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Abstract:In order to evaluate the performance of semi-active
cab’s hydraulic mounts (SHM) of the off-road vibratory roller
with the optimal fuzzy-PID ( proportional integral derivative )
control, a nonlinear dynamic model of the vehicle interacting
with off-road terrains is established based on Matlab/Simulink
software. The weighted root-mean-square (RMS) acceleration
responses of the driver’s seat heave and the cab’s pitch angle
are chosen as objective functions. The SHM is then optimized
and analyzed via the optimal fuzzy-PID control under different
operation conditions. The simulations results show that the
driver’s ride comfort and the cab shaking are greatly affected
by the off-road terrains under various operating conditions of
the vehicle, especially at the speed from 8 to 12 km/h on a
very poor terrain surface of Grenville soil ground under the
vehicle travelling. With SHM using the optimal fuzzy-PID
control, the driver’s ride comfort and the cab shaking are
clearly improved under various operation conditions of the
vehicle, particularly at the speed from 6 to 7 km/h of the
vehicle traveling.
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he vibratory roller is a type of soil compactor which
T is mainly used in the field of the construction project
on roads, railways, airports, and so on. Its operating
principle is a combination of the static force of the vehicle
and the dynamic force of the drum to compact soil, as-
phalt and other materials' ™', Thus, designers always
want the vertical excitation force of the drum on the ter-
rain ground to achieve the maximum value whereas these
excitation vibrations are transmitted to the cab via isola-
tion mounts to achieve the minimum value.
The basic research on interaction models of the tyre-
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soft soil and the drum-elastoplastic soil indicated that the
vibration responses were greatly influenced by off-road

1477 The excitations from off-road terrains and

terrains
the vibratory drum were almost transmitted to the driver
via the cab’s isolation system and the seat suspension.
Thus, the cab’s isolation system was one of the most im-
portant factors to improve the vehicle’s ride comfort.

The cab’s isolation system of the soil compactor was
mainly equipped with the rubber mounts>® . The effect
of design parameters of cab’s rubber mounts on the ride
dynamics was analyzed via experiment and simulation”’.
The cab’s rubber mounts were then supplemented by aux-
iliary hydraulic mounts to optimize the ride comfort"’.
Three cab’s isolation mounts of the vibratory roller inclu-
ding rubber mounts, hydraulic mounts and pneumatic
mounts were also given to analyze the performance of
cab’s isolation systems based on the simulation and exper-
iment'™® . The results show that the ride comfort was
greatly improved by hydraulic mounts. However, the re-
sults also show that vibrations of the driver’s seat heave
and the cab shaking were still significant under various
operating conditions. Therefore, in order to enhance the
vehicle’s ride comfort and control the cab shaking, it is
necessary to control hydraulic mounts.

The combined control methods were developed for
semi-active suspension systems using the magneto-rheo-
logical fluid to improve the driver’s ride comfort as well
as the safety of passengers, such as the PID-neural con-
trol, fuzzy-PID control ™"
trol performance, the optimal control methods were then

applied, such as neuro-fuzzy control with the fuzzy rules
11

! In order to enhance the con-

optimized by the genetic algorithm'""’ | fuzzy-PID control
with the control rules optimized by a cultural algo-
rithm'"*’, and fuzzy-skyhook control using the multi-ob-
jective microgenetic algorithm'”’. The results show that
optimal controls were better than traditional controls.
However, all above research mainly investigated the per-
formance of control methods; thus, the simple quarter car
models were mostly used by researchers.

In this study, based on the interaction models of the vi-
bratory roller and deformable terrains ** | a nonlinear dy-
namic model of a single drum vibratory roller is estab-
lished via Matlab/Simulink software. The vibration exci-

tations consist of the drum/tyre-deformable terrain inter-
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action when the vehicle travels and an excitation frequen-
cy, 28 Hz, of drum when the vehicle compacts on elasto-
plastic soils.
(SHM) used the magneto-rheological fluid is studied via
the optimal fuzzy-PID control. Especially, a new optimal

A semi-active cab’s hydraulic mounts

method of the fuzzy control rules based on the genetic al-
gorithm is successfully developed for the optimal fuzzy-
PID control. The performance of the SHM is then evalua-
ted via the weighted RMS acceleration responses of the
driver’s seat heave and the cab’s pitch angle under differ-
ent operation conditions. The aim of this study is to im-
prove the ride comfort and control the cab shaking of the
vibratory roller.

1 Off-Road Vibratory Roller Models
1.1 Vibratory roller dynamic model

A single drum vibratory roller considering the interac-
tion of wheels and off-road terrains is selected. A 7 DOF
nonlinear dynamic model of the vehicle is established to
analyze the performance of SHM with optimal fuzzy-PID
control, as plotted in Fig. 1, where Z, and m, are the ver-
tical displacements and masses at centre of gravity of the
driver’s seat, the cab, the rear/front vehicle frame, and
the drum; ¢, and ¢, are the angular displacements at cen-
tre of gravity of the cab and the rear vehicle frame; F_
and F, are the dynamic reaction forces of cab’s hydraulic
mounts; g, and g, are the excitations of the terrains; /; is
the distances of the vehicle (i=1,2,---,5;j=1,2,---,8).

Fig.1 Lumped parameter model of the vibratory roller

Based on the dynamic model in Fig. 1 and application
of Newton’s second law, the general dynamic differential
equation for the vehicle is given by the following matrix
form.

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

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

1.2 Semi-active cab’s hydraulic mount model

A passive cab’s hydraulic mount ( PHM) includes a
main rubber, a damping plate driven by the bolt, and a
closed chamber filled with the fluid. The fluid flowing

in the upper-lower chamber is derived by the transfer of
a damping plate via the annular orifice and the ori-
fice'”’. The basic structure of an SHM is also similar
to that of a PHM. However, the fluid in the closed
chamber is used by a magneto-rheological ( MR) fluid
with adjustable damping. In addition, the damping
plate is equipped with an electro-magnet coil and a flux
guide. When the coil current changes, a magnetic field
in the flux guide also changes; thus, the viscosity of
MR fluid in the annular orifice simultaneously chan-
ges. Consequently, the vibration damping can be ad-
justed according to the road surfaces. MR fluid flows
in the upper-lower chamber are also derived by the
transfer of the damping plate through the annular ori-
fice and orifices (see Fig.2(a) ).

MR fluid To cab To frame Cab Z
Rubber 4 |
ety atd)ug | 2
Flux guide | —1 ]
B . Z,
Rear frame
Annul ifi i
nnular orifice Coil Passive HM

Damping plate Orifice Semi-active HM
(a) (b)

Fig.2 Semi-active cab’s isolation system. (a) Simple SHM
(b) Lumped parameter model

The lumped parameter model is described in Fig. 2
(b). Herein, k, and c, are the stiffness and damping co-
efficient of the rubber mount. The liquid damping force
of the SHM is carried out by f=¢, | Z| Z +u'™, in
which ¢, is the damping constant and « is an active damp-
ing force which is optimized by the optimal fuzzy-PID
control.

The corresponding dynamic force of mount i of the
cab’s isolation mounts is given by

F,=k,(Z,-Z;,) + Cri(ZZi - Z3i> + femici (2)
. {c 22| (2o -2.) wih PHM
ey | 2y -2y | (2, -2,) +u,  with SHM

where Z,,, Z,, and Z,,;, Z., are the relative velocities and
the displacements of the cab floor and the rear vehicle
frame at mount i (i=1,2).

1.3 Wheels-deformable soil interaction model

Under actual operation conditions, the drum and tyres
often interact with deformable terrains. Thus, a drum/
elastic tyre-deformable terrain contact of the vehicle trave-
ling and a drum-elasoplastic soil interaction of the vehicle
working are assumed to establish the model.

1.3.1 Wheels-deformable soil contact model

The drum-soft terrain contact model was investigated

based on the model of Bakker and Wong *>'. When the
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vehicle is traveling, under the effect of the static and dy-
namic loads of the drum, the terrain Z, is sunk, as
shown in Fig.3(a).

Fig.3 Drum/tyres-soft soil contact model. (a) Rigid drum;
(b) Elastic tyre

The pressure p, and the shear stress 7, are generated
from the soil compression in the deformable area region
(arc of oa) thus impact contrarily on the drum. Conse-
quently, the reaction force F, of the soil under the drum

. . 3
is given as'’’

0, 0,
F, = j B,p,r,cos6dg + f Byr,resingde  (4)
0 0

p, and 7, are given by Bakker'*' as follows

p,=(k/b+k,)Z, (5)
7, =(c+p,tang) (1 —e’j/K)}

where k_ and k, are the soil stiffness coefficients for sink-
age and internal friction; n is the sinkage exponent; b is
the dimension of the contact patches; B and r are the
width and the radius of the drum; c is the soil cohesion
coefficient; ¢ is the angle of the internal friction; K is the
shear deformation modulus, and j =rs[0,(t) — @], in
which s is the slip ratio of the drum.

Assuming that [ is the average roughness line of the
terrain surface, thus, the sinking of the soil Z_in Eq. (5)
can be determined by

Z.=q(t)+2,-2,=q(t)+Z,-2,-Z,. (6)

where Z, is the static sinkage; Z_ is the sinking of the soil
in the arc region of ox; g(t) is the random excitation of
the terrain surface and it is described as follows:

According to the ISO proposal ”"'*' | the spectral densi-
ty of the off-road terrain surface is written as

0N<),
>0,

S(Q) =S(Q) (Q) U= {3

0, 2.25 ()

where the value of S(£2,) provides a measure for the ran-
dom terrain with the reference frequency (2, = 1/27 cy-
cle/m.

More specifically, assuming that the vehicle moves at a
constant speed v,, and the random terrain surfaces can be
simulated by the series

q(1) = Y, V/28(ibn) Ansin(idot +¢,)  (8)

where N is the number of intervals; ¢, is a random phase
uniformly distributed between 0 and 27, and Aw = Any,
is the fundamental temporal frequency. Mitschke'®' gave
the spectral density ranges for the unpaved off-road classi-
fications including classification ranges from good to very
poor. The roughness terrain surface can be yielded by
choosing a value in the spectral density ranges.

The motion equations of the drum-soft terrain contact
can bewritten as

miZ; =F, - F, +mg } (9)

F,=k(Z,-7,) +c,(Z,-Z)

When the elastic tire traverses on a soft terrain, under
the effect of the static and dynamic loads of the tyre, the
Two deformable characteristics are
presented in the tyre-terrain contact region. One of the

terrain also sinks.
deformations is the tyre and the terrain ( the region of
bob') and the other one is the unique terrain ( the region
of b'a)'”’, as shown in Fig.3(b).

p, and 7, are generated from the deformable regions of
bob' and b'a are described by the total reaction forces of
terrain under the tyre as follows:

0 2
F, = f B p,r,cosdo +f B,r,rsingdd  (10)
0 0

where p, and 7, are determined in Eq. (5).
The vertical excitation forces F, into the rear vehicle
frame are described as

F +F,-mg=0 } (11)
Fl :kt(ZS _l7¢3 _Zl) +C[(Z3 _l7¢;3 _Zl>

1.3.2 Drume-elastoplastic soil interaction model

In this study, based on the elastoplastic properties of
soil ** | a parameter model of the drum-elastoplastic soil
interaction is built in Fig. 4, where Z_ is the vertical mo-
tion of the elastic terrain deformation; e and g are the ec-
centricity of the rotating mass and the gravitational accel-
eration; m is the total mass of the front frame and drum;
m, is the rotating eccentric mass; k, and k,, are the plastic

and elastic stiffness constants; c is the elastic damping

constant; [ is the abbreviation of the static equilibrium;
F, is the vertical projection of the rotating eccentric mass;
F, is the dynamic force yielded by the plastic deformation

of the soil surface layer.

by A7,
kse

Ce b

(b)
Fig.4 Drum-elastoplastic soil interaction model. (a) Loading
phase; (b) Drum-hop phase
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In an exciting vibration cycle of the drum, the motion
of the drum on a soil patch may result in two or more of-
ten three distinct phases including the loading phase, un-
loading phase, and drum-hope phase. In order to deter-
mine the relation of Z; and the excitation forces F,, the
vibration equations of the drum-elastoplastic soil interac-
tion are given via three distinct phases as' >’

eyms Zs+miZ; =eyFy+Fy —ec Z; + (e —-1)k,Z; +

+ eym ew’ coswt + m ew’ sinwt (12)
(13)

(14)

Substituting Egs. (12), (13) and (14) into Eq. (9),
both the values of Z, and F, are then determined.

.. . 2 .
msls =F, —c,Z; + m,ew sinwt

os 2 .
msZs = F, + mg + m_ew sinwt

2 Optimal Fuzzy-PID Control
2.1 SHM model with fuzzy-PID control

The performance of fuzzy-PID control depends on the
suitable selection of the fuzzy inference system (FIS). In
order to further enhance the control performance, an opti-
mal fuzzy-PID control in which the FIS optimized by the
genetic algorithm ( GA) is studied and applied to the
SHM, and the model is described in Fig.5.

Fuzzy L_ (Desired)
’—|"‘ PID control |<7
Semi-active HM [4 p
with RM damper E —L
;,f“’“" Subsystem of EC ! FIS
Off-road terrains )—— pulbs Gy elles I?Z:IiZZ:'; GA() E‘ """ "

Fig.5 Optimal fuzzy-PID control model

As shown in Fig. 5, the fuzzy control includes two in-
puts and three outputs in which 2-inputs denoted by E and
EC are the vertical displacement error (E) and the verti-
cal velocity error (EC) of the cab frame, and 3-outputs
denoted as K',, K, and K'; are the proportionality fac-
tors, respectively. The proportional, integral, and deriv-
ative parameters in PID control are defined as K, K|,
and K, which can be automatically tuned. u is the actual
control force of MR fluid, and f,

semi-

is the semi-active
control force of HM. The force output of the PID control
is given as

u(t) = Kye(n) +K, [ e(d+ Ké(r)  (15)

In order to find the optimal values for K, (! =p,i,d),
assuming their variable ranges are [ K™ , K7 ]. K, is then
decided by the fuzzy control as

Kl _ K;nin Kl _ K]min
K™ -K™  AK,

K= (16)

Hence,we can rewrite Eq. (16) as

K, =K'AK, + K™ (17)

The basic fuzzy control consists of fuzzification inter-
face, FIS, and defuzzification interface. First, the crisp
values in fuzzification are transformed into linguistic vari-
ables, FIS is then used by control rules in accordance
with inference rules, and finally, the linguistic variables
are transformed back to crisp values via defuzzification
into the physical plant. The fuzzy control can be designed
in the following three steps.

1) Choosing fuzzy control in-outputs. The linguistic
variables of two inputs are defined by the positive big
(PB), positive small (PS), zero (ZO), negative small
(NS), and negative big (NB) ; and of these three out-
puts are also defined by small ( S), medium small
(MS), medium (M), medium big ( MB), and big
(B). Two input variables E and EC belong to [ —0.25,
0.25]; and three output variables K’, are calibrated over
the interval [0, 1].

2) Membership function. The shape of membership
functions of in-output variables is used by the triangular
function, and the degree of memberships is from 0 to
11

3) The control rules. The initial control rules are es-
tablished as follows:

If E is A and EC is B then XK', is G, K is H, and K, is
0.
where A and B are the linguistic variables of two inputs;
G, H, and Q are the linguistic variables of three outputs,
respectively.

The fuzzy control rules are selected by the minimum

15-16]

function and the centroid method of Mamdani' , and

the above control rules are then optimized by the GA.
2.2 Optimization of control rules

2.2.1
The goal of GA is to seek the maximum or the mini-

Genetic algorithm program

mum values of one or more objective functions using
. . P 2 3,17-18
computational techniques, and it is defined as”"'"'*

Find the vector x = {x,,x,,---,x,} ' to optimize

F(x) ={f,(x),fi(x),~ f,(x)}" (18)
s.t. g,(x) =<0 i=1,2,---,p
h,(x) =0 j=1,2,-.q

where F(x) is the vector of objective functions, which
must be either maximized or minimized; p and g are the
numbers of inequality constraints and equality constraints.
2.2.2 Application GA program to optimize FIS
The GA is used to seek the optimal control rules to ob-
tain the minimum values of the weighted RMS accelera-
tion responses of the driver’s seat heave and the cab’s
pitch angle via the subsystem model. The optimal process
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of the GA is described via three steps as follows:

Step 1  Encoding mechanism and initial population.
In the FIS, there are 25 control rules that contain a total
of 75 elements. The 75 elements are then connected into
a string of a chromosome which is regarded as a vector.
The linguistic variables of two inputs, E and EC, are en-
coded by the numbers as {NB, NS, ZO, PS, PB} = {0,
1,2,3,4f = [q],,s, and of three outputs, K’ , K',,
and K’ , are also encoded by the numbers as {S, MS,
M, MB, B} ={5,6,7,8,9{ = [b],,;. Moreover,
the individuals in the initial population are randomly gen-
erated. For each gene, the value of the gene is also se-
lected as a random positive integer in the range of 0 <gq;,
<4 and 5<b;<9. The size of the initial population is
100, j=1,2,---,5.

Step 2
minimum values of the weighted RMS values of the
driver’s seat heave a,, and the cab’s pitch angle a,, in
Eq. (20) are selected as objective functions. In order to

find the minimum values of a,, and a the fitness value
[3,18]

Objective function and fitness value. The

wpe ?

J is simplified to calculate objective functions as

je— 1Ll (19)

Pusys T PypeGype
where ¢ and ¢, are the weight coefficients of a,, and
a,,. values.

The individuals with the higher fitness value J demon-
strate that the obtained control rules are better. There-
fore, resultant individuals are updated before the evolu-
tion process ends, and the optimal individuals can be ob-
tained.

Step 3  Genetic operations. After establishing the ini-
tial population and selecting the parents, genetic opera-
tions are then performed. Herein, the crossover probabili-
ty of 0.95 and mutation probability of 0. 05 are used in
200 generations. Therefore, the arithmetic crossover is
performed on 95% of the selected parents, whereby two
children are created from the weighted sum of two par-
ents, and children of the remaining 5% of selected par-
ents are exact copies of them. Crossover operation is per-
formed until the population number is doubled. Then,
each individual undergoes the mutation operation, which
is the process of randomly changing the values of genes
in a chromosome with a probability of 0. 05. The muta-
tion can create new genetic material in an existing indi-

vidual and add diversity to the genetic characteristics of
the population. Finally, through the fitness value J, on-
ly the optimal individuals are selected for the population
of the next generation. The GA’s flowchart is plotted in
Fig. 6.

[ Initialize parents and establish FIS]
Initialize population

Update FIS and simulate
the simulink system

[ Acceptance function |

Crossover

Selection

Genetic operations

Evaluate the fitness
values of individuals

No

Evolutional
number of times

Output the control rules
code and fitness curve

Fig.6 Flow chart of GA program for the FIS

2.2.3 Optimal result of fuzzy control rules

In order to seek optimal control rules, the vehicle is as-
sumed to move on a poor terrain surface of Grenville
soil* at a constant speed v, =6 km/h. The values of ¢,
=0.522 and ¢, =0.478 are determined by the percent
of weighted RMS values a,,(52.2% ) and a, . (47.8% )
with the PHM. The maximum generation is 200.

wpc

The result in Fig.7 shows that the maximum fitness
value J is obtained from the evolutionary generation of
143 to the end. Therefore, the optimal individuals can be
obtained at the generation of 143. By decoding, the opti-
mal control rules are listed in Tab. 1. The optimal control
rules are then used for the optimal fuzzy-PID controller to
simulate and analyze the results.

X: 143

20 Y: 1.72

= L}

315

>

£ 1.0

£

[ 0.5 1 1 |
50 100 150 200

Evolutionary generations

Fig.7 The curve of fitness value

Tab.1 Optimal control rules of the fuzzy-PID control

1

b Ky K;
EC NB NS 70 PS PB NB NS 70 PS PB NB NS 70 PS PB
NB B MB M S S S S S MS MS PS MS S S MS
NS M M M M MS S MS MS M M NB M MS S S
Z0 M S S M M MS MS M M MB NB B MB S MS
PS S S B B MB MS M M MB MB NB MS MS MS MS
PB S S M MB B M M MB B B PS S MS M B
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3 Results and Control Performance Analysis

3.1 Evaluate criteria

According to the standard ISO 2631-1'"", the effect of
vibration on the ride comfort is evaluated by the weighted
RMS acceleration value as follows:

o =[]

where a, is the acceleration ( translational and rotational )
that depends on the time of measurement 7.
The weighted RMS acceleration responses of the

(20)

driver’s seat heave a,, and the cab’s pitch angle a,,. are
then used to evaluate the performance of the SHM.

3.2 Control performance on deformable terrains

Under the condition of the vibratory roller traveling on
the soft terrain, the reference parameters of the vehi-
cle™ | four types of unpaved off-road classifications of
Mitschke'® and two typical soft terrains of LETE sand
and Grenville soil” are chosen to evaluate the control
performance at a vehicle velocity of v, = 6 km/h.

The simulation results of the acceleration responses on
Grenville soil with the poor terrain surface are shown in
Fig. 8. The acceleration responses of the SHM with opti-
mization are clearly decreased in comparison with both
the PHM and the SHM without optimization. Concurrent-
ly, the results in Tab. 2 also show that the weighted RMS
values of the driver’s seat heave and the cab’s pitch angle
are strongly reduced by 39.0% and 35.9% in compari-
son with PHM.

. S—Z)

a/(m

a,/(rad * s72)

Time/s
SHM without optimization
— SHM with optimization
(b)

Fig.8 The acceleration responses on a soft terrain of Grenville

soil. (a) Driver’s seat heave; (b) Cab’s pitch angle

Tab.2 Control performance on a soft terrain

Parameter a,/(m-s7?) @/ (1ad - s72)
PHM 1.28 1.17
SHM without optimization 0.88 0.84
SHM with optimization 0.78 0.75

The comparison results of the weighted RMS accelera-
tion responses on two typical terrains of LETE sand and
Grenville soil with four types of terrain surface roughness
are shown in Fig. 9. The results show that the weighted
RMS values are clearly affected by the terrain surfaces
roughness. The weighted RMS values are low on a good
terrain and high on a very poor terrain. In addition, the
soft terrains also impact clearly on the driver’s ride com-
fort. The compared results in Figs.9(a) and (b) show
that the weighted RMS value of the driver’s seat heave on
Grenville soil is higher than that on the LETE sand; On
the contrary, that of the cab’s pitch angle on Grenville
soil is lower than that on the LETE sand. It implies that
when the vehicle travels on the LETE sand, the vertical
driver’s ride comfort is enhanced while the comfortable
shake of the driver is decreased; whereas, when the vehi-
cle travels on Grenville soil, the vertical driver’s ride
comfort is reduced while the comfortable shake of the
driver is significantly improved.

3.0
~25
“ 2.0
€15
< 1.0

0.5

Good Medium

Levels

(a)

Poor

1

Medium

Levels
----- «-PHM(sand); --e-- SHM without optimization(sand)
—*— SHM with optimization(sand)
=P PHM(s0il); SHM without optimization(soil)
—&—SHM with optimization(soil)
(b)

Fig.9 Weighted RMS acceleration responses on various ter-

1
Good Poor Very poor

rains. (a) Driver’s seat heave; (b) Cab’s pitch angle

Using the SHM with optimization, the weighted RMS
values are lower than that of both PHM and SHM without
optimization under various terrain surfaces of both LETE
sand and Grenville soil. Thus, the SHM with optimiza-
tion can remarkably improve the driver’s ride comfort and
cab shaking on deformable terrain surfaces.

3.3 Control performance on the speed region

A range of vehicle velocities from 1 to 12 km/h and a
poor terrain surface of the Grenville soil are chosen to an-
alyze the control performance in the condition of the vehi-
cle traveling.

The results in Fig. 10 show that the vehicle velocities
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greatly affect on the driver’s ride comfort and the cab sha-
king. When the vehicle velocity ranges from 8 to 12
km/h, the weighted RMS values of the driver’s seat
heave with SHM is significantly increased, whereas, that
of the cab’s pitch angle is slightly enhanced. It implies
that the vertical driver’s ride comfort is reduced and the
comfortable shake of the driver is insignificantly affected
with the increasing vehicle velocity.

2.0
a b
215 P e
c i
= e
S 10F g
N
1 1 1 1 1 ]
03 2 4 6 8 10 12

Vehicle forward speed/(km + h™')
(a)

~ 14 pb
7] [ . g N //
-.U /P\\»__,p B\_\V,. P\"B
B: 0 6 1 1 1 1 1 J
-0 2 4 6 8 10 12
Vehicle forward speed/(km * h™")
--p--PHM; SHM without optimization

—=—SHM with optimization
(b)
Fig.10 Weighted RMS acceleration responses in the vehicle
speed region. (a) Driver’s seat heave; (b) Cab’s pitch angle

When the vehicle velocity ranges from 1 to 5 km/h,
the weighted RMS values of the driver’s seat heave and
the cab’s pitch angle are remarkably increased with all the
cab’s isolation mounts. Therefore, the driver’s ride com-
fort is greatly influenced in this vehicle velocity. Howev-
er, the weighted RMS values of the SHM with optimiza-
tion are lower than those of both PHM and SHM without
optimization in all vehicle velocity ranges, especially the
vehicle velocity ranging from 6 to 7 km/h. This result is
very important since the vehicle forward speed ranges
usually from 5 to 8 km/h when the vehicle travels on soft
terrain. Consequently, the driver’s ride comfort and the
cab shaking are significantly improved by SHM with opti-
mization.

3.4 Control performance on elastoplastic soils

In order to evaluate the performance of SHM with opti-
mizationon elastoplastic soil grounds, three typical elasto-
plastic soils including a low-density soil, a medium-den-
sity soil, and a high-density soil'> are simulated at a ve-
hicle velocity of v, =3 km/h under an exciting frequency
28 Hz of the vibratory drum.

The acceleration responses of the driver’s seat heave
and the cab’s pitch angle when the vehicle drives on a
high-density soil are shown in Fig. 11. Using the SHM
with optimization, the acceleration responses are clearly
decreased in comparison with those of both the PHM and
the SHM without optimization. The results in Tab. 3 also

show that the weighted RMS values of the driver’s seat
heave and the cab’s pitch angle are significantly, reduced
by 34.6% and 47.3% in comparison with the PHM.

. S—Z)

a/(m

40 42 44 46 48 50
Time/s

(a)

. S—Z)

= 0
=
$_ AN
40 42 44 46 48 50
Time/s
--------- PHM; SHM without optimization
— SHM with optimization
(b)
Fig. 11  The acceleration responses on a high-density soil

ground. (a) Driver’s seat heave; (b) Cab’s pitch angle

Tab.3 Control performance on a high-density soil

Parameter a,/(m-s7?) Qype/ (rad + 577)
PHM 0.78 0.38
SHM without optimization 0.59 0.23
SHM with optimization 0.51 0.20

Furthermore, the simulation results of the weighted
RMS values on three types of elastoplastic soil grounds
are also shown in Fig. 12. The comparison results show
that the weighted RMS values are significantly affected by
elastoplastic soil grounds. The weighted RMS value of
the driver’s seat heave is low while that of the cab’s pitch
angle is high on a low-density soil. In contrast, the
weighted RMS value of the driver’s seat heave is progres-
sively increased, while of that cab’s pitch angle is gradu-
ally reduced on both medium-high-density soils. There-
fore, the comfortable shake of the driver is significantly
affected by a low-density soil and the vertical driver’s ride

8 >
i T pror
z 0.6
Bé _——
0.4 - !
Low Medium High
Density of elastoplastic soil grounds
(a)
~ 0.5
‘ D
04 0 T D >
<03
S ] S — a———
Low Medium High
Density of elastoplastic soil grounds
-~ PHM; SHM without optimization

—&— SHM with optimization
(b)
Fig.12 Weighted RMS values on elastoplastic soil grounds.
(a) Driver’s seat heave; (b) Cab’s pitch angle
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comfort is strongly influenced by a high-density soil. In
addition, the weighted RMS acceleration responses of
SHM with optimization are reduced in comparison with
PHM and SHM without optimization under all elastoplast-
ic soils. Consequently, the driver’s ride comfort and the
cab shaking also are significantly improved by using SHM
with optimization.

4 Conclusions

1) The driver’s ride comfort and the cab shaking are
strongly affected by the off-road terrains under various
operation conditions, especially at the vehicle velocity
ranging from 8 to 12 km/h and on very poor terrain sur-
faces of Grenville soil under the condition of the vehicle
travelling, and on a high-density soil of the elastoplastic
soil ground under the condition of the vehicle working.

2) A new optimal method of the FLC rules based on the
GA program is successfully developed and applied for the
optimal fuzzy-PID control. The control result of the SHM
with optimization is better than both the PHM and SHM
without optimization under different operation conditions.

3) In particular, using the SHM with optimization, the
driver’s ride comfort and the cab shaking are greatly im-
proved at the vehicle velocity ranging from 6 to 7 km/h
under the condition of the vehicle traveling and on the
elastoplastic soils under the condition of the vehicle work-
ing.
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RN EBRNEREFXEHNRERIRES
I L4 fuzzy-PID #2 i 14 58 53 477
o' kAW REM BEE

CRBRFIRMIAEZER, &7 211189)
(CHem T rhie TR, ¥ 6 435003)

WE A T ORI ERBRHE I T % LI 60 M4k fuzzy-PID 45 4) 69 1 48 , 2 T Matlab/Simulink #% 4 & %
T B ERAAE T IR Em A AR 69 AF R S) A FAERL. DAE Bk OB A &) A 2 Bk E GG AR AT A 69 Am A
Jeik E 3 75 A RMS 184 B AR B4 sFR R TAF LT ¥ £ 30k ML Ia ka9 h AL fuzzy-PID 3R #4770 A S
HERE T, FF R R AN, R R 23 E T AT 5 5k i sk AT E S B3 R0 A A Y ZH e, A,
Z4mvA 8 ~12 km/h JE B W89k BEATI A T AEF £ 69 Grenville 238 E. ks £ RF 0L T 53R ) EHBA
B3 ¥ E 3R MGk 6 AL fuzzy-PID d54] , B3 R R AGFERE BRI AH AN EZRG, HAH 245
4wyl 6 ~7 km/h & B 1 691k AT I

KR R EHH; B LEWNG; BREF EHRMBIR RS, KL fuzzy-PID 32 4]
FESES:U461.3



