration equation of the rigid drum is expressed
as [1]:

εγmd
...
z d + md z̈d �εγ Ḟd + Fd − εces żd + ...

+ (ε − 1)kpszd + εγmeeω
3 cosωt

+ meeω
2 sinωt (9)

where ω � 2πf ,f is the frequency excitation of the drum.

Unloading phase: The rigid drum moves upward, and the
gravel-soil ground is restored. The vibration equation of the
rigid drum is expressed by:

md z̈d � Fd − ces żd + meeω
2 sinωt (10)

Drum-hope phase: The gravel-soil ground has become
elastic, and the drum is easy to separate from the soil ground
surface. The vibration equation of the rigid drum is expressed
by:

md z̈d � Fd + mg + meeω
2 sinωt (11)

Based on the rigid drum-elastoplastic soil interaction
model in Fig. 4 and the model of the drum’s isolation in
Fig. 1, the motion equations of the drum and force excitation
of the drum isolation are described as [1, 2]:

md z̈d �Fd − Fg + meeω
2 sinωt

Fd �cd j (ż f bj − żd j ) + kd j (z f bj − zd j )

Fg �ces żes + kes zes � kps[zd − (q − zes)] (12)

where zfbj − zdj � zfb − zd + (− 1)j(θ fb − θd)b3+j, j � 1–2.
By combining Eqs. (9–12), the force excitation Fd of the

vibratory drum is then determined.

3 Seat’s semi-active suspension

3.1 Seat’s suspension equipped with QZSS

3.1.1 The term and characteristics of QZSS

In a typical structure using the elastic spring, an increase in
force F causes an increase in deformation z and vice versa (F
� kz). Thus, the dynamic stiffness k is defined as the "pos-
itive stiffness" of the elastic spring, as shown in Fig. 5 with
"positive stiffness". On the contrary, with a structure using
the symmetrical elastic bars or symmetrical springs, during
some regions of the force and deformation relationship, there
exhibit reducing force F with increasing deformation z, thus,
the dynamic stiffness k is defined as the "negative stiffness"
of the structure, as plotted in Fig. 5 with "negative stiffness".

With a structure combined with both "positive stiffness"
and "negative stiffness", during some regions of the force
and deformation relationship, there exhibit a constant forceF
with increasing deformation z, thus, the dynamic stiffness
k is defined as the "quasi-zero-stiffness" of the structure, as
depicted in Fig. 5 with "quasi-zero-stiffness". Based on the
force–deformation characteristic of the quasi-zero-stiffness
structure (QZSS), the QZSS is then researched and added
to the seat’s semi-active suspension to improve the vibratory
roller’s ride comfort.
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Fig. 5 QZSS’s model and characteristic: a QZSS’s model; b character-
istic of the restoring force–deformation

Fig. 6 Modeling of the seat’s passive suspension

3.1.2 Modeling of seat’s semi-active suspension equipped
with QZSS

In the seat’s passive suspension used on the vibratory roller,
this passive suspension had been designed by a passive
damper and a passive spring characterized by a passive damp-
ing coefficientcs and passive stiffness coefficientks [2, 3], as
shown in Fig. 6.

Based on the model of the vibratory roller dynamic in
Fig. 1 and themodel of the seat’s passive suspension in Fig. 6,
the vertical force response of the seat’s passive suspension
(Fs) is written as follows:

Fs � cs ż + ksz (13)

where z � zs − zcs � zs − zc + φcl1 + θcb1.

Fig. 7 Modeling of the seat’s semi-active suspension equipped with
QZSS

To improve the ride comfort of the vibratory roller, the
cab’s isolation systems were mainly optimized or controlled,
while the seat’s isolation was always equipped with passive
suspension [3, 4]. Thus, it is difficult to ensure the vehicle’s
ride comfort according to the standard of ISO 2631-1 [5]. In
order to ameliorate the ride comfort of the vibratory roller,
the seat’s passive suspension had been added by a semi-active
damping coefficient (Csemi) and QZSS. Its dynamic model is
shown in Fig. 7. Where kn is the stiffness coefficient of two
steel springs of the QZSS installed horizontally and symmet-
rically on the cab floor; a is the distance between the wall and
seat; b is the initial length of the horizontal spring; c is the
length of the hard guide bar used to link between the driver’s
seat and horizontal spring; x is the length after deformation
of the horizontal spring; and z0 is the distance between the
seat’s initial position and cab’s floor.

To reduce the computational complexity of the seat’s
semi-active suspension equipped with the QZSS, some
assumptions are given to overcome some limitations of the
model as follows: (1) the vibration of the semi-active seat
suspension embedded by QZSS is mainly calculated in the
vertical direction; (2) the friction force between the hard bar
and horizontal spring is very small and it is also ignored; (3)
the mass of the hard bar is very small and it is also ignored,
and (4) the semi-active damper in the seat’s semi-active sus-
pension is modeled by a semi-active damping coefficient
Csemi controlled by the fuzzy controller.

Under the impaction of the static load of the driver’s seat
(P � ms × g), the seat’s suspension is then deformed down-
ward by z’. Therefore, the vertical force response of the seat’s
suspension Fs is calculated as follows:

Fs � (cs ż + ksz) + Csemi ż + FQZSS (14)

FQZSS � 2Fsn tan α � 2kn(b − x)(z0 − z′)/(a − x) (15)
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whereFQZSS is the restoring force of the QZSS.
Based on the correlation between the initial position and

the equilibrium position of the driver’s seat in Fig. 7, the
values of z0 and x in Eq. (15) are determined by:

z20 � c2 − (a − b)2 and x � a −
√
c2 − (z0 − z′)2 (16)

By substituting Eq. (16) into (15), the restoring force of
the QZSS in Eq. (15) has been rewritten as follows:

FQZSS � αks

⎛
⎝1 +

1 − β2√
β2
1 − (z0 − z′)2/b2

⎞
⎠(z0 − z′) (17)

where α � 2kn/ks is the stiffness ratios, β1 � c/b and β2 �
a/b are the ratios of the QZSS’s geometrical dimension.

Under the vibration excitation of the cab’s floor (zcs) at
the seat’s suspension position, the vibration response of the
driver’s seat is then created by zs, as shown in Figs. 6 and
7. Thereby, the motion equation of the driver’s seat in four
cases including (1) the seat’s passive suspension (PS), (2) the
seat’s semi-active suspension (SAS), (3) the seat’s passive
suspension added by QZSS (PS + QZSS), and (4) the seat’s
semi-active suspension added by QZSS (SAS + QZSS) is
written by:

ms z̈s � −[(cs ż + ksz) + Csemi ż + αks(1 + �)(z0 − z′)]

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

Csemi � 0 andα � 0with PS

Csemi > 0 andα � 0with SAS

Csemi � 0 andα > 0with PS + QZSS

Csemi > 0 andα > 0with SAS + QZSS

(18)

where � � (1 − β2)/
√

β2
1 − (z0 − z′)2/b2; z � z0 − z’;

Equation (18) is then applied for the simulation to assess
the ride comfort of the vibratory roller as well as the isolation
performance of the seat’s semi-active suspension embedded
by QZSS.

3.2 Application of fuzzy controller for seat’s SAS

To control the semi-active suspension system of the vehicles,
the control methods of Neuro control, PID control (P, PI,
PID), Fuzzy control, or Feedback control were applied for
controlling the damping coefficient of the semi-active sus-
pensions of the vehicle and cab [3, 4, 8–10]. With the classic
linear controller of the P, PI, or PID controller, it is one of the
controllers with not only a simple structure but also robust
performance, and it is generally used in industrial process
control. However, its control performance depends on the
appropriate selection of the coefficients of the proportional

Fig. 8 The model of the seat’s semi-active suspension controlled by the
fuzzy controller

kp, integral ki, and derivative kd . The Ziegler-Nichols tech-
nique was applied to choose the coefficients of kp, ki, and
kd . But it was only efficient when the system worked at the
designed operating condition [3, 10]. On the contrary, the
fuzzy controller created by Zadeh in 1965 was widely used
in different fields. It could control the suspension systems
under all the various operating conditions and its control per-
formance was good and stable. But its performance greatly
depended on the fuzzy control rules [3, 7]. To enhance the
control performance of the fuzzy controller, the genetic algo-
rithm was applied to optimize the control rules. The fuzzy
controller with its optimal control rules was then applied to
control the semi-active suspension system of the vehicles [3,
6–8]. With the seat’s semi-active suspension of the vibratory
roller, the fuzzy controller with its optimal control rules is
applied for controlling the Csemi.

To control the Csemi of the seat’s semi-active suspension
using the fuzzy controller, two feedback signals of the verti-
cal displacement "e� z� zs − zcs" and velocity "ec� dz/dt"
generated by the driver seat’s suspension when the vibratory
roller is working are used as two input variables of the fuzzy
controller. Based on these two input signals, the fuzzy con-
troller will calculate and give one output control variable of
the Csemi through the control rules of the fuzzy controller.
The control model of the vibratory roller’s seat suspension
using the fuzzy controller is plotted in Fig. 8.

The fuzzy controller includes the Fuzzification interface,
Fuzzy inference system, and Defuzzification interface. First,
the crisp values in Fuzzification are transformed into the lin-
guistic variables, then, the Fuzzy inference system is used by
control rules in accordance with inference rules, finally, the
LV is transformed back to crisp values via Defuzzification
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for use by the physical plant [20]. The design of the fuzzy
controller is performed via three steps as follows:

Step 1 of defining and setting the linguistic variables of
input/output values: The linguistic variables of both the dis-
placement and velocity of the seat’s suspension (e and ec)
are defined by Negative-Big (NB), Negative-Small (NS),
Zero (Z), Positive-Small (PS), and Positive-Big (PB). Con-
currently, the linguistic variable of Csemi is defined by Small
(S), Medium-Small (MS), Medium (M), Medium-Big (MB),
and Big (B), respectively. The numerical values with their
linguistic variables are established in Table 1. The boundary
conditions of the e, ec, and Csemi are established by − 0.02
≤ e ≤ + 0.02 (m), − 0.30 ≤ ec ≤ + 0.03 (m/s), and 0.1 ≤
Csemi ≤ 1.5 (kNs/m).

Step 2 of setting the membership function of the fuzzy
controller: Themembership function of the input/output vari-
ables is established by using the Triangular function in the
fuzzy controller, as shown in the same Fig. 8 with "Fuzzy
control model".

Step 3 of setting the control rules: Based on the control
rules of the fuzzy controller optimized in Ref. [8], as listed in
Table 2, these optimal control rules are then used to control
the semi-active damping coefficient Csemi. The control rules
between the e, ec, andCsemi have been established as follows:

(1) Ifec is NB and e is NB then Csemi is B,
(2) Ifec is NS and e is NB then Csemi is MB,
…
(25) Ifec is PB and e is PB thenCsemi is B.

Based on the numerical values of the of e and ec; and
optimal control rules, the minimum function and centroid
method in the tools of the fuzzy controller are then selected
to compute the value of Csemi.

4 Results and discussion

4.1 Evaluation criteria

The efficiency of the vehicle’s suspension system had been
mainly assessed through the ride comfort, the deformation of
the suspension system, and road friendliness [3, 4, 7]. With
the index of the ride comfort of the vehicle or the driver, it
was assessed via theweighted root-mean-square acceleration
of the driver’s seat (aws) [4, 5, 12]. Additionally, according
to the standard of ISO 2631-1 [5], the index of the power
spectral density (PSD) acceleration was also used to assess
the influence of the vibration on the health and endurance
limit of the human body. The value of aws of the driver’s seat

had been expressed as follows [5, 7]:

aws �
√

1

T

∫ T

0
z̈2s (t)dt (19)

where z̈s(t) is the seat’s acceleration response in the simula-
tion time region of T (s).

In order to assess the ride comfort of the vibratory roller
as well as the isolation performance of the seat’s semi-active
suspension embedded by QZSS, two indexes of the aws and
maximum PSD acceleration of the driver’s seat are chosen
as the objective functions.

4.2 Isolation performance of the seat’s SAS
equipped with the QZSS

The vibratory roller mainly works on the elastoplastic soil
ground. Therefore, to assess the seat’s semi-active suspen-
sion embedded by theQZSS on ameliorating the ride comfort
of the driver’s seat, the dynamic parameters of the vibratory
roller listed in Table 3 [4], the optimized parameters of the
QZSS listed in Table 4 [12], the parameters of a poor terrain
surface listed inTable 5 [19], and the parameters of the elasto-
plastic terrain under the wheels and drum listed in Table 6
[1–3] are used to simulate the vibration of the vibratory roller
when the vehicle is moving and working at v0 � 1.67 m/s
under an excitation f � 28 Hz of the vibratory drum.

The simulation results of the acceleration response and
weighted root-mean-square acceleration (aws) of the driver’s
seat with four different cases of (1) PS, (2) SAS, (3) PS +
QZSS, and (4) SAS + QZSS are shown in Fig. 9a–b.

The acceleration response in Fig. 9a shows that the driver’s
seat acceleration with the SAS is smaller than that of the PS.
This is due to the semi-active damping coefficient ofCsemi in
Eq. (14) controlled by the fuzzy controller to reduce the vibra-
tion of the driver’s seat.With the PS +QZSS, the acceleration
response of the driver’s seat is obviously reduced compared to
both PS and SAS. This is due to the influence of the restoring
forceFQZSS of the QZSS in Eq. (17). In the existing research,
with the QZSS added into the seat’s passive suspension, the
ride comfort of the driver’s seat is better than the seat’s passive
suspension without QZSS [11–14]. Besides, this study also
shows that with the PS + QZSS, the acceleration response
of the driver’s seat is significantly decreased compared to
the SAS. This implies that the QZSS ameliorates the driver’s
seat ride comfort better than the SAS.With the SAS +QZSS,
the acceleration response of the driver’s seat is significantly
reduced in comparison with the PS + QZSS. This result is
also due to the influence of both the semi-active damping
coefficient of Csemi and restoring force FQZSS of the QZSS
in Eqs. (14) and (17).
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Table 1 The language variables
(LV) and their numerical values Input variables Output variables

LV e (m) ec (m/s) LV Csemi × 103 (Ns/m)

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

Table 2 Optimal control rules of
the fuzzy controller Csemi e

NB NS Z PS PB

ec 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

Table 3 Vibratory roller’s
dynamic parameters Parameters Values Parameters Values

ms (kg) 85 cd1−2 (Ns/m) 2.9 × 103

mc (kg) 891 cw1,2 (Ns/m) 4.0 × 103

mfb (kg) 2822 b1 (m) 0.55

mrb (kg) 4464 b2 (m) 0.7

md (kg) 4378 b3 (m) 0.68

ks (N/m) 5.8 × 103 b4 (m) 0.945

kc1−2 (N/m) 0.91 × 106 b5 (m) 0.945

kc3−4 (N/m) 0.12 × 106 l1 (m) 0.383

kd1−2 (N/m) 3.90 × 106 l2 (m) 0.1

kw1−2 (N/m) 0.50 × 106 l3 (m) 0.524

cs (Ns/m) 120 l4 (m) 0.136

cc1−2 (Ns/m) 0.218 × 103 l5 (m) 0.6

cc3−4 (Ns/m) 0.029 × 103 l6 (m) 0.76

ch1−2 (Ns2/m2) 20 × 103 l7 (m) 0.9

ch3−4 (Ns2/m2) 4.5 × 103 l8 (m) 1.5

Table 4 The design parameters
of the QZSS Parameters a (m) β1 β2 α

Values 0.286 0.73 1.17 0.63

Table 5 The numerical values of
poor terrain surface Parameters S(ψ0) (m3/cyc) w0

Values 3782.5 × 10−6 2.14
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Table 6 The numerical values of
elastoplastic soil ground Parameters Values Parameters Values

Deformable soil ground under the wheels

θ (o) 29.8 kθ (MN/mn+2) 5.88

k (N/mn+1) 6 c (Pa) 310

Elastoplastic soil ground under the drum

ε 0.87 kes (MN/m) 42.3

kps (MN/m) 283 ces (kNs/m) 37.1

Fig. 9 The acceleration of the driver’s seat: a acceleration response;
b weighted root-mean-square acceleration

In addition, based on the driver’s seat acceleration
response in Fig. 9a, the aws is also computed and plotted
in Fig. 9b. The result indicates that the aws with SAS, PS
+ QZSS, and SAS + QZSS is greatly decreased by 38.5%,
69.6%, and 76.0% in comparisonwith PS, respectively, espe-
cially with SAS + QZSS. Therefore, the driver’s seat ride
comfort with SAS + QZSS is improved better than that of
SAS and PS + QZSS.

Besides, the acceleration response of the driver’s seat in
the frequency region is also presented to evaluate the isola-
tion performance between the SAS, PS + QZSS, and SAS +
QZSS. The results of the PSD acceleration response of the
driver’s seat are plotted in Fig. 10. The results indicate that
the PSD acceleration response of the driver’s seat with SAS,

Fig. 10 Seat’s PSD acceleration responses

Table 7 Maximum PSD value of the driver’s seat acceleration

Isolations Frequency (Hz) Maximum PSD (m2/s3)

PS 3.698 0.529

SAS 3.698 0.351

PS + QZSS 3.698 0.194

SAS + QZSS 3.698 0.136

PS +QZSS, and SAS +QZSS is also greatly reduced in com-
parison with PS, especially with the seat’s suspension using
SAS + QZSS. This is also due to the influence of both val-
ues of Csemi and FQZSS in Eqs. (14) and (17). Especially, at a
low-frequency region from0.5 to 4.0Hzwhich greatly affects
the driver’s health and safety [7], the maximum PSD value of
the driver’s seat acceleration listed in Table 7 shows that the
maximum PSD acceleration of the driver’s seat with SAS,
PS + QZSS, and SAS + QZSS is greatly reduced by 33.6%,
63.3%, and 73.4% compared to the seat’s passive suspension,
respectively, especially with SAS + QZSS. Therefore, with
the QZSS added into the seat’s semi-active suspension, the
ride comfort of the driver’s seat is greatly improved in both
time and frequency regions. However, in this part, the isola-
tion performance of SAS + QZSS only assesses under one
vibratory roller’s working condition. To fully assess the iso-
lation performance as well as the stability of SAS + QZSS,
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Fig. 11 The result of aws under various operating conditions of the vehi-
cle: a change of driver’s mass; b change of vehicle’s velocity; c change
of elastoplastic soil grounds

the various operating conditions of the vibratory roller such
as the vehicle’s moving velocity, driver’s mass, and elasto-
plastic soil ground should be also simulated and evaluated.

4.3 Isolation performance under the different
operating conditions of the vehicle

Under the same simulation condition in Sect. 4.2, the change
of the driver’s mass, vehicle’s speed, and elastoplastic soil
ground is simulated for assessing the isolation performance
and stability of the SAS + QZSS.

Under the change of the driver’s mass: A driver’s mass
range of ms � [55, 60, …, 100] (kg) is simulated. The cal-
culation result of theaws is shown in Fig. 11a. Figure 11a
shows that the value of aws with the seat’s suspension using
the PS, SAS, PS + QZSS, and SAS + QZSS is reduced with
the increase of the driver’s mass and vice versa. Thus, the
driver’s ride comfort is remarkably affected by the change
of the driver’s mass. However, the value of aws with SAS +
QZSS is not only decreased in comparison with PS, SAS,
and PS + QZSS but also stable under various values of the
driver’s mass.

Under the change of the vehicle’s moving velocity: A
velocity range of v0 � [0.5, 1.0, …, 5.0] (m/s) is also sim-
ulated. The result of theaws is calculated and plotted in
Fig. 11b. The result shows that the value of aws with all
PS, SAS, PS + QZSS, and SAS + QZSS is also increased

Table 8 Parameters of three elastoplastic soil grounds

Elastoplastic soils Low- Medium- High-density

ε 0.34 0.72 0.87

ksp (MN/m) 6.44 82.1 283

kse (MN/m) 12.5 31.9 42.3

cse (kNs/m) 70.0 43.4 37.1

with the increase of the vibratory roller’s moving velocity
and vice versa. This means that the driver’s ride comfort is
significantly reduced when the vehicle’s moving velocity is
increased. With the SAS + QZSS used in the seat’s suspen-
sion, the value of aws is lower than that of PS, SAS, and
PS + QZSS under various moving velocities of the vibra-
tory roller. Thus, the seat’s semi-active suspension added by
QZSS can improve the vibratory roller’s ride comfort under
all the vehicle’s moving velocities.

Under the change of the elastoplastic soil grounds: In the
working condition of the vibratory drum on the elastoplastic
soil ground, the density of the elastoplastic soil ground was
changed and remarkably influenced the ride comfort of the
driver [1–3, 21]. The research result in Ref. [1] showed that
in the interaction process between the drum and elastoplastic
soil ground, the elastoplastic soil characteristicwas varied via
three different stages including (1) the initial stage, the drum
compacted on the elastoplastic soil groundwith the soil prop-
erty being relatively soft (low-density), (2) the density ε of the
soil ground was then increased in the repeated compression
of the drum and soil ground interaction (medium-density),
and (3) the final stage, the soil ground’s density continued
to be increased until the contact between the drum and soil
ground was broken (high-density). Based on the parameters
of three elastoplastic soil grounds with the low-, medium-,
and high-soil densities listed in Table 8 [1, 21], the influence
of the elastoplastic soil grounds on the ride comfort of the
vibratory roller and the performance of the driver’s seat sus-
pension system is then simulated. The calculation result of
aws is depicted in Fig. 11c.

The result shows that the value of aws with PS, SAS, PS +
QZSS, and SAS + QZSS is remarkably affected by the dif-
ferent soil densities of the elastoplastic soil ground. Under a
soil groundwith the low-density, the aws is small. Thismeans
that the driver’s ride comfort is improved on elastoplastic soil
ground with the low-density. When the soil ground’s den-
sity is increased up to the medium-density after the repeated
compression of the vibratory drum on the elastoplastic soil
ground, the damping characteristic (cse) of the soil ground
is decreased while the elastoplastic stiffness characteristics
(ksp and kse) of the soil ground is increased, thus, the soil
ground becomes harder and more elastic. As a result, the aws
are slightly increased. When the density of the soil ground
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Fig. 12 The vibratory roller’s experimental model with the cab isolation
using the hydraulic mounts and the seat’s passive suspension embedded
by QZSS: a QZSS; b seat’s acceleration sensor; c acceleration sensor
on the cab’s floor; d hydraulic mount; e displace of the experimental
result

is continuously increased up to the high-density, the aws is
strongly increased. This means that the ride comfort of the
driver is strongly reduced under an elastoplastic soil ground
with the high-density. This result is also similar in Refs. [2,
3].

By using the SAS + QZSS, the aws is also smaller than
that of PS, SAS, and PS + QZSS under the elastoplastic soil
groundwith different densities. Thus, with the QZSS embed-
ded in the seat’s semi-active suspension, the ride comfort of
the driver is improved under the different working conditions
of the vibratory roller.

4.4 Experimental investigation

In order to verify the study result of the 3-D vehicle dynamic
model, a vibratory roller with the cab isolation equipped with
the hydraulic mounts and seat’s passive suspension added
by the QZSS is used for the experiment. The experiment of
the vibratory roller is performed under the same simulation
condition of the vehicle in Sect. 4.2. The vehicle’s experiment
model is shown in Fig. 12.

In order to determine the acceleration response and PSD
acceleration of the driver’s seat, an acceleration sensor is
installed on the driver’s seat to measure the seat’s accel-
eration response. The dynamic test and analysis system of
the Belgium LMS are then used to calculate and display the
measured results. The acceleration response and the PSD
acceleration of the driver’s seat are plotted in Fig. 13a–b.

The result in Fig. 13a indicates that the acceleration
response of the driver’s seat in the simulation is similar to
like the experiment. Moreover, the value of aws in the sim-
ulation is only higher than that of the experiment by 8.47%.
Besides, the PSD value of the driver’s seat acceleration in
Fig. 13b shows that the resonance peaks of the seat’s PSD

Fig. 13 The experimental results of the driver’s seat vibration: a accel-
eration response; b PSD acceleration response

acceleration of the simulation are also similar to like the
experiment in all the responses and trends. However, the
results in Figs. 13a–b also show that the comparative results
between the experiment and simulation of the seat’s acceler-
ation response and the seat’s PSD acceleration have a small
error. This can be due to the influence of some deviations of
the dynamic parameters of the QZSS, vibratory roller, and
elastoplastic soil ground in the simulation; or the influence
of the small error during the installation of the experimental
equipment. However, these deviations insignificantly influ-
ence the study result and they can be accepted. Thus, based
on the experiment and simulation of the seat’s semi-active
suspension added by the QZSS, the SAS + QZSS should be
used on the seat’s suspension of the vibratory roller to further
improve the ride comfort of the driver.

5 Conclusions

With the semi-active damping coefficient of Csemi is con-
trolled by the fuzzy controller, the driver’s seat ride comfort is
significantly improved in comparison with the seat’s passive
suspension; while with the seat’s passive suspension added
by theQZSS, the driver’s seat ride comfort is improved better
than the seat’s semi-active suspension.
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With the seat’s semi-active suspension added by the
QZSS, the value of aws andmaximumPSD value of the seat’s
acceleration are remarkably reduced in comparison with PS,
SAS, and PS +QZSS. Especially, the aws andmaximumPSD
value of the driver’s seat acceleration with SAS + QZSS are
greatly decreased by 76.0% and 73.4% in comparison with
the seat’s passive suspension.

Based on the experiment and numerical simulation of the
vibratory roller with the driver’s seat suspension equipped
with PS, SAS, PS + QZSS, and SAS + QZSS, the seat’s
semi-active suspension added by theQZSS should be applied
to further enhance the vibratory roller’s ride comfort. More-
over, this research not only contributes to the existing body of
knowledge on off-road vibratory rollers but also could pro-
vide an important reference for the application of the QZSS
on the driver’s seat semi-active suspension of other vehicles
to further ameliorate the vehicle’s ride quality.
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