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Abstract: Lateral overturns are the most frequent fatal accidents involving tractors. A tractor being
able to travel safely on uneven or sloped terrain is still an open field of investigation. The design
concept of a four-wheel-drive tractor that can traverse hilly and mountainous areas is described.
The tractor’s locomotion system can actively adjust its roll angle by using the attitude adjustment
mechanisms equipped on the rear wheels. With double quadrangle mechanisms, the front axle can
cooperate with the rear axle to adjust this tractor’s attitude. This tractor can also level its body,
steer, and transmit power. The principles and configurations of the two axles are presented. A
mathematics/mechanical model of a tractor on lateral slopes was developed. This model considers
the relationships of the ground supporting forces when the tractor adjusts its roll angle. Combining the
model of specific attitude adjustment mechanisms and the above mechanics model, the lateral stability
analysis associated with the active input of the attitude adjustment mechanism is conducted. The
reliability of the proposed model is discussed based on a comparison of slope traversing experiments
and numerical simulations. This designed tractor has potential application in the fields of hilly and
mountainous terrains. The results show that posture/configuration adjustment is a positive way to
enhance tractor lateral overturn stability.

Keywords: tractor; stability; modeling; attitude adjustment

1. Introduction

Tractors, known for their multitasking capacity, are widely used in many different
farm situations [1]. In particular, tractor overturn accidents account for more than half of all
tractor-related deaths [2,3]. It is no wonder that sideways overturning, or lateral rollover,
accounts for the majority of overturning injuries [4,5].

A considerable amount of research has been devoted to tractor lateral stability, which
can be divided into passive safety prevention and active safety protection [6,7]. The rollover
protection structure (ROPS), as a kind of passive way, has been one of the most important
advances in protecting the driver from tractor overturn accidents. In addition, ROPS do
nothing to prevent accidents, they only reduce the likelihood of serious injury [8]. By
contrast, mainstream research on active safety prevention seeks to establish static/quasi-
static/dynamic models to reveal the behavior of tractors on different terrains [1,3-11].
Based on these models, tractor stability indicators are able to evaluate the stability of
the tractor. However, these results (tractor speed, slope angle, etc.) can only provide
some warning to tractors [12,13]. Thus, a locomotion system for tractors that is able to
maintain stability in various situations (especially side slopes and uneven terrains) is still
essential [14,15].

Locomotion systems with attitude adjustment mechanisms can alter their structures
and configurations to change the center of mass. These systems can better adapt to various,
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complicated and completely unstructured environments [16,17]. Most of these systems
are applied for mobile robots, for example, the Sample Return Rover, Scarab, Tri-Star IV,
ATHLETE, Workpartner, MAMMOTH, Hylos, and Sherpa [18-26]. They are mostly a
hybrid wheel-legged type with many degrees of freedom (DOFs), adding complexity to
the control system [26]. In addition, most of such robots are driven by a motor with no
transmission systems.

For tractors, several mechanisms for locomotion systems with attitude adjustment
functions have been designed and developed [27-32]. As the degrees of active freedoms
are independently actuated, they can actively adjust their postures and structures, thereby
enhancing their stability and traction. A four-wheeled slope tractor has been described
to change its attitude on side slopes. However, it needs additional active control to keep
all four wheels in contact with the ground, adding complexity to the control system [27].
Another four-wheeled tractor has been developed to move on transverse slopes; a brachial
mechanism to the rear wheels is used to change the height of the wheels, and a linkage
system of the front wheels is provided as the passive part to keep wheels in contact with
the ground. As it is a rear-wheel-drive vehicle, the driving performance would be affected
when compared to the all-wheel-drive ones [28]. Additionally, a hillside tractor with a
balance-rocker mechanism is designed to achieve variable ground clearance and variable
wheel tread. But the mechanism systems are complicated [29]. The design and testing of a
hillside track tractor with a differential pressure device are also investigated [30]. These
studies primarily focused on the design, manufacturing, and testing of such locomotion
systems. However, the effects of posture change on the stability of such reconfigurable
systems were neither considered explicitly nor evaluated. The stability of the tractor may be
significantly influenced by posture or configuration. In fact, it has long been established that
sideways overturning, or lateral rollover, accounts for the majority of rollover injuries and
fatalities [5]. Meanwhile, several studies have found that when the attitude of a locomotion
system is controlled, the stability can be enhanced [25,33,34]. Thus, the model representing
the relationship between the configuration/posture of a tractor and its lateral stability is
highly required to be established.

On the other hand, the design continuity requires that the new locomotion system
should inherit the general structure of the previous tractor, and the changes should be as
small as possible. To avoid lateral overturns, this work designs a four-wheeled tractor that
integrates the advantages of the mechanisms mentioned above. Inspired by the traditional
tractor, this one is modified by the rear and front axles, respectively. For the rear axle,
equipping the attitude adjustment mechanism composed of a pair of gears on both sides,
thereby changing the height on both sides. For the front axle, it can cooperate with the
rear axle to actively adjust the tractor’s attitude. Additionally, both the rear and front axles
transmit power while ensuring that all four wheels can provide power.

This tractor has two modes of locomotion, while the traditional one only has one
mode; a new mode of changing the attitude/configuration enables the tractor to work on
side slopes. This locomotion system does not require real-time control to keep all wheels
in contact with the ground and reduces the complexity of the control system similar to
the traditional tractor. It can also adjust its roll angle/configuration when necessary to
enhance its stability. Generally, as a four-wheel-drive tractor, it can work on various terrains,
especially the side slopes and uneven terrains.

Therefore, taking the tractor’s attitude into consideration, a mathematical model of
a tractor on lateral slopes is developed. This general model is formulated, describing the
relationship between wheel-soil contact forces as a function of overturn parameters. The
designed tractor can adjust its roll angle by attitude adjustment mechanisms. Combining
the model of specific attitude adjustment mechanisms and a complete tractor model,
the lateral stability analysis associated with the active input of the attitude adjustment
mechanism is conducted. Meanwhile, the instability indicator of tractor lateral overturns is
obtained for an arbitrary configuration with attitude adjustment mechanisms.
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Thus, one main contribution of this study is the description of the design concept
of a tractor with attitude adjustment mechanisms. Inspired by the traditional tractor,
both front and rear axles are modified to achieve the three functions: attitude adjustment,
steering, and power transmission. The designed tractor can also level itself when the
angle of the lateral slope is less than 15°. Then, a prototype is manufactured, which is the
practical contribution of this study. Another main contribution is to formulate a general
mathematical model for the tractor while taking the attitude into consideration and to
develop the relationship between the input of the adjustment mechanisms and the tractor’s
lateral stability. Attitude adjustment parameters are also designed. This is the scientific
contribution. The approach developed here provides an effective way to avoid lateral
overturns, which are fatal to drivers.

In the present paper, the design concept of the tractor is described in more de-
tail. In addition, a mathematical model representing the relationship between the pos-
ture/configuration and the tractor’s lateral stability is also built, and verification of the
model is discussed based on experiments. The remainder of this paper is organized as
follows. Section 2 discusses the design concept of the proposed hillside tractor. Section 3
develops the kinematic model of the adjustment mechanism equipped on the rear wheels.
In Section 4, the effects of posture change on lateral stability are based on a mathematical
model. Section 5 includes case studies and experiments that validate the lateral stability
model. Finally, Section 6 concludes and describes the future works of this paper.

2. Design Concept
2.1. The Conventional Agricultural Wheel Tractor

The configuration of a conventional agricultural wheel tractor is shown in Figure 1.
A tractor has no suspension and can be considered as having two parts: the front end
and the main body [5]. These two parts are connected by a constraining pivot at the
geometric center of the front axle, which rotates parallel to the longitudinal plane of the
tractor. A passive degree of freedom (DOF) is provided to keep all four wheels in contact
with the ground.

Figure 1. The traditional agricultural tractor.

2.2. A Wheel Tractor with Attitude Adjustment Function

Inspired by the conventional tractor, a modified one is designed to enhance both sta-
bility and terrain adaptability. This tractor is modified by rear and front axles, respectively.
For the rear axle, by equipping the adjustment mechanism on the rear wheels, the height
on each side can be actively adjusted, thereby allowing a change in the tractor’s attitude.
For the front axle, with the double quadrangle mechanisms, it can cooperate with the
rear axle when necessary to adjust the tractor’s attitude on slopes with larger angles; it
can also make sure there is no interference between attitude adjustment, steering, and
power transmission.
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2.2.1. Rear Adjustment Drive Axle

The rear adjustment drive axle is shown in Figure 2. As shown in Figure 2a, the
rear axle has an axle housing, two slewing bearings, two end driving mechanisms, and
two wheels. The entire rear axle is separated by the slewing bearing. The inside of the
slewing bearing is mounted to the axle housing, and the outside is fixed connected to the
end driving mechanism. The slewing bearing is driven by a hydraulic cylinder, thereby
allowing the relative rotation motion between the inside and outside. The front view
and left of the rear axle are shown in Figure 2b,c, respectively. As shown in Figure 2ef,
by actively changing the rotation angle («) of the slewing bearing, the wheel, which is
connected to the ending driving mechanism, can rotate around the rotation center of the
rear axle. Thereby, the height of each side can be actively adjusted.

End driving Slewing T~

mechanism bearing !

_>_

i
\ |

Axle housing

!
!
e
!

|

Wheel

(a) (b)
End driving
___mechanism

Rotation o <\ Ho
center ©——— 0
Lr -
© (d)
COG COG, 1<
I/T\_\ {\_L/
/// \\\ L’
H (l 0\\17\%\ TN |H
\ 53 oo A
N ST TR Rotation/\% \}
> o Rotattlon center \ /
center N i
T T Rear
T T axle

Wheel

(8

Figure 2. Rear axle: (a) Simple model; (b) Front view; (c) Left view; (d) Initial state; (e) Turn upward;
(f) Turn downward; (g) Transmission system.
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The initial state in Figure 2d. As shown in Figure 2e,f, when the rear wheel rotates
upward around the rotation center, the height of COG is reduced; when rotates downward,
it is increased. This tractor can adjust its roll angle by changing the height of each side
independently. The transmission system is shown in Figure 2g, where the power transfers
from the engine to the end driving mechanism through a main reducer and a differential
mechanism. Then, power is transferred to the rear wheel by a pair of gears.

Consequently, by changing the rotation angle of the slewing bearing on both sides,
the heights of COG on both sides change together. Thus, the attitude of the tractor can be
actively adjusted while providing power to the rear wheels.

2.2.2. Front Axle

For a tractor to adjust its attitude, the front axle should have the ability to coordinate
with the rear axle. As shown in Figure 3, a new front axle for the hillside tractor is proposed.

/227

NEK

T
AN

(d)

Figure 3. Front axle: (a) CAD model; (b) Front view model; (c¢) Top view model; (d) Attitude
adjustment; (e) Principle schematic.

The tractor can passively adapt to the ground with the attitude adjustment mechanism
while ensuring all four wheels keep in contact with the ground, as shown in Figure 3.
With this new attitude adjustment mechanism, the angle between the front wheels and the
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ground can be passively changed with the ground. Thus, the front wheels can be vertical
when the tractor adjusts its attitude on side slopes. As shown in Figure 3d,e, the attitude
adjustment mechanism is composed of two symmetrical four-bar linkages. The freedom of
this attitude adjustment mechanism in the front wheel is:

F=3xn-Y iP;=3x5-2x7=1, (1)

where F is the DOF, n is the number of the active components, 7 is the constraint number in
the 7 level, and P; is the number of kinematic pairs in the I level. This front axle consists of
5 active components and 7 kinematic pairs.

Thus, the DOF (degree and freedom) of this front axle is 1. It means if one rotation
angle is determined, the others can be achieved. With this degree, all four wheels can keep
contact with the ground while encountering small obstacles. As the adjustment mechanism
is composed of two symmetrical four-bar linkages, it can be designed to adjust the lateral
slopes with larger angles.

With these features of the front axle, this tractor can keep all four wheels in contact
with the ground. The front axle also can cooperate with the active rear axle to actively
adjust the tractor’s attitude.

2.2.3. Hillside Tractor

By installing both the modified rear and front axles, this tractor is shown in Figure 4.
As a kind of four-wheel-drive/front-steering one, it can keep contact with the ground on
uneven terrains; it also can adjust its posture/configuration when necessary to enhance
its mobility.

Figure 4. Tractor: (a) Whole model; (b) Front axle; (c) Rear axle.
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Here are several advantages of this tractor:

e It can enhance the tractor’s stability on lateral slopes by actively adjusting the adjust-
ment mechanisms on the rear axle.

e It can move on small obstacles while ensuring all the wheels keep in contact with the
ground without active control, which provides a simple control system for this tractor.

e Itcan level its body on side slopes, to ensure comfort for tractor drivers.

3. Adjustment Mechanism

One aim of this study is to propose a model that represents the relationship between
the posture change of a tractor and its lateral stability. In addition, a tractor can actively
adjust its posture using its adjustment mechanisms, which has been shown in Section 2.
Consequently, two models are proposed: A complete adjustment mechanism and a tractor
model. The former introduces the relationship between configuration and center of gravity
(COQG) of the adjustment mechanism. The latter expresses lateral stability parameters as a
function of the COG on both sides. By combining these two models, the amount of stability
is obtained for an arbitrary tractor model.

The aim of this section is to describe the input—output relationship of the adjustment
mechanism of the designed tractor in Section 2. Based on this model, the parameters of this
mechanism are also designed.

1. Mathematical model

The mathematical model of the attitude adjustment mechanism is shown in Figure 2d—{,
where the rear wheel can rotate around the rotation center to change the height of COG (center

of gravity).
As shown in Figure 2, the relationship between the height of COG (H) and rotation
angle (x) is:
H(a) = Hy + Ly * sin(a), ()

where Hj denotes the initial height of the COG, L, is the rotation radius, « is the rotation

angle,and a € [— 7, 5].

Thus, the height of COG (H) is a function with the rotation angle («):

H= f(a), )

1. In the initial state, the height of COG is Hy.
2. When a wheel turns upward, the height of the COG becomes lower:

H(a) = Ho + L, xsin(«), 4)
3. When a wheel turns downward, the height of the COG becomes higher:

H(a) = Hy — Ly * sin|a|, (5)

Thus, the limited positions of the height of the COG that can be achieved when a
wheel turn upward/downward are:

H(‘x)min = Hy— L,
{2 ©)

max

2. Mechanism design

Unlike the ordinary tractor, the roll angle of the proposed tractor is changeable on
lateral slopes. Hillside tractors are expected to level themselves on side slope angles in the
range of 0-15°. The leveled attitude of a tractor is shown in Figure 5.
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Figure 5. Leveled attitude.

Therefore, the lateral slope angle for a reconfigurable tractor to level its attitude is:

Hmax - Hmin)

- @

Omax = arctan(
where B is the track width, and Hy,;, and H,,;;,, are the maximum and minimum values of
the height of COG, respectively.

Substituting Equation (6) into Equation (7) gives:

Omax = arctan(2L:/B), (8)

where B is the track width, and L, is the rotation radius.
The aim for designing the attitude adjustment mechanism is to level the tractor’s
attitude on side slope angles in the range of 0-15°, thus:

Omax > 15°. ©)
As shown in Figure 2d—f, design the length of rotation radius L;:
L, > (Bxtan15°)/2. (10)
Giving the tread B = 1280mm, therefore:
Ly, > 171.48mm. (11)

The distance between the half shaft and the drive shaft is 181 mm. In other words,
with the rotation radius L, = 181 mm, the designed parameters can satisfy the design
demand. With the designed parameters, the maximum side slope angle that this tractor
can level itself on is 15.79°.

4. Lateral Stability

The real safe tilt of the tractor is that this tractor is able to prevent overturning and
skidding when it travels on terrains.

The tilt value mainly depends on the following factors. Exterior factors are, such
as the ground conditions (slope angle and obstacle shape and height). Interior factors
can be changed to adjust tractor stability, such as the moment of inertia, wheelbase, COG
position, track width, ballast weight, implement position, and tire properties. Human
behavioral factors of tractor drivers include speed, being in adverse environmental and
weather conditions, drinking, or taking drugs [35].

Lateral overturns account for the majority of tractor accidents. In addition, pos-
ture adjustment in a tractor is a possible way to enhance locomotion performance. This
designed tractor can actively adjust its roll angle to enhance its lateral stability. There-
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fore, it is essential to model a tractor on a lateral slope while taking the tractor’s attitude
into consideration.

To analyze the effects of posture change on tractor stability on side slopes, a model is
combined with a model of active mechanism and a complete tractor model. The former has
been established in Section 3, describing the relationship between the input, configuration,
output, and height of the COG of the adjustment mechanism. The latter is proposed in
this section, introducing wheel-soil contact forces as a function of overturn parameters. By
combining these two models, the instability indicator of tractor overturn is obtained for an
arbitrary configuration of the tractor.

In this section, we make several assumptions to simplify the problem:

The tractor is equipped with four rigid wheels.

The steering angle of the tractor is fixed at zero.

The tractor travels along a flat lateral slope.

The traversing speed is low, and the motion of the tractor remains in a steady state.

L

4.1. Coordinate Systems

Here, two coordinate systems, the slope coordinate system and the tractor coordinate
system, are defined. Figure 6a illustrates a tractor laterally traversing a slope of angle 6. As
shown in Figure 6a, the tractor and its wheels are at a tilted angle ¢; against the slope (i
positively increases in the uphill direction). In Figure 6a, the side slope coordinate system,
%, is defined as follows: x(°) denotes the desired traversing direction, y*) denotes the
uphill direction, and z(*) denotes the vertically upward direction against the slope surface,
as a right-handed system. The tractor coordinate system, X,, is achieved by a rotation of X
about the x(*) axis with ¢; in the uphill direction.

Ly

Uphill
side ‘

H., [?ownhill ‘\ "‘
side |
H, \‘\ i

z L
f

g1

24

(a) (b)

Figure 6. Tractor on a side slope: (a) Definition of coordinate systems; (b) Mechanical tractor model.

4.2. Mechanical Model of an Attitude Adjustment Tractor

In this section, we propose a mechanical model of an attitude adjustment tractor on a
side slope. As shown in Figure 6a, the COG (center of gravity) of the tractor is located at
distances L; and L, from the uphill and downhill wheels along the y, direction, respectively,
and H; and H;, from those wheels along the z; direction. Here, both H; and H,, are adjusted
with the input of the attitude adjustment mechanism in the rear axle, which can be obtained
with Equation (2) (in Section 3), whereas both L; and L, are constant. Adjusting the active
inputs of the rear axle on both sides together, H; and H;, are changed. Then, the roll angle
of the tractor is adjusted. Overall, the tractor can enhance its lateral stability by actively
adjusting its attitude.

The aim of this section is to establish a complete tractor model, expressing the relation-
ship between input, configure/posture and output, and wheel-soil contact force.
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As shown in Figure 6b, 6; denotes the roll angle of the tractor and ¢ is the tilted angle
of the tractor. This tractor can actively adjust its attitude at a side-slope with angle 0, thus,
the roll angle of the tractor 6 is:

Inital state : 6, = 6 (12)
Attitude adjustment state : 6, = 0 — ;’

As shown in Figure 6b, in the right triangle OP;P;, the adjustable attitude angle of the
tractor with respect to the side slope (¢;) is:

H; — Hy
tan = —, 13
() =11 (13)
As B is the track width of the tractor:
Ly+L,=B. (14)

Substituting Equation (14) into (13), the adjustable attitude angle of the tractor (i) is:

H;—H
P = arctan(‘iBu) (15)

As shown in Figure 6b, the force analysis on the side slope for an attitude adjustment
tractor begins by assessing global equilibrium. The moment static equations at the uphill
and downhill contact points (P; and P,) are:

{ Pu *1n — GCOS(()[) * Ld + GSii’l(()l) * Hd =0

—Fgxn+ Geos(8;) * Ly + Gsin(6;) x H, =0’ (16)

where n = \/(3)2 + (Hy — Hy)~
After rearranging the Equation (16), equate to:

Downhill side : F; =

Uphﬂl side: F, = Gcos(QI)*Ld;Gsin(Gl)*Hd
 Geos(6))Ly,+Gsin(0))<H, (17)
n

where n = \/(B)z + (Hy — Hu)z, 6 = 6 — ¢y, Ly and L, are constant. They represent the
distance between the COG and downhill/uphill wheels along the y_ direction, respec-
tively. H; and H,, are the distances between COG and downhill/uphill wheels along the
z, direction, respectively, which both can be actively adjusted by the input of the attitude
adjustment mechanism.

4.3. Lateral Overturn Stability

Rollover will occur when the uphill side tires lose contact with the ground (the contact
force falls to zero). Equation (17) becomes:

Gceos(6;) x Ly — Gsin(6;) * Hy

1
- 0, (18)
where 0y;,,, is the limit instability angle of the tractor,

01 = Orim — W1, (19)

Therefore, substituting Equations (19) and (15) into Equation (18), Equation (18) can
be rearranged to obtain the limit instability angle.

e Initial state
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O1imo = arctan(La/H,), (20)

In the initial state, the tractor does not adjust its attitude, and the adjustable attitude
angle of the tractor (¢;) is 0. Thus, in the initial state, the instability angle of this tractor is
equal to the ordinary one.

e  Attitude adjustment state

H; — H
O1i = arctan(La/H,) + arctan (’iBu> , (21)

where L; and B are constant values, and H; and H,, vary with the input of the downhill-side
and uphill-side adjustment mechanisms, respectively.

Therefore, the tractor can increase the limit instability angle by actively adjusting the
values of H; and H;, (the height of the COG on both sides) together.

Substituting Equation (20) into Equation (21) yields:

H; — H
O1im = O1imo + arctan<dB”) . (22)

Based on the above equation, by actively adjusting the attitude of an attitude adjust-
ment tractor, the limit instability angle 6;;,, can be larger than its initial value 6;;,,9. As
shown in Equation (22), when Hj is constant, the limit instability angle (6};,,) of a reconfig-
urable tractor is composed of two parts: the former part is the limit instability angle at its
initial state, the latter one is the adjustable attitude angle (¢;). In other words, a tractor can
enhance its lateral overturn stability by actively adjusting its posture.

As referenced in Section 3, we denote «;, and «a; as the inputs of the active adjust-
ment mechanisms in the uphill and downhill sides, respectively. Putting &, and a; into
Equation (3), we obtain:

Downhill side : Hy = f(ay) (23)
Uphill side : H, = f(ay)
By substituting Equation (23) into (21), the limit instability angle 6;;,,, is:
61im = arctan(La/f(ay)) + arctan(W) = h(ay, ay), (24)

where &, and a; as the inputs of the active adjustment mechanisms on the uphill and
downbhill sides, respectively.

Therefore, the limit instability angle, 6;;,,, can be obtained by employing the inputs a,,
and a; as variables.

5. Case Study and Experiment Variation
5.1. Case Study

One purpose of this article is to investigate how the attitude adjustment technology
prevents lateral rollover. A general model is presented in Section 4, representing the rela-
tionship between a tractor’s posture change/configuration and stability evaluation index
on transverse slopes. In this section, taking the described tractor in Section 2 as example,
the effects of attitude/configuration on tractor lateral stability are studied. Calculations
were performed using MATLAB software whose version number is 2021.

e  Attitude adjustment mechanism

This study employs the simplest method: turning downward the downbhill side wheels
and turning upward the uphill side wheels by the same amount. There are three advantages
of this method. First, it reduces the amount of change in the rotation angle on one side
necessary for obtaining the desired attitude, and therefore it enables the tractor to actively



Appl. Sci. 2024, 14, 2220

12 of 18

adapt promptly to the target terrain and continue traversing. Second, continuous roll
change can be obtained around the nominal configuration. Third, during the attitude
adjustment process, the wheelbases for each side are the same.
Thus, based on Equations (4) and (5), the relationship between configuration and the
center of gravity (COG) of the adjustment mechanism is:
{Downhill side: Hy = f(«) = Hy + L, * sin|«| (25)
Uphill side : H, = f(«) = Hy — L, *sin|«| ’

where « is the rotation angle of the adjustment mechanism of the rear axle and « €
[—7/2,7/2], Hy is the initial height of the COG, and L, is the rotation radius; « can be
actively adjusted, whereas both Hy and L, are constant values.

e Lateral stability

This section investigates the relationship between active input and lateral stability in
straight-line mode. The input-output model of the adjustment mechanism is established
in Section 3. A complete tractor model representing the relationship between a tractor’s
configuration/attitude and its lateral stability is introduced in Section 4. By combining
these two models, the relationship between the active inputs of the tractor and its lateral
stability can be estimated. Numerical simulation is carried out in this section with the
structure parameter parameters listed in Table 1.

Table 1. Parameter values of the designed tractor.

Parameter Value Unit Parameter Value Unit
Hj 970 mm Ly 640 mm
L, 181 mm B 1280 mm

The adjustment attitude angle of a tractor, ¥}, is obtained by substituting Equation (25)
into Equation (15):

H;—H 2L i
W = arctan(dBu> = arctan(r*Bsm|(X|>, (26)

The lateral instability limit angle can be deduced as putting Equation (25) into Equation (24):

1. Initial state

61iy = arctan(La/Hy). (27)

2. Attitude adjustment state

0y;,, = arctan(La/H,) + arctan ( HdEH" ) = arctan(

)+

+Lx*sin| o

ERL ' (28)
B .

arctan (

Thus, based on Equation (28), the lateral instability limit angle of a tractor, 6;;,, is a
function of rotation angle of rear wheel, «, that is:

Olim = o(a), (29)

where « is the rotation angle of the adjustment mechanism in the rear axle.

The effect of active input on the value of the attitude adjustment angle is shown in
Figure 7a. The tractor can actively adjust its roll angle with attitude adjustment. The
attitude adjustment angle of the tractor, ¢, is obtained with Equation (26). As indicated in
Figure 7a, the adjustment angle ¢; increases with increasing active rotation angle of the rear
axle. The maximum value of ¢; is 15.79°. In other words, the designed tractor can level its
attitude when the slope angle is lower than 15.79°.
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Figure 7. Lateral stability: (a) attitude adjustment angle; (b) lateral instability limit angle.

Thus, the designed tractor can level itself on a side slope whose angle is less than 15°
while ensuring the comfort of tractor operators.

The effect of active input on the value of the lateral overturn indicator is shown in
Figure 7b. The lateral instability limit angle (6;;,,,) can be calculated using Equation (29).
Bigger active rotation angles result in a rapid increase in overturn stability. In the initial
state, when the rotation angle of the rear wheel « = 0deg, 6;;,, is 33.42°; when the active
rotation angle obtains its maximum value, 0);,, is 44.87°. The lateral instability limit angle,
01im, increased 34.26%.

Overall, for the designed tractor, with the increase in active adjustment angle («), the
tractor can level its configuration to enhance the comfort of the operators; on the other
hand, the lateral instability angle increases. Thus, the designed tractor can increase its
overturn stability by controlling the active input of the adjustment mechanisms.

5.2. Manufacture and Test of a Prototype
5.2.1. Manufacture of a Prototype

With the process of concept, the function and structure design of the tractor are
achieved. The complete prototype of the designed tractor is shown in Figure 8. It is
composed of the rear axle, main body, and front axle. The tractor can achieve the attitude
adjustment function with the rear axle. The steering function can be realized by the front
axle. Additionally, engine and drive systems transmit power through the transfer box to
both the rear and front axles, respectively. Thus, the prototype is a four-wheel-drive tractor.

(b)

Figure 8. Prototype tractor: (a) Front view; (b) Tractor.
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5.2.2. Bench Tests

Some interesting tests are carried out to check the practical performances of this tractor.
The tractor can achieve basic functions, such as move forward, back, and turn. It not only
can adjust its attitude, but also can level itself on side slope angles in the range of 0-15°.

The previous model is solved using MATLAB software. In this section, we use bench
tests to verify the lateral stability of the designed tractor. As shown in Figure 9, the test
equipment is the roll test bench. This test bench is equipped with a slope-measuring
instrument connected to the computer. The computer can read the slope angle data in
real time.

Figure 9. Bench tests: (a) Initial state; (b) Attitude adjustment.

While ensuring the safety of this prototype, this tractor is braked on this test bench.
In the initial state, the prototype is leveled. Then, with the increase in the slope angle, the
contact force between the wheel and slope changes. The overturning of the prototype with
the test bench can be observed. When the contact force between the wheel and slope is less
than or equal to zero, this tractor overturns.

As shown in Figure 9, the working conditions can be divided into initial state and
attitude adjustment, respectively. The designed tractor can actively adjust its posture on
side slopes with the mechanisms installed on the rear axle. (1) First, a tractor in its initial
state is braked on the bench, with the increase in slope angle, the contact force between the
wheel and slope changes. When the slope angle is 30.91°, the uphill rear wheel leaves the
ground, then the tractor overturns. (2) Then, the test tractor equipped with an adjusted
attitude function is braked on the bench, as increasing lateral slope angle, the contact force
between the wheel and slope changes. When the slope angle is 40.74°, the uphill rear wheel
leaves the ground, then the tractor overturns. Results show that by actively adjusting the
roll angle of the tractor, the limit instability angle increases from 30.91° to 40.74°.

The mathematical model is presented in Section 4, representing the relationship be-
tween a tractor’s posture change/configuration and stability evaluation index on transverse
slopes. First, the force model on side slopes is built to obtain the limit instability angle
(81im)- Then, taking the proposed tractor, for example, the effects of attitude/configuration
on tractor lateral stability are studied in Section 5.1. Theoretical analysis shows that the
lateral stability can be enhanced by adjusting the tractor’s attitude. The limit instability
angle (8;;,,,) can be increased by increasing the active input (rotation angle of the rear axle,
«). In the initial state, 6;;,,, is 33.42°; when the rotation angle of the rear axle («) is 90°, 6}i,
turns 44.87° (increased 34.26%).

As shown in Figure 10, the lateral stability solutions with the mathematical model in
Section 4 are compared with the results of bench tests in this section. The working condi-
tions are divided into initial state and attitude adjustment. In the initial state, the difference
between theory (33.42°) and test results (30.91°) is 8.12%. After attitude adjustment, the
difference between theory (44.87°) and test results (40.74°) is 10.14%.
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Figure 10. Lateral stability in theory and test modes.

There are two possible reasons for the difference (10%) between the theory model in
Section 4 and bench tests in Section 5.2.2: (1) In the theory model, the wheel is assumed as a
rigid model, and the wheel’s deformation is not considered. On the other hand, the wheels
in the tests are low-pressure tires, and they will become deformed; (2) The uphill/downhill
sides tires are considered as a whole to establish the mechanical model. Meanwhile, the
rear wheel on the uphill side loses contact with the ground in the test. Therefore, the lateral
stability method developed in Section 4 is accurate enough to bring a potential model to
the actual solution.

Results show that a tractor is able to increase its lateral stability by properly adjusting
its configuration/posture, to avoid fatal accidents related to lateral overturns. In addition,
the designed tractor can actively adjust its configuration/roll angle, to enhance the lateral
overturn stability. More specifically, the configuration is changed by adjusting the rotation
angle of the slewing bearing on both downhill and uphill sides.

6. Conclusions and Future Works

A tractor with an attitude adjustment function is designed and developed to traverse
on side slopes. The lateral stability is also investigated while taking configuration/posture
into consideration.

Inspired by the traditional tractor, a method to adjust attitude is described. Corre-
sponding mechanisms are also designed to adjust the tractor’s posture, adapt terrains, and
transfer power. This tractor exhibits two locomotion modes. In the first mode, it can work
under uneven terrains while keeping the four wheels in contact with the ground without
needing sensors. In the second mode, the tractor can adjust the roll angle in the case that
slopes or larger obstacles are encountered. Meanwhile, a leveled attitude is obtained to
ensure drivers’ comfort.

Thus, this four-wheel-drive tractor is able to maintain stability in various situations
(especially side slopes and uneven terrains) with a simple control system. The trac-
tor presented in this paper thus has provided new insights into the design of tractors
with multiple motion modes, which has potential application in the fields of hilly and
mountainous terrains.

Tractor stability against a lateral overturn is known to be determined by multiple
factors [1,36]. Exterior factors such as the ground conditions (slope angle and obstacle
shape and height) cannot be controlled [2,37]. Thus, interior factors can be changed to
adjust tractor stability. Fortunately, factors such as the moment of inertia, wheelbase, COG
position, track width, ballast weight, implement position, and tire properties affecting
tractor stability have been clearly explored in previous studies [1,8,13,38—-40]. However,
attitude adjustment technology, which can actively adjust a tractor’s configuration and
posture, has not been considered in previous studies. With specific attitude adjustment
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mechanisms, a tractor can adjust its configuration and posture to enhance its stability
and trafficability.

Therefore, this study also analyzes the effects of posture change on tractor stability
on side slopes. A mechanical model relating the configuration of the tractor to its lateral
stability is presented. A static study for evaluating the lateral stability of a tractor possibly
suitable for working on hilly and mountainous terrains has been made. This developed
model allows to treat an attitude adjustment tractor and forests the instability conditions
with active inputs. Meanwhile, several conditions are not considered in the proposed
model, e.g., steering radius, speed, tire deflection, and soft road.

Taking the designed tractor with attitude adjustment mechanisms into consideration,
the above model and the stability conditions have been implemented in a MATLAB simula-
tor and they have been validated by means of an experimental emulator. With the designed
attitude adjustment mechanism, the designed tractor can actively adjust its roll angle. This
tractor can also level itself when the angle of the side slope is less than 15.79°. The results
of numerical simulation show that lateral overturn stability increases while adjusting the
configuration. lateral instability limit angle (6;;,,) increases from 33.42° to 44.87°. A proto-
type is developed and the reliability of these models is examined through bench tests. The
results of numerical simulation show similar tendencies to those of the experiments.

Overall, adjusting the tractor’s attitude can reduce lateral overturn. The approach
developed here provides an effective way to enhance a tractor’s lateral stability. In addition,
the leveled posture can be considered as an appropriate configuration to ensure the drivers’
comfort and stability.

Future work will be devoted to the extension of the model in the (quasi-)static and
dynamic study for evaluating the stability of a general tractor with posture change. The fu-
ture model should take into account steering radius, speed, and wheel-terrain interactions
in non-standard operation conditions.
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