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Three dynamic models (1-D, 2-D, and 3-D) of a soil compactor are established to research the vehicle’s ride
comfort via numerical simulation and experiment. Based on the efficiency of the semi-active control (SAC) of the
Fuzzy-PID controller and the negative stiffness structure (NSS), a new suspension of the driver’s seat equipped
with the SAC and NSS is proposed to further improve the soil compactor’s ride comfort under the various working
conditions of the vehicle on the elastoplastic soil ground. The reduction of the root-mean-square seat acceleration
(aws) in the time domain and the power-spectral-density seat acceleration (PSD) in the frequency domain is chosen
as the objective function. The study indicates that the seat’s acceleration response in the time domain with the 1-
D, 2-D, and 3-D models of the soil compactor is similar. However, the aws and maximum PSD acceleration
of the driver’s seat with the 1-D model are higher than that of the 3-D model by 35.9% and 58.5%, while the
acceleration response and PSD acceleration of the driver’s seat with the simulation of the 3-D model are similar to
the experiment. Therefore, the different dynamic models of the vehicle remarkably affect the investigation result.
With the driver’s seat suspension equipped with the SAC and NSS, the aws and maximum PSD acceleration of the
driver’s seat are strongly decreased by 80.1% and 87.6% compared to the seat’s passive suspension without the
SAC and NSS. Additionally, these values are also lower than that of oth the SAC and NSS under various simulation
conditions. Consequently, the driver’s seat suspension equipped with the SAC and NSS could be used to further
improve the ride comfort of the soil compactor.

1. INTRODUCTION

Existing studies indicated that the driver seat’s vertical ac-
celeration and the cab’s pitching angle of soil compactors
were very high, and they greatly affected the ride comfort
and working efficiency of the driver.1–3 To improve the ve-
hicle’s ride comfort, the traditional rubber isolations of the
soil compactor cab had been replaced by using hydraulic
mounts.4 The semi-active control of the cab’s hydraulic
mounts was studied based on a combination between the
fuzzy controller and proportional-integral-derivative controller
(Fuzzy-PID controller).5, 6 The soil compactor’s ride comfort
had been significantly improved. However, the vertical vibra-
tion response of the driver’s seat was still very high according
to the standard of ISO 2631-1 (1997).7 Especially in the con-
dition of the soil compactor moving and compacting on the
elastoplastic soil ground. This is a problem that still exists and
it has not been completely resolved yet. To solve this issue,
the passive suspension of the soil compactor seat needs to be
studied and improved.

In the research of the seat’s suspension systems, in order to
improve the driver’s ride comfort, the air spring system of the
driver’s seat had been used.8, 9 Additionally, based on the opti-
mal control of the fuzzy controller, the genetic algorithm, and
the Fuzzy-PID controller, the semi-active control (SAC) of the
driver’s seat suspension was also studied and developed.10–12

The results showed that the SAC of the driver’s seat suspen-
sion using the Fuzzy-PID controller remarkably improved the
vertical acceleration response of the driver’s seat. In addition, a
new design of the negative stiffness structure (NSS) using steel
springs had been also researched and applied for the seat pas-
sive suspension of the vehicles.13–15 The different structures
of the NSS using the steel spring, air spring, and roller spring
were studied to improve the NSS’s efficiency.16 The optimiza-
tion of the NSS’s design parameters was also given to enhance
the isolation efficiency of the NSS.17, 18 The result showed that
the seat passive suspension added by the NSS greatly improved
the driver’s seat in both the time and frequency regions. Ex-
perimental studies were also performed to prove the actual ef-
ficiency of the NSS.15, 19 Besides, based on the magnetic char-
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acteristic, the magnetic negative stiffness dampers were re-
searched and applied to the seat suspension.20, 21 The vibration
response of the seat was also significantly reduced. However,
the seat’s acceleration in the low-frequency region was still
high. Thus, the electromagnetic negative stiffness was also
applied to the low-frequency nonlinear vibration isolation to
reduce the acceleration response in the low-frequency domain
of the isolation system.22–24 The results showed that the vi-
bration response of the seat in the low-frequency domain was
remarkably decreased. However, based on the existing studies
of the seat suspension using the SAC and seat suspension em-
bedded by the NSS, there are still some issues that need to be
solved as follows:

• The seat suspension using the SAC and the seat suspen-
sion equipped with the NSS had been studied indepen-
dently of each other, and their isolation efficiency had
been demonstrated. However, if the seat suspension is
combined by both SAC and NSS, is its isolation efficiency
better than the SAC or the NSS? This issue has not been
evaluated in existing studies yet.

• In the study of the vibration characteristic and efficiency
of the SAC or NSS of the seat suspension, most of the 1-D
dynamic model of the vehicle and seat was used. The iso-
lation efficiency of the seat suspension using the SAC or
NSS obtained was very high.9–15, 20–24 However, the seat
suspension using the SAC or NSS is installed on the 3-D
vehicle structure. The use of the 1-D model of the vehicle
and seat to evaluate the efficiency of the seat suspension
using the SAC or NSS may not fully reflect their actual
efficiency. Thus, the efficiency of the SAC or NSS of the
seat suspension should be accurately evaluated based on
the 3-D dynamic model of the vehicle and seat. However,
this issue has not yet been considered.

• In the study models of the seat suspension using the SAC
and NSS, the vibration excitation was viewed as the ran-
dom excitation of the rigid road surface to evaluate their
efficiency. However, in some vehicles, especially soil
compactors, the vehicle mainly moves and works on the
elastoplastic soil ground with a deformable terrain sur-
face. Accordingly, the vibration excitation of an off-road
terrain surface can also affect the efficiency and stability
of the seat suspension using the SAC or NSS. This issue
also needs to be studied and evaluated.

Therefore, to improve the soil compactor’s ride comfort and
clarify some of the above existing problems, three different
types of the soil compactor’s seat suspension including: (1) the
seat suspension controlled by the SAC of the Fuzzy-PID con-
troller, (2) the seat suspension embedded by the NSS, and
(3) the seat suspension equipped with both SAC and NSS are
proposed and studied. Three different dynamic models of the
soil compactor including the 1-D model, 2-D model, and 3-D
model are established to evaluate the efficiency and stability
of three seat suspension models under the conditions of the
soil compactor moving and compacting on the elastoplastic
soil ground. The experimental study of the soil compactor is

then given to validate the mathematical model and numerical
simulation method. The reduction of the root-mean-square ac-
celeration of the driver’s seat in the time domain and power-
spectral-density acceleration (PSD) of the driver’s seat in the
frequency domain is chosen as the objective function.

2. MATHEMATICAL MODELS

2.1. Soil Compactor’s Different Dynamic
Models

The soil compactor’s structure includes the driver’s seat,
cab, vehicle floor, wheel, and drum. The driver’s seat is con-
nected to the cab floor via the seat suspension. The cab’s floor
is connected to the rear vehicle floor via the cab isolations.
The front floor and rear floor of the vehicle are connected by a
swivel joint. The front vehicle floor is connected with the drum
via rubber mounts. To evaluate the ride comfort of the soil
compactor and the efficiency of the seat suspension equipped
with the SAC and NSS, three different dynamic models includ-
ing the 1-D model, 2-D model, and 3-D model of the soil com-
pactor are established, as modeled in Fig. 1a, 1b, and 1c, re-
spectively. Where ms, mc, mfb, mrb, and md is the mass of
the driver’s seat, cab, front/rear vehicle floor, and drum; zs, zc,
zfb, zrb, and zd is the displacement of the driver’s seat, cab,
front/rear vehicle floor, and drum; ϕc and ϕrb are the pitching
angles of the cab and rear vehicle floor; θc, θfb, θrb, and θd are
the rolling angles of the cab, front/rear vehicle floor, and drum;
ks, kc, kd, kw and cs, cc, cd, cw are the stiffness and damping
coefficients of the isolation systems of the driver’s seat, cab,
front vehicle floor, and wheel; ch is the damping coefficient
of the fluid in the hydraulic mount; u is the control force of
the Fuzzy-PID controller; kn is the horizontal stiffness of the
NSS; l1−8 and b1−5 are the distances of the vehicle in the x-
and y-directions; v0 and qw are the vehicle’s moving speed and
the excitation of the road surface, respectively.

To simplify the calculation of the vehicle’s vibration equa-
tions, the following assumptions are made: (1) The front/rear
vehicle floor and cab floor are absolutely hard and their elastic
deformation is very small and is also ignored; (2) The exci-
tation of the vehicle is mainly generated by the soil ground
and vibratory drum in the z-direction; (3) The displacement of
the front/rear vehicle floor, cab, and driver’s seat around their
equilibrium position is very small and is ignored; and (4) The
gap of the articulation connection between the front floor and
rear floor of the soil compactor in 2-D and 3-D models is very
small and it insignificantly affects the vehicle’s pitching angle.
Based on the different dynamic models in Fig. 1, the vehicle’s
vibration equations are written as:

(1) The 1-D dynamic model of the vehicle:

msz̈s = −Fs;

mcz̈c = Fs − Fc;

mbz̈b = Fc − Fd. (1)

(2) The 2-D dynamic model of the vehicle:

msz̈s = −Fs;
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Figure 1. The 1-D dynamic model (a), 2-D dynamic model (b), 3-D dynamic model of the soil compactor (c), and model of seat suspension equipped with the
SAC and NSS (d).
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Figure 2. The interaction model of the drum and elastoplastic soil ground with
loading phase (a) and drum-hop phase (b).

mcz̈c = Fs − Fc1 − Fc2;

Icyϕ̈c = l1Fs + l2Fc1 − l3Fc2;

mfbz̈fb = F − Fd;

mrbz̈rb = Fc1 + Fc2 − Fw − F ;

Irbyϕ̈rb = l6F +My − l5Fw − lFc1 − l4Fc2. (2)

(3) The 3-D dynamic model of the vehicle:

msz̈s = −Fs;

mcz̈c = Fs −
4∑

i=1

Fci;

Icyϕ̈c = l1Fs +

2∑
i=1

l2Fci −
4∑

i=3

l3Fci;

Icxθ̈c = b1Fs +

4∑
i=1

(−1)i+1bnFci;

mfbz̈fb = F −
2∑

j=1

Fdj ;

Ifbxθ̈fb =

2∑
j=1

(−1)j+1bj+3Fdj ;

mrbz̈rb =

4∑
i=1

Fci −
2∑

j=1

Fwj − F ;

Irbyϕ̈rb = l6F +My −
2∑

j=1

l5Fwj +

4∑
i=1

αlFci;

Irbxθ̈rb =

4∑
i=1

(−1)ibnFci +

2∑
j=1

(−1)j+1bj+3Fwj ; (3)

where: if i = 1, 2 then α = −1, l = l2+ l3+ l4, and n = i+1;
if i = 3, 4 then α = +1, l = l4, and n = i−1; F = Fd1+Fd2;
Mx = b4Fd1 + b5Fd2; My = l8F ; Fs is the force response of
the driver’s seat suspension; Fc is the force response of the
cab’s isolation system; Fd is force response of the vibratory
drum’s isolation; and Fw is the force response of the wheel in
the 2-D and 3-D models, respectively.

In Eqs. (1), (2), and (3), the Fs is determined in Section 3.
The Fc, Fd, and Fw are determined in the following subsec-
tions.

2.2. The Fc of the Cab Isolations
Based on the existing studies on the soil compactor,2–4 the

efficiency of the cab’s hydraulic mounts in improving the soil
compactor’s ride comfort was better than that of the rubber and
pneumatic mounts. Thus, the cab isolations in Fig. 1a, 1b, and
1c have been also used by the hydraulic mounts to improve
the vehicle’s ride comfort. The Fc in each model of the soil
compactor is expressed by:4, 5

• With the 1-D dynamic model of the vehicle:

Fc = kczcb + ccżcb + chżcb|żcb|;
zcb = zc − zb. (4)

• With the 2-D model dynamic model of the vehicle:

Fci = kcizcbi + cciżcbi + chiżcbi|żcbi|;
zcbi = zc − zrb + (−1)ili+1ϕc − lϕrb; (5)

where if i = 1 then l = l2 + l3 + l4 and if i = 2 then
l = l4.

• With the 3-D model dynamic model of the vehicle:

Fci = kcizcbi + cciżcbi + chiżcbi|żcbi|;
zcbi = zc − zrb + (−1)α+1lα+1ϕc − lϕrb +

(−1)i+1bδ(θc − θrb); (6)

where if i = 1, 2 then α = 1, l = l2 + l3 + l4, and
δ = i+ 1; if i = 3, 4 then α = 2, l = l4, and δ = i− 1.

2.3. The Fd of the Vibratory Drum’s Isolation
The soil compactor mainly moved and worked on the elasto-

plastic soil ground to compress the soil ground.1–4 Therefore,
the vibration excitation of the drum is generated by both the
excitation force Fe = meeω

2 sinωt of the rotating eccentric
mass me and the interaction between the drum and elastoplas-
tic soil ground. To determine the Fd, a dynamic model of the
drum and elastoplastic soil ground interaction is established, as
plotted in Fig. 2, where m = md+mfb; e and ω are the eccen-
tricity and rotational velocity of me; kse and ksp are the elastic
and plastic stiffness parameters of the elastoplastic soil ground;
zes and ces are the deformation and elastic damping coefficient
of the elastoplastic soil ground; and Fg is the restoring force of
the elastoplastic soil ground generated by the elastic soil layer
in the compacting process of the drum.

The vibration equation of the drum and elastoplastic soil
ground interaction is determined by:1, 2, 4

mdz̈d = Fd − Fg + Fe;

Fg = kps[zd − (q − zes)] = cesżes + keszes;

Fd =


kd(zb − zd) + cd(żb − żd) 1-D model;

kd(zfb − zd) + cd(żfb − żd) 2-D model;

kdj(zfbj − zdj) + cdj(żfbj − żdj) 3-D model;
(7)

where zfbj − zdj = zfb− zd+(−1)jb3+j(θfb− θd), j = 1, 2.
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Figure 3. The interaction model between the wheel and terrain.

In each cycle interaction of the drum on the elastoplastic
soil ground, there are two or three distinct phases including
the loading, unloading, and drum-hop phases.1, 2 At the load-
ing phase, the compressive force of the drum compacts on the
soil ground due to the drum moving downward and it is the
elastoplastic deformation phase. During the unloading phase,
the contact of the drum and soil ground is retained whereas
the drum moves upward. The elastic deformation of the soil
ground is recovered while the plastic deformation represents
the soil compaction. At the drum-hop phase, the contact be-
tween the drum and soil ground is broken, and the elastic char-
acteristic of the soil ground is recovered whereas the plastic
characteristic of the soil ground vanishes. Based on the study
result published by Adam and Kopf,1 the change of elastoplas-
tic properties under the interaction of the drum and elastoplas-
tic soil ground is described by:

εγmd
...
z d +mdz̈d = εγḞd + Fd + δmg − εcesżd +

(ε− 1)kpszd + εγḞe + Fe; (8)

where if
P > 0, żd > 0 then δ = 0, γ > 0, 1 > ε > 0, (Loading);

P > 0, żd < 0 then δ = γ = 0, ε = 1, (Unloading);

P = 0 then δ = 1, γ = ε = 0, (Drum-hop);

P = Fg +mg; ε = kps/(kps + kes); and γ = ces/kps.
By combining Eqs. (7) and (8), the Fd is then calculated.

2.4. The Fw of the Wheel and Terrain
Interaction

When the soil compactor is moving on the elastoplastic soil
ground, under the impaction of the static-dynamic load of the
wheel on the soil ground, the contact region between the wheel
and soil ground may appear two deformable regions including
(1) the deformable region of both the soil ground and wheel
(c’oc region) and (2) the only deformation of the soil ground
(ca region), as plotted in Fig. 3. Where zx, zw0, and zw are
the sinkage of the soil ground, static deformation of the wheel,
and displacement of the wheel axle; rw and mw are the radius
and mass of the wheel, respectively.

The vertical reaction force generated by the press p and
stress τ of the soil ground in two deformable regions of c’oc
and ca are determined by:25, 26

Fgw =

∫ φa

0

Bwrw(p cosφ+ τ sinφ)dφ; (9)

Table 1. Lumped parameter of the off-road terrain surface.

Levels Good Medium Poor Very poor
n0 2.25 2.25 2.14 2.14

G(ϖ0)× 10−6 / m3 cyc−1 199.8 973.9 3782.5 102416

where p = (k/Bw + kθ)z
n
x ; τ = (c + p tan θ)(1 − e−j/K);

zx = qw+zoa−zox = qw+zw−zw0−zox; Bw is the width of
the wheel; kφ is the stiffness of the terrain’s internal friction;
kc is the stiffness of the terrain’s sinkage; and n is the sinkage
exponent (n = 1.01), respectively.

Therefore, the Fw of the wheel in the 2-D and 3-D models
are expressed by:

• With the 2-D dynamic model of the vehicle:

Fw + Fgw −mwg = 0;

Fw = kw(żrb − l5ϕ̇rb − zw) + cw(żrb − l5ϕ̇rb − żw).

(10)

• With the 3-D dynamic model of the vehicle:

Fwj + Fgwj −mwjg = 0, (j = 1, 2);

Fwj = kwj(zrb − l5ϕrb + (−1)jbj+3θrb − zwj) +

cwj(żrb − l5ϕ̇rb + (−1)jbj+3θ̇rb − żwj). (11)

To calculate the Fd and Fw in Eq. (7) and Eqs. (10)–(11),
the random excitation qw of the soil ground surface needs to
be determined. Based on the PSD of the random surface of the
deformable soil ground G(ϖ) and ISO/TC108/SC2/WG4,27, 28

the G(ϖ) was calculated by:

G(ϖ) = G(ϖ0)

(
ϖ

ϖ0

)−n0

,

{
n0 = 3, ϖ ≤ ϖ0;

n0 = 2.25, ϖ > ϖ0;
(12)

where ϖ0 = 1/2π cycle m−1 is reference spatial frequency;
G(ϖ0) is the reference density of the random road surface.

Based on the PSD value of G(ϖ) in Eq. (12) at a forward
speed v0 of the soil compactor and the white noise signal W
of the random function, the q is thus expressed by:11

q̇w + 2πϖ0v
2
0qw = 2πϖ0

√
G(ϖ)v0W. (13)

Mitschke proposed the PSD of the deformable soil ground’s
random surface via four levels including the good surface,
medium surface, poor surface, and very poor surface,29 as
listed in Table 1. Thus, the qw could be built by choosing one
of the good, medium, poor, or very poor surfaces.

Based on the parameters of a poor level of the soil ground
surface in Table 1 when the soil compactor is moving at v0 =

3 km h−1, the PSD value and profile of qw in the frequency and
time regions are plotted in Fig. 4a and 4b, respectively. This
excitation is then used to simulate the soil compactor dynamic
models in Fig. 1.

3. MODEL OF SEAT SUSPENSION

3.1. Seat Suspension Equipped with SAC
and NSS

In the passive suspension of the soil compactor seat, the
steel spring and damper with the passive stiffness (ks) and pas-
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Figure 4. The PSD value (a) and profile surface of the poor terrain surface (b).

Figure 5. The passive suspension structure of the seat (a) and its lumped
parameter model (b).

sive damping (cs) coefficients had been mainly applied.2–4 Its
structure and dynamic model are plotted in Fig. 5a and 5b.

Based on the soil compactor dynamic model in Fig. 1 and
the lumped parameter model of the seat passive suspension in
Fig. 5b, its force response is written by:

msz̈s = Fs = FPS = ks(zs − zcs) + cs(żs − żcs);

zcs =


zc with 1-D;

zc − l1ϕc with 2-D;

zc − l1ϕc − b1θc with 3-D.

(14)

The ride comfort of the soil compactors was mainly re-
searched based on the improvement of the cab isolation sys-
tems while the seat’s isolation was used by the passive suspen-
sion,4–6 thus, the driver’s ride comfort is very difficult to ensure
according to the ISO 2631-1.7 To solve this issue, apart from
using the cab’s hydraulic mounts, the passive suspension of the
seat has been researched and replaced by the seat suspension
equipped with the SAC and NSS. Its structure and dynamic

Figure 6. The structure of the seat suspension equipped with the SAC and
NSS (a) and (b) its lumped parameter model.15, 19

model are plotted in Fig. 6a and 6b. Where kn is the stiffness
coefficient of two steel springs of the NSS installed horizon-
tally and symmetrically on the cab floor; a is the distance be-
tween 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 be-
tween the driver’s seat and horizontal spring; x is the length
after deformation of the horizontal spring; and Z0 is the dis-
tance between the seat’s initial position and cab’s floor.15, 18, 19

To reduce complexity in the calculation of the seat suspen-
sion equipped with the SAC and NSS, the following assump-
tions are made: (1) The excitation of the seat suspension from
the cab floor is only in the vertical direction; (2) The mass of
the hard guide bar of the NSS is very small and it is ignored;
and (3) The sliding friction at the joints between the hard guide
bar and seat, and between the hard guide bar and horizontal
spring is very small and also ignored.

Therefore, under the impaction of the static load of the
driver’s seat (P = ms × g), the driver’s seat suspension is
deformed downward by Z. The force response Fs is thus ex-
pressed as follows:

Fs = FR + FD;

FR = ksZ + 2kn(b− x)
Z0 − Z

a− x
;

FD = csŻ + u; (15)

where FD is the passive and active damping force of the
damper and FR is the total restoring force of the vertical and
horizontal springs.

Based on the seat’s equilibrium position and NSS’s geomet-
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rical dimension, the x and Z0 are determined by:19

x = a−
√

c2 − (Z0 − Z)2 and Z0 =
√
c2 − (a− b)2. (16)

By substituting Eq. (16) into (15), Fs is rewritten by:

Fs = ksZ + 2kn

(
b− a√

c2 − (Z0 − Z)2
+ 1

)
(Z0 − Z) + FD

= ksZ + 2αks

 1− β2√
β2
1 − (Z0−Z)2

b2

+ 1

 (Z0 − Z) + FD;

(17)

where α = kn/ks, β1 = c/b, and β2 = a/b are the ratios of
the stiffness and geometrical dimension of the NSS.

Under the excitation of zcs from the cab floor at the position
of the seat suspension, as shown in Fig. 6b, the vibration of the
seat at the static equilibrium position is then generated by zs.
Therefore, the motion equation of the seat in Eqs. (1), (2), and
(3) is rewritten by:

msz̈s = −
(
ks(zs − zcs) + 2αks(Φ + 1)(Z0 − Z) +

cs(żs − żcs) + u
)
; (18)

where Φ = (1−β2)/
√

β2
1 − (Z0 − Z)2/b2, zs−zcs = Z0−Z,

and zcs has been determined in Eq. (14).
Equation (18) is then applied to compute the isolation effi-

ciency of the seat suspension equipped with the SAC and NSS.

3.2. The Control of the Seat Suspension
with the Fuzzy-Pid Controller

The PID controller has a simple structure and strong effi-
ciency. It is mainly used in industrial process control. How-
ever, the control efficiency of the PID controller greatly de-
pends on the selection of the parameters of kp, ki, and kd. The
technique of Ziegler-Nichols is then applied to optimize the
parameters of kp, ki, and kd. However, the maximum effi-
ciency of the PID with its optimal parameters is only obtained
when the system works in a specified condition. Conversely,
the fuzzy controller can control the system under all of the dif-
ferent operating conditions. However, the efficiency and sta-
bility of the fuzzy controller are quite low.5, 11 To overcome
the disadvantages of the fuzzy controller and PID controller, a
controller that is combined with the fuzzy controller and PID
controller (Fuzzy-PID controller) is proposed to control the ac-
tive damping force u for the seat suspension of the soil com-
pactor. The control model is shown in Fig. 7.

The fuzzy controller is designed by two input variables of
the displacement “e = zs − zcs” and velocity “ec = ė” of
the seat suspension and three output variables of the propor-
tionality factors Kp, Ki, and Kd, respectively. Concurrently,
the PID controller is designed by three input variables of the
proportional kp, integral ki, and derivative kd (these parame-
ters are changed and depend on three output parameters Kp,
Ki, and Kd); and one output value of the active damping force
“u”.

Figure 7. The control model of the Fuzzy-PID controller for the vibratory
roller’s seat isolation.

The active damping force “u” is given by:

u = kpe+ ki

∫ t

0

e dt+ kdė. (19)

Based on the method of Ziegler Nichols and the control
model of the soil compactor seat, the initial parameters of kp,
ki, and kd in Eq. (19) are obtained by kp = 2305, ki = 30, and
kd = 2.0. To determine the optimal parameters kν (subscript ν
denotes p, i, and d of kp, ki, and kd), the value of kν is assumed
to change from kmin

ν to kmax
ν . Based on the initial proportion-

ality factors of the PID controller, the range of each value kν
is then chosen by 1000 ≤ kp ≤ 3500, 1.0 ≤ ki ≤ 200, and
0.1 ≤ kd ≤ 20. Thus, the Kν of the fuzzy controller is calcu-
lated via the variables kν of the PID controller as follows:25

Kν =
kν − kmin

ν

kmax
ν − kmin

ν

, (0 ≤ Kν ≤ 1);

⇒ kν = kmin
ν + (kmax

ν − kmin
ν )Kν . (20)

Based on the boundary conditions of kν chosen, the rela-
tionship between kν and Kν is rewritten by:

kp = 1000 + 2500Kp; ki = 1 + 199Ki;

and kd = 0.1 + 19.9Kd. (21)

By replacing Eq. (21) to (19), the active damping force “u”
of the PID controller is rewritten as:

u = (1000 + 2500Kp) e+ (1 + 199Ki)

∫ t

0

e dt+

(0.1 + 19.9Kd) ė. (22)

To determine the variables of Kν via the fuzzy controller,
the fuzzy controller is established including the fuzzification
interface, fuzzy inference system, and defuzzification inter-
face. “First, the crisp values in fuzzification are transformed
into linguistic variables, Fuzzy inference system is then used
by control rules in accordance with inference rules, and finally,
the linguistic variables are transformed back to crisp values via
defuzzification for use by the physical plant”.30 Thus, the de-
sign of the fuzzy controller is performed in three steps as fol-
lows:
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Table 2. The LV and its numerical value.

Input value Output value
LV ec e LV Kν

PB 0.22 0.012 B 1.0
PS 0.11 0.006 MB 0.8
Z 0 0 M 0.6

NS –0.11 –0.006 MS 0.4
NB –0.22 –0.012 S 0.2

Table 3. The fuzzy rule in the Fuzzy-PID controller.

Kp
ec

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

e Z M MS S MS B
NS MS M S M MB
NB S MS M MB M

Ki
ec

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

e Z MS M S MB M
NS M S MS B S
NB M MS MS S S

Kd
ec

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

e Z S S S M B
NS B MS B S M
NB MS MB M MS S

Step 1: Set the language variable (LV) of input and out-
put values. The LV of two input values (e and ec) is estab-
lished by the Negative-Big (NB), Negative-Small (NS), Zero
(Z), Positive-Small (PS), and Positive-Big (PB). Besides, the
LV of three output values (Kν) is also established by the Small
(S), Medium-Small (MS), Medium (M), Medium-Big (MB),
and Big (B). The values of e, ec, and Kν are defined in Ta-
ble 2.

Step 2: Set the membership function. The shape of the
membership functions of the input/output variables in the
fuzzy controller is established by the Triangular function.

Step 3: Set the control rules of the fuzzy controller. The effi-
ciency of the fuzzy controller is strongly affected by its control
rules.31 Therefore, to enhance the control efficiency, the con-
trol rules in the Fuzzy-PID controller optimized by the genetic
algorithm in the paper of Nguyen et al.,5 as listed in Table 3,
are applied to control the Kν . Based on the optimal control
rules in Table 3, the control rules of the input/output variables
in the fuzzy controller are built by:
(1) If e is NB and ec is NB then Kp is M, Ki is S, Kd is S,
(2) If e is NB and ec is NS then Kp is MB, Ki is S, Kd is MS,
. . .

(25) If e is PB and ec is PB then Kp is MB, Ki is S, Kd is M.

The fuzzy inference system used by the minimum function
and centroid method in the fuzzy controller is then applied to
calculate the output parameters of Kν based on the input pa-
rameters of e, ec, and the control rules of the fuzzy controller.

Table 4. The soil compactor’s dynamic parameters.

Parameters Values Parameters Values
ms / kg 85 kw1,2 / MN m−1 0.5
mc / kg 891 l1 / m 0.383
mfb / kg 2822 l2 / m 0.1
mrb / kg 4464 l3 / m 0.524
md / kg 4378 l4 / m 0.136

cc1,2 / Ns m−1 218 l5 / m 0.6
cc3,4 / Ns m−1 29 l6 / m 0.76

ch1,2 / kNs2 m−2 20 l7 / m 0.9
ch3,4 / kNs2 m−2 4.5 l8 / m 1.5
cd1,2 / kNs m−1 2.9 b1 / m 0.55
cw1,2 / kNs m−1 4.0 b2 / m 0.7
kc1,2 / MN m−1 0.91 b3 / m 0.68
kc3,4 / MN m−1 0.12 b4 / m 0.945
kd1,2 / MN m−1 3.9 b5 / m 0.945

4. RESULTS AND ANALYSIS

4.1. Evaluation Index of the Ride Quality
The indices of ride quality, suspension deformation, and

road friendliness were directly applied to assess the efficiency
of the vibration isolation systems.3, 4, 9 With the driver’s seat
isolation, the ride quality calculated through the weighted root-
mean-square of the seat acceleration (aws) in the time region
was applied.4, 11, 12 In addition, according to the standard of
ISO 2631-1,7 the power spectral density (PSD) of the accel-
eration response was also used to evaluate the influence of vi-
bration on the endurance limit of the human body in the low
frequency region below 10 Hz. Especially, at a low frequency
range of 0.5− 4.0 Hz seriously affected the driver’s health and
safety. The aws of the driver’s seat was expressed by:7, 11

aws =

√
1

T

∫ T

0

z̈2s(t) dt; (23)

where z̈s(t) is the seat’s acceleration response depending on
the simulation time T .

Therefore, to assess the soil compactor’s ride quality with
the seat suspension equipped with the SAC and NSS, the re-
duction of the aws and maximum PSD value of the driver’s
seat is selected as the objective function.

4.2. The Seat’s Response under Three
Different Vehicle Models

Under the condition of the soil compactor moving and com-
pacting on the elastoplastic soil ground, the vehicle’s ride com-
fort was greatly affected.1–4 Thus, based on the lumped pa-
rameters of the soil compactor in Table 4,5 the parameters of
the elastoplastic soil ground at the rigid drum and wheel in Ta-
ble 5,1, 21 and the poor surface roughness of the deformable soil
ground in Fig. 4; the 1-D, 2-D, and 3-D dynamic models of the
soil compactor in Fig. 1a, 1b, and 1c with the seat passive sus-
pension in Fig. 8a are simulated when the vehicle is compact-
ing on the elastoplastic soil ground at an excitation frequency
35 Hz of the drum to evaluate the influence of three dynamic
models on the seat’s vibration response. The simulation results
of the seat’s vibration response are plotted in Fig. 8b, 8c, and
8d.

Figure 8b is the acceleration response of the driver’s seat
under three different vehicle models. The result shows that the
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Table 5. The parameters of the elastoplastic soil ground.

Parameters Values Parameters Values
Elastoplastic soil’s characteristic under the rigid drum

ε 0.34 kes / MN m−1 12.5
ces / kNs m−1 70 kps / MN m−1 6.44

Deformable soil’s characteristic under the wheel
θ / ◦ 28 k / kN m−n−1 6.94
c / kPa 1.3 kθ / MN m−n−2 0.506

Table 6. The maximum PSD acceleration of the driver’s seat.

Vehicle models 1-D 2-D 3-D
f / Hz 2.299 1.899 1.899

PSD / m2 s−3 1.157 0.598 0.480

seat’s acceleration response with the three different models is
the same. However, the seat’s acceleration response with the
1-D model is higher than that of both 2-D and 3-D models,
whereas the seat’s acceleration response with the 2-D model
slightly deviates in comparison with the 3-D model. The calcu-
lation results in Fig. 8c indicate that the aws of the 1-D model
is higher than that of the 2-D and 3-D models by 29.1% and
35.9%, while the aws with the 2-D model is higher than that of
the 3-D model by 9.6%. The aws of the 1-D model is higher
than that of 2-D and 3-D models may be due to the influence of
the vibration excitations of elastoplastic soil ground, poor sur-
face roughness, and vibratory drum acts directly on the driver’s
seat in the vertical direction via the vibration isolation systems
of the soil compactor, as shown in Fig. 1a. Conversely, the
aws of the 3-D model is slightly deviated compared to the 2-
D model under the same excitations of the elastoplastic soil
ground and vibratory drum may be due to the influence of the
horizontal deflection b1 of the driver’s seat in the 3-D model
relative to the vehicle’s center of gravity while the value b1 = 0

in the 2-D model, as shown in Fig. 1b and 1c.

The PSD acceleration of the driver’s seat in Fig. 8d also in-
dicates that the PSD acceleration with the 1-D model is higher
than that of the 2-D and 3-D models, whereas the PSD accel-
erations of the 2-D and 3-D models are similar. Based on the
maximum PSD acceleration of the driver’s seat listed in Ta-
ble 6, the maximum PSD value with the 1-D model is higher
than that of the 2-D and 3-D models by 48.3% and 58.5%,
while the maximum PSD value between 2-D and 3-D models
is slightly deviated by 19.7%. From the analysis result of the
seat’s acceleration and PSD acceleration in both time and fre-
quency regions, we can see that the dynamic model of the soil
compactor greatly affects the calculation results, especially be-
tween 1-D and 3-D models. If the vehicle dynamic model is
more similar to the actual vehicle then the simulation result is
more accurate. However, in the existing studies on seat sus-
pension using the SAC and NSS, the dynamic model of the
vehicle was mainly established by the 1-D model.9–15 This can
significantly affect the efficiency of the SAC and NSS. Thus,
the 3-D vehicle dynamic model should be used to evaluate the
efficiency of the SAC and NSS. To further elucidate the ac-
curacy of the mathematical model of the 3-D dynamic model,
the experimental study of the soil compactor is made in Sec-
tion 4.3.

Figure 8. The seat passive suspension without the SAC and NSS (a), the seat
acceleration in the time domain (b), calculation value aws of seat (c), and PSD
of seat acceleration in the frequency domain (d).
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Figure 9. The experiment of the soil compactor using the seat suspension
embedded by the NSS and cab hydraulic mounts. Where (a) is the NSS, (b) is
the acceleration sensor on the seat, (c) is the acceleration sensor on the cab
floor, (d) is the hydraulic mounts, and (e) is the display of the measured results.

4.3. Experiment with the Soil Compactor

To verify the accuracy of the 3-D vehicle dynamic model, an
actual soil compactor with the cab hydraulic mounts and seat
suspension embedded by the NSS has been tested. The test
condition is carried out under the same simulation conditions
of the vehicle in Section 4.2 and the test setup is depicted in
Fig. 9. To measure the seat’s acceleration response and PSD
acceleration, a 3-D acceleration sensor of ICP®is installed on
the driver’s seat to measure the seat’s acceleration response.
Then, a dynamic test and analysis system of the Belgium LMS
is used to analyze the signal and display the results. Based on
the test results, the seat’s acceleration response and PSD accel-
eration have been plotted in Fig. 10a and 10b, respectively.

In observing Fig. 10a, the seat’s acceleration response of the
simulation is similar to that of the experiment. Based on the
seat’s acceleration response in Fig. 10a, the calculation result
of the aws of the measurement and simulation is obtained by
0.2385 m s−2 and 0.2157 m s−2; and the aws of the simulation
is only deviated by 9.6% compared to the measurement.

Figure 10b also shows that the resonance peaks of the seat’s
PSD acceleration of the simulation are also similar to the mea-
surement in both the trends and responses. However, the aws

and PSD acceleration of the driver’s seat between the simula-
tion and measurement have a small error. This is due to the
influence of some assumptions of the 3-D vehicle dynamic
model in Section 2 and the NSS’s model in Section 3.1; and
the influence of some deviations in the installation of the mea-
suring equipment and vehicle dynamic parameters. However,
these errors are quite small and could be accepted. Therefore,
the experiment’s result proves that the simulation result with
the 3-D model is more accurate than the 1-D model of the soil
compactor.

Based on the numerical simulation and experimental results
of the 3-D vehicle dynamic model in Sections 4.2 and 4.3, we
can see that the obtained efficiency of the SAC or NSS of the
seat suspension using the 3-D model is smaller than that of
the 1-D and 2-D models. However, the 3-D model is like the
actual model of the soil compactor. Thus, the use of the 3-
D vehicle dynamic model can accurately evaluate the actual

Figure 10. The result of the simulation and measurement of the seat accel-
eration in the time domain (a) and PSD of seat acceleration in the frequency
domain (b).

Table 7. The NSS’s parameters.

Parameters Values Parameters Values
a / m 0.286 α 0.63

ks / kN m−1 5.8 β1 0.73
cs / Ns m−1 120 β2 1.17

efficiency of the SAC or NSS applied on the seat suspension of
the soil compactor. This means that the driver’s ride comfort
of the soil compactor with the seat suspension equipped with
the SAC or NSS is also accurately evaluated according to the
standard of ISO 2631-1.7 This is also the advantage of the
3D model compared to others. Therefore, the 3-D dynamic
model of the soil compactor is applied to evaluate the actual
efficiency of the seat suspension equipped with the SAC and
NSS (SAC+NSS) on improving the ride comfort of the soil
compactor in Section 4.4.

4.4. Efficiency of Seat Suspension
Equipped with SAC and NSS

Based on the control model of the Fuzzy-PID controller for
the seat suspension in Section 3.2 and the parameters of the
NSS in Table 7,11 the 3-D dynamic model of the soil com-
pactor is used to evaluate the efficiency of the SAC+NSS under
the same simulation condition in Section 4.2. The simulation
results of the seat’s vibration response are plotted in Fig. 11.

The simulation result in Fig. 11a shows that the seat’s ac-
celeration response with the SAC (control suspension of the
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Table 8. The maximum PSD acceleration of the driver’s seat.

Seat’s isolation SPS SAC NSS SAC+NSS
PSD / m2 s−3 0.621 0.253 0.159 0.077

seat without the NSS) is significantly reduced in comparison
with the seat passive suspension (SPS). This is due to the ac-
tive force u in Eq. (22) controlled by the Fuzzy-PID controller
impacting the seat suspension to reduce the seat’s vibration.
With the NSS (passive suspension of the seat embedded by the
NSS), the seat’s acceleration response is greatly reduced com-
pared to both SAC and passive suspension without the NSS.
This is due to the impaction of the total restoring force FR of
the vertical and horizontal springs of the NSS in Eq. (15). The
NSS’s efficiency in improving the seat’s ride comfort is bet-
ter than without the NSS, which has been demonstrated in the
existing researches.13–16 However, this study also shows that
with the seat suspension embedded by the NSS, the seat’s ac-
celeration response is lower than that of the SAC. This means
that the efficiency of the NSS in improving the seat’s ride com-
fort is better than the SAC. This issue has not been researched
in the existing studies.

With the SAC+NSS, the result indicates that the seat’s ac-
celeration response is smaller than that of the NSS. This can
be due to the impaction of both the active force u and the to-
tal restoring force FR. Besides, the results of the aws are also
calculated and compared in Fig. 11b. In observing Fig. 11b,
we can see that the aws with the SAC, NSS, and SAC+NSS
is greatly reduced by 24.1%, 70.7%, and 80.1% in compari-
son with the passive suspension of the seat, respectively. This
study result shows that the efficiency of the SAC and NSS is
similar to the study results in the publications of Kumar et al.,10

Hosseini and Marzbanrad,11 Saini,14 and Akintoye.15 Espe-
cially with the seat suspension equipped with both SAC and
NSS, its isolation efficiency is also better than that of each SAC
and NSS. Therefore, the soil compactor’s ride comfort with the
SAC+NSS is better improved compared to both the SAC and
NSS.

In addition, the seat’s acceleration response in the frequency
region is also used to evaluate the efficiency of the SAC+NSS.
The seat’s PSD acceleration in Fig. 11c shows that the seat’s
PSD acceleration with the SAC, NSS, and SAC+NSS is sig-
nificantly reduced in comparison with the seat’s passive sus-
pension, especially with the SAC+NSS. This is also due to
the impaction of both the active force u and the total restor-
ing force FR. In particular, at low frequencies below 4.0 Hz
which greatly affects the driver’s health and safety,7 the calcu-
lation results in Table 8 indicate that the maximum PSD accel-
eration of the driver’s seat with the SAC, NSS, and SAC+NSS
is greatly reduced by 59.3%, 74.4%, and 87.6% compared to
the seat’s passive suspension, respectively, especially with the
SAC+NSS. Based on the above analysis result, it can be con-
cluded that the seat suspension equipped with both SAC and
NSS greatly improves the vehicle’s ride comfort in both the
time and frequency regions. However, the above results only
simulate under one working condition of the vibratory, to fully
evaluate the efficiency and stability of both SAC and NSS, the
change of the driver’s seat mass and vehicle’s moving velocity
is also simulated in Section 4.5.

Figure 11. The seat acceleration in the time domain (a), calculation value aws

of seat (b), and PSD of seat acceleration in the frequency domain (c) using the
3-D vehicle model.

4.5. Efficiency under Different Vehicle
Conditions

Under the same simulation condition in Section 4.2, the
driver’s seat mass and vehicle’s moving velocity are changed
to evaluate the efficiency and stability of the SAC+NSS. With
the driver’s mass changed by ms = [60, 65, . . . , 110] kg, the
simulation result is plotted in Fig. 12a. The simulation result
shows that the aws is reduced with the increase of the driver’s
seat mass and vice versa, especially with the seat passive sus-
pension. Therefore, the driver’s seat mass significantly affects
the driver’s ride comfort. However, with the SAC+NSS, the re-
sult shows that the aws not only is lower than that of the SAC
and NSS but also more stable when the driver’s seat mass is
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Figure 12. Seat’s acceleration response under different driver’s mass (a) and
different soil compactor’s moving velocities (b).

changed.
With the change of the soil compactor’s moving velocity

v0 = [1.0, 1.5, . . . , 6] km h−1, the simulation result of the
aws with different isolations of the driver’s seat is plotted in
Fig. 12b. The result shows that the aws is strongly increased
when the moving velocity is increased. This means that the
driver’s ride comfort is reduced with the increase of the vehi-
cle’s moving velocity. With the SAC+NSS, the aws is strongly
reduced in comparison with both the SAC and NSS under var-
ious moving velocities of the soil compactor. Thus, it can con-
clude that the seat suspension equipped with the SAC and NSS
can remarkably improve the driver’s ride comfort under the
various conditions of the soil compactor.

5. CONCLUSIONS

The seat’s vibration response with the seat passive suspen-
sion using 1-D, 2-D, and 3-D dynamic models of the soil com-
pactor was similar. However, the aws and maximum PSD ac-
celeration of the driver’s seat with the 1-D model were higher
than that of the 3-D model by 35.9% and 58.5%, while the
seat’s acceleration response and PSD acceleration of the simu-
lation using the 3-D dynamic model were similar to the exper-
iment. Therefore, the choice of vehicle dynamic model greatly
affects the investigation result.

With the SAC+NSS, the aws and maximum PSD acceler-
ation of the driver’s seat were greatly reduced by 80.1% and

87.6% in comparison with the seat passive suspension. Ad-
ditionally, these values were also lower than that of both the
SAC and NSS under various simulation conditions. Therefore,
the seat suspension equipped with the SAC and NSS should be
applied to further enhance the soil compactor’s ride comfort.

This study also provides an important reference for the ap-
plication of the NSS and the semi-active control of the seat
suspension of other vehicles to improve ride quality.
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