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利用基因演算法設計 ATV 之被動式懸吊參數 

 

研究生:徐偉鈞                           指導教授:成維華 教授 

 

 

國立交通大學機械工程學系研究所 

 

 

摘   要 

 

 第一輛 ATV(all-terrain vehicle)在 1950 年被製造出來後，發展至今

分為運動以及多用途兩大類。在戶外休閒風潮的帶動之下，運動型 ATV

的各方面性能也受到更多重視。其中為了增進操控性以及駕駛人員的

舒適性，懸吊系統的設計尤為重要。被動式懸吊系統被廣泛用於 ATV

上，相較於主動式以及半主動式懸吊，被動式懸吊有構造相對簡單以

及價格較為便宜的優點。本文主旨為利用全域最佳化的方法，配合事

先取得不同行駛路面之資訊，求得最適的被動式懸吊參數設定，以求

改進路面顛簸所傳至人體所產生的不舒適感。模擬結果顯示利用基因

演算法之全域最佳化方法，能夠順利求的對特定行駛路面之最佳懸吊

參數設定，並能有效的減緩駕駛人之不舒適感。 
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Abstract 

 

 The first ATVs (all-terrain vehicle) were made during 1950s. After 

4-wheels models were developed, models continue today to be divided into 

the sport and utility markets. Following the raising of tendency toward 

outdoor recreation, the performance of sport ATVs was emphasized. The 

main objectives of vehicle suspension system are improving vehicle 

handling and improve comfort for passenger. Generally passive suspension 

systems were used on ATVs. Passive suspension systems are less expensive 

and easier to maintain. The objective of this paper is using global 

optimization method and pre-obtained road profiles to find the appropriate 

suspension parameters setting and improve the comfort of ATV drivers. 

The results show that genetic algorithm can find the optimal setting of 

suspension parameters and effectively reduce the discomfort of ATV 

drivers. 
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Chapter 1 Introduction 

 

1.1 Development of ATVs 

The term "all-terrain vehicle" is used in a general sense to describe any 

of a number of small open motorized buggies and tricycles designed for 

off-road use. The American National Standards Institute (ANSI) defines an 

ATV as a vehicle that travels on low pressure tires, with a seat that is 

straddled by the operator, and with handlebars for steering control. Honda 

made the first three-wheeled ATV in 1970. The front end of 3-wheelers 

obviously has a single wheel making it lighter, and flipping backwards is a 

potential hazard, especially when climbing hills, so all manufacturers 

switch to 4-wheeled models in the late '80s.  

Models continue today to be divided into the sport type and utility 

market. Figure 1.1 illustrated a sport ATV made by Honda. Sport models 

are built with performance, rather than utility. Sport models are generally 

small, light, two wheel drive vehicles which accelerate quickly, have a 

manual transmission, and run at speeds up to 90 miles per hour. To be 

successful at fast trail riding, an ATV must have light weight, high power, 

good suspension and a low center of gravity. Following the raising of 

outdoor recreation, the performance of sort type ATV is more emphasized.  

Sport type ATVs were used on kinds of terrains, such as desert racing, 

hill climbing, ice racing etc. The vibration due to the rough road condition 

makes the passenger feel uncomfortable and a well adjusted suspension 

system will improve the car handling and more comfortable for passenger. 
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1.2 Literature review 

 Passive suspension system is wildly used on ATVs. Compared with 

active suspension and semi-active suspension, passive suspension is 

cheaper and easier to adjust and repair. One degree-of-freedom or two 

degree-of-freedom quarter-car models are commonly employed in many 

areas of the automotive industry, including optimization of suspensions of 

vehicles [1]. A design optimization of quarter-car models with passive 

suspensions under random road excitation was proposed [2]. In that paper, 

evaluation of the vehicle performance is based on examination of three 

response quantities, that is, the maximum absolute acceleration of the 

passengers, the distance between the wheel subsystem and the car body and 

the force developed between the wheel and the ground.  

Some evaluations of the vehicle comfort are also used to optimize 

vehicle suspension. A typical measure of comfort has the form shown in 

equation 1-1[3]. 

2

0
( )

t
J z t dt= ∫                        (1-1) 

Car-body travel distance and velocity, as in equations 1-2 and 1-3 below, 

are also used [4]. 

2

0
( )

t
J z t dt= ∫                                                (1-2) 

0
( )

t
J z t dt= ∫                                                (1-3) 

The jerk (rate of change of acceleration) can also be used as a measure of 

comfort, use equation 1-4 [5] 

2

0
( )

t
J z t dt= ∫                                                (1-4) 
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Besides, the official European measure of comfort, Vibration Does Value, 

use fourth-order powers shown in equation 1-5 [6]. 

1/ 4
4

1

N
s

w
n

TVDV
N a

=

⎡ ⎤= ⎢ ⎥⎣ ⎦
∑                                          (1-5) 

In [7], equation 1-4 was used as the measure of comfort and evolutionary 

algorithm was applied to the optimization of the system parameters. An 

optimal design for passive suspension of a light rail vehicle also using 

evolutionary algorithm has been issued [8]. A systematic and effective 

optimization scheme for the design of vehicle passive suspension system 

was proposed [9] [10].  

In this paper, equation 1-5 is chosen as one of the measures of comfort 

because it’s more sensitive of acceleration and a full-car model is used to 

provide a three degree-of-freedom model of ATVs. The global optimization 

algorithm, Genetic algorithm (or evolutionary algorithm), is selected to 

optimize the passive suspension parameters. 

 

1.3 Motives and objectives 

 ATVs are usually driven on rough terrains. In order to maintain the 

stability and improve the driving comfort, an effective method for 

designing suspension parameters is needed. A frame of optimization design 

was developed in this paper.  

For passive suspension systems shown in Figure 1.2, the parameter 

such as spring coefficient k  and damping coefficient c  are untunable 

during driving. So the presetting of k  and c  affects the driving comfort 

significantly. Based on optimization algorithm, the optimized k  and c  
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are designed suitable for certain terrain. Therefore, different terrains have 

corresponding different settings of k  and c  to improve driving comfort. 

Besides, the rattle-space limit is also concerned in this paper to insure the 

travel of suspension is within its safety limit. 
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Chapter 2 Dynamic model of ATV with passive 

suspension system 

 

2.1 Derivations of equations of motion 

The model we consider here has three degree-of-freedom including 

vertical displacement of the center of gravity, roll and pitch angles. A 

full-car model of ATV is illustrated in Figure 2.1. A and D are the front two 

passive suspensions, C and D are the rear two passive suspensions, and O is 

the center of gravity. AZ , BZ , CZ , DZ  are the road profile inputs to the 

four suspensions, respectively. Z  is the vertical displacement along the 

z-axis. When vehicle rotated in the inertial reference, the included angles 

are roll, pitch, and yaw angles, with notationsα , β , and γ  respectively, 

called the Euler angles. The signs of rotate angles are according to 

right-hand rule. Here we assume γ  is very small and can be neglected 

when driving alone a straight lane. Therefore, the rotation matrix of the 

vehicle can be represented as follow 

1

cos sin sin cos sin
( , , ) ( , ) ( , ) 0 cos sin

sin sin cos cos cos
v x y z v x y x yR R R R

β α β α β
θ θ θ θ θ α α

β α β α β

−

⎡ ⎤
⎢ ⎥= = = −⎢ ⎥
−⎢ ⎥⎣ ⎦

  (2-1) 

where xR  and yR  are 

roll axis:  
1 0 0

( ) 0 cos sin
0 sin cos

xR α α α
α α

⎡ ⎤
⎢ ⎥= ⎢ ⎥

−⎢ ⎥⎣ ⎦
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pitch axis: 
cos 0 sin

( ) 0 1 0
sin 0 cos

yR
β β

β
β α

−⎡ ⎤
⎢ ⎥= ⎢ ⎥
⎢ ⎥⎣ ⎦

                      (2-2) 

With the rotation matrix vR , the rotated vectors from O to each 

suspension can be represented as follows 

'
0 0

cos sin sin
2 2

( , ) ( ) cos ( )
2

sin sin cos
2 2

v x y

w

wOA R OA Z Z Z Z

w

β α β

θ θ α

β α β

⎡ ⎤+⎢ ⎥
⎢ ⎥
⎢ ⎥= ⋅ + − = + −
⎢ ⎥
⎢ ⎥
⎢ ⎥− +
⎢ ⎥⎣ ⎦

 

'
0 0

cos sin sin
2 2

( , ) ( ) cos ( )
2

sin sin cos
2 2

v x y

w

wOB R OB Z Z Z Z

w

β α β

θ θ α

β α β

⎡ ⎤− +⎢ ⎥
⎢ ⎥
⎢ ⎥= ⋅ + − = + −
⎢ ⎥
⎢ ⎥
⎢ ⎥+
⎢ ⎥⎣ ⎦

 

'
0 0

cos sin sin
2 2

( , ) ( ) cos ( )
2

sin sin cos
2 2

v x y

w

wOC R OC Z Z Z Z

w

β α β

θ θ α

β α β

⎡ ⎤− −⎢ ⎥
⎢ ⎥
⎢ ⎥= ⋅ + − = − + −
⎢ ⎥
⎢ ⎥
⎢ ⎥−
⎢ ⎥⎣ ⎦

 

'
0 0

cos sin sin
2 2

( , ) ( ) cos ( )
2

sin sin cos
2 2

v x y

w

wOD R OD Z Z Z Z

w

β α β

θ θ α

β α β

⎡ ⎤−⎢ ⎥
⎢ ⎥
⎢ ⎥= ⋅ + − = − + −
⎢ ⎥
⎢ ⎥
⎢ ⎥− −
⎢ ⎥⎣ ⎦

    (2-3) 

Here 0Z  is the origin point of local reference. Then we can derive the 

vertical displacement of each suspension, and for simplicity, we applied 

linearization by assuming α  and β  were small. 
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'
0

(cos 1) sin sin
2 2 0

(cos 1) ( ) ( ) 0
2 2 2

1
sin sin cos

2 2

A

w

w wd OA OA Z Z z

w

β α β

α β α

β α β

⎡ ⎤− +⎢ ⎥
⎡ ⎤⎢ ⎥
⎢ ⎥⎢ ⎥= − = − + − − + + ⎢ ⎥⎢ ⎥
⎢ ⎥⎢ ⎥ ⎣ ⎦

⎢ ⎥− +
⎢ ⎥⎣ ⎦

 

'
0

(cos 1) sin sin
2 2 0

(cos 1) ( ) ( ) 0
2 2 2

1
sin sin cos

2 2

B

w

w wd OB OB Z Z z

w

β α β

α β α

β α β

⎡ ⎤− − +⎢ ⎥
⎡ ⎤⎢ ⎥
⎢ ⎥⎢ ⎥= − = − + − + + ⎢ ⎥⎢ ⎥
⎢ ⎥⎢ ⎥ ⎣ ⎦

⎢ ⎥+
⎢ ⎥⎣ ⎦

 

'
0

(cos 1) sin sin
2 2 0

(cos 1) ( ) ( ) 0
2 2 2

1
sin sin cos

2 2

C

w

w wd OC OC Z Z z

w

β α β

α β α

β α β

⎡ ⎤− − −⎢ ⎥
⎡ ⎤⎢ ⎥
⎢ ⎥⎢ ⎥= − = − − + − − + ⎢ ⎥⎢ ⎥
⎢ ⎥⎢ ⎥ ⎣ ⎦

⎢ ⎥−
⎢ ⎥⎣ ⎦

 

'
0

(cos 1) sin sin
2 2 0

(cos 1) ( ) ( ) 0
2 2 2

1
sin sin cos

2 2

D

w

w wd OD OD Z Z z

w

β α β

α β α

β α β

⎡ ⎤− −⎢ ⎥
⎡ ⎤⎢ ⎥
⎢ ⎥⎢ ⎥= − = − − + − − − + ⎢ ⎥⎢ ⎥
⎢ ⎥⎢ ⎥ ⎣ ⎦

⎢ ⎥− −
⎢ ⎥⎣ ⎦

 

(2-4) 

where we assume 

0

0
0
0

Z
⎡ ⎤
⎢ ⎥= ⎢ ⎥
⎢ ⎥⎣ ⎦

                                              (2-5) 

To get the net vertical displacement of each suspension, we subtract the 

road input form vertical displacement of each suspension. 

0 0
0 , 0

2 2 2 2
1 1

A A A A A A
w wd z z z d z z zβ α β α

⋅ ⋅⎡ ⎤ ⎡ ⎤
⎛ ⎞ ⎛ ⎞⎢ ⎥ ⎢ ⎥− = − + + − − = − + + −⎜ ⎟ ⎜ ⎟⎢ ⎥ ⎢ ⎥⎝ ⎠ ⎝ ⎠

⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦
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0 0
0 , 0

2 2 2 2
1 1

B B B B B B
w wd z z z d z z zβ α β α

⋅ ⋅⎡ ⎤ ⎡ ⎤
⎛ ⎞ ⎛ ⎞⎢ ⎥ ⎢ ⎥− = + + − − = + + −⎜ ⎟ ⎜ ⎟⎢ ⎥ ⎢ ⎥⎝ ⎠ ⎝ ⎠

⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦

 

0 0
0 , 0

2 2 2 2
1 1

C C C C C C
w wd z z z d z z zβ α β α

⋅ ⋅⎡ ⎤ ⎡ ⎤
⎛ ⎞ ⎛ ⎞⎢ ⎥ ⎢ ⎥− = − + − − = − + −⎜ ⎟ ⎜ ⎟⎢ ⎥ ⎢ ⎥⎝ ⎠ ⎝ ⎠

⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦

 

0 0
0 , 0

2 2 2 2
1 1

D D D D D D
w wd z z z d z z zβ α β α

⋅ ⋅⎡ ⎤ ⎡ ⎤
⎛ ⎞ ⎛ ⎞⎢ ⎥ ⎢ ⎥− = − − + − − = − − + −⎜ ⎟ ⎜ ⎟⎢ ⎥ ⎢ ⎥⎝ ⎠ ⎝ ⎠

⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦

   

(2-6) 

With the net vertical displacement of each suspension and its first 

derivative, we can derive the equations of motion by applying Lagrangian 

Dynamics. 

2 2 2

2 2 2 2
0

1 1 1
2 2 2

1 1 1 1( ) ( ) ( ) ( ) ( )
2 2 2 2

x x y y

A A A B B B C C C D D D

T mZ I I

V mg Z Z k d z k d z k d z k d z

θ θ= + +

= − + − + − + − + −
        

(2-7) 

where T  represents the kinetic energy and V  represents the potential 

energy of the system. For simplicity, we assume 

A D f

B C r

A D f

B C r

k k k
k k k
c c c
c c c

= =⎧
⎪ = =⎪
⎨ = =⎪
⎪ = =⎩

                                  (2-8) 

Here k is the spring coefficient and c is the damping coefficient of each 

suspension. 
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Then we have 

2 2 2

2 2 2 2
0

1 1 1
2 2 2

1 1( ) (( ) ( ) ) (( ) ( ) )
2 2

x x y y

f A A D D r B B C C

T mZ I I

V mg Z Z k d z d z k d z d z

θ θ= + +

= − + − + − + − + −
  

L T V= −                                               (2-9) 

and the generalized forces can be derived as follows. 

( ) ( ) ( ) ( )

( ) ( )
Z A A A B B B C C C D D D

f A D A D r B C B C

Q c d z c d z c d z c d z

c d d z z c d d z z

= − − − − − − − −

= − + − − − + − −
 

[ ( ) ( )] [ ( ) ( )]
2 2

[ ( ) ( )]
2

x A A A B B B C C C D D D

f A A D D r B B C C

w wQ c d z c d z c d z c d z

w c d z d z c d z d z

θ = − − − − − − − − −

= − − − + + − − +
 

[ ( ) ( )] [ ( ) ( )]
2 2

[ ( ) ( )]
2

y B B B C C C D D D A A A

f D D A A r B B C C

Q c d z c d z c d z c d z

c d z d z c d z d z

θ = − − − − − − − − −

= − − − + − + − + −
    (2-10) 

Substituting (2-9) and (2-10) into the Lagrangian equation as follows. 

  ( ) Z
d L L Q
dt ZZ

⋅

∂ ∂
− =
∂∂

 

 ( )
x

xx

d L L Q
dt θθθ

∂ ∂
− =
∂∂

                                     

 ( )
y

yy

d L L Q
dt θθθ

∂ ∂
− =
∂∂

                                     (2-11) 

We obtained the three equations of motion of the ATV. 

 
( 2 ) ( 2 )

( 2 ) ( 2 ) 0
f A D r B C

f A D r B C

mz mg k z z z k z z z

c z z z c z z z

β β

β β

+ + − + − − + + − −

+ − + − − + + − − =
             (2-12) 

 
[ ( ) ( )]

2

[ ( ) ( )] 0
2

x f A D r B C

f A D r B C

wI k w z z k w z z

w c w z z c w z z

α α α

α α

+ − + + − +

+ − + + − + =
                    (2-13) 
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[ ( 2 ) ( 2 )]

2

[ ( 2 ) ( 2 )] 0
2

y f A D r B C

f A D r B C

I k z z z k z z z

c z z z c z z z

β β β

β β

+ − − + − − + + − −

+ − − + − − + + − − =
            (2-14) 

The above equations of motion (2-12), (2-13), (2-14) can be rearrange as 

follows 

z
[ ]{ } [ ]{ } [ ]{ } [ ]  ,   = M q C q K q r where q α

β

⎡ ⎤
⎢ ⎥+ + = ⎢ ⎥
⎢ ⎥⎣ ⎦

                (2-15) 

and the state-space form of the system is written as follows 

1 1 1

1 1 1

0 0
( )

0 0
0 0 ( )

q I q
r t

q M K M C q M

q I
q

q I r t
q

q M K M C M

− − −

− − −

⎡ ⎤ ⎡ ⎤ ⎡ ⎤ ⎡ ⎤
= +⎢ ⎥ ⎢ ⎥ ⎢ ⎥ ⎢ ⎥− −⎣ ⎦ ⎣ ⎦ ⎣ ⎦ ⎣ ⎦

⎡ ⎤ ⎡ ⎤ ⎡ ⎤
⎡ ⎤⎢ ⎥ ⎢ ⎥ ⎢ ⎥= +⎢ ⎥⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎣ ⎦− −⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦ ⎣ ⎦

                          (2-16) 

where 

0 0
 0 0        

0 0
x

y

m
M I

I

⎡ ⎤
⎢ ⎥= ⎢ ⎥
⎢ ⎥⎣ ⎦

                                       (2-17) 

2

2

2( ) 0 ( )

0 ( ) 0
2

( ) 0 ( )
2

cf cr cf cr
wC cf cr

cf cr cf cr

⎡ ⎤
+ − +⎢ ⎥

⎢ ⎥
⎢ ⎥= +
⎢ ⎥
⎢ ⎥
⎢ ⎥− + +⎢ ⎥⎣ ⎦

                       (2-18) 

2

2

2( ) 0 ( )

0 ( ) 0
2

( ) 0 ( )
2

kf kr kf kr
wK kf kr

kf kr kf kr

⎡ ⎤
+ − +⎢ ⎥

⎢ ⎥
⎢ ⎥= +
⎢ ⎥
⎢ ⎥
⎢ ⎥− + +⎢ ⎥⎣ ⎦

                       (2-19) 
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Equation (2-16) can be used to construct the dynamic model with 

Simulink. The scheme of Simulink model is shown in Figure 2.2 

 

2.2 Whole body vibration 

 Whole body vibration is the mechanical vibration (or shock) 

transmitted to the body as a whole. It is often due to the vibration of a 

surface supporting the body [11]. The effects of vibration could be 

subdivided into three main headings, namely (a) interference with comfort, 

(b) interference with activities and (c) interference with health. Each 

criterion has different conditions and limits associated with it.  

 Frequencies below about 0.5Hz may eventually lead to symptoms of 

motion sickness. Different parts of the body resonate at different 

frequencies. In the vertical direction resonance starts at about 2Hz, but the 

first major resonance occurs at about 5Hz. The transmissibility of vertical 

vibration to the head is sometimes a maximum at 4Hz. The voice may be 

caused to warble by vibrations between 10Hz and 20Hz. Vision may be 

affected at any frequency, but blurring occurs between 15Hz and 60Hz. The 

dominate vibration transmitted through the seats of vehicles is often at 

frequency below 20Hz [11]. It was thus decided to limit the investigation to 

frequencies below 20Hz. 

 Comfort is more difficult to determine since it is subjective and has a 

lot to do with the psyche. It is important to note that frequency and not only 

amplitude contribute to the perception of comfort. An experiment done by 

Fothegrill and Griffin in 1977 showed that for a seated person excited by a 

10Hz sinusoidal vibration for RMS values below 0.4 m/s2 it was noticeable, 
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but not uncomfortable. A level of 1.1 m/s2 was considered to be mildly 

uncomfortable, 1.8 m/s2 uncomfortable and RMS values above 2.7 m/s2 as 

very uncomfortable. 

 Most researchers agree that seated humans have a vertical vibration 

natural frequency at about 4 to 6Hz and a horizontal vibration natural 

frequency at about 1 to 2Hz. In this frequency ranges the seat motion is 

most easily transmitted to the upper parts of the body and is not just 

confined to the area of the body close to the source of vibration [12].  

  

2.3 Legislation  

 WBV exposures are to be determined separately for the three axes in 

accordance with ISO 2631-1:1997. Gallais found that comfort is time 

dependent and suggested that time dependency curves should be 

incorporated in the evaluation of WBV. ISO 2631 of 1997 doesn’t 

compensate for tome dependency of comfort. It was noted that such 

dependency curves were included in the ISO of 1974, but was since 

removed. 

 Up to date there has been much debate about whether the VDV 

measurements should be used to evaluate WBV on seated humans. The 

arguments for and against the VDV measurements are usually that it is 

better at indicating the presence of peaks which tend to be more harmful to 

humans, but is also more sensitive to human induced motion such as 

shuffling [13].  
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 VDV is based on the fourth power of acceleration and is therefore 

more sensitive to shocks compared to the RMS (root mean square) 

magnitude (ISO 2631-1:1997). The general formula for VDV is  

1/ 4
4

1

N
s

z w
n

TVDV
N a

=

⎡ ⎤= ⎢ ⎥⎣ ⎦
∑                                      (2-20) 

with Ts the measured time, N the number of points and aw the frequency 

weighted acceleration data. This parameter is time dependent and gives an 

objective measure of the amount of vibrations a person had to experience 

with a certain period. 

 VDV is used as an index of vertical vibration. Besides, the RMS 

angular velocity is used in this paper as the index of rotation vibration. The 

general form for RMS angular velocity is 

 
1/ 2

2

1

N
s

w
n

TJ
Nα α

=

⎡ ⎤= ⎢ ⎥⎣ ⎦
∑                                        (2-21) 

 
1/ 2

2

1

N
s

w
n

TJ
Nβ β

=

⎡ ⎤= ⎢ ⎥⎣ ⎦
∑                                        (2-22) 

with Ts the measured time, N the number of points and α ,β  the frequency 

weighted acceleration data. The reason of frequency weighting is that 

human body is more sensitive to certain vibration frequency and is 

described as follows. 

The perception and influence of whole body vibration in humans is 

strongly dependent on the direction, magnitude and frequency of the 

vibration exposure. From the literature review it was seen that seated 

humans have a vertical resonance at about 4-6Hz and a horizontal 

resonance at about 1-2Hz [11]. At these frequencies the motion of the seat 
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is transferred most easily to the upper parts of the body. Frequency 

weightings are applied to the acceleration data. The frequency weightings 

are designed to not affect those frequencies where the body is most 

sensitive and to attenuate at those frequencies where the response of the 

body is less sensitive. In principle, weightings do not amplify at any 

frequency. Although there are problems with the use of the frequency 

weightings, there are currently no alternative methods of assessment. 

 A couple of weightings curves (filters) are specified by ISO 2631:1997 

depending on the orientation of the person and the direction of vibration. 

For a seated person the Wk curve is used to weigh the frequency 

contribution for vertical vibrations and the Wd curve is used to weigh the 

frequency contribution for lateral vibrations [12]. The frequency weighting 

curves are shown in Figure 2.3 [16]. The black line represents the Wk 

weighting curve and the blue one represents the Wd weighting curve. The 

lateral axis is frequency represented in log scale and the vertical axis is 

magnitude represented in log scale, too. The idea of the frequency 

weighting curve is to attenuate the magnitude of acceleration (or velocity) 

whose frequency lies outside the human resonance frequency. For vertical 

vibration, the frequency weighting curve is Wk which attenuates the 

magnitude whose frequency doesn’t lie between 4 and 6 Hz. For lateral 

vibration, the frequency weighting curve is Wd which attenuates the 

magnitude whose frequency doesn’t lie between 1 and 2 Hz. 
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 Assessments are made independently in each direction. Figure 2.4 

shows which weighting curve should be applied to which axis [16]. For 

lateral vibration, the weighting curve is Wd and for vertical vibration, the 

weighting curve is Wk. A second order shaped curve of the form 

2

50 500( )
50 1200k
sH s

s s
+

=
+ +

                                 (2-23) 

has been used in [13, 14] to approximate the ISO weighting curve Wk and 

shown in Figure 2.5. Another second order shaped curve of the form 

2

9 20( )
10 40d
sH s

s s
+

=
+ +

                                    (2-24) 

has been used to approximate the ISO weighting curve Wd and shown in 

Figure 2.6. 
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Chapter 3 Suspension optimization 

 

3.1 History of Genetic algorithm 

Computer simulations of evolution started in 1954 with the work of 

Nils Aall Barricelli. From this beginning, computer simulation of evolution 

by biologist became more common in the early 1960s. Artificial evolution 

became a wildly recognized optimization method as a result of the work of 

Ingo Rechenberg in the early 1970 – his group was able to solve complex 

engineering problems through evolution strategies. GA in particular 

became popular through the work of John Holland, especially his book in 

1975. Research in GA remained largely theoretical until the mid-1980s, 

when the first International Conference on Genetic Algorithm was held at 

the University of IIIinois.  

Genetic Algorithm (GA) or Evolutionary Algorithm (EA) is applied to 

the optimization of the suspension parameters in this paper. GA is 

computer-based techniques that mirror natural genetic evolution, and they 

have been found to be successful in application to a wide range of problems 

that are difficult to solve analytically. GA is categorized as global search 

heuristics, and use techniques inspired by evolutionary biology such us 

inheritance, selection, crossover, and mutation. Comparing with the 

gradient-based optimization methods, GA needs no derivative information 

and can deal with a large number of parameters. Besides, GA searches from 

a wide sampling of the cost surface simultaneously. Figure 3.1 shows the 

gradient-based optimization algorithm and Figure 3.2 shows the GA-based 

algorithm. 
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The evolution search usually starts from a population of randomly 

generated individuals and happens in generations. In each generation, the 

fitness of every individual in the population is evaluated, multiple 

individuals are stochastically selected as parents from the current 

population (based on their fitness) to proceed crossover, and some of the 

offspring are randomly mutated. Then the selected parents and offspring 

construct the new population used in the next iteration of algorithm. The 

scheme of the procedure of GA is shown in Figure 3.3. [8].  

In this paper, the programming of GA is written using MATLAB and 

combined with the ATV model build with simulink. Each part of the 

program will be introduced in next paragraph briefly. 

 

3.2 GA procedures 

 The genetic algorithm program contain following parts: initial 

population, cost evaluation, mate selection, crossover and mutation [16]. 

Each part of above will be stated as follows. 

 

3.2.1 Initial population 

The initial population is generated randomly between the upper and 

lower bounds of parameters. 

( ) { , }pop parIPOP hi lo random N N lo= − × +                        (3-1) 

where { , }ipop parrandom N N  is a function that generates an Npop x Npar matrix 

of uniform random numbers between zero and one, hi is the highest value 

in the parameter range and lo is the lowest value in the parameter range. 
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In our problem, each individual in the population contains two 

parameters, spring coefficient k and damping coefficient c, which values 

are chosen according the constraint functions. The size of initial population  

Npop and numbers of generations will both affect the time cost of 

computation. The recommend size of initial population and numbers of 

generations are 40 and 100.  

 

3.2.2 Cost evaluation 

Mathematical optimization is the process of the formulation and then 

the solution of a constrained optimization problem of the general 

mathematical form: 

minimize or maximize 1 2( ), ( , ,..., ) n
nf x x x x x R= ∈  

subject to constrains 
( ) 0, 1,2,...,
( ) 0, 1,2,...,

i

i

g x j m
h x j r n

≤ =
= = <

                                  (3-2) 

where f(x), gj(x) and hj(x) are scalar function of x. The components of x are 

called the design variables, f(x) the objective function or cost function and 

gj(x) and hj(x) are respectively referred to as the inequality and equality 

constraint functions. 

 The formulation of the optimization problem requires identifying the 

cost function, the variables and the constraints. In our optimization problem, 

the variables are the spring coefficient k and damping coefficient c. The 

constraints are inequality functions which limit the upper and lower bounds 

of k and c.  

 Two competing goals are consider here: one is the comfort which is 

numerical presented by VDV and RMS angular velocity described in last 
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chapter, and the other is the rattle-space limit. A kind of fitness measure, ϕ , 

that penalize controls that pass too close the rattle-space limits [15]. The 

penalty function is shown in Figure 3.4 and written of the form 

1( )
1

1

-1 , z > m
( z) = 

   0         , z < m

z me
ϕ

Δ −⎧ ⎫Δ⎪ ⎪Δ ⎨ ⎬
Δ⎪ ⎪⎩ ⎭

                               (3-3) 

where iz Z ZΔ = − , , , ,i A B C D= , see Figure 2.1. 1m  and 2m  are 

parameters which are used to penalize a suspension that is too close to its 

rattle space limits. At a distance of 1 2m m+  it has reached its safety limit; 

within a distance of 1m  it is inside the safe travel limit. The summation of 

ϕ , equation (3-4), is used to indicate the extent to which the system stays 

within the limits of the rattle space during a simulation. 

1

( )
N

n

zϕ
=

Δ∑                                               (3-4) 

Thus, the two fitness measure used in the optimization was a weighted 

sum of the measures in equation (2-20) and (3-3), as shown in equation 

(3-5) below. The change in outcomes can be compared as the weighting, λ , 

is varied from zero to one. 

1/ 4 1/ 2 1/ 2
24 2

1 1 1 1

cos     ( + ) (1- ) ( )
N N N N

s s s
w w wn n n n

T T Tt function z
N N Naλ λ ϕβα

= = = =

⎡ ⎤ ⎡ ⎤ ⎡ ⎤= + +⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦ ⎣ ⎦
∑ ∑ ∑ ∑           

(3-5) 

with Ts the measured time, N the number of points and aw the frequency 

weighted acceleration data. 

Fitness of each individual of the initial population is calculated using 

the cost function, equation (3-5) and is sorted in descending order. That is, 

the smaller value will have better fitness. 
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3.2.3 Mate selection 

 The selection of mate is according to the fitness of each individual. The 

better the “gene” is, the higher the possibility of be preserved. The mate 

selection method used in this paper is the roulette wheel selection. Here we 

defined the xfitness which equals fitness of each individual divided by the 

sum of all fitness of the population. Therefore, the comparison table can be 

created by the cumulative probability. The MATLAB code is as follows 

 xfitness = fitness/sum(finess); % Roulette wheel selection 

 cum_probability = cumsum(xfitness); % Comparison table created 

Selection of mate is to create a random value varied form one to zero 

and choose the first individual whose xfitness is larger than the random 

value. Repeating the selection procedure, the chosen parents will proceed 

with the crossover. 

 

3.2.4 Crossover and Mutation 

 Parents selected above reproduce offspring through the crossover 

procedure. Kinds of method for crossover were developed and the single 

point crossover is used here because of the numbers of parameters. The 

single point crossover means the parameters before crossover point 

exchanged and the parameters after crossover point mixed using following 

equation. 

 1 1 1 2

2 2 1 2

[ ]
[ ]

new

new

p p p p
p p p p

μ
μ

= − −
= + −

                                     (3-6) 

where μ  is varied form zero to one. The crossover procedure is illustrated 

in Figure 3.5. After crossover, comes the mutation. A mutate rate between 1 
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and 8 % often works well. Number of mutate parameters is decided through 

equation (3-7) 

 _ * *mut pop parN mutate rate N N=                               (3-7) 

where Nmut is the number of mutate parameters. The mutation is, for 

example, if Nmut equals two then two parameters of the offspring are 

replaced by new values which are generated randomly between the 

parameters constraints.  

By producing offspring using the above methods of crossover and 

mutation, a new solution is created which typically shares many of the 

characteristics of its "parents". New parents are selected for each offspring, 

and the process continues until a new population of solutions of appropriate 

size is generated. These processes ultimately result in the next generation 

population of parameters that is different from the initial generation. 

Generally the average fitness will have increased by this procedure for 

the population, since only the best individuals from the first generation are 

selected for mating. This generational process is repeated until a 

termination condition has been reached. Common terminating condition is 

when a fixed number of generations reached. 

 

3.3 Optimization of passive suspension 

The passive suspension systems consist of the passive components 

spring and oil damper. When the vehicle bumped along the rough road, the 

work of suspension system is to absorb energy and reduce the vibration. 

Since the spring coefficient k  and damping coefficient c  of passive 

suspension were fixed and untunable during driving, the preset of k  and 
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c  is important for the comfortable and vehicle handling. In order to find 

the appropriate value of k  and c  for certain road condition, our scheme 

is showed in Figure 3.6. For passive suspension system, we first collect 

certain road profiles as the inputs AZ , BZ , CZ , DZ . Then we collect the 

acceleration data of ATV and through the optimization procedure 

introduced above, the optimized k  and c  will be suit to this road 

condition. Different road profiles result in corresponding different setting 

of k  and c . We call this procedure an offline design method. 
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Chapter 4 Simulation result 

 

4.1 Road profile data 

 The road profile data is collected from an ATV driving simulation 

game made by IMON corp. The game contains kinds of different road 

conditions including loess, timberland, highway, sand beach and jouncing 

areas. When player driving ATV on these areas, the setting of suspension 

parameters k  and c  will affect the feeling of the whole body vibration 

transferred from the road. In order to improve the comfort of driver for 

different road conditions, we use the road profile data as inputs AZ , BZ , 

CZ , DZ , then proceed the optimization procedure to find the optimized 

values of k  and c . 

 Two kinds of road profiles were used here and the left and right road 

profiles which pass through A, B and C, D are similar but not the same. 

Road profile one is jouncing road with a 35 centimeters high-low variation 

and higher bump frequency. The number of data points is 3180, and 

sampling period is 0.005 seconds. The graph is shown in Figure 4.1 and 

Figure 4.2 which represent the road profiles pass through left and right of 

ATV, respectively. Road profile two is mild road with a 10 centimeters 

high-low variation and lower bumping frequency. The number of data 

points is 2900, and sampling period is 0.005 seconds. The graph is shown 

in Figure 4.3 and Figure 4.4 which similarly represent left and right road 

profiles, respectively. 
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4.2 Optimization results 

The ATV model used here is HONDA TRX250EX Sport ATV with 

specifications listed in Table 4.1. The suspension system is made by DNM 

Suspension with adjustable spring and damper design for ATV using. The 

default setting of suspension parameters is 22000 /k N m=  and 

1200 /c N s m= . Before optimization, the setting of genetic algorithm is 

listed in Table 4.2 and the limit constraints of k  and c  are 

10000 25000k< <  and 1000 2500c< < .  

Simulation one is using road profile one shown in Figure 4.1 and 

Figure 4.2 as the inputs from ground to wheels A, B and C, D. The 

optimized 14480.6587 /k N m=  and 1002.6731 /c N m= . The optimized 

weighted vertical acceleration z  is shown in Figure 4.5 with zVDV  

attenuated from 16.8403 to 13.6141 1.75/m s . The blue line is the response of 

vertical acceleration with optimized k  and c , the red line is the response 

with k  and c  before optimized. The zoom in of Figure 4.5 is shown in 

Figure 4.6. In Figure 4.6, the attenuation of weighted vertical acceleration 

is obviously.  

The optimized weighted roll velocity α  is shown in Figure 4.7 with 

Jα  attenuated from 0.5442 to 0.5341 0.5/rad s . The zoom in of Figure 4.7 is 

shown in Figure 4.8. The maximum value of weighted roll velocity shown 

in Figure 4.8 attenuate from 0.55 to 0.5 0.5/rad s . 
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The optimized weighted pitch velocity β  is shown in Figure 4.9 with 

J β  attenuated from 0.3838 to 0.3765 0.5/rad s . The zoom in of Figure 4.9 is 

shown in Figure 4.10. The maximum value of weighted pitch velocity 

shown in Figure 4.10 attenuate from 0.31 to 0.28 0.5/rad s . 

The fitness of genetic algorithm is shown in Figure 4.11. The lateral 

axis is generation and the vertical .the best generation occurred at number 

90. 

Simulation two is using road profile two shown in Figure 4.3 and 

Figure 4.4 as the inputs from ground to wheels A, B and C, D. The 

optimized 12503.0626 /k N m=  and 1009.9273 /c N m= . The optimized 

weighted vertical acceleration z  is shown in Figure 4.12 with zVDV  

attenuated from 4.28 to 3.4457 1.75/m s . The blue line is the response of 

vertical acceleration with optimized k  and c , the red line is the response 

with k  and c  before optimized. The zoom in of Figure 4.12 is shown in 

Figure 4.13. In Figure 4.13, the attenuation of weighted vertical 

acceleration is obviously.  

The optimized weighted roll velocity α  is shown in Figure 4.14 with 

Jα  attenuated from 0.0976 to 0.0921 0.5/rad s . The zoom in of Figure 4.14 

is shown in Figure 4.15. The minimum value of weighted roll velocity 

shown in Figure 4.15 attenuate from -0.11 to -0.09 0.5/rad s . 

The optimized weighted pitch velocity β  is shown in Figure 4.16 

with J β  attenuated from 0.0878 to 0.0841 0.5/rad s . The zoom in of Figure 

4.16 is shown in Figure 4.17. The maximum value of weighted pitch 
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velocity shown in Figure 4.17 attenuate from 0.095 to 0.085 0.5/rad s . 

The fitness of genetic algorithm is shown in Figure 4.18. The lateral 

axis is generation and the vertical .the best generation occurred at number 

96. 

 The optimization results of road profile one and road profile two are 

listed in Table 4.3 and Table 4.4.  

 

4.2 Discussion 

 The optimization results of road profile one and road profile two show 

that the GA can efficiently converge to the optimal solution. In the process 

of optimization, the number of generation that GA converges to the optimal 

solution is not fixed. Theoretically, the more the number of generations the 

better the fitness is. In our simulation, the number of generations is fixed to 

100, so that the GA will automatically stop when the number of generations 

reaches 100. After many times of simulation, 100 generations are 

considered that suitable as the stop condition. 

 The optimization results also show that the optimized suspension 

spring coefficient k and damping coefficient c can effectively attenuated 

vibration transmitted from road inputs. The optimization data reveals that 

for road profile one, after optimization zVDV  has an improvement of 

19.16%, α  has an improvement of 9.09% in maximum value and β  has 

an improvement of 9.68% in maximum value. For road profile two, after 

optimization zVDV  has an improvement of 19.49%, α  has an 

improvement of 18.18% in minimum value and β  has an improvement of 
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10.53% in maximum value.  

 The GA is one of global optimization methods. In this study, our 

simulation data reveal that GA is suitable for the optimization design for 

ATV suspension parameters and indeed reduce the zVDV , Jα  and J β . The 

response of weighted vertical acceleration, weighted roll velocity and 

weighted pitch velocity are also improved after optimization. 
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 Chapter 5 Conclusion 

 

 The main purpose of this study is to establish a series of optimization 

procedure to find the appropriated setting of passive suspension parameters 

k  and c . The spring coefficient k  and damping coefficient c  of passive 

suspension are unchangeable during driving. Thus, in order to attenuate 

vibration transmitted from road roughness and improve the comfort of 

drivers, a global optimization algorithm, genetic algorithm, was used in this 

paper.  

A full-car model of ATV with three degree-of-freedom z , α  and β  

which represent the vertical displacement, roll angle and pitch angle 

respectively was derived in this study. The vibration dose value (VDV) and 

RMS angular velocity are calculated and used as the assessments of 

discomfort of human body. 

Two kinds of road profiles with different high-low variation and 

bumping frequency were used as the road inputs. Results of simulation one 

and two show that the zVDV , Jα  and J β  are reduced which means the 

vibrations transmitted from road to human body are attenuated and the 

optimized k  and c  are found. The results of simulations reveal that the 

genetic algorithm is effective to optimize passive suspension parameters 

and improve the comfort of driver. 

There are some advantages of using of genetic algorithm. First, GA can 

deal with large number of parameters. Second, GA doesn’t require 

derivative information. Third, GA can simultaneously search from a wide 



 

 29

sampling of the cost surface. There is also disadvantage of using genetic 

algorithm that when dealing with large number of road data points and 

generations, it takes time to find the optimized solution. For this reason, 

this algorithm is suit for offline optimization but not for online optimization 

 In this study the consideration of ATV performance indexes focused on 

the comfort and working space of suspension but not on vehicle handling. 

The assessment of vehicle handling can be calculated using equation (5-1) 

 
0

1 ( )
t

wJ F t dt
T

= ∫                                          (5-1) 

where wF  is the force developed between the wheel and the ground [2]. 
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Figures 

 

 

 
Figure 1.1 Honda TRX250EX Sport ATV 

 

 

 
Figure 1.2 Passive suspension systems 
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Figure 2.1 Full-car model of ATV 
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Figure 2.2 simulink model of ATV 
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Figure 2.3 Frequency weighting curves (Kirstein 2004) 

 

 

 

 

Figure 2.4 Axes and weighting curves (Kirstein 2004) 
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Figure 2.5 Approximate weighting curve of Wk 

 

 

Figure 2.6 Approximate weighting curve of Wd 
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Figure 3.1 gradient-based optimization algorithms 

 

 

 

 

 
Figure 3.2 GA-based optimization algorithms 
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Figure 3.3 the scheme of procedure of GA (Niahn-Chung Shieh, 2005) 

 

 
Figure 3.4 the penalty function of rattle space of suspension 
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Figure 3.5 illustration of crossover procedure 

 

 

 
Figure 3.6 scheme of optimization for passive suspension 
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Figure 4.1 road profile one input from A and B 

 

 

 
Figure 4.2 road profile one input from C and D 
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Figure 4.3 road profile two input from A and B 

 

 

 
Figure 4.4 road profile two input from C and D 
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Figure 4.5 optimized weighted vertical acceleration z  for road profile one 

 

 
Figure 4.6 optimized weighted vertical acceleration z  for road profile one 

between 6.8 and 8 sec 
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Figure 4.7 optimized weighted roll velocity α  for road profile one 

 

 

 
Figure 4.8 optimized weighted roll velocity α  for road profile one 

between 6 and 8 sec 
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Figure 4.9 optimized weighted pitch velocity β  for road profile one 

 

 

Figure 4.10 optimized weighted roll velocity β  for road profile one 

between 6 and 8 sec 
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Figure 4.11 fitness of optimization for road profile one 
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Figure 4.12 optimized weighted vertical acceleration z  for road profile 

two 

 

 
Figure 4.13 optimized weighted vertical acceleration z  for road profile 

two between 1.8 and 3.5 sec 
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Figure 4.14 optimized weighted roll velocity α  for road profile two 

 

 
Figure 4.15 optimized weighted roll velocity α  for road profile two 

between 1.5 and 4 sec 
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Figure 4.16 optimized weighted pitch velocity β  for road profile two 

 

 

Figure 4.17 optimized weighted roll velocity β  for road profile two 

between 1.5 and 3.5 sec 
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Figure 4.18 fitness of optimization for road profile two 
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Tables 

 

 

 

 

Length 1.74 m 

Width 1.06 m 

Height 1.05 m 

Dry weight 163.44 kg 

Table 4.1 specification of Honda TRX250EX Sport ATV 

 

 

 

 

 

 

Generation number Population size Mutate rate 

100 40 0.08 

Table 4.2 settings of genetic algorithm 
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 k  c  zVDV  Jα  J β  

Honda Trx250EX 22000 1200 16.8403 0.5442 0.3838 

optimized 14480.6587 1002.6731 13.6141 0.5341 0.3765 

Table 4.3 optimization results of road profile one 

 

 

 

 

 

 k  c  zVDV  Jα  J β  

Honda Trx250EX 22000 1200 4.28 0.0976 0.0878 

optimized 12503.0626 1009.9273 3.4457 0.0921 0.0841 

Table 4.4 optimization results of road profile two 

 

 

 

 

 

 

 


