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Introduction 

Tractor use in Nigeria (the first author's home country) is on the increase due 
to deliberate government policies to boost food production. Even though there 
exists the problem of fragmented land holdings, Nigerian farmers are now form­
ing cooperatives, joining their lands and making mechanization feasible. Pres­
ently holdings of 100-10,000 ha are common. Although, Nigeria imported differ­
ent types of tractors and trailers in the past, with the establishment of two tractor 
assembling plants in the country, the most common tractors are the products of 
these plants, that is, Fiat and Steyr models. 

Tractor, the most common self-propelled machine in agriculture, rough­
terrain forklifts and all-terrain vehicles are increasingly used all over the world. 
Trailed machines such as manure-spreaders and slurry tankers are also common, 
and trailers are standard equipment. In forestry, most machines are self­
propelled, including skidders, forwarders, harvesters and processors. The trac­
tor is used in combination with the trailer to convey farm workers to and from 
the farms, farm produce from the farm to local markets and to stores. The 
tractor and implement, both trailed and mounted also have to move from farm to 
farm in some cases on unpaved hilly roads because the individual farms are small 
and the farmers do not own tractors individually. Operation of tractor­
implement combinations under these conditions can be likened to operation on a 
compound slope along different slope angles and different heading angles. The 
behavior of the system under such conditions and their behaviour on slopes poses 
an interesting off-road vehicle dynamics problem which requires better under­
standing. 

Although a lot of resources have been expended in the last six decades on 
research into tractor stability and dynamics in different countries, tractor acci­
dents are still many. Research must therefore continue, especially in the area of 
tractor-implement combinations, since this area has received little attention and 
the tractor alone is relatively stable. Earlier reviews of the subject was present­
ed by MasayukPl, Grecenk0 2

) and Kim and Rehkugler3). Two major trends 
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Fig.l Summary of the problem of tractordynamics and stability 

(Figure 1) in the requirements of operators of tractors are dictating the directions 
of research and development. The first is the demand for higher levels of 
operator comfort and greater safety of operations. The second is the demand for 
better performance. This is not limited only to off-road operations but extends 
to travel on the road. This paper reviews the extent of research into tractor 
dynamics and tractor-implement combination dynamics combining the two 
trends. Emphasis will be laid on operation on slopes since critical situations are 
more likely to occur here. 

Tyre forces playa central role in the behaviour of tractors, for this, they are 
discussed in the first part of this review. Other sections treat the problem of 
safety, performance respectively. Since the tractor is almost always operated in 
combination with implements, one section has been devoted to the discussion of 
research in to tractor-implement combinations. 

Forces on Agricultural Tyres 

Inasmuch as the performance of a tractor - the motions accomplished in 
accelerating, braking, cornering and ride is a response to forces imposed, much of 
the study of tractor dynamics must involve the study of how and why the forces 
are generated. The dominant forces acting on the tractor are produced from the 
ground. A knowledge of forces generated by agricultural tyres on hard and 
deformable surfaces is necessary in order to predict tractor handling and stability 
adequately. It is worth noting that the term "handling" is often used interchan­
geably with cornering, turning, or directional response, but there are nuances of 
difference between these terms. Cornering, turning, and directional response 
refer to objective properties of the vehicle when changing direction and sustaining 
lateral acceleration. On the other hand, handling adds to this the vehicle qual­
ities that feed back to the driver affecting the ease of the driving task or affecting 
the drivers ability to maintain control. 

To obtain optimum performance from an off-road vehicle, it is necessary to 
understand the interaction between the tyres and the medium on which it oper­
ates. The size and shape of the contact area depends on the structural properties 
of both the tyre and the soil. Tyre force is defined as an external force acting on 
a wheel. The tyre force has three mutually perpendicular components. The 
longitudinal force is the component of the force acting on the tyre by the ground 
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in the ground plane and parallel to the intersection of the wheel plane. Lateral 
force is the component of the force acting on the tyre by the ground in the ground 
plane and normal to the intersection of the wheel plane with the ground plane. 
The normal force (radial force) is the component of the force acting on the tyre 
by the ground which is normal to the plane of the ground. The normal force has 
a negative magnitude, it is equivalent to the negative of the vertical wheel load. 
The point of application of these tyre forces is the intersection of the wheel plane, 
the ground plane directly under the wheel center, and the plane passing through 
the wheel center, perpendicular to the ground and wheel planes (Fig. 2). 

The tyre force normal to the ground is modeled by assuming the tyre could 
be represented by a spring plus a damper system, which has a point contact with 
the ground surface. The selection of a tyre model consisting of a spring plus 
damper with point contact with the ground surface necessitates that the surface 
specified be compatible with this model. In particular, the ability of the pneu­
matic tyre to envelope sharp obstacles must. be considered. Thompson4

) has 
shown that irregular surfaces that are traversed by a pneumatic tyre can be 
considered smooth when this tyre model is used. Matthews and Talamo5

) and 
Pershing and Y oerger6

) measured agricultural tyre vertical spring and damping 
rates and found that in general tyre's dynamic vertical spring rate was higher 
than the spring rate obtained from a linearisation of tyre's static load-deflection 
relation. Schuring and Belsdorf7l presented a review of the mathematical 
modeling of the tyre force in the vertical direction including the segmented wheel 
model of Lessemsl which divides the tyre into a number of pie-shaped segments 
with each segment having its own radial spring. Contributions in modeling the 
spring properties of agricultural tyres in the vertical direction have also been 
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presented by Thompson et aL 9
), Shaw et aLlO), Davis ll

), Laib12
) and Th_ Barrel­

meyer et aU3
). 

From above discussion, radial force is given by: 

N=ci + kx 

where, 
N=radial force, [kNJ 
c=damping coefficient of the tyre, [kNs/mJ 
k=stiffness of the tyre, [kN/mJ 
x=radial deflection of the tyre, [mJ 
i = deflection rate, [m/sJ 

(1) 

Modeling of the circumferential force properties of tractor tyres has also 
received much attention due to their importance in the description of perfor­
mance. The circumferential forces include: rolling resistance, traction and 
braking forces. 

The motion resistance force on an unpowered wheel has commonly been 
predicted by the product of motion resistance ratio and the normal load on the 
wheeL The work by Wismer and Luth14

) presented a method of simulating the 
tractive performance of agricultural tyres through the use of a mathematical 
formulation to fit the form of many experimentally determined net tractive 
coefficient-drive wheel slip relations. 

This relation takes the following form; 

where, 
f.L = the coefficient of net traction 
A=the maximum obtainable value of tractive coefficient 
B=determines the "shape" of the curve 
s=drive wheel slip 

where, 

s=l-..l'L 
no 

(2) 

(3) 

Vf = component of the wheel center velocity parallel to the line-of intersection of 
the wheel and the ground plane, [m/sJ 
r=effective rolling radius of the tyre, [mJ 
w=angular velocity about the axle, [l/sJ 

From above, 

where, 
T = traction force, [kNJ 
f1.T = coefficient of traction 

T=f1.TN (4) 
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where, 
R=motion resistance force, [kN] 
f.1.R = motion rolling ratio 

R=f.1.RN (5) 

Both traction and motion resistance forces vary with ground conditions, 
wheel slip and wheel load. 

The braking force properties of agricultural tyres have been the least inves­
tigated. The braking force coefficient as a function of wheel load, wheel 
slippage, and ground conditions similar to the traction or motion resistance ratios 
could be developed and applied to estimate the braking force that the ground can 
generate. This, although, has been used in the development of automatic skid 
controls for automotive braking systems, it has not been applied to the analysis 
of agricultural tyre braking. 

It is a well established fact that the lateral force developed by agricultural 
tyres playa leading role in the simulation of the handling behavior of a tractor. 
It is the generation of these forces that cause the tractor to turn rather than the 
kinematics established by a given steering geometry. Lateral force is a function 
of the radial force, camber angle, inflation pressure, tyre construction, slip angle 
and ground conditions. For powered wheels, the lateral force varies with trac­
tion and braking forces (Krick, 1973)15). A number of efforts were made to 
express lateral force by linear, exponential or polynomial functions of the radial 
force, traction force, and slip angle for different tyre constructions and ground 
conditions(see review by Horton and Crolla, 1984)16). 

As pointed out by earlier reviewers, due to variations in the results obtained 
by various researchers of forces on agricultural tyres, it is difficult to accept any 
of the formulae presented for general use in simulating tractor motion I7

),18). The 
following general formulation is, however, common to most of the models: 

(6) 

where, 
L=lateral force, [kN] 
C = lateral force coefficient which is a function of slip angle a 

Slip angle a is defined as the angular difference between the direction the tyre 
is headed (as determined by the dynamic forces on the tractor) and the direction 
the tyre is steered (as determined by steering wheel movement). Hence, 

a=tan- I...!!..- 0 (7) 
u 

a=slip angle, [rad] 
v=lateral velocity, [m/s] 
u=longitudinal velocity, [m/s] 
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tan-l~ - 0 defines the direction of tyre heading 
u 

o defines the direction in which the tyre is steered_ 

Safety 

245 

As the agricultural tractor originally evolved from its steam prototype, 
operating stability was largely taken for granted_ Tractors of that time were 
ponderous and their low drive wheel lugs afforded little penetration in to the soil, 
the resulting traction was poor, and the ratio of drawbar pull to total weight was 
low_ As long as field upsets were non-existent, stability characteristics posed no 
problems_ Tractor stability became a matter of concern ever since the develop­
ment of the relatively light weight tractor from the massive steam engines of the 
past This concern is reflected as far as the 1920s with the now classic investiga­
tions of tractor static and dynamics by McKibbenI9).20). 

Tractor overturning accidents on slopes, which always have serious conse­
quences for the farmer, are of two categories_ These are stability loss which is 
when the tractor overturns directly, and control loss which is when the tractor 
slides bodily downhill before overturning. These accidents arise in a wide 
variety of circumstances: tractor alone, tractors with mounted and trailed equip­
ment, on steep slopes and on gentle slopes. 

Hazards on a slope are present when a tractor is traveling; downhill, chang­
ing direction, crossing the slope or climbing uphilL Sliding downhill will occur 
if the ground is too slippery for the tractor to remain under control; this is 
common on grass fields, and is also likely on loss surfaces_ Skidding or overturn­
ing on the other hand will occur when cornering at too high speed. Sideways 
overturning will occur on too steep slopes and on rough ground. Accelerating 
uphill will cause rearwards overturning or slipping, while with certain designs the 
machine will tip forwards when braking during a descent 

The use of rollover protective structures ROPS will no doubt reduce the 
number of fatalities and injuries, but avoidance of the overturns altogether would 
be the optimum situation. If the tractor is never unstable, yet is still used at 
maximum output over the wide range of terrain, then the operator and the 
equipment manufacturer would have performed their jobs. 

1. Research Methods 
The goal toward tractor safety will be achieved through the observation and 

analysis of the tractor dynamics under numerous field operating conditions. 
Research into tractor stability and dynamics could be experimental, computer 
simulation or computer simulation and experimentation. The use of experimen­
tal methods only, to study tractor stability and dynamics is limited. The limita­
tions arise because in the first place, such experiments would be slow and, very 
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Table 1. General Assumpions in Modeling of Tractor Motion 

Properties 

Dynamic properties of the tractor 

Properties of terrain 

Assumptions 

a) tractor is a right body 

b) tractor is symetrical with respect to a 

plane perpendicular to the rear axle and 

passing through its mid-point 

c) dynamic properties are represented by 

the tractor mass, moments and products 

of inertia 

a) terrain surface is non-deformable 

b) terrain surface is planar 

Interactions between the tyres and the ter- a) wheel ground reactions acts at a single 

rain ground contact point at each wheel 

b) the tyre can be replaced by a spring and 

a viscus damper 

expensive and in some cases could be hazardous to both life and equipment_ 
Secondly, it will be difficult to have such experiments repeated for numerous 
operating conditions_ For these reasons computer simulation is considered one 
of the most powerful methods for the study of tractor stability and dynamics_ It 
is able to predict the response of a tractor to external disturbances and given 
terrain conditions. Computer simulation models, however, require experimental 
validation either using scale-model or full size tractor. This leads to the third 
method i.e. computer simulation and experimentation. In the modeling of tractor 
motion, the following general assumptions are usually made. They are those 
related to the dynamic properties of the tractor, properties of the terrain over 
which the tractor operates, and interactions between tractor and terrain, Table L 

These assumptions are extreme idealization as the tractors are not symmetri­
cal nor is the terrain non-deformable. The deformability of the terrain depends 
on the relative strength of the terrain and the wheel. Soft soils beneath a highly 
pressurized pneumatic tyres are deformable. Attempts have also been made to 
describe terrain-wheel interaction by a contact patch which is a closer approxi­
mation of the actual situation. Modeling interactions with deformable surfaces 
is a subject still requiring much work. Another area requiring future work is the 
establishment of guidelines for selecting an optimum wheel to ground model for 
a given set of simulation conditions. The choice of an appropriate model 
depends on the wheel force to be simulated and the properties of the terrain 
surface. A number of arguments can be advanced to question these assumptions_ 
Their validity, however, would be justified, if the model derived from the assump­
tions can generate acceptable predictions of vehicle motions. 

Computer simulation models depending on the parameters considered are 
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either static, quasi-static or dynamic_ Under static conditions a tractor will loss 
stability and start to overturn when the normal to ground component of a wheel 
load becomes zero_ A modification of static models is the quasi-static models_ 
They take into account constant speed turning, and constant acceleration or 
deceleration_ Slope values at which zero wheel load is experienced is predicted 
just as in the case of static modeL 

Dynamic models attempt to predict the conditions necessary for overturning_ 
This is considerably more complex than predicting zero wheel load because it is 
also necessary to predict the motion of the machine while it lifts off the ground 
and passes through the point of balance_ There are two main problems in 
obtaining a good dynamic modeL The first is simulating the interaction between 
the vehicle tyres and the ground, and the second is predicting the behaviour of the 
whole vehicle in response to random ground inputs_ 

2. Stability Measurement 
Schwanghare) estimates the following values of operating limits of different 

machinery for different crops; sugar beet 7°, potatoes 11°, cereals 14°, forage IT, 
and grazing 24°_ These limits depend on the machinery used and relate only to 
traction limits for pulling harvesting equipment There is a wide variation 
between the stability limits of different types and designs of machine_ The two 
or four wheel drive tractor will tip at a side slope of 36° extending the track width 
by 210 mm can increase this value to 42°_ Trailed machinery are generally less 
stable than the tractor, with most stability values in the range 20° to 30°_ 

In Czechoslovakia, tractors working on slopes were to be marked with a 
label indicating the rated operating slope ROS which has been determined as 1/ 
3 of the minimum static stability in degrees_ This resulted into problems because 
research results revealed that ROS is a function of velocity and should be 
determined by finding the smallest value of slope for a given speed by different 
criteria on condition that either the resistance to overturning or the resistance to 
sliding reach the defined limit22

)_ 

Static stability can be measured on a tilt table, yet so far as is known, this is 
not required under official procedures of any country except in N orway_ The 
new test of static stability which requires only portable weighpad equipment and 
an inclinometer is probably the easiest and least expensive method of assessing 
static stability_ It is based on measuring the weight transfer on a moderate slope 
and then predicting the slope angle where an uphill wheel will carry no 10ad23

)_ 

The dynamic effects of cornering, acceleration and deceleration can be calculated 
directly in terms of adjustments to the static stability limit, provided these effects 
remain constant 

Testing a machine leads to the concept of determining an index of stability 
for the machine_ One proposal being made is that the index is a slope value, 
defined as the minimum slope on which a dynamic test causes the machine to tip 
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halfway towards overturning. A machine with a high stability index will be 
more stable than a machine with a low stability index. Thus the index will be 
a valuable indicator of machines which are safer to use on slopes and it can be 
used to propose maximum operating slopes for individual machines. However, 
the index will not in itself define a safe slope because it will always be possible 
to cause an overturn, even on level ground, by violent manoeuvres and harsh 
driving. A stability index will provide a standard measure with which to com­
pare the stability of different machines24l. 

3. Types of Overturns 
Overturning accidents arise from reaching the limit of static stability, reach­

ing stability limit under dynamic conditions, or sliding out of control. An 
agricultural tractor may overturn in any of the following three directions: rear­
wards, sideways or forwards. Of the three types of overturning situations, 
sideways overturning have been discovered to occur most often resulting in about 
70 % of the total overturning accidents. It has also understandably received 
most attention in terms of research efforts. Forward overturning accidents are 
very rare and their study has received little attention. Although rearwards 
overturning covers just about 30 % of reported tractor overturning cases, they are 
more likely to result in fatalities than sideways overturning accidents25l. They 
have, therefore, received considerable attention. 
3.1. Rearward overturning 

Rearward stability has been a subject of considerable research since the 
development of the lightweight tractors from their massive steam tractor prede­
cessors. Among the earlier works are those of Worthington26l, and Sack27l which 
treated the resulting differential equations of motion as algebraic equations since 
then methods of solving the often non-linear equations were either few or not in 
existence at all. The advent of digital and analog computers encouraged the 
development of more complex and accurate mathematical models such as those 
by Raney et aJ.28l, Goering and Buchele29l, Pershing and Yoerger30l, and Koch et 
al.31l. These works form the theoretical basis for the generally accepted princi­
ples of save tractor hitching which include, never to hitch a drawbar load at or 
above the rear axle and the stability of a tractor will be increased by lowering the 
hitch point and/or moving it to the rear. 

Smith and Liljedahp2l developed a two part model to simulate rearward 
overturning of agricultural tractors. The first part considers the tractor as 
rotating about it's center of gravity when all wheels are in contact with the 
ground while the second part considers the tractor frame as rotating about the 
rear axle during the actual overturning. The parameters of the model were 
determined for a typical agricultural tractor. The tractor was instrumented to 
measure rear axle torque and angular acceleration. Additional instrumentation 
was also made to remotely engage the clutch and shut off the engine of the 
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tractoL The overturning situation studied was that of application of power to a 
tractor whose drive wheels were solidly lodged. A more recent work considering 
the influence of drawbar position on tractor rearward stability has been present· 
ed33

). The analytical procedure provides a means of evaluating the effect of 
drawbar position on tractor static rearward stability that considers the limiting 
effects of traction conditions and available axle load. Static stability is im· 
proved by moving the centre of gravity forward and lowering the angle of draft. 
3.2. Sideways overturning 

A conventional tractor may tip sideways about two axes. The overturning 
motion first takes place about an axis connecting the hinge point of the front axle 
to the contact point of the rear tire remaining on the ground during the initial 
overturning motion. Eventually, the tipping part of the tractor strikes a stop on 
the front axle assembly with further tipping of the entire tractor taking place 
about the axis connecting the contact points of the front and rear tires on the side 
of the tractor about which the initial motion took place, Figure 3. Smith et a1.34

), 

based on the discussion above used vector analysis to describe three·dimensional 
motion of sideways overturning of a farm tractor. The tractor body consists of 
six degrees of freedom: 3 translational and 3 rotational (Fig. 3). The angular 
motion of the tractor motion is described by equations in terms of four Euler 
parameters rather than the three commonly used Euler angles. Whereas the 
Euler angles become undefined when certain angles of rotation are experienced, 
the Euler parameters remain stable while also providing normalized symmetric 
relationships for any orientation. This allows for simulation of large amplitude 
motions35

). 

Rehkugler36
) simulated the motion of a 4WD articulated steer tractor over a 

sloping earth embankment for three steering alternatives of both a dual wheel 
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Fig.3 Degrees of freedom of a tractor and tipping axes in a sideways overturn 
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and a single wheel tractor. Steering down the embankment was shown to be a 
possible maneuver to prevent an overturn. His simulation showed that steering 
straight ahead on a 50° slope soil embankment would likely result in a side 
overturn of both a dual and single wheeled articulated steer 4WD tractor. 

Spencer and Gilfillan37
) observe that field records obtained from a tractor 

moving at constant speed suggest that measurements of energy input to ground 
irregularities causing roll or pitch of the machine represent a random stationary 
Gaussian process, for which a first passage time can be calculated. This proce­
dure enables the length of time from the start of use of the tractor within which 
the first occasion of overturning may occur be considered along with the probabil­
ity of stability being lost. It also offers a method for estimating the stability of 
a tractor on slopes having different ground surfaces by the use of data obtained 
in safety on level land. 

Chisholm38
) developed a mathematical model based on the force and displace­

ment equations of equilibrium at each point where the tractor or cab makes 
contact with the ground during overturning. The model covers overturning 
phase, in addition to impact, by including tyre side forces relationships and 
damping terms. Survey results show that the two types of accidents likely to 
result in high energy being absorbed in a roll over protective structure RaPS are: 
a tractor falling over the edge of a bank 2 to 4 meters high, with a slope of 0 to 
40 to the vertical and accidents involving multiple rolls. 

A two-dimensional mathematical model was developed to describe the 
dynamic behaviour of a body in multiple point contact with the ground, where the 
flexibility of the body and ground can be represented by non-linear forces 
deformation characteristics. The transverse ground forces was assumed to bear 
a Coulomb-type relationship with the normal force, where the friction coefficient 
varied continuously according to sliding velocity and other variables. The 
model was validated by full-scale experiments in which a tractor with an in­
strumented experimental safety frame was overturned down a simulated bank 
about 2 m high39

). The model was also used to study the effect of parameters on 
energy absorbed in a RaPS during motion down a steep bank40

). 

Kelly and Rehkugler41
) showed in their research the velocity at which a 

critically steered tractor will overturn on a given bank slope. The permissible 
bank slope would approach the static angle of tip, as the velocity approaches 
zero. On a flat terrain there will be a minimum velocity which will cause 
overturn. Twenty one variables identified to influence tractor overturn are 
presented in Table 2. Given a particular slope angle, the minimum velocity at 
which a tractor will overturn was determined. 

Rehkugler (1982)42 conducted a full-scale verification study to establish the 
level boundaries of confidence one may expect in the use of SIMTRAC(a com­
puter simulation program) during high speed turns on level terrain. A small 
utility tractor was accelerated to maximum travel speed in a straight line and 
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Table 2. Parameters Affecting Stability'O) 

Type Parameter 

Static a) tractor mass 

b) tread width 

c) wheelbase 

d) center of mass height 

Dynamic a) inertia 

b) tyre damping ratio 

c) tyre spring rate 

Initial conditions a) initial velocity of center of mass 

b) angular velocity 

c) acceleration of center of mass 

d) angular acceleration 

Driver controlled a) external forces 

b) steering forces 

c) braking forces 

d) engine torque 

Terrain properties a) gross coefficient of traction 

b) lateral tyre force coefficient 

c) tyre slip angle 

d) rolling resistance 

e) terrain dimentions 

f) slope angle 

Dimensions 

[kg] 

[m] 

[m] 

[m] 

[Nms'] 

[Ns/m] 

[N/mJ 

[m/sJ 

[rad/sJ 

[m/s'] 

[rad/s'] 

[N] 
[N] 
[N] 

[Nm] 

[rad] 

[N] 

Em] 
[rad] 

251 

then steered as rapidly as possible in one direction in a free wheeling mode with 
no braking or engine power being applied. Tractor position as a function of time 
was recorded for duplicate runs for this test on a flat surface. The same tests 
were then simulated with SIMTRAC to compare with the field test. Reasonable 
agreement was achieved. 

Highway Vehicle Object Simulation Model HVOSM was modified for simula­
tion of agricultural tractor dynamics. A battery powered scale model tractor 
was used to perform experimental runs for the partial validation of the computer 
model. Satisfactory agreements were obtained on pavement43

). However, since 
agricultural tractors are operated on soil, further refinements of the program and 
the parameters will be necessary before a completely satisfactory simulation is 
achieved. Song et. a1 44

) recognized this necessity and further modified HVOSM 
and the associated computer programs to simulate the general dynamics of a 
tractor on soft ground by incorporating some soil parameters. The simulated 
results were verified for tractor overturns using a powered model tractor. The 
results showed that the modified HVOSM allowed close prediction of tractor 
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dynamics. 
A mathematical model combining the three major factors (sloping grounds, 

bumps, and turns) responsible for tractor overturns was developed by Feng and 
Rehkugler45

). Two cases were considered, the situation where the tractor has 
three degrees of freedom with respect to the ground; two for translation and one 
for rotation (three or four wheels contact the ground) and a situation where the 
tractor has four degrees of freedom; two for translation and two for rotation (only 
two wheels keep contact with the soil). Newtonian Mechanics was used in the 
first case, while Lagrange equation was applied to the second case. Spencer and 
Crolla46

) presented a procedure for studying control of tractors on sloping ground. 
A remote controlled tractor was used to verify the developed model. To study 
sideslip phenomenon of agricultural tractors, Machida47

),48) used a single wheel 
sideslip analyzer and a model tyre on a plywood. Sideslip was found to be a 
function of slope angle and slip. Noh and Erbach49

) recently used the variational 
vector approach that uses relative generalized coordinates in Cartesian space to 
develop a semi-recurssive dynamic algorithm which was evaluated by modeling 
an agricultural tractor. Apart from this semi-recursive dynamic algorithm 
method, modeling of tractor dynamics has either been achieved through vectorial 
mechanics (Newtonian approach) or through variational approach to mechanics 
(Lagrangian dynamics). 

Field Performance 

The prediction of tractor-implement field performance has been attempted 
many times in the past. Simulation of tractors for predicting field performance 
using a graphical method was presented by Grecenk050

). The parameters plotted 
were wheel slip, implement draft, engine power, field speed, combination of 
tractive and transmission efficiency and fuel consumption. To determine the 
fuel consumption for steady-state operation, the graph was entered at the appro­
priate draft, engine power, wheel slip and transmission efficiency. Sclegel and 
Morling51

) developed a simple calculator for estimating the forward speed 
required to maximize tractor work rate when ploughing. The mathematical 
model used to produce the calculator was, however, a very simple one and did not 
include the effects of, for example, tyre size and type and condition of soil. 20Z52

) 

developed a graphical solution technique for two-wheel drive tractor perfor­
mance. Data needed were travel speed, axle load, engine power, type of hitch 
and soil condition. Using the graphical technique, the ratio of drawbar pull to 
rear axle load and tractive efficiency could be determined. This predictor was 
reported valid only for steady-state performance of 2WD tractors equipped with 
single wheel drive wheels. 

Wismer and Luth53
) produced a set of empirical equations which could be 

used to predict the field performance of field vehicles. The equations utilize the 



Dynamics of Tractor·implement Combinations on Slopes (Part I) 253 

mobility number developed by Freitag54) and further extended by Turnage55). A 
transmission torque balance was used by Kolozsi and McCarthy56) in developing 
a computer simulation of tractor performance. The torque prediction equation 
relied upon measuring the independent variables in one gear prediction. Smith 
and Y oerger57) developed a mathematical model for predicting variations in the 
forward motion of farm tractors due to varying drawbar loading. They then 
used the model to study the translational frequency response characteristics of a 
tractor subjected to a periodic drawbar load. Seven degrees of freedom were 
considered in developing the mathematical modeL These were longitudinal and 
vertical translation of the tractor center of gravity, pitch of the tractor about its 
center of gravity, angular rotation of the inner and outer parts of the drive wheel, 
angular rotation of the engine, and angular motion of the engine governor 
flyweights. The equations of motion were developed using the principles of 
Lagrangian dynamics. The power train was assumed as storing potential energy 
due to torsional motion of the drive train. Drawbar pull was varied by a 
sinusoidal function. 

The development of empirical equations for predicting the performance of a 
tractor·plough combination was presented by Gee-Clough et aL58). The empirical 
equations were considered accurate enough for the computational method 
presented to be used for a general parametric study of tractor-plough field 
performance. In another study, Yasuo et. a}59) developed climbing tractive 
performance charts. More recently, mathematical models describing the perfor­
mance of 2WD and 4WD tractors were developed by Summers et aL60). The 
simulation model was validated by simulating the lugging ability of the Nebraska 
Tractor Tests. Reasonable agreements were obtained. A method to obtain 
theoretical traction characteristics for a tractor as a function of its engine 
performance, total transmission gear ratio, dimensional parameters, and drawbar 
performance on concrete for two gears was propose by Souza and Milanez61 ). 

In order to improve the performance and stability of agricultural tractors on 
slope, a conventional tractor was modified and tested62).63).64). A major modifica­
tion was made to the rear axle on which the centres of the drive wheels were at 
different heights. 

Tractor-implement Combinations 

Although much research has been done on the dynamics and stability of an 
agricultural tractor alone in many countries (Table 3), the combination with a 
trailer or other implements has received less attention. Gilfilan65).66) reported 
work on the effect of slopes on the forces and moments acting on tractor­
implement combinations operating uphill or downhill. 

Spencer67) examined conditions under which the overturning stability and 
directional control of two-wheeled drive tractors with mounted or towed imple-
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Table 3. Major Institutions Conducting Tractor Dynamics Related Research 

Continent Institution Major Research Areas 

Africa Federal Unversity of Technology, Minna, 

Nigeria. 

Asia 

Federal University of Technology, Owerri, 

Nigeria. 

Obafemi Awolowo University, Ife, Nigeria 

Hokkaido University, Sapporo, Japan. 

Dynamics of tractor· implement 

combinations on slope 

Tractor-trailer combination per· 

formance 

Stability 

Vibration 
Dynamics of tractor·implement 

combinations on slope 

Seoul National University, Seoul, South Stability and Dynamics 

Korea. 
Beijing Agricutural Engineering Unversity, Stability and Handling 

Beijing, China. 

Europe Technical University, Berlin, Germany. Ride 

Technical University, Munchen, Germany. Stability 

Scottish Centre of Agricultural Engineering, Vibration, Stability and Control 

Penicuik, United Kingdom. 
AFRC Institute of Engineering Resaerch, Stability, Control and Vibration. 

Silsoe, Bedfordshire, United Kingdom. 

University of Leads, United Kingdom 
Academy of Agriculture, Wroclaw, Poland. 

Research Institute of Agricultural Machinery, 

Prague, Czechoslovakia 

America Cornell University, Ithaca, N.Y, U.S.A 

Purdue University, Purdue, U.S.A 

Kansas State University, Kansas, U.S.A 

Nebraska University, U.S.A 

Vibration, Stability and Control 

Traction and Braking 

Performance of Tractor· 

implement Combinations on 

Slope 

Stability and Performance 

Stability and Dynamics 

Stability and Dynamics 

Dynamics 

Performance and Stability 

ments are lost on sloping ground. The problems examined were restricted to 
those arising in steady state straight line motion. Control loss is dependent on 
the ground conditions. In the absence of sufficient data to provide the general 
traction, side force and braking characteristics of tyres, his work was based on 
friction concepts. His work was to extend the polar diagrams earlier used by 
Daskalov68

) and Reichman69) independently to show combinations of slope angle 
and heading angle at which instability sets in (which was confined to vehicles not 
acted on by external loads and to stability loss, which occurs when the normal to 
ground reaction of one of the machine's wheels becomes zero) to instability 
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Table 4. Loads on Steerable AxleO) 

Total instantaneous weight of a tractor 

(tractor with attached implements) 
[kg] 

Up to 3200 

From 3201 to 4500 

From 4501 to 7500 

From the total instanteous weight of a 
tractor (tractor with attahed implements 

in %) 

20 

19 

18 
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resulting from external loading and also to take account of wheel·ground adhe­
sion being inadequate to withstand braking, side or traction forces. The driver 
will also loose control when the wheel-ground adhesion is insufficient for equilib­
rium, in the ground plane, to be maintained. The computed stability boundaries 
did not however, take account of rough ground so it is to be expected that the 
actual boundaries will occur at smaller values of slope angle than are indicated 
in the diagrams. Other risks also identified with a two-wheel drive tractor are: 
the ability to ascend slopes it cannot safely descend, and the decrease in the save 
descent slope with a fully mounted fertilizer spreader as emptying proceeds. 

Another work on tractor-implement stability was presented by Habarta70
). 

His study was predicated by a regulation which required any tractor while 
traveling on any ground to have at least 20 % of its total weight on its front axle. 
As at 1967 in Czechoslovakia, 42 % of the tractors surveyed did not quite meet 
this requirement. Manufacturers of agricultural machinery demanded justifica­
tion of the required 20 %. Three groups of tractors were studied (Table 4). To 
secure longitudinal stability and manoeuvrability of a tractor, it was considered 
to be sufficient if the load on the steerable axle under static conditions on level 
plane is at least as shown in the table. 

Hudson et aU!) developed a model to study the dynamic behaviour of a 
particular tractor while pulling dynamic or static loads. Instability was found to 
be related to the combination of slope, timing and peak load of the forcing 
function and rebound effect of the front wheels. Forward and angular reactions 
of the tractor were observed to be similar with both static and dynamic loading 
because the inertia of the tractor suppressed the influence of dynamic loading as 
time proceeded. A dynamic load whose average if applied statically would not 
cause instability can cause instability. Crolla and Hales72

) developed simple 
equations to study lateral stability of a tractor-trailer combination. To obtain 
the equations of motion, they equated the rate of change of linear and angular 
momenta to the external forces and moments and then eliminated the hitch forces. 
Interesting as their studies were, lack of data on the side force characteristics of 
agricultural tyres limited their wide application. The present configuration of 
tractor and trailer combinations used for farm transportation was observed to 
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have severe stability problems at speeds higher than 9 m/s and also during 
breaking. Locking the tractor rear wheels results in a major instability known 
as jack-knifing. Locking the rear axle results in a less severer, but potentially 
dangerous instability situation known as tractor swing. Locking the front axle 
has a stabilizing effect on the combination. 

Static loss of stability due to driving a tractor onto a smooth slope so steep 
that the tractor overturns is rare. This is because a tractor is reasonably stable. 
A typical two-wheel drive tractor must be driven onto a slope of 33° before it 
reaches its stability limit, which is much steeper than the slopes on which most 
accidents occur; the reason is that very few accidents are caused by simple static 
overturning. A tractor with a front loader being used to lift a heavy tree trunk 
overturned as it was turned downhill on a slope of 8° due to a shift in the overall 
centre of gravity. Ground roughness which may also be the cause of dynamic 
stability loss if a tractor is driven at high speed and the tractor wheels starts to 
bounce was found to be responsible for static stability loss as a result of the 
existence of a local steepness. Speed, acceleration and cornering are dynamic 
conditions which affect stability. Stability and control loss slopes are likely to 
coincide, not so much due to dynamic effects, but due to loads added to the 
tractor. For control loss calculations one parameter which is always difficult to 
assess is the braking force coefficient between the tyres and grass. The wide 
range of accident circumstances and the fluctuating grass grip are the two main 
reasons that it has been difficult to forestall accidents73). 

Hunter and Owen74) reported on various types of accidents involving tractor­
implement combinations on slopes. They described stability and control loss 
accidents to show the varied circumstances in which they occur and to demon­
strate the wide range of equipment involved. 

A stability-indicating system for use in minimizing the occurrence of front­
end loader (FEL) roll over has been developed75). The following operator 
controlled factors contribute to the loss of stability of a FEL: weight of the load 
in the bucket, the bucket height, the yaw angle of articulation, its velocity, and the 
degree of breaking. It is observed that while any of these factors could be a 
principal contributor, it is usually a combination of these parameters that pro­
duces an accident. 

Hunter76) analyzed the stability of trailed tankers on slopes. Due to move­
ment of the center of gravity the tanker is less stable when partly full than when 
completely full, with the result that the tanker becomes progressively less stable 
as its contents are discharged during work. Sakai et al.77)·78) developed a mathe­
matical model to study the dynamic behaviour of a tractor-vibrating subsoiler 
system. The validation of their model showed a considerable agreement with 
simulation data obtained. The virtual hitch point VHP was observed to have a 
considerable effect on the vertical acceleration under the drivers seat. 

To study the steering and control characteristics of a vehicle, the design of 
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tractive system and the automatic guidance system, steering stability of a tractor­
trailer combination, evaluation of passing ability of a vehicle, the design of roads 
etc., the motion and the trajectories in the turning process are important. Zhen­
an79

) realized this importance and investigated the trajectories of wheels in a 
vehicle-trailer combination turning process. A study on the braking perfor­
mance of tractor-trailer combination was done by Asoegwu80

). Tractors with 
balanced and unbalanced trailers were studied. The deceleration rate of a 
tractor-implement combination depends on, the type of trailer (balanced or 
unbalanced), whether the trailer is equipped with brakes or not, load carried by 
the trailer and the surface on which the combination travels. Five analytical 
mechanics methods to formulate dynamic equations for tractor-trailer system 
handling model were presented recently by Xie et al.8

1). General-purpose, large 
displacement computer simulation programs which utilize these methods have 
also been briefly discussed. Traction parameters of tractor-implement combina­
tions on hills has been presented82

),83). Motion resistance, acceleration and trac­
tion forces on slopes of up to 16' were measured. 

Another attempt at establishing the performance of tractor-implement combi­
nation was done by Zhang and Tera084

). They studied the performance of 
tractor-trailer combinations meant for farm use. Tractor-trailer performance 
was measured on both concrete and a harvested field. The necessity to equip 
trailers meant for farm transportation with brakes was stressed. They used 
optimal control theory to improve the performance of tractor-trailer combina­
tion. 

Conclusions 

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. Many mathematical models for tractor 
dynamics and stability studies have been developed in the last 30 years. A lot of 
instrumentation has also been developed to validate most of the models either by 
using scale-models or full-size tractors85

-
8

7). The static stability, which in itself 
has unexpected complexities depending on the design of the vehicle is, however, 
still better understood than the dynamic stability. In agriculture, over half the 
overturning accidents with machines are due to exceeding their slope capabilities, 
while only one quarter can be blamed on carelessness or misjudgment of the 
driver. 

Computer models of tyres already exist, and they are standard elements in 
advanced commercial modeling packages such as, ADAMS, DAMS, DADS etc., 
but their use is still limited by the availability of field data for real tyres and real 
ground. 
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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 lateral load transfer LL T. LL T 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 consequence 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 distribu­
tion by planters, insufficient depth of tillage and poor conditions for plant growth 
(Amelchenco et al., 1978) as reported by Lyasko et al. SS

). Current research into 
tractor stability and dynamics should, therefore, be directed towards: 
1) Harnessing already available models and research results for the optimization 
of the tractor configuration in particular and tractor-implement outfit in general. 
2) Modeling the lateral dynamics of tractor-implement combinations on slope not 
only for stability analysis, but also for performance analysis. 
3) Establishment of agricultural tractor tyre parameters pertinent to modeling its 
dynamic behaviour. 
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