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Abstract

Obstacle-crossing performance is an important criterion for evaluating the power chassis of 
forestry machinery. In this paper, a new six-swing-arm wheel-legged chassis (SWC&F) is 
designed according to the characteristics of forest terrain, using herringbone legs to control 
the ride comfort and stability of the chassis in the process of crossing obstacles. First, the ki-
nematic model of the SWC&F is established, the coordinate analytical expression of each wheel 
centre position is derived, and the swing angle range of each wheel leg of the chassis is calcu-
lated according to the installation position of the hydraulic cylinder. Next, the control model 
of the system is constructed, and the obstacle-crossing performance of the SWC&F is analyzed 
by ADAMS/Simulink co-simulation using the PID control method and conventional control 
method, respectively. The results show that the maximum obstacle crossing height of the 
SWC&F can reach 411.1 mm, and the chassis with PID control system has good dynamic 
response characteristics and smooth motion, which meets the requirements of forest chassis 
obstacle crossing design. The study can provide the foundation for the practical laws of the 
physical prototype of the forest vehicle chassis.

Keywords: six-swing-arm wheel-legged chassis for forestry, coordinate transformation, kine-
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1. Introduction
Forest resources are the basis of human social de-

velopment and a precious resource for society (Gao et 
al. 2021, Oliveira-Nascimento et al. 2021). All countries 
attach great importance to the conservation and utili-
zation of forest resources (Sampietro et al. 2022). The 
application of forestry fire prevention and forestry 
exploration will be especially critical when faced with 
such a vast land area and a large number of forest re-
sources (Couceiro and Portugal 2018). The quality of 
forestry equipment will directly affect the sustainable 
development of the forestry industry. To achieve the 
goal of mechanization, automation, and intelligentiza-
tion of forestry equipment, the first thing to be solved 
is the problem of equipment chassis (McConnell 2021). 
Due to its operating environment, the forestry equip-
ment chassis is more complex compared to ordinary 
engineering vehicles, and has higher requirements for 
barrier/obstacle crossing performance (Zhu and Kan 
2016).

According to the different travelling mechanisms, 
forestry equipment chassis can be classified into three 
types: wheeled chassis, tracked chassis, and legged 
chassis (Zhu et al. 2018). The performance of tracked 
chassis has been studied by a large number of scholars. 
Sun S.F. et al. (2021) developed an LY1352JP tracked 
vehicle-based on complex terrain and simulated the 
vehicle performance using RecurDyn software. The 
results show that the maximum width across the 
trench and the vertical crossing height of the vehicle 
are 1.35 m and 0.45 m, respectively. Sun Y.X. et al. 
(2020) developed a tracked harvester flattening chassis 
that adjusts the posture of the chassis using hydraulic 
cylinder travel. The chassis has a maximum ground 
clearance adjustment range of 140 mm and a side lean 
adjustment range of ±5.17°. The tracked chassis has a 
better barrier crossing performance and can be used 
for field operations without roads (Zemanek and 
Neruda 2021). However, the tracked chassis has a 
large contact area with the ground and causes more 
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damage to surface vegetation during travel and steer-
ing. At the same time, tracked vehicles are usually 
transported on special flatbed trucks by road and forest 
roads, which is a cumbersome process (Kormanek and 
Dvorak 2021).

Although conventional wheeled vehicles operate 
efficiently and cause minimal damage to forest soils, 
movement in rough terrain can be limited by move-
ment through forested areas (Sun, Li, et al. 2020). 
Therefore, legged structures have been proposed. 
Compared to conventional mechanisms, the legged 
chassis is highly adaptable to the terrain and allows 
for multiple degrees of freedom of movement (Li et al. 
2019). However, the relatively complex structure and 
high control complexity limit its mobility in rough ter-
rain (Qu et al. 2017).

The wheel-leg type combines the advantages of 
wheeled and legged chassis, which is the most widely 
used method on uncertain surfaces today (Li and 
Kang 2020). Ahtohob et al. (2017) proposed a kine-
matic model of a three-point wheel-legged robot and 
built the model in SolidWorks software. Based on the 
Newton-Euler equations, inverse dynamics equations 
describing the motion of the robot in the walking 
mode were developed and simulated in SimMechan-
ics and MATLAB, but they are less stable compared to 
the six-legged robot. Sun Z.B. et al. (2022) proposed a 
new articulated wheel-legged forestry chassis, based 
on a flexible kinematic model of the rotational screw 
theory, to analyze the adjustment capability character-
istics of the chassis. Due to its complex degrees of free-
dom and posture, the control system is complicated, 
making it impossible to achieve the ideal movement 
position. On this basis, this paper proposes a new 
SWC&F. Its kinematic model is established using the 
Denavit-Hartenberg Matrix parameter method, and 
the swing angle range of each wheel leg is determined 
according to the installation position of the hydraulic 
cylinder. Finally, the smoothness of crossing obstacles 
was analyzed by a joint ADAMS/Simulink simulation. 
This provides a theoretical basis for the development 
and application of intelligent harvesting chassis for 
forestry machinery.

2. Materials

2.1 Structural Design of SWC&F

2.1.1 Structural Design
Under the complex conditions of the forest opera-

tion environment, the working platform is required to 
have good obstacle-crossing and mobility perfor-
mance to maintain the ideal travel efficiency on the 

highly uneven ground (Routa et al. 2020). Therefore, 
this study combines the traditional forestry chassis 
with the articulated swing-arm vehicle mechanism to 
propose a new SWC&F. Its structure is mainly com-
posed of wheels, frame, front-wheel legs, herringbone 
wheel legs, rear-wheel legs and steering mechanism, 
as shown in Fig. 1. The front frame is fixedly connect-
ed to the rear frame. The drive form of the chassis is 
all-wheel drive, and the power output is transmitted 
directly to each wheel to ensure the dynamics of the 
chassis. Through the telescopic action of the hydraulic 
cylinder, the front wheel leg can do pitching move-
ment around the articulation point, while the herring-
bone wheel leg can do rotating movement around the 
articulation point to achieve the maximum vertical 
obstacle crossing height.

2.1.2 Hydraulic Cylinder Installation Locations
As shown in Fig. 2, the relationship between the 

swing angle and the length of the hydraulic cylinder 

Fig. 1 Structure of SWC&F

Fig. 2 Hydraulic cylinder installation position
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can be obtained according to the cosine theorem as 
follows:

	 ⇒ 

2 2 2
AB BC AC

AB BC
2 2 2
DE EF DF

DE EF
2 2 2
KI IL KL

KI IL

2

2

2

L L L
cos ABC

L L

L L L
cos DEF

L L

L L L
cos LIK

L L

 + −
∠ =


 + − ∠ =

 + − ∠ =


	 (1)

The range of variation of ∠ABC, ∠DEF and ∠LIK 
is adjusted according to the range of values of LAC, LDF 
and LKL, where LAB=267.42 mm, LBC=348.5 mm, 
LDE=295.3 mm, LEF=217.48 mm, LIL=321.25 mm and 
LIK=644.21 mm.

2.2 Kinematic Model Analysis of SWC&F

2.2.1 Coordinate System of SWC&F
The SWC&F is composed of four relatively inde-

pendent single wheel legs, which are required to co-
operate with each other to complete their functions in 
the driving process. A fixed coordinate system x0y0z0 
is established at the midpoint of the articulation point 
between the front frame and the two front wheel legs, 
and the 12 centres of rotation of the chassis swing arm 
(swing arm articulation axis and wheel axis) are used 
as the origin to establish the coordinate system, as 
shown in Fig. 3.

Where:
The vertical distance between the coordinate sys-

tem of articulation points 1 & 2 and the 0-based coor-
dinate system is b1=b2=238 mm. The vertical distance 
between the articulation points 9 & 10 and the 0-based 
coordinate system is b3=b4=315 mm. The length of the 

front wheel leg is a1=a2=457 mm, the length of the her-
ringbone wheel leg is a3=a4=530 mm, and the length of 
the rear wheel leg is a5=a6=977 mm. The distance 
between the 0-based coordinate system and the 
midpoint of the rear wheel leg articulation point is 
L1=759 mm. Table 1 shows the linkage parameters of 
the SWC&F.

2.2.2 Kinematic Equation of Front-Wheel Leg
For the left front-wheel leg of the SWC&F in this 

study, the coordinate transformation matrix of each 
joint 0 2 3

1 3 5, ,T T T  is shown as follows:

	

0
1

1

1 0 0 0
0 1 0 0
0 0 1
0 0 0 1

T
b

 
 
 =  
 
  	

	

1 1 1 1

1 1 1 1 1
3

0
0

0 0 1 0
0 0 0 1

c s a c
s c a s

T

 
 − − =  
 
 

	

3 3 3 3

3 3 3 3 3
5

0
0

0 0 1 0
0 0 0 1

c s a c
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T
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 
 

	 (2)

 

For simplicity, si = sinqi and ci = cosqi. By multiply-
ing the coordinate transformation matrices , the equa-
tion of motion of the wheel centre 5 is obtained as 
follows:Fig. 3 Coordinate system of SWC&F

Table 1 Linkage parameters of SWC&F

Joint i αi, ° ai, mm di, mm θi, °

1 0 0 b1 0

3 0 a1 0 –θ1

5 0 a3 0 θ3

2 0 0 –b2 0

4 0 a2 0 –θ2

6 0 a4 0 θ4

9 0 L1 b3 0

11 0 a5 0 –θ9

10 0 L1 –b4 0

12 0 a6 0 –θ10
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According to the coordinate transformation relationship, 0
5T  can be expressed as:
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The corresponding coordinates of wheel centre 5 can be obtained as follows:

	
( )
( )

x5 3 1 3 1 1

y5 3 1 3 1 1

z5 1

cos

sin

p a a cos

p a a sin

p b

θ θ θ

θ θ θ

 = − +
 = − − −
 =

	 (5)

Similarly, the coordinates of wheel centre 6 can be obtained as follows:

	
( )
( )

x6 4 2 4 2 2

y6 4 2 4 2 2

z6 2

cos
sin

p a a cos
p a a sin

p b

θ θ θ
θ θ θ

 = − +


= − − −
 = −

	 (6)

2.2.3 Kinematic Equation of Rear-Wheel Leg
For the right rear-wheel leg of the SWC&F in this study, the coordinate transformation matrix of each joint 

0 10
10 12,T T  is shown as follows:

	

 
 
 

=  − 
 
 

1

0
10

4
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L

T b      

10 10 6 10

10 10 6 1010
12

0
0
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 
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The kinematic equation of the wheel centre 12 can be calculated as:

	

  +   
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	 (8)

 

The corresponding coordinates of wheel centre 12 are:

	
x12 6 10 1

y12 6 10

z12 4

p a c L
p a s

p b

 = +


= −
 = −

	 (9) 
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Equivalently, the corresponding coordinates of the wheel centre 11 can be obtained as:

	
x11 5 9 1

y11 5 9

z11 3

p a c L
p a s

p b

 = +


= −
 =

	 (10)

 

2.3 Inverse Kinematic Analysis of SWC&F

2.3.1 Study on Inverse Kinematics of Front-Wheel Leg
From Eq. (4) x5 y5 z5 5, , , za a o n , and 5za  are constants. The equation of the function with joint variables is as fol-

lows:

	

1 3 1 3 x5 y5

1 3 1 3 y5 x5

3 1 3 3 1 3 1 1 x5

3 1 3 3 1 3 1 1 y5

1 z5

c c s s n o
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b p
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

− + = = −


+ + =
− + − =
 =

	 (11)

The angle of posture is obtained:

	
y5

1 3
x5

n
arctan

n
θ θ− = 	 (12)

As shown in Fig. 4(a), the vector equation of the wheel centre 5 in the coordinate system 3 is:

	
 2 2

3 1 1 1 0r e f i f j k= − + + 	 (13)

Where:

3 1 1 3,y f e a= =

As shown in Fig. 4(b), the coordinates of the wheel centre 5 in the coordinate system 1 can be expressed as:

	
1 1
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3 1 1
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so:
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The transformation of the wheel centre 5 into the 0 base coordinate system can be expressed as follows:

	
θ θ θ

θ θ θ

    − − +   
   = + = + − + −   
   
       
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0 0 1 0
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b
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1
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e f cos f sin a cos x
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      

	 (18)

 

The distance of wheel centre 5 from the 0 base coordinate at the initial position is 792.4 mm, so the relationship 
equation between the front wheel leg position angle and the crossing height is as follows:

	

F 1
2 2

y5 1 1 1 1 11 1 1
1 3 2 2x5 1 1 1 1 1 1 1 1

F 1 1
3 1

3

792.4
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


= −


− −+ − = = = − − −


 − + = +   

	 (19)

Where:
YF	 Obstacle crossing height, mm.

2.3.2 Study on Inverse Kinematics of Rear-Wheel Leg
The functional equation with rear-wheel leg joint variables can be derived from Eq. (8) as follows:

	

10 x12 y12

10 y12 x12

6 10 1 x12

6 10 y12

c n o

s n o

a c L p
a s p

 = =


= = −


+ =
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	 (20)

As shown in Fig. 4(c), the vector equation of the wheel centre 12 in the base coordinate system 10 is:

	
 2 2

10 2 2 2 0r e f i f j k= − + + 	 (21)

Where:

10 2 2 6,y f e a= =

In the same way, the equation of the wheel centre 12 in the 0-based coordinate system can be obtained as fol-
lows:
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	 (22)
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2 2
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	 (23) 

The relationship equation between the rear wheel leg position posture angle and the crossing obstacle height 
can be obtained:

	

y F
10 2 2x 2 2 4 1

F
10

6

792.4

792.4

n Y
arctan arctan

n e f b L
Y

arcsin
a

θ

θ

 −
= = −

 − − −


− = −


	 (24)

Fig. 4 Converted coordinate system

2.4 Crossing Obstacle Characteristics Analysis of SWC&F
As shown in Fig. 5, the obstacle-crossing process of the SWC&F can be divided into three stages: herringbone 

front-wheel leg active obstacle-crossing, herringbone rear-wheel leg rear active obstacle-crossing and rear-wheel 
leg active obstacle-crossing. Herringbone wheel leg active barrier crossing is achieved through the cooperative 
movement of the front-wheel leg and herringbone wheel leg, while the rear wheel leg crossing is achieved through 
the separate control of the swing of this wheel leg.

Fig. 5 Diagram of SWC&F crossing process

2.4.1 Analysis of Front-Wheel Obstacle Crossing Characteristics
For the analysis of the maximum displacement over the barrier in the y-axis direction of the front leg, the lifting 

process of the herringbone leg in the vertical direction in the base coordinate system is obtained according to its 
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swing arm motion. As shown in Fig. 6, the installation 
angle of point A in the front wheel leg is 22.5°, the in-
stallation angle of point C is 9.9°, the installation angle 
of point D is 11.7°, and the installation angle of point 
F is 130.93°. It is obtained that:

	   
1 9.9 22.5ABCθ ∠ ° °= + − ; 

	 ( )   
3 11.7 130.93 180DEFθ ∠° ° °= + + − 	 (25)

As shown in Fig. 6, the front wheel leg hydraulic 
cylinder AC forms a triangle ABC with the front frame 
and front wheel leg, which is the herringbone wheel 
leg front wheel crossing mechanism(THFW&M). 
When the actuator ACmax=350 mm, the result is 
cos∠ABC=0.38, so θ1max=55.1°. Similarly, when the hy-
draulic cylinder ACmin=250 mm, the result is 
cos∠ABC=0.70, so θ1min=33.0°. The corresponding an-
gle of rotation changes from 55.1° to 33.0° when the 
hydraulic cylinder AC changes from the maximum 
stroke to the minimum stroke.

The hydraulic cylinder DF forms a triangle DEF 
with the front-wheel leg and herringbone wheel leg, 
which is the herringbone wheel leg rear-wheel cross-
ing mechanism(THRW&M). When the hydraulic cyl-
inder DFmax=250 mm, it is obtained that θ3max=18.53° . 
Similarly, when the hydraulic cylinder DFmin=175 mm, 
it is obtained that θ3min=–0.5° . Namely, when the max-
imum stroke of the hydraulic cylinder DF changes to 
the minimum stroke, the corresponding angle of rota-
tion changes from 18.53° to –0.5°.

As shown in Fig. 3, the front wheel leg is in the 
initial position with θ1=55°, θ3=2.95°, and the initial 

position of the chassis base coordinate system is 
792.4 mm from the ground. When the front-wheel leg 
crosses the obstacle, θ1 takes the minimum value of 
33.0° and θ3 takes the maximum value of 18.53°, which 
can make the front wheel leg reach the maximum 
value in the crossing direction. The relationship curves 
with θ1 and θ3 are shown in Fig. 7(a).

	  ( )y1max 3 1 3 1 1sin 381.3 p a a sin mmθ θ θ= − − − = −    (26)

The maximum absolute vertical crossing height is 
obtained as follows:

	 ( )F 381.3 792.4 411.1 Y mm= − − − = 	 (27)

2.4.2 Analysis of Rear-Wheel Obstacle Crossing 
Characteristics

As shown in Fig. 6, the mounting angle of point K 
is 9.16° and the mounting angle of point L is 10.76°. It 
can be obtained that:

	 ( )   
9 180 9.16 10.76KILθ ∠° ° °= − − + 	 (28)

The hydraulic cylinder KJ forms a triangle PJK with 
the rear frame and rear-wheel leg, which is the rear 
wheel leg crossing mechanism (TRW&M). When the 
hydraulic cylinder KJ stroke changes from 550 mm to 
350 mm, ∠KIL changes from 58.67° to 16.2°, then θ9 

changes from 119.73° to 162.2°, and the change curve 
is shown in Fig. 7(b). The right rear-wheel leg can be 
obtained to reach the maximum value of p in the direc-
tion of crossing the barrier:

	 y2max 5 9 334.5 p a sin mmθ= − = − 	 (29)

Fig. 6 Schematic diagram of the leg swing arm
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Then the maximum vertical obstacle crossing 
height of the right rear wheel leg in the y-direction is:

	 ( )F 334.5 792.4 457.9 Y mm= − − − = 	 (30)

3. Methods

3.1 Mathematical Modelling of Control System
⇒ Proportional valve electromagnet model
The proportional electromagnet voltage balance 

equation is:

	 i
diu L Ri
dt

= + 		  (31)

Where:
ui	 proportional electromagnet voltage, V
L	 coil inductance, H
R	� proportional electromagnet internal resistance, Ω
i	 coil current, A
t	 time, s.
The kinetic equation of the solenoid is shown as fol-
lows:

	
2

v v
s v e2

x dx
m B K x F

dtt
∂

+ + =
∂

	 (32)

Where:
M	 mass of armature assembly, kg
B	 damping factor, N/m2

Ks	 spring stiffness of armature assembly, N/m
Fe	 electromagnetic suction force, N
xv	 valve core displacement, m.

The equation of the suction force of the electromag-
net in the working stroke is:

	 e I y vF K i K x= − 		  (33)

Where:
KI	 current-force conversion coefficient, N/A
Ky	 displacement-force conversion coefficient, N/m.

A Laplace variation of Eq. (31–33) is obtained as 
follows (Cristofori and Vacca 2012):
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	 s y
m

K K
m

ω
+

= 		  (35)

Where:
ωm	� proportional electromagnet intrinsic frequency, 

rad/s
ξm	 damping ratio factor of electromagnetic iron.

⇒ Proportional valve-controlled hydraulic cylin-
der model

The linearized flow equation of the proportional 
valve is:

	 L q v c LQ K X K p= − 		  (36)

Where:

Fig. 7 Relationship curve between wheel leg position angle and obstacle crossing height
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QL	 flow rate of proportional valve
Kq	 proportional valve flow gain coefficient
Xv	 proportional valve spool displacement, m
Kc	 flow pressure coefficient
pL	 load pressure drop, Pa.

The hydraulic cylinder flow continuity equation is 
described as follows:

	 p t L
L P tp L

e4
dx V dp

Q A C p
dt dtβ

= + + 	 (37)

Where:
Ap	� load flow equivalent area of leveling hydraulic 

cylinder, m2

xp	 piston displacement of hydraulic cylinder, m
Ctp	 total hydraulic leakage coefficient
Vt	� total volume of inlet and returns side of hydraulic 

cylinder, m3

βe	 effective volume elastic modulus of fluid, Pa.

The piston force equilibrium equation is:

	
2

p p
L P m p L2

x dx
P A m B Kx F

dtx

∂
= + + +

∂
	 (38)

Where:
M	� total mass of piston and load converted to piston, 

kg
Bm	� viscous damping coefficient of piston and load, 

N/m2

K	 load spring stiffness on piston, N/m
FL	 load force acting on piston, N.

Since the system has no elastic load, the load spring 
stiffness on the piston K=0. Assuming that 

2
e p

h
t

4 A
mV
β

ω =  (cylinder inherent frequency, rad/s), 

e
h

p t

mKce
A V

β
ξ =  (hydraulic cylinder damping ratio), 

the Laplace transform of Eq. (36–38) can be obtained 
as follows (Thomas et al.):
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⇒ Wheel leg structure transfer function
According to Eq. (2, 26, 29), the displacement of the 

hydraulic cylinder and the rotation angle of the wheel 

leg is approximately linear. So the transfer function of 
the wheel-leg mechanism is:

	 ( ) ( )
( )3 1

P
4.50

s
G s k

X s
θ

= = = 	 (40)
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Where:
G3(s), G4(s)	� transfer functions corresponding to front 

wheel crossing mechanism and rear wheel 
overrun mechanism of herringbone wheel 
leg, respectively

G5(s)	  �transfer function corresponding to rear-wheel 
leg crossing mechanism.

⇒ Amplifier transfer function
The circuit part is regarded as an amplifier with a 

small-time constant, often as a proportional link, so the 
transfer function of the amplifier is:

	 ( ) ( )
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Where:
G6(s) and G7(s)	� amplifier transfer functions of front 

wheel crossing mechanism and rear 
wheel crossing mechanism of her-
ringbone wheel leg, respectively

G8(s)	� amplifier transfer function of rear wheel leg 
crossing mechanism.

3.2 System Stability Analysis
To ensure the stability of the control system, a sta-

bility analysis of the system is required to determine 
the magnitude of the system gain. From the control 
theory, it is known that the system has stable output, 
and its amplitude margin and phase margin need to 
satisfy both the following conditions:

	 g
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		  (46) 
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Using Eq. (47) to correct the open-loop gain, it is obtained that the THFW&M  
g1 110dB, 58.3K γ °= = , the 

THRW&M g2 26.22dB, 56.7K γ= = °, and the TRW&M 3 310dB, 58.5gK γ= = °, which meet the system stability 
requirements. The amplifier coefficients Ke1, Ke2, and Ke3 can be inverted.

	 g1 g20lgK K K= − 	 (47)

Where:
Kg1	 original system amplitude margin
Kg	 desired system amplitude margin.

According to the control system model parameters (Table 2.), the open-loop transfer function of the THFW&M 
can be obtained as follows:
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THRW&M:
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TRW&M:
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Table 2 Control system model parameters

Parameters Values
Armature quality m/kg 0.5

Electromagnetic force conversion factor Ki/(m·(s·A)-1) 192.5

Force conversion factor Ky/(N·m-1) 570

Armature assembly spring stiffness Ks/(N·m-1) 1×104

Proportional valve electromagnet internal resistance R/Ω 30

Proportional valve electromagnet Inductance L/H 6.6×10-2

Electro-hydraulic proportional valve damping ratio ζm 0.69

Proportional valve flow rate gain Kq 2.4

Total flow pressure coefficient Kce 4.5×10-12

Effective volume modulus of elasticity βe 7×108

Piston of THFW&M and its load mass m1/kg 80

Piston of THRW&M and its load mass m2/kg 65

Piston of TRW&M and its load mass m3/kg 150

Load flow equivalent area of THFW&M Ap1/m
2 3.75×10-3

Load flow equivalent area of THRW&M Ap2/m
2 8.0×10-4

Load flow equivalent area of TRW&M Ap3/m
2 5.1×10-3

Total volume of hydraulic cylinder of THFW&M Vt1/m
3 6.0×10-4

Total volume of hydraulic cylinder of THRW&M Vt2/m
3 7.5×10-4

Total volume of hydraulic cylinder of TRW&M Vt3/m
3 9.0×10-4

4. Result
For the new forestry crossing chassis designed in 

this paper, the key of the control strategy is to realize 
the independent movement of the wheel and leg ac-
cording to the height of the obstacle. The rotation an-
gle of the wheel-leg joint is changed by the hydraulic 
cylinder stroke, and the smoothness of the obstacle 
crossing process is investigated by the joint simulation 
of ADAMS/Simulink (Wu et al. 2017).

4.1 State Variables
As shown in Fig. 8, the input state variable of the 

structure during the chassis crossing is the amount of 
change in the stroke of the six hydraulic cylinders, and 
the output variable is the rotation angle of the wheel-
leg joints. In the figures, inputs 1, 2, 3, 4, 5 & 6 represent 
the amount of stroke change of the wheel leg hydrau-
lic cylinder, and outputs 1, 2, 3, 4, 5 & 6 represent the 
rotation angle of the wheel leg joint.

4.2 Control Crossing Obstacles
The obstacle with a height of 300 mm was created 

in ADAMS software (Li and Kang 2020), and the roll-
ing resistance coefficient of the designed wheel road 
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surface was 0.025. Based on the PID control strategy 
shown in Fig. 9, the control block diagram shown in 
Fig. 10 is created in Simulink. The stroke variation of 
the hydraulic cylinder is adjusted by a PID controller, 
which is fed to the actuator (ADAMS) to obtain the 
rotation angle of the wheel-leg joint. Through the neg-

ative feedback adjustment function, the rotation angle 
of the wheel-leg joint is compared with the target rota-
tion angle to reduce the error and complete the whole 
closed-loop control process. According to Eq. (19), 
when the hydraulic cylinders AC and DF are moving 
at the same speed simultaneously, the optimal solution 

Fig. 10 Control Block Diagram

Fig. 9 Control Strategy

Fig. 8 ADAMS system
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using Matlab is θ1=36.58° and θ2=12.05°. The simula-
tion parameters are set as follows: the vehicle speed is 
3r/s and the simulation time is 11 s.

In the process of obstacle crossing, the oscillation 
amplitudes of the chassis mass centre in X, Y and Z, 
as well as the force change curves of the front wheels, 
middle wheels and rear wheels were measured before 
and after optimization by PID control.

In the practical application of engineering, the PID 
controller has the characteristics of simple structure, 
stable operation and easy adjustment (Yadav and 
Gaur 2016). This paper involved a simple control sys-
tem with well-defined parameters to be controlled. 
Therefore, a simple and effective PID controller is 
used. The parameters of the PID controller were de-
termined by the decay curve method (Zhou et al. 
2019), and the results are shown in Table 3.

4.3 Simulation Results
Fig. 11 and Fig. 12 show the crossing movement of 

the SWC&F before and after optimization by PID con-
trol, respectively. Simulation results show that the 
chassis without PID control optimization oscillates 
significantly during obstacle crossing, while the chas-
sis with PID control optimization can cross the ob-
stacle smoothly and smoothly.

Fig. 12 Schematic diagram of PID controlled chassis obstacle crossing simulation process

Fig. 11 Schematic diagram of simulation process without PID control of chassis obstacle crossing

Table 3 PID parameter values

Kp Ki Kd

THFW&M 12.45 0.0072 0.0024

THRW&M 10.39 0.0102 0.0034

TRW&M 8.43 0.0108 0.0036
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5. Discussion
Fig. 13 shows the displacement curve of the bary-

center of the SWC&F along the Y direction during the 
obstacle crossing process before and after PID optimi-
zation. It can be seen from the figure that the front 
wheel of the chassis starts to overcome obstacles at 
approximately 2.5 s, and the centre of mass position 

fluctuates and tends to be stable. The response time is 
0.25 s without PID optimization. After adding PID 
control, the response time is 0.11 s and the speed is 
increased by 56%. At 5.5 s, the front wheel has passed 
the obstacle, and the middle wheel is beginning to 
cross the obstacle. The adjustment of the leg position 
and orientation angle of each wheel makes the chassis 
tend to be stable, and the mass position of the chassis 
centre is raised. At approximately 8 s, the front frame 
of the chassis has passed the obstacle, and the rear 
frame is ready to pass the obstacle. At 8.5 s, the rear 
wheel is beginning to overcome the obstacle, and the 
mass position of the chassis centre also changes slight-
ly afterwards. After 10 s, the entire chassis has been 
completed and smoothly passed the obstacle. The fluc-
tuation amplitude of the mass centre of the classis is 
approximately 80 mm without PID control, while the 
mass centre of the chassis controlled by PID is ap-
proximately 50 mm. When there is fluctuation, the 
chassis optimized by PID control can quickly adjust to 
the stable state, requiring approximately half of the 
pre-optimal response time.

Fig. 14(a) and Fig. 14(b) are the swing angle chang-
es of the frame in X and Z directions during the ob-
stacle crossing process of the SWC&F before and after 
PID optimization. It can be seen from the figure that 
the amplitude of the swing of the front chassis frame 
in the X and the Z directions is approximately 9° and 
5° respectively, and the frame swings sharply. After 
using PID control optimization, the swing range of the 
chassis frame in the X direction is within 2°, and the 

Fig. 13 Mass centre displacement curve of chassis in Y direction 
before and after PID control

Fig. 14 Swing angle of chassis mass
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optimization range is 77.78%. The swing amplitude in 
the Z direction is also within 2°, and the optimized 
amplitude is 60%.

Fig. 15(a) and Fig. 15(b) show the force curves for 
the front, middle and rear wheels of the six-wheel 
swing-arm wheel-leg chassis without and with PID 
control, in the process of obstacle crossing, respective-
ly. It can be seen from the figure that the chassis opti-
mized by PID control will have a large force when any 
one of the wheels becomes obstacle-free. Further, the 
adhesion between the wheel and the road surface is 
good. Compared with the original model, it has a 
larger effective driving force and good adhesion.

6. Test Verification
The maximum height obstacle crossing test for the 

SWC&F was carried out in ADAMS software by creat-
ing an obstacle with a height of 411.1 mm and the roll-
ing resistance coefficient of the designed wheel road 
surface of 0.025. The simulation parameters are set as 
follows: vehicle speed of 3 r/s and simulation time of 
11 s. The simulation results show that the chassis com-
pletes the maximum height crossing smoothly and 
successfully.

Fig. 16 is a diagram showing the variation of the 
swing angle of the frame in the X and Z directions 
during the obstacle crossing process. It can be seen 
from the figure that the overall swing amplitude of the 
optimized chassis frame in the X and Z directions is 

within 3° and 2°, respectively. Further, the electrohy-
draulic push rod reaches the limit position in 5.5 s–7.5 s, 
and the chassis frame deflects slightly. The deflection 
angle along the X direction is 1.5°, and the deflection 
angle along the Z direction is 0.6°. The frame deflec-
tion amplitude is within the allowable range, and no 
tipping occurs. As can be seen in Fig. 17, the chassis 
has good wheel adhesion to the road when crossing 

Fig. 15 Force curves for wheels

Fig. 16 Frame swing angle during chassis obstacle crossing
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the barrier in the limit position, outputting a large ef-
fective driving force and having good overall vehicle 
adhesion.

7. Conclusions
⇒ �Conventional wheeled vehicles have severe mo-

bility limitations in rough terrain. The legged 
chassis has high degrees of freedom and high 
control complexity, which limits its mobility in 
rough terrain. Combining the advantages of a 
wheeled vehicle and a legged chassis, an 
SWC&F is proposed as a chassis that drives in 
rough terrain

⇒ �the mathematical model of the chassis structure 
and the structural calculation formula were es-
tablished, and the relationship between the rota-
tion angle of the chassis joints and the lifting 
height of the wheel legs in the process of ob-
stacle crossing was determined. The range of 
swing angles of each wheel leg is determined 
according to the installation position of the hy-
draulic cylinder. Theoretical analysis shows that 
a maximum crossing height of 411.1 mm can be 
achieved with an SWC&F

⇒ �using the PID control method and conventional 
control method, respectively, a joint simulation 
was performed in ADAMS/Simulink to analyze 
the barrier-crossing height of the SWC&F. The 
results show that the chassis virtual prototype 

using the PID control system can overcome the 
obstacle with a height of 411 mm in theoretical 
analysis, and has better dynamic response char-
acteristics, obstacle performance and road adhe-
sion. The optimized chassis has a stronger ob-
stacle surpassing ability and road adhesion in 
the process of obstacle crossing, which provides 
a theoretical basis for the design and manufac-
ture of chassis prototypes, and promotes the 
wheel-legged multi-wheel drive mountain for-
estry mechanical power chassis. The model 
fully satisfies the need for the chassis to over-
come the obstacles.
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