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Introduction

Considerable research has been conducted on tractor overturning stability
and dynamics on sloping ground, much of the work was connected to establishing
safe operating slopes and the introduction of the roll over protective structures
ROPS and their associated legislature. Gilfilan? has reported work on the
effect of slopes on the forces and moments acting on tractors operating uphill or
downhill. The overturning behaviour of tractor and trailer combinations was
analyzed by other researchers®®. A detail review of the subject has been present-
ed®. Little work has been done on steering control and directional stability
characteristics of tractor-implement combinations TICs or their handling perfor-
mance on slopes generally.

When agricultural wheeled tractors are operated across a slope, they tend to
slide down as a result of the component of the gravitational force acting on the
tractor and directed down the slopes which results in load transfer. The conse-
quence of this, is that maintaining a straight line motion or motion along a
desired path becomes difficult and constant directional correction is necessitated.
Other shortcomings resulting from this, are, extra power requirement, increased
fuel consumption, uneven motion of operating parts in attached implements,
irregular seed distribution by planters, insufficient depth of tillage and poor
conditions for plant growth, Amelchenco et al., 1978 as reported by Lyasko et al.,
19939.

The purpose of this research is to conduct extensive studies on the directional
stability of TICs operated on agricultural slopping land through computer simula-
tion with the objective of explaining sideslip phenomenon and the effect of load
transfer distribution LTD in agricultural TICs operated on slope. This is neces-
sary to privide operators of existing tractors with operational guidelines and
designers of new tractors with information peculiar to tractors operated on
slopes. In pursuance of the above objectives a mathematical model was devel-
oped and computer simulation was conducted. This paper presents the develop-
ment of the model and the results of computer simulation.
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NOMENCLATURE

as~front wheel slip angle [°]

ar-rear wheel slip angle [°]

ag-sideslip angle [°]

p-slope angle [°]

¢y-yaw angle [°]

S-steer [°]

Cori, Cri—coefficient of rolling resistance
C.-lateral force coefficient

Cyi-lateral force coefficient (front)

C.~traction coefficient

vx, vy—components of the translational velocity
w.~yaw velocity of the tractor center of gravity [rad/s]
Vxo, Uyo, wzo—initial conditions

g-acceleration due to gravity [m/s?]

I..-yaw moment of inertial [N/ms?]

L.-lateral force [N] ,i=1,2 3,4

M-mass of tractor [kg]

N,normal force [N] ,i=1,2 3,4

Ni—normal force on flat,i = 1, 2, 3, 4
R..-lateral load transfer distribution [%]
R;.-logitudinal load transfer distribution [9%]
T,-traction force [N] ,i=1,2 3,4

x, y, wz~vehicle fixed coordinate system

X, Y, ¢-ground fixed coordinate system
hi-centre of gravity height from the ground [m]
ho-drawbar hitch height from the ground [m)]
5i-wheelbase [m]

l,~front tread width [m]

ly-rear tread width [m]

l,~distance from rear axle to centre of mass [m]
ls~distance from rear axle to drawbar hitch [m]
ls-distance from a rear wheel to drawbar hitch [m]
RKGM-Runge-Kutta-Gill Method

COM-centre of mass

DH-drawbar hitch
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Mathematical Model Development

1. Equations of motion
The general motion of a 4WD tractor without suspension is described by six
degrees of freedom for the chassis (3 for translation and 3 for rotation), one
degree of freedom for the rotation of each of the independently driven wheels and
one degree of freedom for the rotation of the front axle assembly with respect to
the chassis. The motions of the driven wheels are coupled through the differen-
tial and equal when the axles are been driven without a differential motion.
The behaviour of TICs on slope during a loss of directional stability depends
mainly on the motion of the system in the longitudinal x, lateral y directions and
the yaw motion of the centre of gravity of the tractor w.,. A mathematical model
for studying directional stability of TICs have been developped based on the
following assumptions :
(a) Three degrees of freedom, namely, two translational (longitudinal and lateral)
and one rotational (yaw) motion about the tractor centre of gravity are consid-
ered
(b) The body fixed coordinate is a centroidal coordinate system
(c) The center of gravity and drawbar location are assumed to lie in the vertical
plane containing the longitudinal centerline of the tractor
(e) The normal forces on the tyres act through the respective wheel centres
Summing forces along the x and y vehicle fixed coordinates and moments
about the tractor centroid, Figure 1, the following three equations of motion are

Fig. 1. Tractor dynamic model
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obtained.

M(9x— vywz)= Tr— Mgsingcos ¥ — Tycosé — L,sind — Pcosy (1)
M{(9x+ vywz)=Lr— Mgsingsiny — L ,cosd — Tysind (2)
Leztre= — Lols+ L(li— l)cosd— Ty, — lo)sind (3)

Where, Tf= T+ Tz, T,=T:+ T4,Lf=L1+L2,Lr=L3+L4

From above, and assuming the motion of a tractor-implement combination
TIC is started from a given initial condition, it implies that, the following
equations discribe the motion of the system at any other given condition :

Ux=1Uxo T S( Tr— Mgsingcos iy — Tycosd— L ssind — Pcosy + Myyw:)dt 4)
Uy=Uyo+—7 S(Lr Mgsingsing + L cosd — Tysind — Mvxwx)dt (5)

W= Wzt~ S( LA+ LAL—l)cosd— Ty(lh—4)sind)dt (6)

Conducting the indicated integration of equations (4)-(6) will result in the
velocity components (vx, vy, wz) of the centre of gravity of the TIC at a given time.
Integration of these velocities will not, however, give the orientation of the TIC
in space at a given time since these velocity vectors change their orientation with
time. To obtain the orientation in space of the TIC, the following coordinate
transformation is performed, equations (7)-(9).

X =vxco8 ¥ — vs5sing (7
Y = visinyg + vycos ¢ (8)
;&: oy (9)

Integration of equations (7)-(9) will yield the position and angular orientation
of tractor-implement combination at any given time.

2. Tyre Forces

Tyre force is defined as an external force acting on a wheel. Since it is
through the wheels that the major external forces are applied to a tractor or a
tractor-implement system, the wheel forces have substantial influence on the
dynamic behaviour of the system. A detail review of research on forces acting
on agricultural tyres has been presented by other authors™®® no further review
of the subject is presented here. The tyre force has three mutually perpendicular
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components.

2.1 Radial Force

Assuming that the ground surface is non-deformable, the radial (normal)
forces are obtained by a dynamic force balance, with the assumption that the
tractor is acted upon by a drawbar load P and operating on a slope of angle ¢
with a specified heading angle y. A full derivation of these equations is given by
Yisa et. al'®. The equations are :

le[% Zhll tango(cos;b —lsm¢>]Mgcos¢— le Psiny— 2hl 57 Pcosy (10)
No=l T <cos¢ 2L, 1n¢>]M cosp—- Psiny—-22 Pcos y (11)
AT S COSPT R TSI Ty,
No= 112_1 ls —%tango( cozsw 1n¢>]Mgcos¢+ Lt /5 Psin 7+ 2 »+Pcosy
L 24 ! (12)
N‘zLIIZ—Z b —%t <C°§¢ lnl/f)]MgCOS¢+ 12/5 Psiny+ zhz Pcosy
y (13)

2.2 Longitudinal Force

The circumferential force is made up of traction forces and rolling resistance
forces, and braking forces. These forces are expressed in a manner similar to
that described by Davis et. al. (1974)'V as a function of the radial force, slip angle
and experimentally determined coefficient of rolling resistance.

Ti=[—sign(vx)(Crri+ sz'l(l/i|)+ C:]N: (14)

where, i=1, 2, ., 4

2.3 Lateral forces

A pneumatic tyre can be considered to develop a lateral force whenever the
direction in which the tyre is headed differs from the direction of the plane of the
wheel itself. This difference in directions termed the tyre slip angle, is expressed
in terms of the velocities of the wheel in the vehicle coordinate system.

ar=0:— Uy+(l;)x— 14)(1)2 (15)
_ lwz—vy

ar= Ur (16)

o= an

The lateral forces are consequently modeled as functions of the slip angle and
cornering coefficients. Cornering coefficient is in turn a function of the radial
force. Lateral force is thus, expressed as :
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Ly=sign(a:) C:N; (18)

L.=—sign(a:)C.CsN; (19)

Cu=0.75(1— g™3¢m%) (20)

Cri=1—(Cu/ Cemax)? (1)
Simulation

The mathematical model described above was translated into C programme.
A flow chart of the programme is shown in Figure 2. The system was assummed
to be coasting which allowed a constant forward velocity of 0.5 [m/s] to be
usesd throughout the simulations. A number of tractor parameters were needed
for the simulation and were determined as shown in Table 1. Three different
combinations, tractor alone, TA, tractor with a drawbar pull of 2kN which is
about 5094 of the rated drawbar pull, TIC-2kN, and tractor with a drawbar load
of 4kN which is about 10094 of the rated drawbar pull, TIC-4kN were simulated.
Other simulations were conducted to investigate the effect of slope angle, heading
angle and drawbar force on side slip characteristics of a tractor. The effect of
changes in tread width as a design parameter have also been investigated.

Results and Discussions

As a prelude to the investigations whose results follow, the relationship
between two major forces acting on a tractor-implement on a slope was inves-
tigated, Figure 3. In this figure, normalized lateral force is plotted against
heading angle ¢, for slope angles ¢ of 5°, 10°, 15° and 20°. For a given slope

Table 1. Major dimensions of the tractor
used in this simulation

Parameter Value

Power 11.0  [kW]
M 8267 [ke]
I, 3530 [Nms?]
1, 1.385 [m]
L, 0.940 [m]
Iy 0.960 [m]
L, 0.680 [m)
1 0.385 [m)]
Is 0.960 [m]
h, 0.495 [m]

h, 0.350 [m]
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1
TRACTOR & INITIAL DATA INPUT
I_
CALCULATE TYRE FORCES
{
PUT TYRE FORCESINEQS 1,2& 3
|
INTEGRATE EQS 1, 2 & 3 BY RKGM
I
v,, v,, o, ARE OBTAINED
)
CALCULATE ar, of, ag, Rrl, Rfa
T
RESULTS FILE
T
COORDINATE TRANSFORMATION
|
INTEGRATE EQS 7, 8 & 9 BY RKGM

I
X, Y, y ARE OBTAINED

—
RESULTS FILE

YES

Fig. 2. Flow chart of simulation programme

angle, a heading angle could be selected to give a required normalized lateral
force. It is also possible to determine ahead, the values of normalized lateral force
attainable for a given tractor configuration operated on a particular slope. In
practice, however, there is hardly any farm whose elevation is uniform. In fact
most farms are made of compound slopes. It becomes, therefore, necessary to
establish the behaviour of tractors and TICs on different slopes and determine
which parameters affect their directional dynamics. The results of these investi-
gations are presented in the following sections.
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Fig. 3. Effect of slope and heading angles on normalized lateral forces of a
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Sideslip angle

The effect of slope and heading angles on sideslip characteristics has been
investigated. The results show (Figure 4, Figure 5 and Figure 6) that as the slope
angle increases, the sideslip angle also increases and peaked at less than 10° for
TA, about 11° for TIC-2kN and about 16° for TIC-4kN. Increase in drawbar
load causes an increase in sideslip angle. Since the drawbar loads have been
statically applied, their influence on sideslip is expected to be more if they were
applied dynamically. Sideslip angle increases with increase in initial heading
angle up to a maximum at about 80° and 290° heading angle for the three cases
simulated and afterwards declines. To avoid excessive sideslip, operation along
these heading angles should be avoided. Sideslip was also found to increase with
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Fig. 4. Changes in sideslip with respect to heading angle for tractor with no
drawber load
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Fig. 6. Changes in sideslip with respect to heading angle for tractor with
drawber load of 4kN

increase in slope angle. A slope angle of 20° is regarded as very steep for
agricultural use. This angle was therefore chosen as the maximum slope angle
for simulation. The results show that the highest value of sideslip angle occur
for this slope in all cases simulated.

Load Transfer Distribution

During operation of tractors and other vehicles on a level ground, lateral load
transfer occurs when they engage in directional maneouvers. For tractors or
TICs operated on a slope, load transfer is even more severe with or without a
directional maneouver. The distribution of load transfer between the front and
the rear axles, uphill and downhill tyres depends on the system geometry, heading
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angle as well as the slope angle.

Lateral load transfer is the vertical load transfer from one of the front tyres
(or rear tyres) to the other that is due to acceleration, rotational or inertial effects
in the lateral direction. The lateral load transfer distribution Rrl is the distribu-
tion of the total load transfer between front and rear expressed as a percentage
of total.
Rou= (N2 = N1) = (Nay — Niy)

(Ne— M) +(Ny— N3) —(Noy— Nis)— (Nas— Nay)

While on the other hand longitudinal load transfer is the vertical load
transferred from a front tyre to the corresponding rear tyre that is due to
acceleration, rotational or inertial effects in the longitudinal direction. The
longitudinal load transfer distribution R, is given by :

N3~ N)—(Nsy— M

Rp= (N3“N1)+(§V43_N2))_(§\73ff_le§)_ (N4f_N2f) 100 (23)

Longitudinal load transfer distribution varies with both slope angle and
tractor heading angle, Figure 6. The variations are in similar manner to the
variations of sideslip angle with slope and heading angles. Load transfer distri-
bution peaks occurred at about the same slope angle-heading angle combinations.
This would suggest that since load transfer is affected by the tractor geometry
among other things, its distribution could be directly influenced by changes in the
tractor geometry. This would consequently make changes in sideslip angles.

Since during earlier investigations, Figure 7, it was discovered that peak
LTD and hence peak sideslip angles appeared for a heading angle of close to 90°
, the effect of tread width variation on load transfer distribution was investigated
for this heading angle. The tractor used in this simulation has a front tread
width /, of 0.94m and rear tread width /; of 0.96m. Small variations of 0.05 m
were made to both /, and /; so that they varied as equation (24) and (25).

100 (22)

Load transfer distribution [% ]

180

Heading angle [0] 270

Fig. 7. Changes in load transfer distribution with slope and heading angle
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,={0.74,0.79,.......... ,1.09,1.14} (24)

5=1{0.76,0.81,.......... ,1.11,1.16) (25)

The results show that small variations in tread width caused substantial
variations in the values of load transfer distributions. Longitudinal load distri-
bution values were higher than lateral load transfer distribution, Figure 8 and

S
6
[=]
.2
-
2 s
E
2
o
& 45 —11.16
§ ::"'0916'06\
° 35574 s e e 086 (8
S 0.84 0.94 Lo4 - 0.76
l,[m] '

Fig. 8. The effect of tread width on longitudinal load transfer distribution

Load transfer distribution R, [%]

0.84 0.94 1.04
[, [m]

Fig. 9. The effect of tread width on lateral load transfer distribution

Figure 9.

Conclusions

A mathematical model has been developed for the study of tractor-
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implement lateral stability and directional dynamics. The results have shown

that :

(1) while operating on a slope directional correction is always necessary, this is
indicated by the variations in the sideslip angle with slope and heading angles.

(2) The behaviour of TICs on a slope is influenced by LTD. This means that this
behaviour could be influenced by adjusting the LTD.

(3) Since for certain combinations of slope angle-heading angle, the slip angles are
minimal, if only sideslip is in question, it would be desirable for operators to
operate along such combinations.

(4) The investigations reported above have shown clearly the central role played
by LTD distribution as regards sideslip behaviour of an agricultural tractor or
tractor-implement combination. Further, the investigations have also
revealed that the design parameters, /, and /s greatly affect LTD which as
mentioned earlier affects sideslip angle. It follows therefore, that sideslip
behaviour can be directly influenced by varying £ or / or both.

Summary

The purpose of this research is to conduct extensive studies on the directional
stability of tractor-implement combinations TICs operated on agricultural slop-
ping land through computer simulation with the objective of explaining sideslip
phenomenon and the effect of load transfer distribution LTD on TICs operated on
slope. As a first step to achieving these objectives a model of a tractor with a
drawbar load that considers three degrees (longitudinal, lateral and yaw) of
freedom was developed. Computer simulation results show that when TICs are
operated on a slope directional correction is always necessary. The amount of
correction required to maintain operation on a desired path is a function of the
system configuration, state variables, slope angle and heading angle. Further-
more, the amount of sideslip is related nonlinearly to load transfer distribution
LTD.
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