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Abstract: The agricultural mechanization operation is
highly efficient, but many types of agricultural mechanical
equipment are difficult to move or to operate on hilly
terrain and mountains. Thus, these machines play a
limited role. This study designs an agricultural articulated
vehicle whose front and rear bodies exhibit relative
yawing and a rolling degree of freedom; this vehicle can
perform agricultural construction operations on different
terrains. The agricultural articulated vehicle may roll over
during operations such as digging; therefore, its stability
should be determined. This research builds a dynamic
model of the vehicle during digging through
homogeneous coordinate transformation and with the use
of the multi-body dynamics method. The interval method
is applied to the stability analysis for such operations and
describes the uncertain parameters that affect stability as
a bounded interval. The stabilities of the front and the
rear bodies are analyzed as follows: first, the influence of
tire deformation on the rear body stability of the vehicle is
determined. The critical rollover angle of the vehicle
decreases with an increase in tire deformation. Second,
the influence of different digging material weights on the
front body stability of the vehicle is measured. Finally, the
results obtained with the interval analysis method indicate
that the vehicle remains stable while digging if the values
of yaw angle ¢ and roll angle € are located in the
minimum envelope zone of [-42°, 42°] and [-28°, 28°].
The analysis results can guide structural improvement,
provide an early warning for rollover during digging, and
extend the application range of the proposed vehicle in
agricultural construction.

Keywords: Agricultural articulated vehicle; Multi-body
dynamics; Interval analysis; Stability

INTRODUCTION

Wheeled construction machineries have been applied
to various aspects of agricultural production, such as
grapery ditching, soil loosening and preparation in upland
fields, the exploitation of low-lying and easily waterlogged
wasteland, water supply, and dredging work in paddy
fields, given that these processes are difficult to perform
manually. Moreover, efficiency is low and the operational
hazard is high. In north China, the construction
machineries should also be used for farmland water
conservancy in the winter because of the frozen surface
layer. The use of construction machineries has effectively
economized on manpower, shortened product time, and
saved cost. Nonetheless, many types of agricultural
mechanical equipment are difficult to move and control
on hilly terrains and mountains; thus, these machines
play a limited role. In this study, we design a vehicle
whose front and rear bodies are joined by a universal
hinge; this vehicle displays relative yawing and a rolling
degree of freedom. Therefore, the wheels can make
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sufficient contact with the complex farmland terrain, and
vehicle stability improves for operating and digging
operations. The vehicle can adapt to different terrain
environments for agricultural production, is low-cost,
possesses a simple structure, is convenient to operate,
and is widely applicable. Nonetheless, the stability of
agricultural construction vehicle operation on hills,
mountains, and paddy fields containing silt must be
determined; at present, studies on agricultural mountain
vehicles mainly concentrate on static and dynamic
stabilities to overcome obstacles [1, 2, 3, 8] and to warn
against rollover in advance [7, 9, 12]. According to
statistics, more than 90% of rollover accidents related to
agricultural mountain vehicles occurred in operation [5,
11] rather than in running. Few studies have been
conducted on vehicle rollover in agricultural construction
operations although the complex operation environment
and uncertain factors, such as vehicle position and pose,
tire deformation, and digging state, influence the stability
of agricultural construction vehicles. Furthermore,
traditional stability analysis methods are applied only in
specific states [4, 10]. The current study applies the
interval method to an analysis of stability during digging,
describes all factors that affect stability as a bounded
interval, and derives a dynamic equation. The effect of all
uncertain factors on vehicle stability is determined with
the stability criterion in combination with the interval
method. Researching vehicle stability in agricultural
construction operation generates a reference for structure
design improvement as well as for follow-up rollover
protection and early warning system design. Thus, the
safety and convenience of vehicle implementation in the
agricultural construction operation are improved.

MATERIALS AND METHODS

Dynamic Model for Articulated
Vehicle

The backhoe device of the agricultural articulated
vehicle is driven by a hydraulic system, and the revolving
mechanism is driven by two lever-type cylinders, as
shown in Figure 1. This vehicle can excavate soil and
rock at different heights, angles and distances, as
depicted in Figure 2. Furthermore, the operating range of

the agricultural articulated vehicle is presented in Table 1.

an Agricultural

Fig.1 -Wasteland development operation of the vehicle
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Fig.2 - Sketch of the vehicle operating range
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Table 1

Parameters of the vehicle operating device

Definition of the parameter

Parameter values

A. Maximum digging depth

B. The horizontal distance between the
bucket and the center of the front wheel

C. The horizontal distance between the

bucket and the rotating center

D. The horizontal distance between the

bucket on top and the rotating center

E. Maximum digging height
F. Maximum unloading height

3.03m
531m

411m

2.64m

3.40m
2.85m

Many uncertain factors are observed in this scenario,
such as the velocity of the backhoe device, its angular
velocity, and the attitude displayed during the operation
process. The interval method is applied to solve the
problem of stability given uncertain factors. The vehicle
and the backhoe device are simplified as a rigid body,
and the vehicle coordinate system is built through the
multi-body dynamics method, as illustrated in Figure 3.
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Fig.3 -Schematic for the vehicle coordinate system

where the origin of the inertial coordinate system
O, %, Y,z, is the rear body centroid M, and axle X, is
detected along the drive shaft of the rear body. Axle z, is
the vertical axis, and the front and rear bodies are joined
by a universal hinge. The front body coordinate system
O,x Y,z, originates at the yaw hinge, and the roll angle of
the rear body is represented by y . The roll and yaw
angles of the front body are denoted by 6 and ¢,
respectively. The backhoe device and the front body are
also connected through a universal hinge. The yaw angle
between the backhoe device and the front body is
represented by p,, the pitching angle is denoted by 3,,
and the angle between the boom and the bucket rod
corresponds to 4.

The position vector of a generic point P on the
vehicle in a generic coordinate system B ist), which
transforms a generic coordinate system A intoAr). This
vector is described in the form of homogeneous
coordinates:
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where “T, is the matrix of position and orientation
transformation from the B coordinate system to the A
coordinate system, “R, is the attitude matrix from the B
coordinate system to the A coordinate system, and *p,,
is the position vector that indicates the origin of
coordinate system B in coordinate system A.

When the vehicle excavates soil and rock, the body
vehicles remain motionless, and the backhoe device
alone moves. The boom and the bucket rod can be
simplified as rods with lengths that are denoted by |, and
I, . The centroids of both the boom and the bucket rod
are positioned at the middle points; moreover, the bucket
and the digging mixture are simplified as the
centralization mass of m,. The driving moment of the
backhoe device is represented by M,, M,, M,, and the
force of the backhoe device during digging is illustrated in
Figure 4.
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Fig.4 -Forces exerted on the front body during digging

In the inertial coordinate system, the position vector of

l,@‘" AlA ;/\ , 7 e s ~ e , 23
centroid m, of the boom, centroid m, of the bucket rod, ERIERIRA T, SHER O, L m, . 251
and centroid m, of the digging mixture are written as JiCr m, HOAL B R A
[0 = b &=
pml OT 1T & pml
="T,T,°T 2
°p °Pp
m2 | _ OT lT aT bT m2 (3)
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The angle velocity of the boom |, and the bucket rod SR | LS ey 0 P T L o s
I, in the inertial coordinate system can be described as SR | RHT |, TR R O SRR LR S
O@ml = ORllRalél + ORllRa aRbﬂ?z (5)
OE)mZ = oRllRaﬂ?l + oRl 1Rax aRbﬂ?z + oRl 1Ra aRb bRcﬁTa (6)

The velocity and the acceleration of m,, m,, m, can
be written as
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where i=1,23 , °a,=°0,. . °¢,=%. , and
£ =dm/ dt is angular acceleration.

We define 8, B,, B, as generalized coordinates.
The driving moment M, , M, , M, is calculated by
solving the Lagrange equation. When the vehicle
performs a digging task under the assumption that the
acceleration of the boom and of the bucket rod is
represented by £ =0, the kinetic energy of the boom
and bucket rod system is written as

[EN

T=lyme
i=1

The potential energy in the system is written as

v-3m

l\)

i =_(_)__

P’
i=1
The driving moment is calculated as
d, oL
dt "op,

where L =T -V is the Lagrange function.

When D’Alembert’s principle is applied, the force and
the moment of the front body as induced by the backhoe
device can be computed as

=_(1R3M1+1Ra aRbl\zz +1Ra aRb bRcM?.)

The vehicle consists of two parts. During digging, the
front body may be influenced by the boom and bucket rod
motion. When the force on wheels w, and w, is zero,
the front and rear bodies tip over at approximately O,W,
and O,W,, respectively, as shown in Figure 5.
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Fig.5 - Schematic of vehicle stability

The front and rear bodies of the vehicle are stationary
during digging; this problem is one of static stability.

When the rear body remains stable, its centroid m,
should be located in plane AA,B,O, . Thus, the centroid
can be calculated as
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The roll angle of the rear body in stable state can be WL 5 FJUTRR, FI1FE FARRRRRE I 1004 £
computed by using the geometric relation presented in s

Figure 5.
s,d(s, —b,)\/d* +5? 5, ) (15)
d’s,a, —2d°b,r +sir +ssa, —sob,r - 2d \/dz +82

w < arctan(

where s, is the .Iength of the rear vehicle, d _is half of Hops, RIFEMKSE, d REREN -, a, RFOm
wheel track, a, is the length between centroid m, and

point Q; which is the centroid m, projection onto the rear TR Qg L, Herh QgL m, 75 ) SK s LRI
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., I' is the wheel radius, ¢ is the static deformation o . , S A s
the tire when the vehicle is unstable. In the experiment, I i B i 2 WA, RS R
the measured value of the tire radius is [0.736 m, 0.775 [0.736m, 0.775m].
mJ. i AR e ‘
When the front body is in stable state, the moment of AR GRS RE I, RO IR O m, Sedih O, 195K

mass center m, , which is relative to axle OW, , is FH B AN stk S0 . HE, @i ar e,
greater than the other moments that are also relative to

this axle. Therefore, we can obtain
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where s, is the length of the front vehicle, a, is the length Mo s RATEMKEE, a £Fom, 55 Q, MK, Hi

between centroid m, and point Q, which is the centroid b S = N
m, projection onto the front drive shaft, b, is the length Q, /2 /i b m 7RI AHN LRYELRE, bl A AIQ, 2

between point A and point Q,. AL o

Wh(_en _the vehicle is performing a digging task, the SoF TRV BEZE ok, e BEAT IRV N, 2 S AT
uncertain interval parameters are the angles g, 8, , X
f,among the boom, the bucket rod, and the rotational [ B+ B, fy, I RFeHIfIE E s fos Bys o m,
velocity /4, ;. fi, the mass of the digging material m,, g sy it 5 43 BB AHSE OIS B4, TR FEH A o
and the deformation of the tire 6 . To obtain acceptable ! o
stability in the digging operation, the allowable range of 2 HTEAMARENM, & ERMANTE X M SH0h,

roll angle @ and yaw angle ¢ should be determined with B B2 (TR A AR i f O FIREE 1 o 1 SR VPV L
the interval method. )

Analysis of Stability in Digging Operations based on X [AIVEAMT R LB 2 i v v e e
the Interval Method

Interval analysis theory has been applied to many H AT X - it & M H TR 2 TRE4E[6,13]. SE/
project flelds_[6, 13]. The closed interval of a real number B X 1] 7T 275 s
can be described as

X' =[X,X]={X eR|X <X <X} 17)
where X and X are the interval endpoints. Fort X, X AR X [ B 3 R 3 i
When the center interval method is applied, Eq. (17)is
rewritten as KL X%, (A7) ATRLRIR
X'=X%+AXe, (18)

where X is defined as the middle point of the interval,

H C BN X ] e, R X )24, 43 i
AX is defined as the interval radius, and the range of Hortt XEBRBC AL AX B4, e MR

e, is [-1, 1]. [-1, 1]
The vehicle parameters can be written in the interval X o o
form AN BHE A ) BT B3, W DA X RAR R
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Eq. (19) is substituted into Eq. (16) to yield

T 72'
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A

B, =0.397 +0.397¢,

(19)

B, =0.0557 +0.0557¢,
B, =0.0557 +0.0557¢,
m, =300+ 300e,
5=0.7555+0.0195¢,

R (19) AR (16) , TTERLUW TR

F@ ¢,e,)>0 (20)

When the agricultural articulated vehicle is performing
a digging task, the values of the parameters that maintain
front body stability must satisfy the boundary conditions of
Eq. (20). The vehicle parametersare I, =2.4m, I, =2 m,
m, =600 kg, m, =450 kg, m, = 7000 kg, and m, = 5900
kg. The track value is 2d = 1.6 m, and the wheel radius
valueis r =0.75m, §, =0.72m, S, =22 m, a = 0.65
m, a, = 0.65m, b, =0.2m, and b, = 1.4 m. The range
of the roll angle @ is [-40°, 40°], and the range of the yaw
angle ¢ is [-42°, 42°].

RESULTS
Influence of Tire Deformation on Rear Body Stability

When the roll angle of the rear body vehicle
increases, tire deformation changes. As a result, the
actual rollover angle shifts as well. The relationship
between the rollover angle of the rear body and tire
deformation is calculated with Eq. (15); the result is
shown in Figure 6.

The rollover angle of the rear body decreases when
tire deformation increases in Figure 6. Thus, this
deformation should be considered in the analysis of
vehicle stability during agricultural construction to
enhance the accuracy of the calculated rollover angle. If
tire deformation is disregarded, then the calculated
rollover angle is large; when this angle is used in the
design of a vehicle rollover warning system, rollover
accidents occur easily.
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Fig.6 - Variation in the rollover angle of the rear body with tire deformation
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Influence of Digging Material Weight on Front Body
Stability

When the agricultural articulated vehicle is working, the
digging material weight in the bucket strongly affects front
body stability. If ¢ =0, then the boom and bucket rod of
the digging device are motionless, p,=0.127 ,
B, =037, the rotation angular velocity around the Z,
axis is denoted by A , and £ =0.37/s . When the
digging material weight is m, =0 kg and m, =300 kg, the
stability curves of the front body are as depicted in Figure
7.
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Fig.7 - Stability region of the front body under different digging material weights

According to the stability analysis results, the front
body is stable whenm, =0 kg and if the roll angle of the
front body € and the rotation angle of the digging device
P, are located in the elliptic region surrounded by a solid
line. The same is true when m, =300 kg, if # and £, are
located in the region surrounded by the dotted line. The
range of @ is [-40°, 40°], and the range of g, is [-90°,
90°]; therefore, the stability region of the front body is the
intersection of the same parameters under different
conditions. This region is denoted by the areas marked
with solid and dotted slashes in Figure 7.

Influence of All
Stability

As per an analysis of the influence of all the
parameters on front body stability based on Eg. (19) and
(20), the values of @ and & should be located in the
minimum envelope zone of F(6,¢,e,)>0 when
e, €[-1,1]. The simulation result is presented in Figure 8.

The maximum value of roll angle €, which maintains
the stability of the front body, is + 28°, as indicated in
Figure 8, when the vehicle is performing a digging task
and if the value of yaw angle ¢ is zero. The roll angle
decreases with an increase in yaw angle. Thus, the value
of the roll angle cannot reach the extreme point +40°.
When the value of the yaw angle reaches such points
(lines 1 and 2 are displayed in Figure 8), roll angle value is
+18.7°. Therefore, the front body is stable when the values
of roll angle @ and of yaw angle ¢ are located in the
region shown in Figure8; otherwise, the front body faces
the risk of tipping over.

the Parameters on Front Body
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Fig.8 - Stable region of the front body during digging

CONCLUSION

Agricultural articulated vehicles can adapt well to
different terrains; thus, such vehicles can be used on the
rough terrains of upland fields, paddy fields, and
mountainous and hilly areas during agricultural
production. To protect the safety of the operator, the
stability of this vehicle must be determined during
agricultural production. We analyze the stabilities of the
front and rear bodies when the vehicle performs a digging
task. The factors that affect stability during digging
operations are defined as the mathematical interval.
Moreover, we build a stability analysis model in
combination with multi-body dynamics, the interval
method, and the stability criterion to analyze vehicle
stability. The region of the roll and yaw angles is
determined based on the simulation result and the yaw
angle keeps the front body stable. Therefore, the
simulation results can be fed back to a designer to
optimize vehicle design and to provide data for early
rollover warning design in agricultural production.
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