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STEERING STABILITY ANALYSIS AND CONTROL STRATEGY OF
THE SIXWHEEL-LEGGED CHASSIS FOR FOREST

Cheng YUJING! Wang DIAN*? Liu JINHAO?® Huang QINGQING*

In order to increase the steer stability of the six wheel-legged chassis on forest
slope. [Method] The stability model of the six-wheel legged chassis using the spin
theory is established in this paper. On the slope with a maximum inclination of 30°,
the stabilities of the six-wheel legged chassis with a maximum steering angle of 30°
and a maximum speed of 9m/s are simulated and calculated. Aiming at the critical
rollover state, a control model of the swing arm hydraulic cylinders of six-wheel
legged chassis is proposed, and the response function of the swing arm hydraulic
cylinders in the critical rollover state is calculated. [Result and conclusion] The
calculation and experiment result show that when the speed is higher than 8m/s and
the steering angle is bigger than 25°, the chassis reaches the critical rollover state.
By adjusting the work of swing arm hydraulic cylinders, the stability is increased from
-0.2 to 0.3 when the steering angle is 30° and the speed is 9m/s.

Key words: forest six-wheel legged chassis; rollover stability; turning; controlling
strategy

1.Introduction

In recent years, in order to rapidly improve the mechanization level of forest
areas in China and improve the operating conditions of forest areas machinery, it is
extremely necessary for forest areas to develop a chassis suitable for forest areas[1-
3]. The six-wheel legged chassis for forests can actively overcome obstacles and
level steering in rough forest terrain. Finding the stability theory applicable to the
forest chassis and developing a useful control strategy have great significance to
improve the stability of the six-wheel legged chassis when performing steering
operations on forest slopes[4-5]. After measurement of steady-state edge angle by
Zhu Qingyuan, steady-state edge angle could be the standard of rollover stability[6].
Using the potential field function to judge the rollover stability index based on the
information of lateral acceleration and measured roll angle by Mian Ashfaqg Ali et
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al[7]. Li Xuefei and Yao Zongwei determined the rollover stability of wheel loaders
through the two-level stability theory and controlled the leveling by fuzzy neural
theory[8-10]. Longitudinal stability and the vertical slip angle are used to judge the
stability of the tractor chassis by Ouyang Yibin et al[11]. Tian Haibo and others
combined the dynamic energy stabilization boundary method with the stable cone
method to obtain the dynamic energy stabilization cone method, furthermore,
evaluating the rollover stability of a robot with six configurations by this
method[12-13]. For the mountain tractor, Wang Zhongshan of Jilin University
designed a leveling hydraulic system for self-adjusting of the body attitude[14].
Through the curves of the flow, pressure, displacement and speed of the piston rod
of the hydraulic cylinder in the hydraulic system, learned that the stability of the
body leveling hydraulic system can meet the working requirements under the
mountain slope inclination <15 °working conditions. Cao Shikai of Northeast
Forestry University designed a car scanner on-board leveling mechanism. Through
the laser scanner's collection and analysis of slope angle, bush height, tree height,
and tree coordinates, the angle of the leveling platform was determined[15].

Hydraulic cylinder
Front frame 7 B " _.———Rear wheel-leg
First wheel-leg

A—sﬁa'pe wheel-leg

Fig.1 Virtual prototype of wheel-leg chassis in Solid works

Tablel
Parameter for the prototype chassis
Parameter Data Unit
Track (2a) 1.026 m

The distance from the articulated shaft to the
articulated point of the front frame (b)

0.328 m

rear wheel-leg (|,) 0.439 m
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front upper wheel-leg (1) 0.467 m

A-shape wheel-leg (1) 0.311 m
A-shape wheel-leg angle (@) 153 degree
Rear wheel-legs swing angle range (‘91 , 02) 33.3~67 degree
front upper wheel-legs swing angle range (93 , 94) 26~51 degree
A-shape wheel-legs swing angle range (495 , 06) 37.8~51.8 degree
Articulated steering angle () -30~30 degree

Consequently, the chassis quality was optimized, and a virtual prototype of the
forest six-wheel legged chassis was established. The prototype model are shown in
Figure 1, where the hydraulic cylinder diameter is D = 80mm, thrust is 70KN, rod
diameter is d = 55mm, and pull is 37KN.

In addition, in this paper, a chassis stability model is established for a forest
six-wheel legged chassis. The control model of the legged hydraulic cylinder is
established to realize anti-rollover of the chassis and improve its steering stability.

2. Six-wheel legged chassis stability model

Aiming at the virtual prototype, the kinematics equations of the six-wheel
legged chassis during the movement of the chassis are established based on the
screw theory[16-20]. Using the positive solution exponential product formula of
robot kinematics, the kinematics equation of the six-wheel legged chassis moving
from the initial base coordinate system to the end tool coordinate system can be
obtained:

00:(6,,6,,...,0)) =e*% .g2% . .gx% O

Among them, g = e’ is the motion transformation matrix of each rigid body;,

and @ isthe swing angle range of the wheel-leg, &= [v a)} e R*! is the motion

screw coordinate, and g,,(4,,6,,...,6,) is the motion change matrix of the whole
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part in the base coordinate system.

Fig.2 Structure and parameters of 6 wheel-legged chassis
The kinematics matrix of rotation and translation of each wheel-leg around the
base coordinate is solved by formula(1). Thinking of the right first wheel-leg and

the A -shape wheel-leg of the front frame as a whole, followed by the left first
wheel-leg and the A -shape wheel-leg of the front frame, the articulated steering

angle y and the right wheel-leg of the rear frame, the articulated steering angle »

and the left wheel-leg of the rear frame. The positive solution exponential product
formula are used to obtain the position and posture changes of each integral part
during rotation and translation. Therefore, the kinematic change matrix of the base
coordinate system to the end of the tire ground point could be obtained, and finally
the coordinates of the chassis tire ground point can be calculated, which can be

expressed in T =e“%- direction as follows

[cos(AG,—AG,) 0 —sin(AG,—AG,) -1,(cos(Ab, —A6,)—cosAb,

T. = e21Aﬁaeng'95 — 0 1 0 0
: sin(AG,—A6,) 0 cos(AG,—AG,) —,(sin(AG, —Ab,)—sin A6,
0 0 0 1

)
[cos(AB,—AG,) 0 -sin(Af,—AG,) -l,(cos(AB, —A6,)—CcosAb,

0 1 0 0

sin(A6,—Adg;) 0 cos(AG,—A6,) -l (sin(A6, —Ab,)—sinAb,

0 0 0 1

T5 :eg1A‘94eng‘95 =
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©)
COSAyCOSAH, —sinAy cosAysinAg, b(cosAy —1)+2bcosAy(cosAf, —1)
T 7633&,6:%91 _|sinAycosA6,  cosAy sinAysinAg bsinAy(2cosAg,-1)
e | —sinag, 0 COSAG, —2bsinAg,
0 0 0 1
(4)

COSAyCOSAO, —sinAy cosAysinA6@, b(cosAy—1)+2bcosAy(cosAb, —1)

T 7e§3Aye$4A92 _|sinAycosAf, cosAy sinAysinAg, bsinAy(2cosAg, -1)
2 | —sinag, 0 COS A, —2bsin A6,
0 0 0 1
(®)

When the forest six-wheel legged chassis is steered on an inclined plane. The
articulated steering angle and the tilt axis connected in the middle of the front and
rear frames on the same side are not conducive to the stability of the chassis, while
the contralateral side is conducive to the stability of the chassis, this means that this
article only considers the rollover condition of the chassis turning below the slope.

As the average slope of the forest area is 26.6 °[25], steep slopes of 30 ° ~ 45 °
are formed in small sections[26]. For adapting to the forest, a six-wheel legged
chassis is used to drive on the slope of the southeast forest area, the stability
calculation is performed by using the second-level stability theory and the steering
stability of the chassis on the limit 30 ° slope is simulated[21-23], =30°.

"Schematic diagram
B
' | of stability

Fig.3 Six wheel-leg chassis down steering condition on the slope
When the tilt axis and the articulated steering angle of the chassis are on the
same side, it against stability of the chassis, and when it is on the opposite side, it
can better balance the stability of the chassis[16-17]. As shown in Fig. 3, 1-6
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represents the coordinates of the 6 tire contact points of the chassis. M, is the

barycentric-coordinate of the chassis, ‘h’ is the distance from the barycentric to the

ground, D,,D, are the tilt axis when the chassis is tipped, that is, the line where

the ground contact position of the 2,6 tire is located, and “d’ is the projection of the

M. barycentric onto the ground to the tilt axis. y is the angle of stability.

With the continuous movement of the chassis on the slope, the y angle changes

with the change of the center of gravity. The stability tan;/:i:% can

subsequently be expressed as: i >0, the chassis is in a stable state; i =0, the chassis
is in a critical state;i<0, the chassis is in a roll-over conditions. The stability
function can be expressed as
(0.0355c0s 6, +0.0178 - 0.0458cos 6, + 0.0035cos &, +0.0481cos 6, —0.0807 cos 6, + 0.018sin &,
+0.0799sin 6, +0.0801sin 6,)(0.283sin &, — 0.189sin y —0.074sin y cos 8, + 0.111cos 6, sin 6,
—0.111cos 8, sin 6, +0.105cos 8, —0.225sin 6,) — (0.0799 cos 6, + 0.0801cos &, —0.0619sin 6,
—0.0619(sin &, +sin #,) —0.0485sin 6, + 0.0807sin 6,)(0.284 cos 6, +0.189cos y +0.197
+0.112cos g, cos 6, +0.074 cos y +0.267 cos 6,)

0.46c056, +0.311c05 7 +0.32+0.36c0s* 6| +[0.095+0.23c0s? 6,
+|-0.4675in 6, +0.311sin - 0.328 +0.439sin 6,

(6)
3. Six-wheel legged chassis full load rollover stability

When the six-wheel legged chassis is traveling along a horizontal slope, two
factors, the forward speed and the folded-back steering angle, may cause the
stability of the chassis to fluctuate [9,10]. Consequently, when steering under full-
load conditions of the chassis, the influence of the articulated steering angle and the
forward speed on the stability of the chassis are discussed.

2

. m,-v . :
According to formula ——>*-I, >m.g-l, , it can be inferred that the
r

w !

maximum chassis speed is 8.3m/s when the stabilizing moment is equal to the tilting
moments, so the maximum chassis speed used in the simulation is 9m/s. According
to terrain mechanics and finite element analysis, the force that each wheel-leg can
withstand is calculated, the body weight and load weight are evenly distributed to
each wheel-leg. Finally, the virtual prototype load of the six-wheel legged chassis
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in the forest area is fully loaded to 960Kg. Under normal driving conditions, the
articulated steering angle of the front and rear frames is 30 °that do not affect each
other. Under the conditions of the maximum articulated turning angle of 30 degrees,
the forward speeds are 5m/s, 6m/s, 7m/s, 8m/s, 9m/s. Through simulation, the
steering angle and stability curve at different forward speeds can be output under
full load conditions.

It can be seen from Figure 4 that when the six-wheel legged chassis steering
on the slope at a 30 ° articulated steering angle, the output stability indicates that
the chassis is still stable when the speed is 7m/s, the threshold is reached at a speed
of 8m/s, and the chassis rolls over at 9m/s. Therefore, when the turning angle is 25 °,
it only needs to simulate the working conditions of the forward speed of 8m/s and
9m/s for comparison.
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vith full load at S8m/s
th full load at Tm/s

Stability of six-wheel legged cha
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Fig.4 Stability at different speeds when the waist is turned to 30°

Suability of six-wheel legged chassis with full load at %m/s
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Fig.5 Stability at different speeds when the waist is turned to 25°
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From Figure 5, it can be seen that while the six-wheel legged chassis is
traveling horizontally on the slope and turning to the left in the forward direction,
when the articulated steering angle reaches 25 ° and the forward speed reaches 8m/s,
the chassis is in a stable state; when the forward speed reaches 9m/s, the chassis
will roll over, and the minimum stability at this time is -0.2.

4. Rollover stability of six-wheel legged chassis under control
conditions

The position of the wheel-leg affects the performance when the six-wheel
legged chassis run in uneven road. A simplified model that presents working
condition is shown in Figure 6, Figure 6 presents the wheel-leg and the frame with
lifting and dropping which is completed by the extension and contraction of the
hydraulic cylinder[24]. (the wheel-legs work principle is similar). The extension
and contraction of the hydraulic cylinder during the working cause the angle @
between the wheel-leg and the frame in the base coordinate system to change, so
stability i changes. The range of point A that presents the position of wheel-leg
can be acquires. Especially, point D is the origin of coordinates. By establishing the
geometric relationship, it is possible to obtain the relationship between the change
of the wheel-leg angle caused by the lifting and dropping of the wheel legs and the
change of the frame position.

Fig.6 The lifting and dropping position changed of hydraulic cylinder

Through the analysis of geometric figure relations, the relationship between
the wheel-leg swing angle change A# and the change in the hydraulic cylinder
can be expressed as

AB? + AC? - BC?

6 = arccos (7)
2x ABx AC
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AB?+ AC*-B'C"

@' =arccos (8)
2x ABx AC
AO=0-0' )
B'C'? = AB?+ AC?-2x ABx ACxCOS#" (10)
BC? = AB® + AC* —2x ABx AC xCOS# (11)

Consequently, the relationship between the change amount in the rotation
angle of the wheel-leg A& and the change amount in the frame lifting or dropping

Ay can be calculated as

2 2_ 2 2 2_ )
Ay = AD xsin(arccos AB” + AC” - BC )— A'D xsin(arccos AB”+AC”—BC”
ZXABXAC ZXABXAC

A6)

(12)

When A@ is positive, the hydraulic cylinder is extended, the frame is raised,
and the swing angle is increased. When A& is negative , the hydraulic cylinder is
contracted, the frame is lowered, and the rotation angle is reduced. Equation (12)
can inversely solve the change amount of the wheel-leg angle by the height of the
frame lifting and dropping, and then the amount of extension and contraction of the
hydraulic cylinder can be calculated.

The fuzzy control combined with the inverse solution function of the six-wheel
legged chassis wheel-leg hydraulic cylinder controls the cylinder length and
telescopic speed to obtain the required motion effect. Based on the combination of
Simulink and Adams, the model in Adams is imported into the Matlab/Simulink
environment, as shown in Figure 7, the inputs of the Adams include the forward
speed and the articulated steering angles. The outputs of the Adams are stability,
cylinder length. The table of fuzzy control rules of rear wheel-leg for four wheel-
leg hydraulic cylinders is shown in Table 2.

Table2. Fuzzy control rule table

L
; L1 L2 L3 L4 L5 L6 L7
SPEED M M NS NS NS NB NB
FIRST PS M NS NB NB NB NB
SECOND PS PS PS M NS NB NB
END PB PS PS M NS NB NB
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Fig.7 Adams and Simulink co-simulation

The chassis stability of the output under PID control and fuzzy control is
compared with the stability without control, and the following sets of data are
obtained, which means the stability changes under different steering angles.

stability of six-whell legged chassis without control
stability of six-whell legged chassis with PID control
stability of six-whell legged chassis with Fuzzy control|
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Fig.8 The front and rear frame stability changes in 25° steering angle with different forward speed.
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Fig.9 The variation curve of hydraulic cylinder length on the condition of 25° steering angle
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Fig.10 The front and rear frame stability changes in 30° steering angle with different forward
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Fig.11 The variation curve of hydraulic cylinder length on the condition of 30° steering angle
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As shown in Figures 8 and 10, when the six-wheel legged chassis forward
speed is 9m / s, and the steering angles are 25° and 30°, respectively, comparing
the three stability change curves, it is found that the stability under fuzzy control
is better than that of PID control, the hydraulic cylinder response under fuzzy
control is slower than PID control, and the frame fluctuation is also slow, these
data indicate that the control strategy of the six-wheel legged chassis for the forest
road with a slope of 30° works, furthermore, which is beneficial to improving the
drive’s comfort.

After the six-wheel legged chassis is added with fuzzy control, the stability
under the 25° articulated steering angle is improved by approximately 3%
compared with the PID control. According to Figure 9, the variation range of the
inner hydraulic cylinder is 61.0cm to 61.6cm, and the variation range of the outer
hydraulic range is 58.7cm to 59.8cm. Under the working condition of the 30 °
articulated steering angle, the stability has been improved by approximately 2%.
It can be seen from Figure 11 that the variation range of the inner hydraulic
cylinder is 61.2 cm to 61.8 cm, and the variation range of the outer hydraulic
cylinder is 58.5 cm to 59.6 cm.

5.Conclusions

1)The kinematics model of the forest six-wheel legged chassis is established
based on the screw theory. The stability of the forest six-wheel legged chassis is
calculated by the kinematics model and the second-level stability theory, moreover,
the simulation data is substituted into the theoretical equation to solve the stability
under full load conditions.

2)Aiming at the working conditions with large fluctuations in stability and the
possibility of overturning, a control model of the six-wheel legged chassis wheel-
leg hydraulic cylinder was set up when the forest six-wheel legged chassis was
steered on a 30 ° slope. Adams / Simulink co-simulation with fuzzy control was
established.

3) When there is no control strategy, the maximum driving speed of the six-
wheel legged chassis under full load is 8m/s. After adding the control strategy, under
the condition that the vehicle speed is 9m/s and the articulated steering angle is 25 °,
the minimum chassis stability is approximately 0.371, which is about 13%
improvement. When the articulated steering angle is 30 °, the minimum stability of
the chassis is approximately 0.214, and the overall stability has been improved by
10%. The experiment proves that the control theory of the six-wheel legged chassis
wheel-leg hydraulic cylinder can effectively improve the stability of the chassis,
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and the smooth steering of the chassis could be achieved.

4) In the following work, fuzzy PID control will be presented for the tipping
condition of the six wheel-legged chassis, and the stability of the chassis simulated
by fuzzy PID control on a 30° slope is compared with the stability under fuzzy
control, furthermore, the effectiveness of fuzzy PID control will be verified through
prototype tests.
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