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Bach year about 500 people are killed in tractor overturning
accidents in the United States, usually when the tractor operator is
pinned and crushed beneath the tractor. Realization that tractor
overturns can not always be prevented has led to the development of
roll-over protection structures (ROPS) to protect the tractor operator
from serious injury or death in the event of an accidental 6vertufn.

With the advent of the ROPS has come the need for testing the
structures to.assure the tractor operator that he will be protected
during a tractor overturn. Many tests nhave been devised to simulate
the loading conditioﬁs which the protective structurs would be expected
to encounter during an overturn, but controversies over the rzlative
severity of the various tests and the severity of each test relative
to accidentzl overturns in practice continue to prevent universal
acceptance of any one testing procedure. An improved understanding
of tractcr motions during overturns is required before the ROPS
loading conditions for that overturn may be definad,

A methematical model is proposed to define the dynamics of 2
wide-front-end tractor during overturning metions. The model describes
the tractor with ten degrees of frecdoﬁ - six for the tractor bedy, oae
each for the rear wheels, one for the front end, and one for the engimne

rotation - yielding twenty first order ordinary differential equatioms.



This model uses Euler parameters of the finite angle of rotation to
describe the rotational motion of the tractor body, thus allowing large
angles of rotation while eliminating problems of equation stability.
Engine dynamics, rear wheel coupling, clutching features, and terrain-
enveloping tire characteristics make the model adaptable to many
overturning situations.

Verification of the mathematical model is provided by compari-
sons between tractor motipns predicted by the mathematical model and
those observed during 1/12 scale-model tractor overturns. Ten experi-
mental side overturns of an unpowered tractor were recorded on high-
speed film. Ieplications of two different overturn tests provided
evidence that the repeatability of the experimental overturns is more
than adequate to justify their use in verifying the mathematical
model.

A digital computer program was used to impiement the mathe-
matical model and simulate two of those overturns. which. were analyzed
experimentally. Couparisons between the experimenta: and simulation”
patns of fcur tractor-body-fixed refzrence points throughout fhe
overturns demonstrated the accuracy of the mathematical ﬁodel in
predicting the overturning motion of tractors. The computer program
is presented and documented for use by interested researchers.

The digital computer program provides capabilities for conduc-
ting parameter studies to determine the effects of tractor and terrain
conditions on the overturning motions of wide-front-end or tricycle-

type wheel tractors. Energy and momentum information supplied by



the program also provides capabilities for examining the energy levels
which must be dissipated by roll-over protection structures. The
inclusion of external force specification features may encourage
future work in the comparison of ROPS testing procedures which

restrain or do not restrain the tractor during loading.
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CHAPTER I

INTRODUCTTON

1.1. Background

Each year between 800 and 1000 people are killed in tractor
accidents in the United States. Two-thirds of these deaths occur
in accidents involving tractor overturns, usually when the tractor
OPeratar is pinned and crushed beneath the tractor. Approximately
75 per cent of the overturn fatalities result from side overturns,

25 pewcent from rear overtﬁrns, and a negligible number from front
overturns. (Volpe, 1971)

The earliest attempts toc protect the tractor operator from
overturns were the development of devices to shut off the tractor
engine or disengage tne clutch when elevation of the front end caused
the tractor body to reach a '"dangerous angle" relatife to the hori-
zontal plane. More recently a phase plane analysis has provided a
more accurate definition of tractor rearward overturning stability in
terms of the tractor inclination and its angular velocity (Mitchelil,
et al., 1970). The expense of required sensing devices, the lack
of instrumentation réliability when exposed to field conditions for
long pericds of time, and the inability of existing techniqués to
Predict and prevent side overturns has turned attention away from
Preventing overturns. Instead, engineering efforts have been directed
toward protecting the tractor operator in the event of an accidental

overturn.

pd



Thé first significant work in the development and testing of
operator roll-over protection structures (ROPS)* for agriculfural
tractors was condu?ted in Sweden in 1954 (Mtberg, 1964). Identical
frames of varying strength were constructed and tested under labora-
tory and field conditions to determine the strength required to with-
stand field overturns and to define appropriate laboratory tests which
would result in the same degree of frame deformation as that experienced
in the field. A series of laboratory tests designed to be equivalent
to the field overturns incorporated pendulum impacts from the rear
and the side followed by a static vertical éompression load. The
peﬁdulum energies and compression load were empirical functions of the
tractor weight.

Many European countries, Australia, New Zealand, and the United
States have conducted their own testing progréms and developed their
own test standards for ROPS (NordstrBm, 1970). By 1970, seven of the
European countries had iaws detailing mandatory use of protective
cabs or frames on agricultural tractors. The United States, New
Zealand, and Australia are developing legislation which may make the
use of ROPS compulsory throughout their respective nations. Stan-
dardization of testing procedures between countries has been attempted
by organizations such as the International Organization for Stan-
dardization (ISO) and the Organization for Economic Cooperation and

Development (OECD). The OECD test code has been defined and accepted

*

Roll-over protectior structures may be either frames or cabs which
are deisgned to protect a tractor cperator in the event of a
tractor overturn during normal operating conditions.



by the Nordic countries, but the ISO continues to consider different
proposals for the testing of roll-over protection structures.

A comparison of ROPS testing procedures used by the testing
agencies of various countries shows a variety of impact tests, static
load tests, and field overturn tests, and differing criteria for
aliowable deformations used in evaluating the performance of the
protective frame or cab. Each testing procedure is regarded as a
methed for evaluating the performance of the protective structure as
it responds to the loading conditions of a reasonably severe overturn
accident. Because a ROPS must protect the tractor operator from the
injurious consequences of an unplanned tractor overturn, the defiﬁition
of a reasonably severe tractor overturn is supremely important.

Manufacturers of roll-over protection structures in the United
States, through repeated overturns of instrumented tractors with ROPS,
have identified overturn situations which they consider reasonably
severe. They have also identified alternative non-overturn tests
thch are designed to subject the RCPS to energy levels comparable to
those expected during actual field overturns. The energy levels
established for these alternative tests are expressed as empirical
functions of the tractor weight (when ballasted to specified levels)
without regard to any other tractor characteristics.

Intense controversies continue to occur over the relative
severities of field overturn and non-overturn tests and over the
adequacy of tﬁe standard ROPS testing procedures in the United
States (Jensen, 1970; Steinbruegge, 1971; Baker, et al., 1972;

Jensen, 1973). A better understanding of tractor overturn motions and

the effect of tractor and terrain parameter values on the tractor



overturning motion is required before test engineers may be assured
that they have defined a reasonably severe overturn for a tractor
under normzl operating conditions. A theoretical basis for estab-
lishing the test atandards for roll-over protection structures is
conspicuously absent and obviously needed to provide credibility to

and improve acceptance of ROPS testing procedures.

1.2. Objectives

The general objective of this thesis is to develop a method
for studying tractor overturns under repeatable conditions, so that
overturn severity may be described more precisely in terms of tractor
and terrain characteristics. This should provide a more accurate
definition of a reasonably severe tractor overturn, or possibiy,
an equivalent alternative test.

The general cbjective is to be met through the following
detailed objectives:

1. To develop a mathematical model of a wide-front-end
tractor traversing a gemeral terrain and undergoing com-
plete overturns.

2. To verify the mathematical tractor model with scaie
model tests:

a. By developing an experimental method for studying
the motion of a scale model tractor during overturns,
and

b. By comparing the paths of particular points on the

tractor during simulated and actual overturns.

.,



To identify energy levels and orientations of tractors
during overturns by simulating tractor overturns with the

mathematical model.



CHAPTER II

REVIEW OF LITERATURE

2.1. Tractor Overturn Protaction

The magnitude of the tractor overturn problem has been
acknowledzed by engineers around the world for many years. Sweden
was the first country to initiate extensive tractor overturn studies
in 1954 (Mdberg, 1964). Field and laboratory tests provided the
experience used in defining a set of laboratory based tests for eva-
luating tractor roll-over protection structures (ROPS). Ten years-
of use of ROPS on tractors in Sweden has provided documentation for
the success of the Swedish tests and laws in reducing fatalities from
tractor overturns (Nordstrtm, 1970).

The Swedish ROPS tests - a pendulum blow from the rear, one
frow the side, and a static vertical load from the top - are rum in
Sequence on the same ROPS to simulate conditions occurring during a
tractor overturn. The pendulum energy levels were adjusted to produce
damage to the protective structure which was comparable to that
occurring in an actual field overturn. COthsr Eurcpean countries,
following the example of Sweden, have tested ROPS and established
similar standard testing procedures. Use of roll-over protection
Structures has vecome mandatory on farm tractors in Sweden (1959),
Norway (1964), Iceland (1966), Denmark (1967), Finland (1969),

West Germany (1970), and England (1970) (Nordstrdm, 1970).



New Zealand developed an interim test procedure to control
the manufacture and sale of roll-over protection structures while
they accumulated engineering data for developing their own tests
(Watson, 1967). The interim tests included features of the Swedish
and Norwegian tests. Watson detailed differences in the Swedish,
Nerwegian, and British tests showing the discrepancies in engineers'’
opinions regarding what constitutes a sufficiently severe test and
acceptable performance criteria.

The need for operator protection in Australia has caused
roll-over protection structure testing to be standardized there
also (Baillie, 1971). Compulsory use of ROPS in Australia is expected
when sufficient testing experience has been gained.

The first test standards for ROPS in the United States were
Parterned after the Swedish tests, but included modifications found
necessary through experience (Bucher, 1966; Hansen, 1966). Standard
tests in the U.S. today include a side overturn, a rear overturn, and
either a static or dynamic laboratory test (ASAE Agricultural Engineer's
Yearbook, 1972). The static loadiné.test arnd the dynamic pendulum
impact test have energy levels defined as empirical functions of the
tractor weight when ballasted according to the tractor horsepower.
Not only do these empirical relationships differ from those defined
for the Swedish pendulum test, but the definitions of the tractor
weights also differ. The larger and more powerful tractors used in
the U.S. also require the U.S. test spccifications to fit a wider
Tange of tractor weights than that found in Europe. A sample of
Popular U.S. tractors has shown the U.S. test energy requirements to

be twelve per cent less than those specified by the Swedish energy



equations (Jensen, 1970). Arndt (1971) presents an extensive review
of the early ROPS development and steps leading to the acceﬁtance of
voluntary test standards for ROPS in the United States.

The adequacy of the American Society of Agricultural Engineers
(ASAE) and the Society of Automotive Engineers (SAE) test standards
for wheel tractor ROPS have been vigorously debated as federal
legislation threatens to replace previously voluntary use and testing
of ROPS with mandasory regulations (Volpe, 1971). Points of particular
emphasis have been the disputed need for tractor overturn tests
(Stevenson, 1970; Floyd, 1971; Hensen, 1971) and conflicting results
between pendulum test results and tractor overturn results (Jensen,
1970; Steinbruegge, 1971). Proposed changes to the ASAE test stan-
dards eliminate the requirement for tractor overturns if energy levels
used in the laboratory tests are increased by fifteen per cent
(Hahn, 1973). |

The unanswered questions in testing ROPS continue to be:

1. What energy levels and velocities of impact do the

vafious parts of the ROPS see in a tractor overturn?

2. Can pendulum impacts or static tests simulate the overturn

load conditions?

Watson (1967) discussed the theory of plastic bending as it
applies to erergy absorption in ROPS. Klose (1969) discussed the
effects of ROPS mountings and relative stiffness of the soil and ROPS
on the energy absorption characteristics of the ROPS. Others (Macarus,
1971; U.S. Steel, 1971) have developed elastic and plastic structural
analysis theory for deSigning ROPS when design loads are specified,

but this again assumes that overturn loadings are well defined.



A rigorous analysis of tractor motions throughout a general
overturning situation has not been reported to the best knowlédge
of the author. Watson (1967) derived the kinetic energy for a tractor
tipping sideways down a slope or off a bank. He showed the importance
of the rear wheel in absorbing energy as the center of tractor rotation
is shifted by the impact of the side of the wheel onto the ground
during the roll. Tractor side-rolls off a bank were shown to be more
severe to ROPS.than those down a uniform slope because of the wheel impact
would not occur in some bank overturn situations. Watson also empha-
sized the point of impact as an important factor in determining the
Proportion of the tractor energy to be absorbed by the ROPS. Maximﬁm
energy would be absorbed by the ROPS when the impact point is near
the center of percussion for the tractor-ROPS system. A similar dis-
Cussion of energy absorption in general impact situations was given
by Bickford (1968).

Poor repeatability of tractor overturn tests prevents the
accumilation of paramstric data to define energies involved in over-
turn, points of ROPS impact, and impact velocities. This has caused
the adopticn of controlled overturns for certain tests where compara-
tive data was required for tractors (Mcberg, 1964) and for automobiles
(Wilson, et al., 1672), but it has not provided data for defining the
conditicns surrounding actual tractor overturns in the field.

Baker, et_al. (1972) presented an engineering analysis

of thirty-six tractor overturn accidents in an attempt to define the
energy of the tractor at the time of overturn. An estimate of the
tractor speed and orientiation at the instant of instability was used

to calculate the kinetic energy of the tractor and its potential energy
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gain as the center of mass reached its final elevation. The total
energy calculated for the tractors was much greater than pendulum
energies specified for testing ROPS on the same tractors. Jensen
(1973) was quick to point out that only part of this tractor energy
is absorbed by the ROPS.

The question of energy levels incident to the ROPS in a
tractor overturn has not been answered satisfactorily by the studies
found in the literature. Two possibilities for controlied parametric
studies of tractor overturns to obtain the desired information are:

1. Physical model studiess using similitude principles.

2. Mathematical modelling of tractor overturns using digital

computer simulations.
The latter approach was chosen because computer simulations provide
the greztest repeatzability and the ecasiest control of parameters.
The following sections present develepments in mathematical modeling

of vehicles which are pertinent to this study.

2.2. Mathematical Modelling of Vehicles

The concern of engineers focr the stability of tractors under
norial farming conditions has existed for many years (McKibben, 1927;
McCormick, 1941; Northington, 1949; Sack, 1956). The kinematic and
dynamic analyses of that time, howcver, weve primarily directed toward
defining the fauctors which determined stable and unstable operating
conditions.

Raney, et al. (1961) and Berger, et al. (1963) analyzed the

tractor as a vibrating system having, respectively, three and two
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degrees of freedom. They developed the dynamic equations of motion
for the tractor and identified the corresponding natural frequeﬁcies
of vibration. The major objective was to define the tractor steady-
state response to terrain pndulations in terms of measured tractor
characteristics.

Steady-state tractor motions on sidehills also have been
studied. Pershing, 95_314_(1964).defined the equilibrium tractive
forces and orjentation of a tractor following a prescribed path on
a sidehiil, and later (Pershing, 1971) developed a similar analysis
for a four-wheel drive articulated vehicle. Stability of the vehicle
operating conditions was included. A study of tractor motions directiy
uphill identified those tractor characteristics which influence trac-
tive ability and stebility under these operating conditions (Gilfillan,
1979).

A number of mathematical models have been developed to describe
the motions of automobiles and military vehicles in response to general
terrain inputs or prescribed accideat conditions. McWilliams,

&t al. (1569) modelled a vehicle with four degrees of freedom in an
analog computer analysis of the vehicle suspension. His vehicle
Chaési§ eéuafioﬁs defined only vertical and pitch métions; Chenchanna
(1969) modelled the vehicle, engine, and passenger motions in. one
direction as he used the analog computer to study passenger sensi-
tivity to statistically defined road profiles.

Ford, et al. (i969) modelled an automobile for two-dimensional
roll moticn studies. He then validated his model by comparisoqs with

actual auto side rolls as initiated by a ramp and curved-rail test
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site. The mathematical model of Sharp, et al. (1969) included addi-
tional vehicle degrees of freedom, but vehicle mcticns were restficted
to small amplitudes to maintain a linear model. This model allowed
the chassis motion six degrees of freedom while using Euler angles

to define its orientation. The terrain inputs were transmitted to

the vehicle through rigid wheels.

Highly sophisticated mathematical models of automobiles for
handling and accident studies have been reported by McHenry, et al.
(1968) and McHenry (1969). These models provided six degrees of freedom
to the chassis in addition to two for the rear axle, one each for the
front wheels, and one for steering. Because large rotational metions
cf the automobile were to be modelled, a method of indexing and
Tedefining the Euler angles was used to avoid the unstable range for
certain rotations near ninecty degrees. Detailed suspension features,
braking options, and inertial coupling of the drive wheels provided
added versatility to the model.

McHenry, et al. also provided options to specify the tire-
road interaction as a point-contact model or as an enveloping-tire
Wodel. The friction circle concept was used to define the relation-
ship between the maximum iateral and circumferential tire forces.
Validation tests were conducted to compare the vehicle response to
that obtained from digital computer simulations of the mathematically
Bodelled vehicie traversing roads having conditions described in
tabular form.

R. Smith (1965) modelled a track traversing terrains described

by Fourier series coefficients. His truck model included bounce,
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Pitch, and roll motions for the chassis plus bounce and roll motions
for both front and rear axles. Suspension features were define& by
tabular spring and shock absorber data with different loading aﬁd
unloading characteristics. The tire-terrain interactions were defined
a2s a wheel rolling radius which was a function of the interaction forces
and the soil-tire characteristics, but which did not allow the wheel
to leave the ground. The Vehicle forward motion was restricted to a
constant speed. Verification tests showed good correlation between
the predicted and measured vehicle motions while traversing a controlled
terrain.

Schuring, et al. (1969) developed a sophisticated model for a.
military vehicle travelling over soft soil or a rough terrain. The
vehicle hull motion was described by six degrees of freedom using
Euler angles for the rotational coordinates. Suspension options
included anti-dive, anti-squat, and anti-roll devices and solid axle
or independent suspension features. Shock sbsorbers and springs
wWere described by tabulated data. Although many tire-terrain models
Wwere described, only point-contact'hodels were incorporated into the
vehicle model. No tests for verifying the vehicle model were repqrted.

R. Smith (1967) applied the modelling methods reported in his
Previous work to studies of agricultural vehicles crossing visco-
elastic fields. (The term 'viscoelastic" identified the surfaces -
as those dissipating energy as they yielded to tire loads.) The tire
and ground force-response properties were defined as composite values
for the particular tire and ground condition. The mathematical model
for the vehicle was verified and then used to obtain vehicle reactions

and responses to various terrains. The suspension reactions were then
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used as input to a second digital computer program which performed
Structural analysis for designing the vehicle frame components;

Mathematical models of farm tractors have been developsd
primarily for studies of tractor stability or vehicle ride conditionms.
Huang, et al. (1964) developed a tractor model for evaluating an elastic
wheel mounting as a possible ride improvement mechanism. This model
was limited to small amplitude displacements within a vertical plane;
its purpose was not to accurately model the tractor but to provide
comparative evaluation of ride characteristics for changes in the wheel
Parameters. |

Models for rearward overturning of tractors have been developéd
by several researchers. Mitchell, et al. (1970) developed a single
differential equation model for tractor rotation about the rear axle
from which a phase plane analysis defined stable and unstable regions
of operation. Circuitry to disengage the clutch when the unstable
conditions were detected was designed and tested. The model assumed
constant rear axle torque while neglecting both translational accelera-
tions of the tractor center of mass and rotational accelerations of the
Tear wheels. The overturn predictions and control were therefore limited
to conditions when the rear wheels were wedged and could not rotate.

Goerirng, et al. (1967) developed the first model which would
simulate tractor rear overturns due to rapid clutch engagement or to
Slower engageiment with a large drawbar load. This model was limited
to motion in a vertical plane. The tire-ground interaction was
Tepresented by a parallel spring and dashpot combination in the radial

direction but by traction-slip data in the circumferential direction.

.
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The model also included a transmission final drive, a clutch, and

an engine. The engine simulator, however, was replaced by torque-
time data when difficulties in the analog simulation of the model

arose.

Koch, et al. (1970) conducted rear overturn tests with a full-
sized tractor to verify the rear overturn model developed by Goering,
et al. The methods used to determine the tractor center of mass
and moments of inertia and to determine traction-slip data were
described. The mathematical model for rear overturns produced highly
reliable predictions of the tractor behavior.

D. Smith, et al. (1970) modelled rearward tractor overturns
in two parts. The vertical displacement, horizontal (torward) dis-
pPlacement, and pitch of the tractor chassis were described by zquations
Written at the tractor center of mass while the front tires contacted
the ground, but these motions were described by equations written
at the rear axle when the front wheels were off the ground. All
motion was limited to a vertical plane normal to the rear axle and
Passing through the tractor center of mass. The model also contained
a2 modified version of Goering's power train simulator to include
inertial effects of the engine and drive train, rear wheel coupling,
and engine torque variations. Bilinear relationships were used to
describe the speed-torque characteristics of the engine and the slip-
torque characteristics of the clutch. The tire-terrain interaction
was described radially by a parallel combination of a spring and
dashpot on a rigid surface and circumferentially by a gross traction
coefficient expressed mathematically as an exponential function of

the wheel slip (Persson, 1967). Two tractor overturns were conducted
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to verify the overturn model.

Grevis-James, et al. (1971) also developed a rear overturn
model for a tractor restricted to motion in a vertical plane normal
to the ground surface. The equation developed to describe dynamic
equilibrium between the tractor chassis and rear wheels included
translational accelerations of the chassis, rotational accelerations
of the chassis and rear wheels, drawbar loads, rolling resistance,
and engine torque. The final model, however, assumed that the rear
wheels were restrained and the chassis translational accelerations
were negligible. The final model defined the rotational motion of
the chassis in terms of the engine power cutput and clutch power
dissipation when the clutch was being engaged, and in terms of the
engine inertia, engine torque-speed characteristics, and the chassis
inertia properties after the clutch was fully engaged. Verification
tests emphasized the role that energy storage in the flywheel and
drive train play in response to sudden clutch engagement.

Mathematical models of wheel tractors in lateral motion have
been developed to study tractor stability and handling behavior.
Pershing, et al. (1969) described the motion of a wide-front-end
tractor by nine degrees of freedom - six for the chassis, one each
for the rear wheel rotations, and one for the front-end rotation.
All motions were defined as the deviation from the steady-state condi-
tion and were iimited to small amplitudes. The equations of motion
~Were derived ﬁsing kinetic, potential, and dissipative energy functions
of the coordinates in the Langrange equation formulation.

Pershing's model was developed primarily to study the time

domain response of tractors operating on sidehills when they encounter
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terrain ifregularities. The tire-terrain interactions were described
by linear spring and dashpot forces in response to tire motions
relative to the terrain surface. The terrain was assumed nondefor-
mable while the tire location was defined by single point contact
with the terrain.

Observations of a tractor operating on a sidehill and encoun-
tering a sine bump at the uphill rear tire were used to verify
Pershing’s tractor model. A three-degree-of-freedom model for the
tractor proved very inferior to the nine-degree-of-freedom model in
predicting the tractor responses. The small-amplitude-oscillation
assumption of this model makes it unfit for simuléting tractor side
overturns.

Unruh (1969) developed a mathematical model of an articulated
vehicle operating on a uniform rigid slope. The model had six
degrees of freedom for the articulated body (the steering angle was
not a degree of freedom) plus one degree of freedom for roll of the
rear axle. The tire characteristics were modelled by a parallel
combination of'springs and dashpots in three mutually perpendicular
directions. The equations of motion, derived by considering con-
straints at the axle pin, were made linear by limiting all coordinates
to small amplitude oscillation. Unruh defined the static stability
of the vehicle by varying the slppe of the ground surface and the
orientation of the vehicle on the surface while observing the tire
forces normal to the ground surface; a zero force denoted a statically
unstable condition. Dynamic analysis of the vehicle included identi-
fication of the vehicle's undamped natural frequencies and mode shages

and alsc simulation of the vehicle motions on an analog computer.
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Wolken, et al. (1972) used a mathematical model similar to
Pershing's to evaluate operator ride characteristics of wide-front-
end tractors traversing statistically defined terrain profiles.
Bilinear springs and linearly viscous dashpots were used to describe
tire-terrain interactions in which separation of the tire from the
terrain was permitted. Random data techniques were used to analyze
the chassis motion in pérametric studies of vehicie speed, tire
spring rate, and moments of inertia. Once again, the small-amplitude-
angular-rotation limitation prevents this model from predicting
tractor motion during ovgrturns.

D. Smith, et al. (1971) developed a two-part mathematical
model to describe the side overturn motion of wide-front-end and
tricycle-type wheel tractors. Three dimensional vector technigues
were used to derive differential equations expressing the tractor
angular acceleration about a tip axis in terms of the tractor geometry,
inertial forces, side slopes, and ground disturbances. The inertial
forces were calculated after assuming a history of the acceleration
cf a point on the tip axis about which rotation of the tractor center
of mass occurred. Two stages of tipping were analyzed for the wide-
front-end tractor - initial tippring of the chassis about the front
pin, and after the rotation limit at the front pin had been reached,
tipping of the chassis and front end about an axis connecting the
two tire-ground contact points zbout which rotation would occur.
Smith's model was not developed for close predictioﬁ of the actual
cverturning motion but rather for analysis of those factors which

influence lateral overturning.
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Larson, et al. (1971) developed the first mathematical model
designed specifically to simulate sideways tractor overturns and to
predict when they would occur. This model described a tricycle-
type wheel tractor by six chassis degrees of freedom plus one degree
of freedom each for the rear wheels. The chassis orientation was
defined by Euler angles, giving the roll, pitch, and yaw rotations.
Restricting assumptions used were: rigid ground surface, no external
loads on the tractor, and constant engine torque with no drive-line
inertia. A wagon-tongue steering technique was used to provide
- steering corrections to keep the tractor on a desired path.

The tire forces were defined by three mutually perpendicular
force components - normal to the ground plane, in the ground plane
parallel to the direction of vehicle travel, and in the ground plane
perpendicular to the direction cf travel. The radial tire forces were
modelled as the reactions of parallel'spring and dashpot combinations
making point contact with the ground surface below the wheel center.
Spring characteristics were described by a bilinear representation
of the static force-deformation cur&és of the tires while damping
forces were defined by the viscous damping coefficients reported by
Pershing, et al. (1969) and Raney, et al. (1961).

Tire forces parallel tc the tractor direction of travel
included both traction and rolling resistance forces defined by the
product of their respective coefficients and the tire force normal
to the ground surface. Larson defined the coefficient of traction
as an exponential function of the wheel slip using data reported by
Persson (1967). The coefficient of rolling resistance was defined

as a linear function o6f the wheel slip angle based upon data reported
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by Schwanghart (1968) for unpowered tires.

The tire forces perpendicular to the tractor direction of
travel included forces sufficient to keep the tractor from sliding
down the sideslope plus side forces due to tire slip angles. The
coefficients of lateral force due to slip angles were determined by
linearizations of data reported by Schwanghart (1968) for unpowered
wheels, and by Krick (1970) for slip angle and wheel slip effects
on powered wheels.

Larson coﬁﬁucted field tests and digital computer simula-
tions of a tractor operating at different speeds on a side slope
while encountering a sinusoidal bump at the rear tire on the uphill
side. The simulations predicted overturns for less severe conditions
than those observed in the field tests. The tire forces were thought
to be the cause of this discrepancy. Larson's tractor model did not
allow a general analysis of tractor motions in which skidding or
pitch angles near ninety degrees would occur.

D. Smith (1972) modified Larson's mathematical model of a
tricycle-type tractor to study the handling behavior of this type
tractor to step changes in the steering angle. This model included
inertial coupling of the rear drive wheels (with significant drive
train inertia) plus a power train simulator developed previously
(D. Smith, et al., 1970) to provide torque and speed variations to
the rear wheels. A friction eliipse concept was used to define the
effects of the tractive force on the lateral force obtainable at the
drive wheels. Simulations of a tractor responding to step stéering
changes while travelling on a flat rigid terrain provided results

which, on a qualitative basis, were very good. .
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The wheel tractor simulations developed to date have been .
based upon assumptions or limitations which have made them too restric-
tive for use in performing a general parametric study of tractor
overturns. The model used by D. Smith (1972) most nearly provided
the desired flexibility; however, it also contained some restrictions
which were undesirable for the proposed overturn analyses. Restric-
tions which must be overcome are:

1. The use of Euler angles limits the pitch angle to magni-

tudes less than ninety degrees.

2. The model could be used for only tricycle-type tractor
simulations.

3. The tire radial forces, defined by a point-contact model,
could not be defined adequately for travel on an irregular
terrain.

4. The empirical data used in the tractor-terrain model
need tc be detcrmined carefully for the specific tractor
and terrain situation of interest.

The following section reviews other works that provide insight into

overcoming some of the restrictions listed above.

2.3. Additional Modelling Considerations

Shorccomings of the reported mathematical models for wheel
tractors lie vrincipally in defining the rotational equations of
motion and in accurately representing the tire-terrain interface.
McHenry, et al. (1968) described a procedure which was used to

overcome the large angle stability problem that sometimes occurred
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when Euler angles were used to define the vehicle orientation. This
ﬁethod included an indexing and a redefining of the vehicle-fixed
coordinate axes whenever the pitch angle magnitude was greater than
seventy degrees. This was done to avoid the region near a ninety
degree pitch angle, a value at which the orientation becomes undefined.

An alternative method for defining the rigid body orientatioms
without encountering conditions of undefined equations is to define
the orientations in terms of Euler parameters of the vector of finite
rotation (Deprit, 1970). Four Euler parameters (not to be confused
with Euler angles) uniquely define the orientation of a rigid body
in terms of the direction cosines for the principal axes of that body
expressed in the inertial reference frame directions. Four differen-
tial equations for the Euler parameters replace the three which would
have been used for the Euler angles, but the simplicity of use and
stability of the equations make utilization of Euler parameters advan-
tageous when large rotations of rigid budies may be expected during
the simulations.

The principal moments c¢f inertia and principal axes for a
rigid body are defined as the eigenvalues and eigenvectors, Tespec-
tively, of the inertia matrix for that rigid body (Greenwood, 1965,
P. 305). Thus, if the inertia matrix is defined in body-fixed axes
directions, the eigenvectors define the crientation of the principal
axes relative to the body-fixed axes. Eigenvalues of a square matrix
may be determined by using quadratic rcot searching fechniques to
obtain the roots of the characteristic polynomial of the matrix

(Conte, 1965). The eigenvectors are then obtained by substituting the
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eigenvalués, one at a time, into the matrix equation which defined
the eigenvalue problem originally (Greenwood, 1965, p. 305).

The use of principal mcoments of inertia in the differential
equations for the derivatives of the angular velocities eliminates
the product of inertia terms and thus results in a simplification
of these equations. Use of principal moments of inertia and principal
axes therefore leads to improvement in the differential equations
for both angular orientation and angular velocities.

The tire-terrain interface may be improved for irregular
terrain surfaces by changing either the terrain surface representa-
tion or the tire model to provide tire enveloping characteristics.
Thompson, et al. (1970) showed that step terrain changes could be
represented as combinations of quadratic and linear curves to enable
a point-contact tire model to respond as a real tire does to the step
change. This method would be impractical for situations where terrains
were to be changed frequently or where the vehicle might approach
the terrain features from different directions in different simulations.

A tire-terrain interface which may be most practical in a
general simulation situation where irregular surfaces occur was used
by McHenry, et al. (1968). This desirable interface was provided
by an enveloping tire model described in detail by Albert (1961).

The model represented the tiie by evenly-spaced radial springs which
sensed radial tire deflections over incremental lengths of the tire
circumference and collectively defined one equivalent contact point
froﬁ which the radial deflection and force were defined, and at
which an equivalent ground plane was defined. The equivalent ground

plane then was used in defining the lateral and circumferential
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forces on the tire. Although this model redefines the terrain and
uses a point-contact representation for the tire, it is not detrimen-
tally affected by changing the direction from which the tire approaches
an bbstaele.

Generality of a mathematical model can best be maintained by
formulating the model in a way that allows the addition or subtrac-
tion of degrees of freedom with relative ease (Bartz, 1972). Non-
Lagrangian techniques in which all constraint forces are identified
provide this versatility. Formulation in this manner will most
readily allow external forces to be applied to any part of the vehicle
and allow transition between a wide-front-end tractor and a tricycle-
type tractor. This transition actually is the same as that which
takes place when the front-end rotation of a wide-front-end tractor
reaches its limit relative to the tractor chassis. Thus the provision
for this rotation limit may be seen as a provision for both wide-front-

end and tricycle-type tractors in the same model.



CHAPTER III

DEVELOPMENT OF THEORY

The behavior of a tractor while traversing a general terrain
requires the theory of rigid body dynamics for its description.
The tractor dyramics can be described by considering the dynamics
of its various component parts and the constraints between these
parts.

The proposed tractor model consists of the fellowing entities,

each having its own dynamic characteristics

1) the tractor body or chassis,

2) the tractor front end, including the front wheels,
3) the left rear wheel,

4) the right rear wheel;

5) the engine.

Ten degrees of freedom for the tractor are assigned to the various

components as shavm wn Table 3-1.

TABLE 3-1. Tractor Degrees of Freedom

translational rotaticnal
tracter body 3 3
front end 0 1
left rear wheel 0 1
right rear wheel 0 1
engine 0 1
3 -7
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The following assumptions have been made in the development

of dynamic equations of motion for the propcsed tractor model.

1.

The front end is free to rotate about the connecting pin without
transmitting torque in the pin-axis direction until the wrctation
reaches a set limit,

Steering motions of the front wheels do not significantly change
the inertial properties of the front end.

The rotational inertia of the front wheels about their a&les.

is not significant.

The tractor differential gears transmit torque equally to beth
rear wheels.

The tractor front end has a plane of syrmetry passing through
the center of mass of the front end whiie perpendicular to the
transverse axis of the front end.

A plane cf symmetry exists fcx each of the rear Qheels and for
the tractor body.

A single "groimd-contact point{T rhrough which the ground forces
act, may be defined for each tire.

The ground surface is nondeformable.

The effects of engine angular momentun on the *tractor motion are

insignificant.

The tiractor motion is dependent uporn the external forces which

act upon the component parts of the tractor. In addition to ground

forces acting on the tires, gravitational and externally applied

forces (e.g., drawbar forces) ars often influentiai in determining
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the tractof motion, so all are considered in this tractor model.
Upon applying the appropriate constraints existing between the com-~
ponent parts of the tractor, a combined set of differential equations
is obtained to describe the motion of the tractor as it traverses a
specified terrain.

A coordinate system fixed in the inertial reference frame
is used to define the position of the tractor at all times. All
other ccordinate systems used in the desvelopment of the tractor model

can be related {o the inertial directicns as follows.
e, = A 3-1}
&g = fpr & (3-13

where o, is the right-hand triad of unit vectors fixed in the

inertial reference frame having e defined vertically
3
down,
es is the right-hand triad of unit vectors whose orien-
tation 1is teing defired, and
ABI is a 3-by-Z matrix of direction cosines defining the

orientation of vectors EB in terms of the er unit

vecters.

The variables used in developing the mathematical model of the wide-
front-end tractor have a basic pattern in their notation. The nota-
tion used in defining the variable type is shown in Table 3-2 while

the bodies being referred to are defined in Table 3-3 and the coordi-

nate system is defined in Table 3-4,



28

TABLE 3-2. Variable Types

Variable Definition

EGB absolute position of point a expressed in g coordi-
nates, in.

!GB absolute velocity of point o expressed in B coordi-
nates, in/sec.

Ryy8 position of point a relative to point y expressed
in 8 coordinates, in.

QuB absolute angular velocity of body a expressed in
8 c¢oordinates, rad/sec.

OQQ anguiar rotation of body a expressed in 8 coordi-

i nate direction, rad.

IuB mass moments of inertia and products of inertia for
body o measured about the center of mass?and expressed
in terms of B axis directions, 1lb-in-sec®,

. 2,.
m mass of body « , ib-sec™/in.
€, it vectors of the o coordirate system
ay dirscticn cosines detfining the attitude of the 2y
unit vectors in temas of the e, unit vector directions
faB force acting on the o body expressed in 38 coordi-
nates, lb.

fﬁYB force acting on the & body dae to interaction with
the Y body expressed in £ coorainates, 1b.

Eﬁﬂ moment acting on the o body about its center of mass

' expressed in 8 ccordinustes, in-1b.
%a 8 moment acting on the ¢ body as applied at the ¥y
i point of interaction expressed in & «<oordinates,
iu-1h.
ﬂaB weight force on the « bedy expressed in B coordi-

nates, 1b

NOTE: VUnderscores indicate vector quantities while additicnal
nurerical subscripts indicate specific components of veactors;
a dot over the variable indicates the derivative of that
variable with respect to time. .
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TABLE 3-3. Bodies and Points Referenced by Variable Notation

a,y Definition of body or point

B tractor body or its center of mass

L left rear wheel or its center of mass
R right rear wheel or its center of mass
F tractor front end or its center of mass
P tractor front pin

W a wheel or its center of mass

C wheel center

G ground

E external source

WG wheel-ground contact point

A axle

S front end ''stop"

TABLE 3-4. Coordinate Systems Denoted by Variable Nctation

B Coordinate system

inertial reference frame
tractor-body axes
principal axes of the¢ tractor body

tractor front-end axes

= Mmoo

wheel axes
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Examples of the notation given in Tables 3-2 through 3-4 are:

XLI is the imertial (I) reference frame vector cefining the
absolute position (X) of the left rear wheel center of
mass (L) .

EPBI is the vector defining the relative position (R) of the
front pin (P) with respect to the tractor-body center of
mass (B) while exprgssed in inertial coordinate components
1y .

BPBP is the same vector as defined in (b), but now it is expressed
in the component directicns of the tractor-body principal
axes ( P rather than I ).

!WGI is the vector defining the absolute velocity (V) of the
wheel-ground contact point (WG) expressed in inertisl
component directions (I) |

EFI is the weight force vector (W) for the tractor fromt end

expressed in inertial component directions ({I) .

1. The Tractor Body

The tractor body is considered szparate from the rcar wheeils

and the {ront end. A coordinate system fixed in the tractor bocy

ic used to defire the orientation of the body at any time. (See

Figure 3-1.) The origin of this coordinate system is located at the

body’'s center of mass while the axes directions, e

er s &g and

1 "2

c ~ are respectively, parallel to the front-end axis of rotation

-
-~

(positive forward), parallel to the rear axls (positive to the
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driver's right side), and the direction of the vector cross product

ng x ETZ (positive down).

The motion of the tractor body is defined in terms of positions
and orientations in the inertial coordinate system. The equations
of motion for the translational degrees of freedom are obtained
directly from a summation of forces acting upon the body as given by
equations 3-2 and 3-3. The translational velocities and the total
force are related by

Ep

&
o |

while the translational positions and velocities are related by

&
b=t
-3
2
L]
~
(&
[
N

The rotational eduilibrium conditions for a rigid body having
three rotational degrees of freedom require three equations defining
the derivatives of the angular velocities plus others defining the
derivatives of orientation parameters. The derivatives of the angular
velocities can be expressed as three independent reiationships only
when the principal ccordinates cof the rigid body are used in writing
the equations. These principal cocrdinates of the tractor body are
defined as the triad of unit vectors whose origin is at the body
center of mass while the axes are coincident with the axes of the
body's principal mass moments of inertia,.

Determination of principal axes and principal moments of

irertia for a body is an eigenvalue - eigenvector problem such as
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Figure 3-1. The Tractor-Body Ccordinate Axes.
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described in many numerical methods textbooks (Conte, 1965; Green-
wood, 1965). The mass moments of inertia and products of inertia
define the inertia matrix of the rigid body. When the inertia matrix
is defined for the tractor-axes directions, the principal moment of
inertia matrix is the diagonal matrix consisting of the eigenvalues
of the tractor-axes moment of inertia matrix, which is also the

matrix obtained from equation 3-4.

-1
Tgp = Ap Ipr Arp (3-4)

.
where IBifvis the 3-by-3 diagonal matrix whose three nonzero

elements are the eigenvalues of matrix IBT s lb—in-secz,

ATp is the 3-by-3 matrix of eigenvectors corresponding to

the eigenvalues of matrix I dimensionless,

BT °’
IBT is the mass moment of inertia matrix for the tractor

. . . 2
body defined for the tractor-axes directions, lb-in-sec .

The matrix ATP is also the matyrix of direction cosines

defining the orientation of the tracter axes in terms of the prin-

. . . . . -1 .
cipal-axes directions. The inverse of matrix ATp s ATP » is also the
transpose of matrix ATP which is now designated as matrix APT s

the matrix of divection cosines defining the crientation of the
principal axes in terms of the tractor-axes directions. Thaus the
principal-axes directions may be defined in terms of tractor-axes

directions as

o
L]

p = Apr &y« (3-5)
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where ©p is the triad of principal axes, or in terms of inertial-

coordinate directions as

S = Apr App & - (3-6)

This relationship can be simplified to
ep = Apr & (3-7)

where API is the 3-by-3 matrix of direction cosines defining the
orientation of the principal-axes directions in terms
of the inertial-coordinate directions; it is the matrix

product of APT premultiplied to ATI .

The three simultaneous equations for the time derivatives of
the principal angular velocities of the tractor body are derived

from Euler's egquations of motion (Creenwood. 1965, p. 365).

. 1
w = = | - Wy Wnp (1 -1 }J]  (3-8)
BPl IBPl] MBP1 BP2 BP3 BP33 BP22
. 1 :
o = e | oy ooy (I - I )] (3-9)
BP2 IBP MBP2 BP1 BPS BP11 BP33
22
. 1 . ;
W, = w - [ M -0 W (ipy, - 1% )] (3-10)
uP3 Iap IBP3 BP1 BP2 B.22 BP11
33
vhere Wep wBP, » Wpp  arve the time derivatives of the angular
1 2 3
velocities about the gpl , EPZ ., and Epz principal

o
. &
axes, respectively, rad/sec”.
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Because finite rotations are not vector quantities, the angular
velocities can not be integrated direcily to cbtain the orientation
of the tractor body. Euler angles (Greenwood, 1965) have been used
widely in engineering applications where the "heading angle," "atti-
tude angle," and '"bank angle" are meaningful parameters. However,
these angles become undefined whenever the attitude angle (or pitch
angle) approaches 130°.

Some researchers (McHenry, et al., 1968) have used a method of
continually redefining the body-fixed coordinate system to control
the magnitude of the Euler angles when large rotations are expected,
but this method will not be used here.

Direction cosines can be obtained directly from the integration
of nine simultaneous differential equations. However, this increase
in the required number of cquations is excessive.

Euier parameters (Deprit, 1970) are four functions of the
direction cosines which can be obtained directly from integrations.
Their reduction in the required number of differential equations from
nine (when direction cosines are ustd) to four when Euler parameters
are used, their stability for 211 orientations, and the fact that
they are normaiized parameters make Euler parameters desirable for
describing the orientation of the tractor body.

Recalling that the direction cosines defining the orientation

of the tractor-body principal axes arzs (in expanded form) defined by

e A . (A ] e

=2 PT.) A_“lz P15 -1

e A A A e

p PI,, PI, "PI,, 1, (3-11)
e A A T £ e

=P X Plsy Pixp 'APIss 1, \




where the AP are the direction cosines, the Euler parameters

I..
1]

are then defined as

1/2

A= (A . + 1)/4] (3-12)
0 PI, Ap122 Ap133

r = (A - AL )/4A

1 P, T P1 Mo (3-13)
A, = (Ayy - Ay )/4) (3-14)
2 -131 le3 0

Ag = (Ay - ) /47 (3-15)
3 Upr 7 e, )4

where %0 ,_ll s AZ » and XA_ are the Euler parameters, dimensionless.

3
Equations 3-1€ through 3-19 define the relationships of the
Euler parameter derivatives with respect to time to the principal

angular velocities and the Fuler parameters of the body.

s 1 -

40 = E-(- wBP_Xl - wBP,AZ - Wyp 13) (3-16)
2 3

y SR S U A YR U (3-17)

AT A T

N A U VR (3-18)"

2 2 YBp.%0 3p_"1 BP."3

2 3 1
‘ 1
13 = E-(mﬁpzAO - anllz + wBlel) (3-19)

Thus, integration of equations 3-16:through 3-19 yields the
Euler parameters at any given time. Thz direction cosines can then
be obtuined by relationships which are inverse to equations 3-12

through 3-15. These relationships are
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222 22 5,2 42 _
App = A+ AL - A5 - Ag (3-20)
11
App._ = 2032 + Agrs) (3-21)
12
App = 200 Ag - A1) (3-22)
13
App =200, - A0 (3-23)
21
32 .2 .2 .2
App = A g+ A - A A (3-24)
22
= -25
Apr 2025 + A)) (3-25)
23
App = 202 + A0) (3-26)
31
App = 200,05 - Ag2) | (3-27)
32
32, 42,2 .2
APIss = A+ A7 -2 - A (3-28)

The tctal mement reaction acting upon the tractor body about
its center of mass and the total force reaction acting on this body
are composeC 0f thre tfactor body weight, reactions at the left rear
and right rear axlés, reactions at tie front pin, and external reac-
tions applied divectly to the tractor pody. (Sce Figure 3-2.) Thesé

relationships ae

v = W - F - - F + F
Bar = ¥ - Zppr 7 Epaz - Erar * Bsen (3-30)
and
; = . v e - -
Mpo = = Mppp * Bppp ¥ (Fppp) = Mppo - Mpap
£3-31)
*Rigp * CEapd * Bpgp ¥ CEap) + Mggp
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Figure 3-2. Free Body Diagram of the Tractor Body.
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Substitution of equations 3-30 and 3-31 into equations 3-2
and 3-8 through 3-1C yields the translational and rotational differen-~

tial equatiors for the tractor body in terms of the reactions on the

body
V. =-L (W . -F.__ -F _-F . +F._) (3-32)
~BI T my “"BI ~ <FPI ~ TIAT T ZRAI = “BEI
and
b = =k [ + (Rypp X Fopo). + M +
BP, ~ T. o pp, ¥ (Rppp X Fpppldy * Miap * Mpap,
i Bpij i i 1
* Rypp X Epapd; * Rppp * Epapls - MBEPi
+(T -1 Ju,, © \
BP, BB UBP, BP, ] (3-33)
where

i=1,2,3 and

j=2,k=2 when i=1
i=1, k=3 when i=2
j=2,k=1 when i=3.

3.2, The Rear Wheels

The rear wheels are constrained to move with the tractor body
in all degrees nf freedom except rotation about the rear axle. Thus

each rear wheel has one de¢ree of freedom - rotation in the er
2

axis direction oF fthe tractor.
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The tractor body has a plane of symmetry perpendicular to the

e axis and through the body center of mass; thus thec er axis
2 2

is a principal axis of that body. By similar reasoning the axis

parallel to & is a principal axis of the rear wheels. Because
2

the rear wheels are radially symmetric about the axle, any two axes
which are normal to the axle and to one another are also principal
axes of the rear wheels. For the above reasons and to simplify nota-
tion, the coordinate axes used in defining the rear wheel motions are
the principal-axes directions of the tractor bedy. The origin for
thé rear wheel rotational equations, however, is the center of mass
of the appropriate wheel.

The two rear wheel rotations are coupled to cne anothexr by

the differential gears. I{ the e direction is the rear axle

p

2 .
direction and R2 is the differential speed ratio, then the drive-
line speed @y is given by

1 , '
“4 =7 RZ [UOLP " “gp )+ {mR}; - Yap )] , {3-34)
2 2 2 2 .

The kinetic energy of rotation for the rear wheel and drive train

is given as

(3-35}
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where Id is the mass moment of inertia for the drive line, differen-
tial gears, and transmission as seen at the drive line,
I 2
lb-in-sec”™, and

KE is the kinetic energy, in-1b.

Substitution of equation 3-34 into 3-35 and the use of Lagrange's

equations yields the following two differential equaticns.

. 1 2 L] ') *
I © +—1R (w +w. ) =M + M {3-38)
LP,, LP, ~ 4 "d'2°LP, RP, A LAP, LGP,
and gy,
Tp. Onp. * 7 Taolpp + Bpp ) = Mpu M (3-37)
22 2 “ "2 - 2,& 2 2
AXJK!”Z

Assuming that the differential gears transmit torque equally to each

of the rear wheels {(in thes -~ €p direction}, the drive-line wheel
2

toraue rslationship is

LY - - }_ ~ -~
MLAPﬂ = MRAP =-3 R,7T, . (3-38)

Also assuming that the rear wheel inertias are equal,

-y
n
e

‘ (3-39j
RFpa 1Py

and

(3-40)

The two equations of motion for the rear wheel rotational velocities

about the axle are obtained by solving the equations 3-36:and 3-37
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for o and w .
LP2 RP2
o =[C-LRrT +n (1 + 2rf
LP, S 2 72d LGP?’ RP,, 4 7274
' ‘ (3-41)
1 1.,2; 2 1 .2
- (- RT,+M )(Z'Raj")]/(l + =~ R7I.I )
2 24 RGP2 t " 27d RP22 2 2°d RP22
and
‘:) = -]-"- -l-l 2 3
RPy = [ (-5 RTy+ MRGPZ)(IRPZZ F TR
(3-42)
1 1.2 2 1.2
- (- =R,T, + M, — =
2 RTa * Mg )G RIPV Upp  + R Trp )
Z 22 22
Because @p and wpp are absolute angular vclocities, the

angular rotation of the rear wheels about the axles can be obtained
directly from integration of these angular velocities. Thus, the

differential equations for the rzur wheel rctations are

6 . =, (3-43)
LP2 uPZ
and
é = @ (3'44)
P
RP2 R.2 ‘

The constraints placed uron the vear wheazls are expressed in

equations 3-45 thrcugh 3-32.

R e T (3-45)
LP1 RP1 b-l

O p = ¢ = o (3-46)
LP, ”RPS BP .,

“p. = “rp. T “Bp o (3-47)
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h Y
a1 * (%1 * Rippd

7

Ya1 * (upg
., L]
Yar * (g
Va1 * (v

X
b s

* Ropr) * @pr * (@pp * Rgpp)

Re1)
R

D * g (

(3-48)

{(3-49)
(5-50)

(3-51)

(3-52)

The reactions between the rear wheels and the tractor body

are based upon the above-cited constraints and the corresponding

differential equations of moticn for the constrained degrees of

freedom. The equations relating the rear wheel rotations and the

constraint forces are

The total moments acting on

MLP1 =

“rp

MLP3 N
and

MRP3 =
and M

—-RP

reactions, thus

Mip

=M

(1 -1

LP33 22
+ (I ~- I.

RP33 RP22

(I -1
LP22

(1 -1
RPZZ 1

Mg * Miap

Moep * Mpap

Lp, YL
Y . W
RP2 RP

Jw
LP;,” LP

Jw
RP 1 RP

the left and right wheels,

(3-53)

(3-54)

(3-55)

(3-56)

Mip

, are the resultants cf the ground reactions and the axle

(3-57)

(3-58)
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Combining equations 3-53 through 3-56:with equations 3-57
and 3-58, the following relationships result for the axle moment

reactions:

M =1 o + (I ST Jwg W - M (3-59)

LAP, ~ “LP, “LP LP,, ~ LP,, “LP,"LP.” “LGP
M =TI w,, + (I - I w0, - M (3-60)

RAP, ~ "RP, “RP, RP,. ~ "RP,,’“RP,°RP." "RGP
=1 w. + (I - I Juwg Wy - M (3-61)

MLAP3 LP . 'LP, Lp,, = 1P’ YLP “LP)” TLep,

LY
and

M =1, o + (I -1 Juys won - M . (3-62)

RAP, = RP, “RP, Rp, ~ RpJURP R khpz

The relationships for the forces acting at the aile are simi-
larly cobtained by combining the translational differential equations
of motion for the rear wheels with the appropriate constraints. The
translational ditfferential equations for the rear vheel centers of

mass are thus

Br s ™Yy (3-63)
and
For = ™p¥p1 - (3-64)

The total forces acting on the rear wheels include the ground

forces, the exie fcrces, and the gravitational forces,

i
{

Fir = Bar ¥ Ear * Wy (3-€5)

and

Bar = Eper * Fpar * Ypr - (3-66)



Combinstion of equations 5-63 and 3-64 with equations 3-65
and 3-66 yields expressions for the forces at the axles in terms of
the wheel center-of-mass accelersticns, the ground forces, and the

gravitational forces,

Froar = ™Ver - Hor - Wy (3-67)
and
= Y - - W -
Poar * ™Vr1 ~ Frar - Yi1 (3-68)

3.3. The Tractor Front End

The tractor front end is defined as that portion of the tractor
which rotates about the front pin of a wide-front-end tractor. The
pin axis is assumed to be parallel to the number c¢ne tractor axis,

e - The front end has one degree of freedom, rotation relative to
1 )

the tractor hoay abcut the front pin axis.

The dynamic ejuations of motion for the front end are written
about the centaer of mass of the front end. A set of coordinate axes
(called the front-end axes and denoted by the subscript F ) are

defined such that 2r is varallel to the front pin (positive for-
1

ward), e. 1is parallel to the transverse framework of the front

3

2

end (positive to the right), and e is the direction of the vector
3

cross product of e and ex (positive down). (See Figure 3-3).

1 2

Because the tractor front end is symmetric about the plane



View from Right Side

Figure 3-3.

ok

Front View

The Coordinate Directions for the Tractor Front End.
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pervendicular to unit vector ep and passing through the center of
2

mass, the only nonzerc products of inertia in the front end mass

moment of inertia matrix are 1 and 1 which are equal to
FF13 FFSI

one another. This results in a rotational equation of motion about
the front end center of mass and parallel to the pin axis which is
simplified from the general equation about an axis that is not a

principal axis.

- 1 L]
M = — [-1 (w + W WL )
FF1 IFF FFIS FF3 FF1 FF2
11
- (I, -1 o w + M. ] (3-69)
F.33 FF22 FF2 FF3 FF1
The angular rotation about the er axis can be obtained
1

directly from integration of the anguiar velocity about that axis,

Wop but a more weaningful parameter is the relative angular
1 ,

position between the tractor body and the front end. Defining

eFF as the angle of front-end rotation about the frort pin relative
1

to the tractor body, aFF can be obtained by integrating the
1

equation;

De
"

- o - Whn . (3-70)
Frl rFl Brl

The motion constraints aprlied to the tractor front end by

the front pin are:



and

48

FF,, EFZ
“’FF3 = ‘“'BF3
.FFZ - ;bFz
.FF3 - éBFs

-
D

Vpp = Vpr * (pp x Rppy) * (8pp x Rgpy)

]

L ] * * r
Vpr = Vpp + (g1 X Rppp) + w5y * (g * Rypp)

* (Wpp X Rppp) + wpp X (Wep X Rppy)

(3-71)

(3-72)

(3-73)

(3-74)

(3-75)

(3-76)

The differential equations for front-end rotation in the

constrained directions can be used to obtain relationships for the

constraining forces and moments.

Rearrangement of the equations of

motion for the constrained component directions yields the two pin

moments and the pin forces,

and

M =1 . w + (I -1 o,
R o
iFFZ ”FZ FF2 FFll FF33 FF1 FF3
2 2
+ 1 ((1) - ))
FF13 FF3 FF1
MF =T @ + 1 (é - Wep Wep J
3 B >
F3 F.33 FF3 FF13 FF1 FF2 FF3
+ (I.. -1 ) g~ oy R
FPZZ FFl1 FLI FF2
Fer = ™eYer

(3-77)

(3-78)

(3-79)



The total moment reaction about the front-end center of mass
and the total force acting upon the front end are compcsed of pin

reactions, ground reactions, and the front-end weight,

= -
Mer = Mppp * Mpge - (Rppp * Egppy , (3-80)

and

Fer = Eppr * Eper * g1 - (3-81)

The front pin reactions are cbtained from combinations of

equations 3-77 through 3-79 with equations 3-80 and 3-81, and are

giVen by
Eepr = "lpr ~ Epor - U (3-82)
) =I. o, + (I ~ T e, w
P. - l . .
Ik F, = FE,"FF, FF )~ FF,,)YFP,“FF,
e I (02 - wi.) -3 ¢ (R x F__ ) (3-83)
FE. “UF¢, ~ “r¢) T Mpgr. ¥ Bepp X Zpop)p o
1z T3 1 2
and
M =I__ o I_ (o Vo Ben )
PPFy PR, PR, ©UFR (R T URROFF,
+ (I Iop e, w -
U "For,
* Repp X Frppls - (3-84)

3.4. Tire-Groumd Interaction

The tire-ground interaction is determined from the position
and velecity of a thin, radially-deformable wheel relative to a

locally-planar, rigid ground surface. The tire is assumed to contact



the zround surface at a single point (the ''ground-contact point'')
while all ground reactions occur at this point. Because the ground
surface beneath the wheel may be irregular (i.e., not identified by
a single plane), two different tire models may be used to determine the
tire-ground interaction. When the ground is irregular, én enveloping-
tire mcdel redefines the ground surface to conform to the locally-
planar assumption cited above.

A ground scanning technique is used to define the state of the
local terrain and thus sclect the appropriate tire model for a given
tire location. The following section describes ths ground-scanning

process.

2.4.1. Selecting the Appropriate Tire Model

Each time that the tirec-grouad interaction is to be deter-
mined, the appropriate tire model must be chosen to fit the ground
surface conditions. If thc ground surface is identified as a single
rlane beneath the wheel, the ground is called "smooth" and the point-
contact titve mcdel of Section 3.4.3 is used. Otherwisa the surface
is "irregular' and the cnveloping-tire model of Section 3.4.2 is used‘
to redefine the local terrsin to fit the pianar requirement.

The ground surface is checked at three points beneath the
wheel to determine if the surface is smooth or irregular. If all
three points locate regions of the ground surface which are part of
the samz plane, the ground is smcoth; otherwise, the ground is
irregular. 7The three ground points arc those points vertically above
or below three corresponding points defined on the wheel circumference.

These circumferential points arc defined by wheel-coordinate directions
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from the wheel center - one in the ''down' direction, one forty-five

degrees 'ahead" of down, and one forty-five degrees "behind'" down.
Figure 3-4 shows the points and notation used in scanning the ground
surface.

The ground elevations and ground normal vectors at the three
ground points provide the necessary information for determining whether
or not they lie on the same plane. The three points are on the same
plane only if the ground normal vectors at the three points are
perallel to one another and the vectors connecting the three points
are perpendicular to the common ground normal vector. The first

coudition expressed mathematically is

Ugp * Ygpr =1 (3-85)
a
and
Uer * 2c;PIb =1, (3-86)
where
Yot is the ground normal vector for the ''down'" point,
HGPI' is the ground normal vector for the 'ahead" point, and
a :
gGPI is the ground normal vector for the '"behind" point.
b

The second condition for points common tc a single plane may be

expressed

( - X Y e = -
Epyr ~ Kver’ 0 (3-87)

c]’t:
b

and

Gpor = Xy * Y1 =0 > (3-88)
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\\\\\\ wheel direction of
—p travel

Uy 2
11

Figure 3-4. Tire Scanning the Ground Surface.
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where
XWGI is the location of the ground point 'belcw'" the wheel
center,
EPII is the location of the ground point '"ahead" of the wheel
center, and
ZPZI is the location of the ground point ''behind" the wheel

center,

A1l the above conditions must be checked before a ground sui-
face is identified as smooth, but as soon as one of these conditicns

is not satisfied, the ground has been identified as irregular.

3.4.2, The Enveloping-Tire Model

The enveloping-tire model envelopes an irreguiar ground sur-
face and defines an "eaquivalent cround plane" for the region of the
ground surface contacted by the tire. The enveloping features of the
tire are provided by‘a radial-spring concept described by Albert
(1961); however, specific details in the determination of radial
spring deflections and force magnitudes have been modified to improve
calculation efficiency and adapt the model to tabulated tire force
data.

Equivalence of the irregular surface and the "equivalent
ground plane" is defined by the following constraints:

1. The radial tire force direction must reflect the sum

effect of incremental radial tire deformations at points

of tire-grourd contact.
2. The radial tire force magnitude must reflect the total

displaced volume (or, displaced area for a thin wheel)
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of the tire.

3. The equivalent ground plane must displace the same tire
volume as does the irregular surface.

4. The equivalent ground plane orientation must conform to
both the regional ground orientation (reflected by the
radial force direction) and the orientation of the actual
ground surface at theinewly defined ground-contact point.

The radial spring tire model used to envelope the irregular

ground surface is shown in Figure 3-5. Radial springs are spaced
at 5 degree increments both behind and ahead of the "'down'" wheel-
axis direction to encompass the wheel segments 40 degrées ahead to

40 degrees behind the e

eu1 direction. Each radial spring may inter-

3
sect the ground surface and thus be deflected radially by the rigid
ground surface.

Because the giound elevation is defined for each pair of
-coordinates in a horizontal plane, the generally non-vertical radial
spring moves over generally different ground elevations as it is
compressed. Thus the point of spring-ground intersection must be
determined by either an iterafive method or an approximate interpo-
lation method. Albert (1561) used an iterative method, shortening the
spring incrementally until intersection was detected, but a linear
interpolation method was chosen here to limit the number of calcula-
tion steps.

The point of radial spring-ground surface intersection is
defined by the following procedure:

1. Determine the ground elevation vertically above or below
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grotnd
< e Surface

Figure 3-5. Radial-Spring Tire Model.
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the end of the undeflected radial spring.

Determine the ground elevaticn vertically above or
below the end of the radial spring when deflected a
predetermined amount.

Use linear interpolation to define the total spring
deflection required tc make the elevation dirference
between the'spring end and the ground surface equai to

Zexo.

The radial spring deflection is defined by the similar triangles shown

in Figure 3-6:and expressed mathematically as

whiere

dr

dr, = —2— dr, , (5-89)

is the trial spring deflection used in item (2} above, in,

is the difference between the ground elevation and the
spring-end elevation when the radial spring is undeflected,
in,

is the difference between the ground elevation and the
spring-end elevaticn when the radial spring is deflected
the trizl vaiae (drl) , in, &nd

is the spring deflection at which the linear interpola-

tion predicts intersection of the spring and ground

surface, imn.

The ground elevation for the undeflected spring positior (0) is

that at point (3), the elevation for the trial-deflection position



wheel
center

surface

Figure 3-6. Determination of the Radial Spring Deflection.
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(1) 1is that at (b), and the interpolated elevation for equal eleva-
tion of the spring end and ground is that at point (c).

The experimentally-measured radial force-deflecticn relation-
ships for tires on flat, rigid surfaces assume that the maximum radial
tire deflection is given by
O

d = r(l - cos >

max ) (3-90)

and individual radial deflections at an angle from this maximun

deflection line are given by

cos-;;"-‘]
d=1 1 - 'E-a'g—'q)—J . (3-9:;)

T is the undeflected tire radius, in,

<D

whers

] is the angle within which the tire is radialiy deformed
on the rigid, flat suvrface, rad,

) is the angle from the perpendicular bisector of the
contact-patch arc to the radial line of interest, rad,‘

d is the radial deflection of the tire along the line
defined by ¢ , in, and

dmax is rhe meximum radial tire deflection for the tire

on 2 fiat, rigid surrace wher the arc of the contact

patch is. eT , in.

The deflection relationships are showr in Figuvre 3-7. Because the
expzrimental foxrce-deflection data are tabulations of radial tire force

vs. dmax » this data can be used only indirectly in defining the
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max d plane

Figure 3-7. Radial Tire Deflection on a Rigid, Flat Suxface.
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radial tire force due to deformation by an irregular ground surface.
The direction of the radial tire force when the tire is on an
irregular ground surface is defined by the direction of the resultant
of the individual radial force vectors associated with each of the
radial spring deflections. Because the actual force associated with the
deflection of one incremental segment of the tire circumference is not
known, the individual deflections are ''weighted" by the force-deflec-
tion curve for the tire. Thus, because the incremental deflections
are 'weighted'" and summed to obtain a resultant force, the direction
of the resultant redial force is realistic but the magnitude is not.
The line-of-action for the radial tire force is parallél to the
resultant radial force vector while passing through the wheel center.
The magnitude of the resultant radial tire force is deter-
mined by the tire area displaced by the irregular ground surface and
the force-area relationship for the tirve on a flat, rigid surfuce.
The  displacea tire arca when the tive is on a rigid, flat surface with
a contact patch arc of €, radians is

T

(3-92)

where

. . . . 2
AS is the displaced area on the smooth surface, in”.

The total arc of the contact patch for a tirc on an irregular sur-
face may be approximated by the suamatiocrn of incremental arcs for the

deflected segments,
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N
6= ) 80, = NAO (3-93)

and the displaced tire area may be approximated by summing the incre-

mental areas of the deflected segments,

N 1 .2
Ap = Y (rd, - 5 d;)ae (3-94)

where
AT is the total tire area displaced by the irregular ground
surface over N deflected incremental arcs (each c¢f
A8 radians), inz, and
8 is the total contact arc defined by the sum of N deflected

arcs (each of A® radians), rad.
Because the areas AS and AT are calculated for the same arc of
contact, an equivalent deflection is defined from the ratio of these

two areas and the maximum deflection associated with AS R

AS
de = K;'dmax s (3-95)
where
de is the equivalent deflection for the tire on the irregular

ground surface, in, and

dmax is the deflection defined in equation 3-90, in.

The equivalent deflection defines the maximum deflection for the tire

on the equivalent ground plane; therefore, it also defines the ground-
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contact point for the tire on tﬁe equivalent ground plane. The radial
tire force magnitude is obtained directly from the tire force-deflec-
tion data and this equivalent deflection value. Figure 3-8 shows the
tire on an irregular surface with the equivalent ground plane super-
imposed.

The line-of-intersection for the wheel and equivalent ground
plane is that line in the ground plane passing through the equivalent
ground-contact point while being perpendicular to the resultant radial
tire force vector. The orientation of the equivalent ground plane is
determined by the following procedure:

1. Determine the ground normal vector for the‘original ground
surface vertically above or below the equivalent ground-
contact point.

2. Temporarily define the equivalent ground plane as that
plane which has the normal vector of (1) while passing
through the equivalent ground-contact point.

3, Rotate the ground plane about an axis, passing through the
ground-contact point and parallel to the axle of the wheel,
until the ground plane intersects the wheel at the line in
the vheel plane which is perpendicular to the resultant
radial force vector.

The equivalent ground plane now includes all the features

required for the calculation of the remaining tire reactions in the
same manner as is done for a tire on a smooth ground surface. These

remaining tire reactions are discussed in Sectiom 3.4.4.



63

equivalent
ground-contact

___equivaient
‘// ground plane

Figure 3-8. Radial Tire Deflection on an Irregular Ground Surface.
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2.4.3. The Point-Contact Tire Model

The point-contact tire model is used to define the tire-
ground iuteractions when the ground surface is planar in the region
of the tire contact patch. This model is used to define the radial
tire force, tie lateral tire force, and the circumferential tire forces;
howover, only the radizl force derivatien is discussed in this section.
Recause the lateral and circumferential tire forces are defined in the
same manner whether the ground surface was initially smooth or if the
initially irregular surface was redefined as an equivalent plane
(in Szc¢tiorn 2.4.2), the derivations of these forces are presented in
Szction 3.4.4,

The point-contact tire model is based upon the definition of
a single point of wheel-ground contact, the ''ground-contact point,"
through which all the tire-ground forces act. Because this single-
point contact docs not allow the tire to sense the ground conditions
at the other points within the tire contact patch, its use is limited
to ground surfaces which satisfy the following conditions:

1. The surface in the path of the Qheel has no step changes -

in its elevation or slepe.

2. The wave iength of the ground surface is at least three

times the tire-ground contact patch length (Albert, 1961).

3. The clevation and slope of the grcound surface within

the tire-groun:d contact patch may be defined by the plane
tangent to the ground surface at the ‘'ground-contact
point."

The ground-contact point is defined as the point-of-



intersection for the following three planes:
1. the wheel plane,
2. the ground surface plane, and
3. *the plane which passes through the wheel center while also
containing in it the normal vectors of the wheel plane and
the ground plane.

The unit normal vectors for these three planes in terms of the inertial-

coordinate directions are, respectively, QWI s QGI , and QWGI ,
where
= X . ' -¢
Uver = Y1 * Yn (3-96)
The unit vector U. .. 1is parallzl to the line-of-intersection for the

—G1

wheel plune and the ground plane. Figure 3-9 shows the three planes,
the corresponding unit normal vectors, and the ground-contact point.

The point-of-intersection for three planes is determined
by solving simultaneously the three equations of those three planss
for the coordiunates of their common point. The equation for each
plane is defined by equating to zero the expression for the dot product
of the plane's normal vector and a second vector which lies in the
plane. 1In each case the line in the plane of interest is defined to
be the line from a known point in the plane to the unknown location
of the ground-contact point.

if X

] is the ground-contact point location and X
“NGI

—I
defines the wheel center location, the equation for the wheel plane

is obtained from
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e

/////;;eel plane

‘Cround-contact
peint

Figure 3-9. Definition of the Ground-Contact Point.



I's —~ e« 1 E - )}
Kygr = X " Y =0 - (3-973

if E(r defines the lccation of a poirt on the ground surface
d

in the ragion of the ground-contnuct point (assumed to be in ~<hs same

grourd plane), the ground pilane equativn is obtained from

- Now = -G
Fuer ~ Xerd 8 70 - (3-98)
The trzri wlanc is definad by the dot product

(Xynr - X Y, . =0 . (3-59)

Y.
WGl =CY’ 4G

Simiiltaneous censideration of the expanded form of equations
3-97 thyough 3-99 yields the following matrix equation ipcluding the

unknown grouad-contact peoint location, E@GI
. \

™ L - I’ 4 'r °
Y, e, Y, | *wc;I]\ ( c1 ”-m]t
‘ . J
u., U g Xyor S . 2 XU s
G G : Yooy 2 =510y . 3.
6r, ‘o1 Yer, vty f = o S (3-160)
‘ L4 'I, Y
Uer, Ywor, Yer, | | Mwer.| | %crfwes)
L "N 2 310 7 3 ~

Solution of equation 3-100 for the ground-contact point, Yot ¢

can be accomplished easily by uss of Cramer's ruie or some other
method for solving sets of linear equations (Conte, 19€3).
The vecter from the wheel center tc tiue ground-contact peint

is defined by

= - X - 13
Byeer ™ Xwer ~ Xex - (3-102)



68

The radial tire deflection is the difference between the undeflected

radivs, z , and the length of the deflected-radius vector, BWGCI s

d (3-102)

=T - |Ryeeq| -

Thus the radial tire force is determined from the tabulated force-
deflection data for this tire and the specific deflection value, d .
The remaining tire-ground reactions are obtained in the same manner
whether the ground surface was initially planar or if it was initially
jrregular and then redefired as an equivalent grourd plane. The

derivations of these reactions are presented in Section 3.4.4.

3.4.4. "Tire-Ground Interactions Common tc Both Tire Models.

Once the tire-ground contact point and the ground plane beneath
the tire have been defined, the tire reactions are independent cf any
ground irregularities which actually ﬁay be present beneath the tire.
The tire may be represented us a parailcl combination of a nonlinear
spring and a linearly viscous dashpot between the wheel ceatex and
the ground-contact poirt. Thes, the radial cowpenent of the total
tire-ground veaction is defined by the position and velocity of the
wheal center relative to the ground-contact point.

The radial tire force may be expressed as the sum of the

spring and dashpot meactions in the QRI direction,

F =-F -F (3-103)

where

FS is the spring fcrce, 1b,
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Fd is the dashpot force, 1b, and

Fr is the total radizi tire force, 1b.

The spring force is defined by the tabulated forcs-deflection

data for the tire on a flat, vigid surface with the specific tire

deflection value, d , derived in the appropriate Section 3.4.2 or

3.4.

3. The damping force has a non-zero value only when the tire

deflection is greater thain zero and decreasing.

d >U , and
d Ld(lCI . ERI) when (3-104)

Aer " Y 0,

o]
[}

or
d<0, or
Fg__1 =0 when v Cu a0 (3-105)
~CI Rl = A4
where
Cd is the tire viscous darping coefficient, lb-sec/in,
HRI is the unit vector directed from ths wheel center tc¢ the
ground-contact point, and
!CI -is the velocity of tne wheel center, in/sec.
The velocity of the wheel center is determined differently for front
and rear wheels:
For rear wheels -
Ver = ¥pr * vpr * Repr (3-106)
For front wheels -

=<
|

V x R

Yer = ¥m1 * “pr * Rppr * 91 X Repr - (3-107)



Complete definition of the tire-ground reaction includes
roliing resistance, traction, and lateral forces in addition to the
radial component of the total tire force. Figure 3-10 shows the unit
vectors usad to define both the relative wheel-ground orientation and
the directions cf the tire force components to be discussed. The

radial force is defined in the ERI direction, the normal (tc the

giound) force in the 9@1 direction, the lateral force in the EII

direction, while the traction and rolling resistance forces are defined

. . i on.
in the HWGI direction
The circumferential tire unit vector, U 5 (defined by

—WGI
equation 3-96) is parallel to both the whee! plane and the ground
plane and thus defines the directicn of the line-cf-interscction for

these two planes. The lateral force unit vector, yLI , also parallel

to the ground plane, is defined by the cross product of the circum-

ferential force unit vector and the ground normal vector,

Yrr = Y61 % o1 - (5-108)
Because U U , and U are mutualiy perpendicular unit

—GI ’ —WGI -LI
veciers, and because the tire forces are frequently defined as func-
tions of the normal (tc the ground) force compconent, the total tire-

groond force is defined as

= F { X i ) rz.
Eyer = Falar ¥ Flyar * Falur (3-109)

where

Fn is the normal (tc the ground) force, 1b,
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Figure 3-10. Unit Vector Directions Used in Defining the Tire Forces.
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F is the circumferential (traction and rolling resistance)
force, 1b.

Fz is the lateral (in the ground plane) force, 1b, and

F is the vector sum of the mutually-perpendicular force

components, 1b.

Because the total tire-ground force acts at the ground-contact point,
the moment of this force at the wheel center is defined by the

vector cross product,

Mict = Bwger ™ Fwer | (3-110)

where

BWGCI is the vector in the QRI direction from the wheel

center to the ground-contact point, in.

A consideration of equation 3-109 and Figure 3-10 reveals

the following:

1. The radial force component, the normal force component,
and the lateral force component lie in the same plane so.
only two are independent forces.

2. The normal torce component is used in defining the total
tire-ground reaction while the radial force component is
not.

3. The radial fcrce component can be determined directly
from the position and velocity of the tire relative to
the ground surface, but the normal force depends upon

other factors as well.
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4. Only the normal force and the radial force may have com-
ponents perpendicular to the ground plane.
Empirical data for lateral and circumferential tire forces

relate these forces to the normal force by coefficients such as

ey}
1}

. San | (3-111)
and

F =SF (3-112)

where

S, is the lateral force coefficient, and

S is the circumferential force coefficient, usually expressed

as separate rolling resistance and traction coefficients.

Thus only the normal force remains to be defined from the radial tire
force.

Both the normal and radial tire forces act to support the tire
on the grcund surface while the lateral and circumferential forces
act only in the ground plane. Thus. the component of the radial
tire force which acts perpendicular to the ground surface must be the
normal tire force. Expressed in terms of the unit vectexrs shown in

Figure 3-10, the normal force is

F ) . (3-113)

= ‘I_.U
n FT(ERL —GI
As seen in Figure 3-10, the circumferentizl force direction is
perpendicular to the radial force direction. The circumfercential
force is defined by equation 3-112 after the normal ferce and the

appropriate circumfercntial force coefficients are determined.
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Because the circumferential force may be only rclling resistance for
an uiririven wheel or both traction and rolling resistance for a
drivan wheel, the circumferential force coefficient is defined as these

two parts:

For driven wheels -

S =C,_+¢C (3-114)

For undriven wheels -

S =¢C (3-115)

Ct is the cocfficient of gross traction, and

C. 1is tne coefficient of rolling resistance.

EX

The coefficient of rolling resistance is defined impirically
as a linear function of the tire slip angle, while the sign depends

upon the direction of wheel motion

- . Q 1 [ . ] @ -
o SIGN(V Yy (@ + b2) (3-116)

where

SIGN means ‘'the sign of" the quantity inside

Fer * Yyer)
the parenthesis,

e5 is the slip angle, degrees, and

a and b are empirical constants determined for the specific

tire-ground conditionms.

The slip angle is defined as the angle between the velocity vector

for the ground-contact point and the wheel forward direction (given



by EWGI ) vhilc the sign of the slip zagle is defined positive for

motion to the right of the wheel plane.

V.o o+ U, .|

-WGI  -WGI|
9 = SIGN(V * U..) arccos 1ﬂ (3-117)
s —WGI LI | |

where

XWGI is the velocity of the wheel-ground contact point,

in/sec.

Tho velocity of the wheel-ground contact point is definec by assuning
that the ground-contact peint will retain its position relative to

the wheel center,

= VY - L $ - 3
Yeor =X 1 21 Byser (5-118]

where
YCI is the wheel center velocity defined by the appropriazts

equation (%-106:or 3-105), in/sec, and

Wyt i.s the angular velocity of the wheel, instantaneously
fixed to the axle, being either the tractor body angular
velocity {for a rear wheel) or the front-end angular

velecity (for a front wheel), rad/sec.

The coefficient of gross twraction, Ct , Tor driven wheels

is defined empiricaily as a functicn of the wvheel slip, Sw . The

wheel slip is defined as

A ~ U
T B
S =1 - —CI —JiGl

. T (3-119)
g |Bscr [,
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where

O is the component of the wheel aigular velocity which
2

is parallel to the axle, rzd/sec.
Lateral tire force coefficients are functiors of only the
tire slip angle for undiriven wheels but functions of hoth slip engle
and tractive force for driven wheels, For both drivern and undriven
wheels the lateral force coefficients are values related empirically
to the slip angle, while For driven wheels this coefficient is rcduced

by a Jactor which depends upcn the tractive force. Thus if C; is

an empirical coefficient obtained fer the given slip angle, thz lateral

force coefficient is:

For driven wheels -

§, = - C,C. SIGN (6) - (3-120)
L°f , S

For undériven wheels -

%]
L1}

1 - CL SIGN (es) {3-121)
where

Cf is the factor dependent upen the traction force.

Using the friction ellipse concepr ror lateral force definition,

(@]
38

C
t max
whare
Ct nax is the maximum value that the coefficient of tractica
1A X

can attain.
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Thus the maximum laterazl force coefficioent, Sl , is obtained whan

the traction force is zero.

3-5. The Tractor Engine

The tractor model includes an engine, clutch, transmission,
and differential whose characteristics also influence the response
of the tractor to terrain and external force disturbances. The
tractor throttle setting and transmission geal ratio ave aszumed to
remain fixed throughout the simulation period.

The engine torque-speed characteristics are defined by a
sinzle torque-speed curve obtained for the engines at the specified
throttle setting. Figure 3-11 shows & typical torque-speed curve,
For a given engine speed the output torque is wuniquely definea, but

when a particular torque i

(]

specifiad, an additional cendition stating
whether the engine speed is above or below the speed of maximm
torque must »e provided teo obtain a urnique engine speed.

The engirc speed Wg changes when a torque imbalance exists
between the torque at the clutch, Tc , and the engine torgue, T .
The eguation definiryg the engine speed equilibrium is

w = (T - T)/1 {5-123)
e e C °

where
r

9 is the mass moment c! inertia of the rotating engine

parts as seeu at the flywheel.

The clutch characteristics affecting the tractor dynamic



78

100 A
Per cent
of
rated
torque
90 A
80 T . T T T -

50 100 150

Per cent of rated speed

Figure 3-11. Typiczl Eﬁgine ‘Torque-Specd Relationship.
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response may be summarized by the torque-slip curve for the clutch.
Figure 3-12 shows a typical torque-slip curve for a tractor clutch.
Each torque defines a unique slip, but each slip does got define a
unique torque so again there is ambiguity in this curve. The clutch

slip, Gc , 1s defined as

(3-124)

where

©, is the clutch rotational speed, rad/sec.

The transmission speed ratio R1 defines the drive-line

speed in terms of the clutch speed,

(=
I
| &

(3-125)

e )

where

W4 is the drive-line rotational speed, rad/sec.

If the transmission efficiency is designated as E , then the drive-

lire torque, Td , is given by

3.6. The Toti] Tractor Model

The mathematical mode! for a wide-fron:t-end tractor is con-

structed from the differential equations of motion for the component
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Figure 3-12. Typical Clutch Torque-Siip Relationship
(from Goering, et al., 1967).
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parts of the tractor, subject to the appropriate motion constraints.
The ten degrees of freedom for the tractor (given in Table 3-1)

require twenty first-order differential equations to define the dynamic
state of the tractor. These twenty state variables and the number of
the equation which defines the derivative of each are listed in

Table 3-5.

After all the motion constraints have been applied to the
differential equations, the twenty resulting simultaneous equations
are seen to be functions of ground forces, gravitational forces,
external forces, positions, and other velocities and acceleratiois.
Many of the velocities and accelerations which are the derivatives
of the state variables are non-linear functions of one another making
the explicit expression of each an insurmountable task. Digital
simulation of the tractor motion, however, requires explicit expres-
sion of the derivative of each state variable so integration of each
may be performed to obtain the desired solution.

The following two classifications for the state variables
are proposed to aid in obtaining an explicit expression for each of
the state-variable derivatives:

1. acceleration-independent derivatives - those which can

be expressed as explicit functions that do not contain
rotational or translational accelerations, and

2. acceleration-dependent derivatives - those which when

expressea as explicit functions do contain rotaticnal
or translational accelerations in their expression.

The relative influence of external reactions upon the accelerations
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TABLE 3-5. Variables Whose Derivatives are Defined

in the Differential Equations of Motion.

Tractor component Variable(s) Translational Rotational Equation(s)

Tractor body

* , )
!BI 3 0 3-32
f * -
EBP 0 3 3-33
KBI 3 -0 3-3
)\ ,l ,)\ ,l ‘O 4 3-16
0123 ' through
3-19
Tractor front end
. * -
wFFl 0 1 3-69
eFFl 0 1 3-70
Left rear wheel
* -
wLPZ 0 1 3-41
eLP 0 1 3-43
2
Right rear wheel
. * 342
wRP2 0 1 3-42
eRP 4] i 3-44
2
Engine .
we 0 1 3-123

*Derivatives of these variables are accelerations or functions of
accelerations.
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and velocities of a body suggest that maximum care should be used in
evaluating the acceleration-dependent derivatives. Accelerations

are the direct result of applied forces and moments so they reflect
abrupt changes im these reactions. Velocities, however, are quantities
obtained from the integration of accelerations, so they reflect little
of the abrupt reaction variations. The following procedure is proposed
to provide preferential treatment to the highest-order (acceleration-
dependent) derivatives:

1. Identify those derivatives which are acceleration-depen-
dent and those which are acceleration-independent. (The
asterisk (*) in Table 3-5 denotes the acceleration-depen-
dent derivatives.)

2. Evaluate the acceleration-independent derivatives for the
present time interval by using the positions and velocities
which are defined by integrations over the previous time
intervai (or, by initial conditions, for the first inte-
gration step).

3. Evdiuate the acceleration-dependent derivatives using the
newiy-calculated velocities.

Of the ten acceleration-dependent derivatives, only three -

w and w, -~ &re expressed as functions which do not

s W ’
LP2 RP2

include other aceelerations. The remaining seven acceleration-depen-
dent derivatives are functioas of one another. Thus the evaluation of
the acceleratiom-dependent derivatives (step 3) can be accomplished

in part by dircctly evaluating the explicit expressions for the thrce

derivatives. The remaining seven derivatives must be determined from
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a set of seven simultaneous equations defining the coupled state of
these derivatives. The seven coupled accelerations are expressed by

the following matrix equation:

By Biz Biz Byg Bis Big By 1 i

Byy Bao Byz Byy Bys Bog Bogl | X Co

Bzy Bzy Bzz Bz Bgzg Bgg Bzol | X Cq

Bsa1 Bay Byz Bas Bys Bye Byy <X4?= < C4? (3-127)

Bsy Bsy Bgz Bgy Bgg Bge Bgyl | Xg Cg

Be1 Be2 Bes Besa Bes Bee. Ber| | Xe. Ce .

B.. B._ B.. B.. B. B. B X C

871 272 Bys Bz Bys By Bz M) L7
where

Bij are coupling coefficients between the accelerations,

C; are constants, and

xi are the acceleratiocns,

The coupling coefficients and constants of equation 3-127
are evaluated using the positions and velocities at the particular time
of interest, so thev change with time and actually are not constant.
The accelerations can be obtained by using standard methods for
solving linear equations. The coupling coefficients, constants, and
accelerations, together with the exhaustive derivations of tiiese are
presented in Appendix A.

Evaluation of all the derivatives listed in Table 5 is accom-
plished by evaliuvating the ten acceleration-independent derivatives,
the ground and external forces, then the seven coupled and three
uncoupled acceleration-dependent derivatives. This then provides

twenty derivatives which may be integrated simultaneously over one



incremental time step. Successive derivative evaluations and integra-
tions produce the record of the tractor state variables cver the
desired time intexval. The complexity of the derivative evaluations
and integration steps require the use of a digital computer to per-
form the necessary calculations. Appendix C provides a detailed
description of the digital computer prograr developed to produce

the desired tractor simulations.

3.7. Limitations to rront-End Rotation

Rotationzl motion of the tractor front end about the front
pin is not restrained by the tractor body until the front end strikes
a ''stop" betweea it and the tractor body. Thus the 'stop' interac-
tion needs to be considered only when the front-end rotation exceeds

a certain magnitude, i.e., when

) l > 8
l FFll — “max (3-128)
where
emax is the rotation limit for the tractor front end relaiive
to the tractor body (about the Sp axis), rad.
1

The discussion ef this secticn is limited to conditions in which
equation 3-128 is satisfied.

The "stop* transmits the reaction between the tractor body and
the front end necessary to cause the rotations of thesse two tractor
parts to confer® to vne another while they remain in contact. During

the traversing of irvregular terrains the relative angular velocity



of the front end and tractor body may differ greatly; thus as the
rotation limit is encountered, the ''stop'" must transmit large reac-
tions while deforming minimally to cause the angular accelerations
and decelerations necessary for the two tracter parts to reach the
state of coincident rotation. Although both energy storage and
energy dissipating characteristics are desirable for this "stop"
material, judicious use of these properties must be exercised im the
mathematical model of the ''stop' to minimize shock loadings and
mzintain the accuracy of the mathematical simulations.

Modelling the "s3top" with only energy-stcrage characteristics
could aliow urnwanted oscillations to persist in the simulation, but
the aﬁditﬁcm cf velocity-dependent energy dissipation characteristics
acversely incrcases the shock load when impact occurs. Thus, s
nedification from the frequently-used parallel spring-dashpot system
is proposed. The pnronosed "'stop! repfesentation provides purely
snexrgy storage (elastic) properties during the compression-phase
but both elastic and viscous damping properties during the relaxation
phase of the "sfop” deformation. The "stcp'" reaction is theraby
reduced in ﬁagnitude and smoothed whilec also dissipating enough
energy to mininize oscillations without adversely compremising the
over-z21l accuracy of the tractor simulation.

The "stop" reaction is defined to be 2qual and orposite forces
applied to both the front end and the tractor body at the point S
shown in Figure 3-12. The location of the point S is, relative tc

the front-end center of mass,

= - - R SIGNS c
Rsr1 Bepy = %65 “GFFI)SF

2
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Figure 3-13. Notation Used to Define Reactions when the

Tractor Front ELad is Against a "'Stop".
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and, relative to the tractor-body center of mass,

Repr = Rppr - lSSIGN(eFFl)EFz (3-130)

where

zs is the distance from the front pin to the line-of-action

(parallel to er ) for the "stop'" force measured in the

3
ex direction, in.
2
The "stop'" force, defined to act parallel to the er axis through
3

the point § , is always compressive into the tractor body and into
the front end.

When the stop is being increasingly ~ompressed, i.e., if

(0pp = wpp ISIGN(O ;) > 0 . (3-131)

1 1 1

then

Fg = ks“s[%eFPl! " Onaxl (3-132)

where

kS is the spring stiffness of thz "stop," 1b/in.

When the '"stop'" is being unloaded, i.e., if
(wep = O )SIGN(OFn ) <0, (3-133)
1 1 ‘1

then



&9

= L - H
FS kS S[’BFFI‘ emaxJ
CSLS(wFF - Gpp )SIGN(eFF ), (3-134)
1 1 1
where
Cg is the viscous damping coefficient for the '"stop' during

unloading, 1b-sec/in.

The reactions duve to the "stop'" are summarized for the tractor

body as the force

> = - T a 17
Focq g (3-135)

3
and the moment about the traccor-body center of mass

Moot = Renp * Fasp * (3-125)

The reactions due to the "stop'" for the {ront end are the force

= Fqe, (3-137)

and the moment about the front-end center o3 mass

X

(3-138)

1y

Mpst = Ropr ™ Fpeg

These reactions may be applisd. as inputs to the front end or tractor
body in the same manner as external reactions or ground reactions

are applied to bodies.



CHAPTER IV

EXPERTMENTAL PROCEDURE

Verification of the mathematical model of a wide-frent-end
tractor requires observation of an actual tractor under the condi-
tions for which the mathematical model is proposed. As an alternative
to full-sized tractor overturns a scale-uwodel test was used for the
mathematical model verification. This procedure is justified in that
the actual parameters of the scale model are ueasured and used in

the simulations that are to be verified by the scale-mcdel tessis.,

4.1. The Physical Tractor Model

A commercially available* toy Ford '"'8000°' tractor was pur-~
chased and modified for the physical model tests. The tractor was
an approximate 1/12 scale model of die cast aluminum having front
wheel éteéring and a ffont end which rotates about the frdht pin as
required. Figure 1-1 shows the tractor .model as it was prior to
medification and in the mcdified state. The tractor was not powered.

Modifications of the tractor model made tc increase the
similarity between the full-sized tractor and the scale-model tractor

and to improve the control of overturn tests are iisted below,

%
Part number 900-6841, manufactured by The ERTL Company, Dyersville,
Iowa 52040, a subsidiary cof Victor Comptometer Corpcratiom.
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Figure 4-1. The Scale-Model Tractor Before and After Modification.
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1. Rebuilt rear wheels.
The rear wheels of the purchased tractor were not symmetric
~about a plane passing through their centers of mzss. The wheels,
therefore, were removed from the rims, cut to yield symmetric
tires, and mounted on symwetric rims.
2. Rebuilt tractoer front eand,

The tractor front end was disassembled and reconstructed :c
eliminate excessively loose joints. The front pin joint was
reamed and fit with bushings to provide free motion about the
desired axis of rotation. The front wheels were also reamed and
fit with bushings. New steering knruckles were made to improve
the steering-axis joints and to provide a method for locking the
frunt wheels in a fixed positiom. Screw admustments were added
to zllow desired front-end rctation limits to be set.

3. Increasec tractor mass.

The tractor mass was increased by fastening a molded lead
piece inside the hollow tractor chassis. Tiiis increasea the total
tractor weight from 4.4 1b to 6:4 1b after all modifizations,

é weight appropriate for a model of the unballasted Ford &¢00
tractor.¥
4. Defined reference points.

Four reference points on tne tractor were defired %o 2id in

observatiqn cf the tractor motion. These ﬁoints were astabiished

by extending steel arms from the tracior body and pointing then

N .
The proper weight for a 1/12 scale model snculd be (1/2)3 or 1/17724
of the full-sized tractor weight. Thus 6.4 ib is appropriate for
1/12 scale of an 11;600 (i.e., 1728 * 6.4) 1b tractor,



so that their ends were readily identifiable points throughout
the expected tractor overturns. Two points were extended side-
ways and forward from the front of the tractor body while two
others were extended upward and siightly rearward from the rear
axle similar to the orientation of many two-post overturn protec-

tion frames.

The coordinate axes of the tractor body (the tractor-axes

directions) were defined:

er - forward, parallel to the front pin axis
1

ey - to the driver's right, parallel to the rear axle
2

e,. - down, perpendicular to e and e .

T3 ! T

The origin of this coordinate system was the tractor-body center of
mass, to be differentiated from the total tractor center of mass.
~The tractor motion, its orientation, and the location of points on
the tractor body were defined by usiﬁg the tractor-axes coordinates -

and the tracfor-body center of mass.

4.2. The Overturn Test Course

The terrain chosen for use in the model overturn tests was
an approximate 1/12 scale model of the terrain specified by the American
Society of Agricultural Engineers (Standard S306.2) znd by the

Society of Automotive Engineers (Standard J334) for side overturns
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(ASAE Agricultural Engineer's Yearbook, 1972). Dimensions of the test
course are defined in Figure 4-2.

The scale-model test course was constfucted of 3/4 inch
plywood while all surfaces over which the tractor wheels rolled were
covered with 100-grit sandpaper* to provide uniform surface charac-
teristics. All other terrain surfaces were painted contrasting colors
to aid in the visual identification of terrain details.

‘An inertial coordinate system was defined fixed in the test

setting with the e axis parallel to the ramp, the e. axis

1 I2

perpendicular to and to the right of the ramp (as approaching to climb

the ramp), and the g{ axis vertically down. The origin was chosen
3

so that the e

axis defines the base of the ramp incline and the

e axis defines the path of travel for the tractor centerline as it
1

approaches the ramp with the right rear wheel on the ramp centerline.
.The inertial coordinates are shown in Figure 4-2.

‘two vzartical planes of black;on-white one-inch~square grid
lines were erected to establish reference lines for defining tractor

positions. OCne plane of grid lines was erected parallel to the ey
1

and axes to define positions in the e and e. directions
3 1 3

I3

&y
while the second plane was oriented parallel to the e and e

xes to define positions in the e dixection.
‘ 2

N _
100 grit XZ265F Carborundum Aloxite industrial cleth ir 6-inch wide

by 48-inch perpheral length belts.
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Plan view

Ramp

View parallel to the bank

All Dimensions are in Inches.

Figure 4-2. The Scale-Model Overturn Test Course.
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4.3. Measurement of Physical Model Parameters

A complete description of the dynamic characteristics of the
scale-model tractor was required before any mathematical model simu-
lations could be conducted. Pertinent properties included the mass
(or weight) of the component tractor parts, centers of mass, mass
moments and products oflinertia, location of attachment points between
components, locaticn of other pertinent points, and tire characteristics.
Because the scale model was not powered, characteristics cf the engine,
clutch, transmission, differential, and the coefficiernt of traction
were not required, and, therefore were not measured. Further simu-
lation of powered vehicles would require measurement or these para-

meters,

4.3.1. Geometric and Inertia Properties

All geometric descriptions of the tractor weve defined in
terms of the coordinate system of that component. In all cases
the origin of the ccordinate system was at the centei of mass for that
component. Thus the center of mass for each comronent part was
located prior to establishing the coordirates of cther points on that
part.

The center of mass was located by a methcd of suspension.
After suspending the component part at least three times (by a
different point each time) and noting the force line-of-action each
time, the center of mass was defined os the point-of-intersection for
the ferce lines-of-action.

The tractor-body coordinate system was established with its



origin at the body center of mass and its axes directicns forward
parallel to the front pin, to the driver's right, and down as definad
in Section 4.1. The location of the front pin, the rear wheel centers
of mass, the four refersnce points (defined in Section 4.1), and other
points of interest were defined in terms of tractor-axes coordinates.

The front-end coordinate system was established with its crigin
at the front-end center’of mass aﬁd its axes directions parallel to
those of the tractor body when the front-end rotation was zero.

The locations of the front pin, the effective point of spindle rota-
tion, and the orientation of the steering axis were defined from the
front-end coordinate-axes directions. Dimensions of tractor parts
and important point locations are given in Table 4-1.

The mass of each tractor component was calculated from its
weight. A ten-pound maximum weight single-platform scale provided
weights to the nearest hundredth of a.pound. Because the units used
in the mathematical model were pounds, inches, and seconds, the

local gravitational acceleration used in calculating the masses was

386-in/sec2.

The mass moments of inertia and products of inertia were
measured by a trifilar pendulum method. (Phelan, 1967, p. 149).
The trifilar pendulum was constructed of a 12 by 12 by 1 inch styro-
foam platform suspended by three 34-inch long, 24-gage coprer wires.
The vires were fastened 2t the corners of an equilateral triangle at
both the top and the bhottom ends. Each trizngle was inscribed in a
5.50-inch radius circle: the center of the bottom circle was the

platform center of mass.
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TABLE 4-1. Dimensions and Point Locations for the
1/12 Scale Model Tractor.

Radius rear wheel, in 2.75
Radius front wheel, in 1.50
Effective length front axle, in -0.90

Tractor-axes vectors, in, from mass center to:

! =1, =Ty
Left rear wheel center -2.80 -3.20 1.35
Right rear wheel center -2.80 3.20 1.35
Front pin ' 5.65 ‘0:00 1.75
Left rear reference point -4.23 -1.52 -5.90
Right rear reference point -4.23 1.43 -5.90
Left front reference point 6.87 -3.35 -0.90
Right front reference point 7.20 3.35 -0.90

Front-end-axes vecturs, in, from mass center to:
Front pin +0:00 :0:00 -0.90
Turning peoint - L.F. spindle:9.00 -1.80 -0.35

Turning pcint - R.F. spindle-0.00 1.85 0.35
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The mass moments of inertia of a body were determined by
placing the body center of mass over the platform center of mass
with the axis about which the inertia property was to be measured
aligned vertically (joining the triangle centroids). Figure 4-3
shows the tractor body on the platform of the trifilar pendulum.
Small amplitude oscillation about the vertical axis was induced and
the period of oscillation was measured. Then the mass moment of
inertia for the body was determined by subtracting the mass moment
of inertia for the platform from that for the composite (body and
platformj. The relationship used in determining the mass moments

of inertia was

I = ——— (4-1)

where

I = mass moment of inertia for the platform or platform and
body, 1b-in—sec2,

W = weight of the oscillating platform or platform and body,
1b. ‘

T = distance from platform center of mass to the support
wires, in

T = period of oscillation for the platform or platform and
body, se<, and

£ = length of the supporting wires, in.

The tractor body and the tractor front end required the deter-

mination of one product of inertia for each because each body had a
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Figure 4-3. Scale-Model Tractor Body on the

Trifilar Pendulum Platform.
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plane of symmetry making the er and ep axes principal axes.
2 2

The I =1 and the 1 =1 products of inertia were
BT13 BT31 FF13 FF31

nonzexro, thus causing measurement of an extra moment of inertia for
each of these two bodies.

If a 1is the angle of rotation (about the e axis, the
2

axis normal to a plane of symmetry) from the & axis to a second
1

axis &y then the moment of inertia measured by oscillations about
A

the er axis is given by Greenwood (1965, p. 315) as

2 . 2 ; . A
I,.. =1 cos‘a + 1 sin"a - I sin 2a . (4-2)
BxA BT11 BT33 BT13

Solving for the product of inertia, IBT , yields

13
2 . 2
IBT cos a+IBT~951n a—IBT
T = 11 33 A (4-3)
BT13 sin 2a :
where
2
I is the vroduct of inertia (equal to I )}, lb-in-sec”,
BT, : BT,
13 31
IBT is the mass moment or inertia measured about the
11 2
er axis, ib-in-sec’,
1
IBT is the mass moment of inertia measured atout the
er axis, 1lb-in-sec”,

3
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I is the moment of inertia measured about the &r
1b-in-sec, and

axis,

a is the angle of rotation (about the &
2

axis) from

the e, axis.

A

axis to the Er
1 A

Thus the products of inertia for both the tractor body and the tractor
front end were determined by measuring the mass moment of inertia

about an appropriate axis and calculating the product of inertia from
equation 4-3.

The inertia properties of the scale-model tractor

components are summarized in Table 4-2.

TABLE 4-2.
1/12 Scale Model Tractor Components

Weight and Inertia Prcperties for the

|
|
!
?!

Tractor Tractor Rear
Body Front end Wheel
Weight, 1b 3.69 0.76: -0.985
Moments of inertis, 1b—in—sec2
Ill : :0:0260 :0:0128 +0;00825
127 -0.0840 :0:00391 :0:0132
IST :0:0788 +0:0125 +0:00825
I = -0 =0 ! 0
I 113 0:000447 0:00136 0:0
A1l other Iij :0:0 :0:0 :0:0

j=1,2,3 i=1,2,3
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4.3.2. Tractor Tire Characteristics

Description of the scale-model tractor required a definition
of the forces acting unon the tires in terms of the position and
velocity of the tire relative to the ground surface. Because the
tractor was unpowered, the gross coefficient of traction for the
rear tires was not required, thus the empirical relationships neces-
sary for description of the front and rear tires were of the same
types. Those relationships which were determined experimentally for

the tires are listed below.

1. Radial tire force (1b) as a function of the radial tire
deflection (in),

2. Circumferential rolling resistance (1b) as a function
of tire normal force (1b) and tire slip angle (degrees),

3. Lateral tire force (1b) as a function of tire normal

force (1b) and tire slip angle (degrees),.and

4. Viscous damping coefficient (lb-sec/in) for radial deflec-

tion.

The tire radial force-deflection relationship was determined'
by deflecting each tire at a constant rate on an Instron Tester.
Bzcause the loading head moved at a constant rate and the chart
paper of the plotter (integral with the testing machine) moved at
a constant rate, the desired force-deflection relationships were
obtained directly from the chart records.

The radial force-deflection tests werye cunducted on each tire
while the tire was clamped by an axle tc a yoke as shown in Figure

4-4. The loading head advanced two-nundredths of an inch per minute
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Figure 4-4. Measuring the Tire Radial Force-Deflection
Characteristics with the Instron Tester.
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as it loaded the tire periphery while the yoke transmitted the force
to the load cell beneath the tire. By zeroing the chart pen prior
to contact between the loading head and the tire, the force-deflec-
tion curve was obtained directly cn the chart.

Two radial force-deflection replications were conducted for
each tire. The curves of Figure 4-5 show the averages obtained for
the four loadings of front tires and the four loadings of rear tires.

The tire circumferential and lateral force relationships
were determined from measurements of the circumferential and axial
forces derived from the apparatus shown in Figure 4-6: The front
or resr tire was held in place and allowed to rotate freely on a
shaft as the sandpaper surface moved beneath the tire. The normal
force acting on the tire was varied by adding or subtracting weights
stacked above the outer yoke, while turning this yoke about a vertical
axis relative to the direction of san&paper travel provided the desired
variation in tire slip angle.

The circumferential force acting at the point of tire-sand-
paper contact was determined indirectly by measuring the force required
to prevent the inner yoke (tlrough which the axle passed) from rotating
relative to the outer yoke about a horizomtal axis. A cantilever
beam mounted on the outer yoke restrzined the iuner yoke and provided
a force indication through four SR-4 strain gages cemented onto the
beam. A four-arm strain tridge amplifier provided a voltage signal
proportional to the circumferential force. This signal was then
amplified by a strip chart recorder amplifier to provide a direct

reading of the force which would have been required at the axle
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Figure 4-5. Tire Radial Force-Deflection Curves.
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Figure 4-6. The Apparatus Used in Measuring the Tire

Circumferential and Lateral Force Characteristics.



109

(in the circumferential direction) to produce the same strain bridge
output. Details of the equipment and procedure for obtaining the
circumferential force are presented in Appendix B.

The circumferential force data required by the mathematical
model of the tractor is the tire rolling resistance coefficient as
a linear function of the slip angle (in degrees). Figure 4-7 shows
the plot of rear wheel iolling reéistance coefficients while Figure
4-8 shows the plot of front wheel rolling resistance coefficients
as functions of the slip angle. The least squares linear curves
for each set of data (also plotted in these figures) are presented
in Table 4-3.

The apparatus shown in Figure 4-6:also provided an indirect
measureniznt of the lateral tire force. The dial gage shown indicated
the axial displacement of the wheel and axle against a compression
spring. Thus the dial gage reading was calibrated to yield a measure
of the axial force acting on the tire from which the lateral tire force
was derived. Details of the lateral force derivation and tabulated
data are presented in Appendix B.

The lateral tire force plotted as a function of the normal
force with selected values of the tire slip angle as a parameter is
shown for the rear tires in Figure 4-9 and for the front tires in
Figure 4-10. The mathematical model of the tractor requires a lateral
force éoefficient {as given by the slopes of these curves) to define
the lateral force for any given tire slip angle, tnus the lateral tire
force data for each measured slip angle were fit by tiie methnd of

least squares to equations of the form
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Figure 4-7. Rear Tire Rolling Resistance Coefficients as

a Function of the Slip Angle.
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TABLE 4-3. Rolling Resistance Coefficients for

Scale-Model Tractor Tires.

i

Equation form*: §E-= a + beS
n

a b T

Rear tires 0:.0174 0.00242 0.972

Front tires 0:0199 0:.00210 0.986
Fc
- coefficient of rolling resistance
n
es = tire slip angle, degrees

Fp = SpF_ (4-4)
where

Fz is the lateral force, 1b,
F is normal force, 1b, and

S, 1is the lateral force coefficient defined for the parti-

cular tire and slip angle.

The lateral force coefficients are przsented for both the front and

rear tires in Table 4-4.
The tire radial damping force was defined in Section 3.4.4. as

V. .U <0
V.. -u,) ford “1 ~RI (4-5)
i>0 .

where
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Figure 4-2. Rear Tire Lateral Force as Functions of the

Tire Normal Force.
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TABLE 4-4. Lateral Force Coefficients for Scale-Model Tractor Tires.

Slip angle Lateral force
(degrees) coefficient (Fz/Fn) T
Rear tires 5 1.07 ‘0.986:
10 1.85 +0.991
15 2.22 +0.983
20 2.59 0,981
25 2.87 0.985
30 -3.39 0.952
Front tires 5 -0.466 0.979
10 0.863 0.989
15 1.27 0.995
20 1.44 0.999
25 1.65 0.999
30 1.65 0.999

40 2.14 0.985
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Fd is the radial damping force, 1b,
d is the viscous damping coefficient, 1b-sec/in,

(!CI . ERI) is the component of the wheel center velocity
that is radial away from the wheel center, in/sec, and

d is the tire radial deflection, in.

Thus the tire damping characteristic is defined by the damping coef-

ficient Cd

The tire radial damping coefficients were measured by recording
simultaneously on an oscilloscope écreen the acceleration of the tire
and the acceleration of a vibrating surface against which the tire
rested. The phase angle between the sinusoidal tire and surface
accelerations provided a damping ratio for the tire from which the
damping coefficient could be determined. Figure 4--11 shows the physical
arrangement used in exciting the tiré and in recording the accelera-
tions. A detailed description of the equipment and procedure used
in measuring the tire damping is presented in Appendix B. Table 4-5
presents those'tire radial damping coefficients determined for the

scale-model tractor tires.
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Figure 4-11. Apparatus Used to Measure Tire Radial Damping.
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TABLE 4-5. Scale Model Tire Radial Damping Coefficients

Damping ratio Damping coefficient
z Cd {(1b-sec/in)
Rear tires
Case A 0:07 -0.54
Case B 0.10 -0.49
Front tires
Case A 0:05 10,21

Case B 0.07 :0:09
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4.4. Overturn Tests

The response of the model tractor as it traverses the model
overturn test course may be observed from actual tests after all
the model characteristics have been determined. Because the tractor
model was an unpowered vehicle, a starting ramp (as shown in Figure
4-12) was used to prcvide the tractor a controlled speed as it encoun-
tered the test terrain. The ramp height was made adjustable so the
tractor speed could be varied.

The tractor path of travel was controlled by setting the
front wheels at given steer angles and by orienting the tractor rela-
tive to the test course as desired prior to release from the ramp.

Figure 4-13 shows the technique used to set the steer angle
of the front tires in .a repeatable manner. The tractor has two holes
drilled in the bottom of its chassis ceunterline for use in alignment
of the chassis. The tractor was set én two spring-loaded, pointed
vertical rods so that they were inserted firmly into the two alignment
holes as the tractor wheels contacted the platform shown. Then when a
small rod was inserted into a horizontal hole in each spindle pointing
forward paraliel tc the front wheel plane, this rod swept an arc as
the wheel was turned. Marks on the platform provided reference peints
to assure that each front wheel was aimed in the proper direction
relative to the tvacior chassis. The steering knuckles were then
tightened to hold the front wheels in the directions chosen for this
test.

The tractor orientaticn on the starting ramp was also estab-

lished by setting the tractor chassis on two pointed rods which were
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Figure 4-12.
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Figure 4-13. Aligning the Front Wheels of the Model Tractor.
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previously aligned with the desired tractor path. After alignment
of the tractor in this manner, the tractor drawbar was hooked with a
solenoid-actuated release and the alignment points were lowered from
the holes in the chassis. Then, when release was desired, a push-
button actuated the release mechanism and the tractor rolled freely
down the ramp toward the test course. Figure 4-14 shows the tractor
as it sits above the alignment points. The lever under the ramp was
used to raise and lower the alignment points. The push-botton release
is z1so shown.

The motion of the tractor as it traversed the test terrain was
studied in three dimensions by using a mirror arrangement as shown
in Figure 4-15 and recording the two views simultaneously in high-
speed movies. The movie camera-terrain-mirror arrangement was set so

that one view was along the ey axis at the origin while the mirror
2

view was alcng the g,

T (in the - er direction) axis at the origin.

1 1
This provided simultaneous views from two perpendicular directions
rom which three-dimensiongl coordiﬁétes could be derived for points
of intersst.

The time base for studying the tivractor motion was provided
by the clock shown in Figure 4-15. This clock, constructed of two
synchronous motors, was started by the tractor-release switch and
was photographed together with the two vicws of the tractor during
the overturn test.

The camera used in phctographing the tractor model overturns

was a Paillard-Bolex, H16: (16 mm) reflex movie camzya with zoom lens.
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Figure 4-14. Model Tractor Over Alignment Points on
the Starting Ramp.
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Figure 4-15. The 3-Dimensional View of the Scale-Model Tractor-
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To obtain maximiea depth-of-field (as required by the two views at
different distances from the camera), the camera was located about
thirteen feet from the test ramp and grid plane in the direct view.
Filming at seventy-two frames per second (maximum rate for this
camera), using color film to take advantage of the color contrast,
and using a small aperture setting to increase depth-of-field

greatiy increased the lighting demands, thus requiring a large amount
of auxiliary lighting. High-speed Ektachrome* EF 449 movie film with
an aperture setting of f/11 provided a reasonable combination for the
OVETIUuTi Rmovies.,

Ten model tractor overturns were filmed to provide replication
for five aifferent tests. Tests 1 through 3 were overturns in which
the tractor front wheel steer angles were set at 0.0 degrees, the
maximum front-erd rotation angle was set at 10:0 degrees, while three
differeat starting heights were used. Test number 4 was similar to
tests 1 through 3 except that the maximum front-end rotation angle
was set at 2.0 degrees. Test number 5 was conducted with the méximum
front-end rotation angle set at 2:0'&egrees, and the right front
steer angle set at -3.5 degrees, the left front steer angle set at
-2.5 degrees, and the tractor oriented so as to miss the overturn ramnp
and Tun down the bank. Table 4-6:summarizes these five overturn test

conditions.

4,5. Verification of the Mathemwatical Model

Verification of the mathematical modei for the wide-front-end

tractor was prcvided by comparing the filmed physical model overturns



126.

TABLE 4-6. Steering and Front-End Rotation Conditions
Set for the Model Overturn Tests.

.
I
.

Test Front-end rotation Steering angles (degrees)
no. limit (degrees) left right
10 0 0
2 10 :0 ‘G
3 10 0 0
4 2 0 ‘0
5 ~2.5 -3.5

1c the mathematical model overturns generated by the digital computer
program. Each physical model overturn (except test number 5) was
replicated to provide an indication of the variation that could be
expected £rom overturn tests in this manner.

The digital computer program uscd in the computer simulaticns
is presented in Appendix C. The program is written in the Fortran IV
programming language and contains in itself all the supportive sub-
routines needed for execution. Only standard functions which are
available at most computing installations (e.g., absolute values,
trigonometric functions, etc.) are omitted. Notation used in the
program is usually suggestive of the variable names used in the descrip-
tion of the mathematical model giver in Chapter III.

The position of the tractor during cach of the overturns is
defined by the positions of the four tractoxr-hody reference points
{described in Section 4.1) in the inertial rveference frame. Compari-

sons of the tractor motion in thz experimental and simulated cases
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are based upon the positions of these four points at instants in time
common to both the experimental films and the simulation printouts.
The positions of the reference points are provided by the computer
program when these four points are defined as points to be monitored
(input as data in data block 5; see Appendix C). For the experimental
overturns the inertial coordinates of ‘these points must be derived
from geometric relationéhips for the test course, grid system, and
movie camera locations.

Figure 4-16:shows a plan view of the arrangement used in
filming the scale-model experimental overturns. (Figure 4-15 is a
photegraph, taken from a point near the movie camera position, showing
the grid system and mirror arrangement.) The two grid planes - grid

F which is vertical and parallel to the e;
1

axis, and grid S

which is vertical and parallel to the. e; axis - provide three loca-
: 2

tion readings for each point of interest. Grid F , behind the over-

turn course, provides a horizontal position reading (XR ) and a
1
vertical position reading (XR ) . Grid S , between the mirror and
3

the test cocurse, provides the second horizontal pesition reading

x These three position readings and the csmera-mirror-grid

J
RZ
system geometry provide the information needed to determine the inertial
coordinates for the points of interest.

The three position readings are coaverted into the inertial

coordinates - XI > X 5 XI - respectively in the directions -
1 2 3
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:0 - origin

P - point in 3-dimensional
space: inertial coordinates

are (X, , X, , X. )
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Figure 4-16. Geometric Relationships Determining Inertial

Coordinates for Points in the Movies,
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1. * & & - by the following geometrically-derived relationships

fad
]
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)

1, = (O + 4R 0 29) - 0% )0 2]

bl
|

= [(X, 2) (2. - do) + (X, )X, 2]
I, R, P Us " % XR3 R,'S

/T + d) (B - d) + stsz] (4-8)

Frame-by-frame analysis of the overturn movies and the use
of equations 4-6:through 4-8 provide the inertial coordinates of the
four tractor-body reference points throughout the filmed overturns.
These point locations are used not only to study the experimental
overturns, but also to define the initial position and velocity of
the tractor at the start of each test for use in defining the initial
conditions for the‘computer—simulatsd overturns. Because the position
and velocity of the tractor-body center of mass and the crientation
of the tractor-axes coordinates are required as program initial
conditions, this information must be obtained from the coordinates of
the four tractor-body reference points.

Analysis of the tractor motion is interesting only after the
tractor leaves the level, smooth surface and encowiters the ramp and

bank of the overturn test course. Thus the experimental analysis and
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the simulations commence when the tractor is near these iiregu]ar
surfaces. Initiating the similations just prior to thé tractor's
encountering the irregular surface simplifies the definition of initial
conditions by allowing the computer program to define the vertical
considerations appropriate for the tractor on a zerc-elevation level
surface. This requires definition of only horizontal position,
velocity, and orientation initial conditions from the movie data.
Figure 4-17 shows the plan view of a tractor in the inertial
reference frame. fhe four reference pointé - LR, RR, LF, and
RF - and the tractor center of mass are shown, as gre the horizontal

unit vectors - €y » & > and g . The tractor plane of symmetry,
2 1 2

denoted Ly the '"centerline,' passes through points R and F . The
tractor initial conditions in the horizontal directions are derived
from the geometric relationships of this figure.

The inertial coordinates of points R and F are defined,
respectively, as the average values for the coordinates of the LR

and RR and the LF and RF reference points,

1
= ( 4 -
%1 = 7% * Sey) (4-9)

and

= L(x

Xer = 3Ger * Xee?) (4-10)

Then the location of the tractor-body ceanter of mass is defined zlong

the herizontal Ycenterline' by the geometry of the tractor
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Py

X. = PR X -X..); i=1,2, (4-11)
BI, XRIi grhy K, )‘RIi

where

xBI. are the horizontal coordinates for the tractor-body

center-of-mass location, in,

h is the horizontal distance along the tractor center-
line from the tractor-body center of mass to the
straight line connecting the two rear refersnce points,
in, and

h is the horizontal distance along the tréctor center-
line from the tractcr-body center of mass to the
straight line connecting the two front reference

points, in,

The orientation of the tractor in the horizontal plane is

defined by the angle between the tractor centerline and the er axis.

1

This angle is calculated from the ccordinates of the reference points

by
XF12 - xmz—!
6, = arctan Yy “ %7 | (4-12)
FIl \Il
where

Bc is the angle of the tractor centerline from the e,

axis (positive clockwise}, rad.

The tractor velocity is determined from the locations of the

tractor-body center of mass at the times asscciated with each of the
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movie frames. For each filmed overturn the times read from the
clock were recorded and expressed as a linear function of the frame

number

t=1t, +bf (4-13)
where
t is the time for any frame number f , sec,

t. is the time predicted for frame number zero, sec,

f is the frame number, and
b is the slope of the curve, i.e., the time elapsed per

frame, sec/frame.

This linear relationship provides a more accurate definition of the

film speed and the time for each frame than was obtained from indivi-

o
g
'—l

time readings for the frames.
The tractor-body center-of-mass position was also expressed

linear function of the frame number,

&
oY)

= +c.f; i#1,2 -12
XBI. )‘(0. it ? i (4-12)
i
where
XBI is the ith inertial coordinate for the tractor-body
centeir of mass in frame £ , in,
XO is the ith inertial coordinate for the tractor-body
i
center of mass predicted for frame zero, in, and
c. is the slope of the position-frame relationship for the
.th . .
i coordinate, in/frame.

The use of the slopes of equations 4-13 and 4-14 then provides a measure
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measure of the tractor center-of-mass velocity,

c.
=L . 5 - -15
VBI. =45 i 1,2 , (4-15)
1
where
. .th . .
VBI is the 1 horizontal component of the velocity
i

for the tractor-body center of mass, in/sec.

The frame-by-frame analysis for the definition of initial
conditions was limited to those frames prior to the tractor's reaching
the ramp or bank: thus, from five to sevén frames wefe used to estab-
lish the initial conditions for each overturn. The time-per-frame
calibration, however, was determined by using all fifty-five frames
of the first overturn to calculate the least squares regression equa-
tion. The initial conditions were defined for frame number 2 of each
overturn so lcast squares linear equations were used to define the
time, position, or oriéntation corresponding to that frame. Table
4-7 summarizes the initial conditions for each filmed overturn.

Analysis of the tractor motibns recorded o film is accom-~
plished by studying the three inertial coordinates of the foug tractor-
bedy reference points throughout the overturns. This analysis is
presented together with the corresponding analysis of the simulated

tractor overturns in Chapter V.



135

TABLE 4-7. Tractor Initial Conditions Obtained From

Film Analysis.

Test Run Time* Position (in) Velocity {in/sec) Orientation

no. nc. (sec) X X \Y A 8  (rad)
BI, “BI, BI, BI, c

1 1 1.50 -8.8 0.1 38:0 0.0 000
Z 1.49 -9.1 0.5 37.8 0.0 10,00

3 1.46: -10.4 0.2 400 :0.0 -0:02

2 1 1.24 -9.3 0.3 44.9 -0:0 -0:00
2 1.27 -9.2 0.2 46:8 0.0 .0.00

3 1 2.27 -9.8 0.2 21. 0.0 ©0.00
2.29 -9.4 0.3 20.7 0:0 0:00

4 1 1.64 -10:0 0.2 34.2 . 0:0 -0:02
2 1.75 -7.63 :0:0 32.9 0.0 -0:02

5 1 1.67 -7.41 -1.5 23.8  -5.2 =0.21

* . ,
Time calculations were based upon the coefficient cbiained from the
linear regression of time vs. frame -:0:0141 sec/frame.



CHAPTER V

RESULTS AND DISCUSSION

This study of tractor overturns includes the analysis of
scale-model tractor overturns, verification of the mathematical
model developed to simulate tractor overturns, and analysis of over-
tuins simulated from the mathematical model. Section 5.1 presents
the results of the experimental overturns and discusses the repeat-
ability of tractor motions under laboratory conditions. Comparisons
of simulated and experimental overturns to validate the mathematical
model for tractor overturns are discussed in Section 5.2. Section 5.3
presents an analysis of the information generated in two overturn

simulations.

5.1. Scale-Model Tractor Overturns

Ten side overturns of a scale-model tractor were filmed for
five different overturn conditions. Frame-by-frame analysis of
each filmed overturn yielded threec grid readings* for each of the four
tractor-body veference points from which the three irertial coordinates
of these reference points were defined for each frame. Every frame
of tests 1 through 3 wzs analyzed while only alternate frames of tests
4 and 5 werc anzlyzed in ihis manner. 7The times and inertial ccordi-
nates of the reference prints are tabulated in Appendix D for each of

the ten filmed overturns.

*
Grid readings from the films were estimated to the nearest 0.1 inch.
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Tests 1 and 4 were selected for detailed analysis and for use
in verifying the mathematical model. The tractor paths of travel while
approaching the overturn ramp and bank were to be the same, but the
tractor approach velocities and the front-end rotation limit were to
differ for these two tests. These initial conditions as measured
prior to the runs or prior to the tractor's contact with the overturn
ramp are tabulated in Tables 4-6 and 4-7.

Three replications for test 1 and two for test 4 were filmed
to obtain an ihdication of the test repeatability. Test repeat-
ability was determined visually by plotting the tracfor-body reference-
point inertial coordinates as a function of time for each replication.
Plotting all the replications of one coordinate path con a single set of
plot axes provided a simple comparison of the reference-point paths
throughout the overturns.

Observation of the overturn films and the final resting
points of the scale-model tractor in replicated overturns indicated
a high degree of repeatability between replications. This observa-
tion suggested that plotting all thé.reference points was not required
to show the degree of repeatability. Thus the coordinate paths of
only the left front reference point were plotted for this comparison.
This point was sclected because its motion showed the effects of the
front-end motion and because this point always was a point of impact
between the tractor and the ground.

Figure 5-1 shows the paths of the left fxont reference point

in the e direction during the three replications c¢f test 1.
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The parallel paths for runs 1 through 3 show that the tractor forward
velocity was controlled well in each start. Because the path of run
3 usually is ahead of that for run 1 and the path for run 2 usually
is behind that for run 1 (at the same frame time), the path discre-
pancies may be caused by slightly different clock settings when the
tractor was released from its starting position. An adjustment of
'G:01 to-0:02 seconds would shift the paths into nearly perfect agree-
ment. An error of nearly 0:02 seconds is easily imagined in any one
zeroing of the clock prior to its start when the tractor was released.

Figure 5-2 shows the e component of the left front

T

2
reference-point paths during test 1. Again the shapes of the paths
for the three runs are very similar, but now the path of run 2 is
digtinctly offset from runs 1 and 3. The tractor in run 2 travelled

along a path which was to the right of (in the + ey

2

direction from)

the other two paths. This difference may be traced to the tractor-
body center-of-mass initial conditions (given in Table 4-7) in which

the tractor lateral position (XBI )} shows the tractor of run 2
2

approaching the terrain irregularities from a position 0.3 te-0.4 inch
to the right of that in rums 1 and 3.

Figure 5-3 shows the e;  component of the left front
3

reference-point paths during test 1. These vertical components of the
reference-point paths differ more than did the other components, but
this is to be expected when the left wheels travcl on the steep bank.

Because the path of the tractor in run 2 was distinctly to the right
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of those in runs 1 and 3, the tractor remained at the greater elevation

(more negative values of X for corresponding times in the

)
LFI,

overturns. This resulted in a greater time period for completing the
overturn and, therefore a decreased velocity of ground impact for the
left front rcference point in run 2.

Whereas the overturns of test 1 differed primarily because
their paths of approach were somewhat different, the discrepancies
between the two r#ns of test 4 may be attributed to the clock initiali-
zation prior to these overturns. Figures 5-4, 5-5, and 5-6; respec-

tively, show the e. , e. , and e. components of the left front

L, Ig

reference-point paths for test 4. If the frame times for run 2 were
decreased by 0:04 second, then each of the plotted components of the
reference-point paths would show extermely good agreement between
the two runs. Thus the actual paths are in agreement for these

two Tuns but the film frame times are in slight disagreement.

The repeatability of scale-model tractor overturns as demon-
strated by the replications of tests 1 and 4 was very good. The lateral
paths of the tractor in test 4 and again in runs 1 and 3 of test 1
usually remained within:0.25 inch of one another throughout the analyzed
forward travel of the tractor which exceeded 20 inches. The lateral
path of the tractor during run 2 of test 1 usually remained within
1.0 inch of the corresponding paths for runs 1 and 3 of the same
test. Much of this latter discrepancy can be attributed to path
deviations experienced during the travel down the starting ramp and

through the approach to the overturn ramp and bank, a distance of
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3€¢:inches.

The vertical component of the left front reference-point
paths showed very good agreement between runs 1 and 3 of test 1 and
again between runs 1 and 2 of test 4. The discrepancies in vertical
position were directly related to the lateral component of the tractor
paths, i.e., those runs in which the tractor travelled to the right
resulted in the wheel contact higher on the bank and thus greater
elevations for the left front reference point. The elevations of
this reference point seldom differed by more than-0.75 inch between
runs 1 and 3 of test 1 and seldom by more than 2.0 inches between any
two of the runs for test 1. Test 4, however, showed superb repeat-
ability with elevation differences usually less than-0.25 inch after
the frame-time adjustments had been considered.

The high repeatability of the scale-model tractor overturns
on the ASAE side-overturn terrain provided evidence that the experi-
mental overturn data was reliable. Thus it was reasonable to use any
of the filmed overturns to validate the mathematical model for tractor
overturns. Run 1 of test 1 and run 1 of test 4 were selected for use
in the model verification. Section 5.2 presents the verification

procedure.
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5.2. Verification of the Mathematical Model

The mathematical model for wide-front-end wheel-tractor over-
turns was verified by using the mathematical model for simulation of
specific tractor overturns and then comparing the simuiated overturn
motions to the corresponding scale-model overturn motions. The filmed
run 1 of test 1 and run 1 of test 4 were selected as those experimental
cverturns usad to verify the mathematical model. Thus two overturn
simulations were generated using the tractor initial conditions of
these two expevimental overturns. (See Tables 4—6:and 4-7 for the
initial conditions.)

‘As was done in checking the repeatability.of experimental scale-
model overtuvrns, the comparison of experimental and simulated overturns
was made by plc:ting tha corresponding reference-point paths as func-
tions of time. Because the inifial times as well as initial positiomus
and velocities of the trectors were spocified in each simulation to
match those of the corresponding filmed overturns, the paths of the
tractor-body reference peints for both the experimental and simulated
overturns were polttéd as funcviorns of the same time scale. Compari-
sons were made by visual observation of these plctted weference-

point paths.
As the tractor traversed the test ierrzia, tnres transition

pcints vhich cculd significantly arfect the trector-terrain relation-
ship vere identified. These are:

1. The richt fron® wheel contacts the ramp inclice while the

left front wheel reaches the terrazin break at the top of

the bank.



2. The right fronr wheel reaches the tep of the ramp incline
vhile the center of the left rear wheel tread reaches the
terrain break at the top of the bank.

3. The right rear wheel contacts the ramp incline while the
inner edge of the left rear wheel tread reaches the
terrain break at the to» of the bank.

These three events were observed when the front reference points

reaches coordinate values in the g direction:0.5, 6:0, and 9.0
1

inches, respsctively. These events were important in studying the
experimental and simulation tractor motions and in explaining discre-
pancies.

Figures 5-7 and 5-8 show the ¢ component for each of the

!

four tractor-body reference-point paths obtained from beth the experi-
mental test 1 and the corresponding simulation. ‘The slopes of these
plotted curves, remaining relatively uniform throughout the overturn,
show that the tractor forward velocity remained relatively coanstant
throughout the ‘overturn. All carves show a small decrease in forward
velocity as the right front whesl climbs the ramp (time = 1.55 to 1.73);
then as the leit rear whesl weaches the break a2t the top of the bank,
the tractor speed eitlier increases or remains at a constant vaive.

The siiulation tractor motion diftesrs noticeably firom the
experimentally-observed mction only after the tiie exceeds 1.88
seconds, Arter this time the simulaticn tracter speed increases
beyond that of the scale-mcdel tracusr resulting in 4 greater distance

travellsd and a greater ey velocity at impact.
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The greatest discrepancy between simulation and experimental distances-

of-travel in the e direction occurs with the left front reference
1

points being 5 inches apart while the least discrepancy occurs with
the right rear reference points 1.5 inches apart after 25 inches of
travel. The simulation predicts greater travel distance and greater
time elapse than those observed for the experimental overturn.

Figures 5-9 and 5-10 present the €;  component of the four
2

tractor-body reference point paths for the experimental and simulation
overturns of test 1. The four reference-point paths hove to the left
during the overturn, but the two rear reference points, being a greater
distance from the tipping axis of the tractor, move left a greater
distance than do the front points. The simulation paths of the rear
reference points begin their lateral-left motion prior to their experi-
mental counterparts, but the experimental paths then move more quickly
and surpass the simulation paths in total lateral motion during the
overturn. The simulation paths begin their lateral motion at the
transitioﬁ time {2) when the left rear wheel center is at the top of
the bank, but the experimental paths move left only slowly :mtil after
the transition time (3) when the entire tire contact patch is over

the bank.

The front reference points show little difference between
simulation and experimentai results prior to a time of 1.95 seconds.
After this time the simulation paths for the front reference points
diverge to the left of the experimental paths and remain generally to

the left until the overturn is completed. The latcral discrepancies
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between the reference-point paths of the experimental and simulation

overturns seldom reached 2.0 inches while the total lateral distance

of travel was nearly 15 inches. The lateral mcotion of the right rear
reference point is an exception which showed 3.0 inch discrepancies

during the final stége of the overturn.

Figures 5-11 and 5-12 show the e; component of the experi-
3

mental and simulation paths for the four tractor-body reference points
during test 1. Remarkable similarity between experimental and simu-
lation paths is seen for all four reference points prior to the transi-
tion time (2) when the center of the left rear wheel reaches the break
at the top of the bank. At this time the thin simulation wheel begins
dropping in eievation, but the thick scale-model wheel continues to
support the rear axle at its original elevation. At the transition
time (3) when the inner cdge of the tire tread passes the break at the
top of the bank, the experimental paths alsc show the effects of a
decreasing elevation for the left rear wheel.

A general similarity in the vertical ccmponent of the experi-
mental and simulation paths for the reference points is evident. The
sitclation curves exhibit some abrupt changes which do not occur in
the experimental curves, but these variations are not major deviations
from the scale-model paths. The abrupt irregularities in the simu-
lation paths appear to be caused by impacts of the tractor tires
against the ground surfaces especially as the left tires reach the
bottom of the bank ard strike the level ground surface. The thin-tire
model being more sensitive to terrain changes perpendicular to the

tire plane resulted in mcre abrupt tractor respoases in the simulation
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overturn than in the experimental everturn.

The second overturn simulation differed firom the first in the
tractor initial velocities and positions as well as the rotation
limit for the tractor front end. The simulation parameters were
defined according to the values of test 4, run 1 of the experimental
cverturns. (Initial conditions are defined in Tables 4-6-and 4-7.)
This overturn resulted from a tractor travelling 90% as fast as the
previous case while the front-end rotation was limited te 20% of that
for the first simulation overturn.

The experimental and simulation paths for the four tractor-
body reference points during test 4 are presented in Figures 5-13
through 5-18. The simulation paths again show the tractor travelling
beyond the distance measured experimentally, the discrepancy eiceeding
that observed for test 1. Again the divergence of simulation and
experimental paths begins as the left rear wheel reaches the terrain
break at the top of the bank.

The smaller front-end rotation limit in test 4 causes the
tractor body to 1otate laterally eatlier in its travel across the
overturn course and increases the weight transfer to the left rear
whe=1 beyond that for test 1. The increased left wheel reactions
provide greater accelerating forces in the forward direction causing
the thin-wheel model of the simulation for test 4 to predict forward
motion exceeding that measured experimentally, the discrepancy being
larger than tﬁat in test 1.

The lateral component (eI direction) of the reference-

&

point paths for test 4 are very similar to those for test 1. The
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rear reference-point paths for test 4 again show simulation paths to

the left (- e; direction) of the experimental paths as the left
2

rear wheel begins down the bank, the discrepancy being greater in
test 4 due to the increased weight transfer in that test. The simu-
lation and experimental paths for the front reference points, however,
differed less in test 4 than they did in test 1. |

The vertical components ( e direction) of the reference-
3

point paths for test 4 again show the simulation curves diverging from
the experimental curves after the left rear wheel has reached the
terrain break at the top of the bank. As would be expected, the left
reference points show the greatest differences between simulation and
experimental paths, but nowhere do the differences reach 2:0 inches.
The difference for the right reference-point paths rarely exceeds

.0.5 inch and only once approaches 1:0 inch. The abrupt change in the
point elevations at time 2.49 second identifies the time at which the
left tires reach the bottom of the bank.

Verification of the mathematical model for tractor overturns
rests upon the similarities between the tractor motions predicted by
the mathematical model and those observed experimentally for the same
tractor and terrain conditions. The tractor and terrain conditions
of experimental overturn tests 1 and 4 were used with the mathematical
model to simuiate two overturns. Comparisons of the simulation and
experimental éverturns, based upon the paths of reference points fixed
to the tractor body, showed generally similar tractor motions in

every case.
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Discrepancies between simulation and experimental paths of
the reference points were shown to develop from the thin-wheel assump-
tion used in the mathematical model, especially as the left rear wheel
encountered the terrain break at the top of the bank and again as it
reached the bottom of the bank. The thin wheel of the simulation
model began descent prior to and sensed the bottom of the bank subse-
quent to, that of the thick scale-model wheel. The rigid-terrain
test course emphasized the limitations of the thin-wheel modei and
introduced bounciﬁé which was not observed experimentally. Simu-
lation of tractor motions on a deformable terrain would reduce the
in#ccuracies caused by the thin-wheel assumption of the mathematical
model. Despite numerical differences between simulation and experi-
mental motions, both simulations predicted ground impact at the left
front reference point as was observed experimentally.

The comparisons of simulation and experimental paths for the
tractor-body reference points during two overturns show that the
mathematical model deces predict tractor motions throughout overturning

situations. While the tractor travelled over 20 inches in the g{

1
direction, simulation discrepancies for the reference-point paths in
this direction were less than 3.0 inches in test 1 and up to 6:0 inches

in test 4. The lateral ( e; direction) motion of the reference
2

points seldom showed discrepancies beyond 1.5 inches while total
lateral motion exceeded 10 inches. Vertical path discrcpancies usually
were less than 1.0 inch while the total vertical displacemernt of the

reference points approached 15 inches.
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The over-all similarities between the simulation and experi-
mental overturn results, obtained without any parameter variation to
improve the agreement of the results, demonstrate that the mathematical
model for tractor overturns does accurately describe the dynamics of
the tractor. Adjustment of the parameter values for the mathematical
model probably would result in improved agreement between simulation
and experimental results, but the validity of the model has been
demonstrated already.

The tractor overturn simulations provide much information
about details of the overturn besides the paths of the four tractor-
body reference points. Having shown that the mathematical model is
valid for overturning motions, the details of the tractor dynamics

throughout the overturn may be assumed valid as well and may be used

to study interesting aspects of the two overturn simulations for tests

1 and 4.

5.3. Analysis of Overturn Simulations

Simulation of wide-front-end wheel-tractor overturns provides

much detailed information about the response of the entire tractor

to the specified terrain and tractor operating conditions. In contrast
to the experimental overturns in which only position-time data are
available for specific points on the tractor, overturn simulations
provide position, velocity, and force data for any of the tractor
parts specifically included in the mathematical model. The availa-
bility of state variable information for the tractor also provides

the means for deterpining energy and momentum informetion pertinent
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to the study of tractor overturns.

The digital computer program used for overturn simulations
together with examples of the input data required, printed output
generated, and punched output generated are presented in Appendix C.
Because the punched output was specifically defined to be used in
graphic analysis of the tractor motions, a sample drawing of the tractor
and terrain obtained frbm the example punched output is shown in
Figure 5-19. The program used to direct a plotter to generate the
desired line drawings is not presented because plottgr instructions
are often unique to a particular computing installation. The simu-
lation program documentation in Appendix C provides the information
needed to use the punched output for generating drawings if this
is desired.

Figure 5-20 presents the tractor-body center-of-mass path
for the simulation of overturn test lvexpressed in its three inertial-

coordinate components. The plot of X ,» nearly a straight-line

BIl

function of time, shows that the tractor velocity component in the

€; direction remained very constant throughout the entire overturn.
1

The smooth curves for the X and XB componients of the center-
B12 13

of-mass path show that the tractor body motion in the lateral and

vertical directions did not change as abruptly as may have been sug-

gested by the reference-point paths which were discussed previously.
The tractor-body center-of-mass velocities for overturn

simulation 1 are presented in Figure 5-21. The nlot of V shows

BI1
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that the velocity of the tractor body in the e; direction, appearing
1

constant from the plct of X , actually is not constant throughout

BI1

the simulation. The other components of the tractor-body velocity,
likewise, are much more abruptly changing than was suggested by the
plots of the tractor-body center-of-mass position. Vertical bounce

is especially noticeable as the tractor-body center-of-mass moves

down the bank. These plots suggest sizable tractor-body accelerations
which, although not apparent from observations of the scale-model
tracter overturn, may affect significantly the detecfion of an impen-
diﬁg overturn and the tractor operator's response.

Figure 5-22 shows the angular velocities of the tractor body
throughout the duration of the overturn simulation for test 1. The
abrupt changes in the tractor-body-axes components of the arngular
velocities throughout the overturn, and especially after time 2.1
seconds, show the effects of the rigid ground surface, sharp terrain
features, and the thin-wheel assumption used in the mathematical
model for the tractor-terrain system.

The tractor-body pitch velocity, given by the w curve,

BT2

shows the two positive pitch rotations due to the ramp displacement at
the right front wheel (at time = 1.57) and the impact of the front end
against the right-hand "stop'" (at time = 1.63). The pitch rotation

then becomes negative as the tractor nose begins descent down the bank.

The tractor roll velocity, given by Wpp shows significant roll
1

excitations due to the impact at the right-hand "stop" followed by
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the expected left roll as the tractor travels down the bank.

The yaw velocities of the tractor, given by w » show an

BT3

initial negative (left) rotation due to the right front wheel climbing
the ramp followed by slightly positive oscillations. This positive
yaw indicates that the rear wheel slip down the bank exceeds the side
slip of the front wheels.

The rotational velocities of the tractor body prior to time
2.10 show a generally negative roll, negative pitch, and slightly
positive yaw. From these rotational trends the tractor is seen
travelling generally straight ahead with only minor skidding down
the bank. At time 2.10 the right front wheel impacts the level sur-
face at the bottom of the bank and initiates positive pitch and yaw
but negative roli motions. These motions are quite reasonable
because an upward and to the right impulse at the left front wheel
would cause sudden increases in the pitch and yaw but negative roll
when the tractor is already leaning to the left at the time of the
impulse. Subsequently the pitch motion stops as the two left wheels
become pivot points for the final stage of the tractor overturn.

Figure 5-23 presents the front-end rotation relative to the
tractor body plotted as a function of time for overturn test 1. The
front-end rotation remained negligible until the right front tire
encountered the ramp at time 1.57, then rotation gradually increased
until impact against the right-hand "stop'" occurred at time 1.63.
Variations in the ground reactions and the ''stop" reactions allowed
intermittent séparation from the vight-hand '"stop' prior to time

1.90 when the negative roll of the tractor body caused full separation.
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Continued negative roll of the tractor body caused the front end to
approach the left-hand 'stop' immediately prior to the left front
wheel's impact on the level surface at the bottom of the bank. The
ground impulse at that time caused the front end to momentarily move
toward the right-hand "stop' before the roll of the tractor body

led to contact at the left-hand "stop'. When the tractor had nearly
completed its overturn to the left, the ground force (acting upon
the left side of the left front tire) moved the front end rapidly
toward the right-hand ''stop'.

Velocities as well as positions of the tractor-body reference
points are provided by the overturn simulations. Because the posi-
tion of the left rear reference point on the tractor body closely
matches the upper left corner of a two-post roll-over protection
structure, this point is a highly probable point of impact with the
ground during overturns. Because the velocities of ground impact
may be important in determining the loads on roll-over protection
structures, the velocities of the left rear reference point are pre-

sented as a function of time in Figure 5-24. Both the forward (91 )
1

and vertical (_q_I ) components of this reference-point velocity have
3

magnitudes at the time of o?erturn completion comparable to the initial
forward velocity of the tractor, the vertical component being 50 per
cent greater yet just prior to that time. Thus the simulation indi-
cates that a two-post frame may strike a ground obstacle at velocities
greater than the tractor initial velocity.

The positions and velocities of the tractcr parts, being

defined by the mathematical model throughout an overturn simulation,
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are available for calculation of the emergies of each tractor part.
Figure 5-25 shows the translational, and rotational kinetic energies
and gravitational potential energy for the entire tractor and the sum
of these three energies throughout the simulation for overturn test 1.
The energies throughout the simulation show a siow decrease in the
total energy as would be expected due to tire losses and front-end
"stop" losses. The increase in potential energy as the tractor climbs
the ramp is reflected by a nearly equal decrease in translaticnal
kinetic energy. (iero gravitational porential energy was defined at
the ground level above the bank.) The rotational kiﬁetic energy,
priﬁcipally from wheel rotations, remains relatively contant and

only marginally Significant throughout the simulation.

The abrupt variations in the energy curves, especially the
translational and total energy curves, indicate points in time when
the tractor tires experienced abrupt force changes and the tractor
responded with sudden changes in its motion. Significant améunts of
energy were dissipated during tire impacts and tractor rebound motions.
The sharp decrease in translational and total energies at the comple-
tion of the overturn probably was due to energy losses at the left
rear tire as the tractor rolled or:to the side of the wheel, and thus
suddenly shifted the axis of rotation for the overturn motion.

At the time of the left front point with the ground, less than
10 per cent of the total tractor kinetic energy was rotational kinetic
energy. The translational kinetic energy increased to a level 200
per cent of its original energy level during the tractor overturn

while the tractor velocity in the e direction remained relatively
1

.



401

354

—rere s L am e Tt ~,

total

potential

- N

154
Energy translational
10 kN
(in-1b) \\.
t . '\.\
o rotational : —_——
_________ ————— e e e T e -
———————————— -\.
.0- \
\
\
-5
_10 4
“'ls T = T | T Y T 1
1.5 1.6: 1.7 1.8 1.9 2.0 2.1 2.2 2.3

Figure 5-25.

Time (sec)

Translational, Rotational, and Potential Energies for the Tractor Defined
by the Simulation of Test 1.

8.1



constant. The major kinetic energy increase resulted from greater

tractor velocities in the e; and e; directions.
2 3

Simulation of overturn test 4 also provided the positions,
velocities, and energies for the tractor throughout the entire over-
turn. Because test 4 was selected to provide a different overturn
situation from test 1 in both tractor speed and limit to front-end
rotation, the individual effects of each change were not always
identifiable. The major effect of the reduced front-end rotation
limit, however, was the more rapid elevation of the tractor nose as
the right front wheel climbed the ramp while the decreased tractor
velocity produced a slower and less violent overturn.

The simulation of overturn test 4 showed a total overturn
time after first contacting the ramp equal to-0.90 second while the
corresponding time for test 1 was'0.75 second. This nearly 17 per
cent reduction in time resulted from an 11 per cent increase in initial
tractor speed. The same left front reference point impacted the groumd
in both overturns, but the vertical component of that reference-point
velocity at the time of ground impact in test 4 ihcreased by about

20 per cent while the forward (EI) component of that velocity

decreased by 83 per cent from that in test 1.

Figure 5-26:shows the translational and rotational kinetic
energies and the gravitational potential energy for the tractor during
the simulation of overturn test 4. Both the potential and transla-
tional energy curves show an indication of the reduced limit to front-
end rotation when the tractor reaches the ramp. What was previously

two distinct steps - front-end rotation, then common front-end and
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tractor-body motiom - is now almost indistinguishable as two separate
motions in raising the tractor center of mass.

The translational kinetic energy again became the predominent
energy component by the time of tractor-ground impact. At this time
the rotational kimetic energy displayed a sudden increase to become
20 per cent of the total kinetic energy, whereas in test 1 the rota-
tional kinetic emergy was only 10 per cent at the time of impact. In
both ‘simulation overturns the translational kinetic energy increased
to a value near 260 per cent of its initial value by ths time of
impact. These observations simply indicate differences betﬁeen
these two simulations and should not be generalized without additicnal
test results. The similar shapes of the energy curves for the two test
tests does indicate, however, that the terrain has a major role in

determining the tractor overturn cnergies.

5.4. Conclusions

The repeatability of scale-model tractor overturns on a rigid
terrain has beén demonstrated in Section 5.1. A wide-front-end tractor
underwent ten side overturns on a test course which was a scale model
of the ASAE side-overturn test course, vt only five of the over-
turns were analyzed in detail. The analysis of three overturns
replicating one overturn test and two overturns replicating a second
overturn condition showed remarkeble repeatability when the initisl
conditions for the tractor were carefully controlled.

Comparisons of the paths of four tractor-bedy refercnce

points throughout two replications for each of the two overtuwm
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tests showed deviations between corresponding points for the replicate
paths seldom greater than 1.0 inch while the tractor travelled a total
distance exceeding 25 inches. The time periods measured for the
durations of the experimental overturns differed between replications
by about 0:02 second while between 0.65 and:0.85 second elapsed from the
time of initial tractor contact with a terrain irregularity to the

time at the completion of the overturn.

The high repeatability of the experimental overturns provided
evidence that the position data for the tractor, derived from films
of the overturns, were sufficiently accurate>for use’in verifying the
mathematical model for tractor overturns.

Two tractor overturn simulations, generated using the mathe-
matical model for tractor overturns and the tractor-terrain conditions
corresponding to the experimental overturns, were used to check the
validity of the mathematical model. Comparing the tractor-body
reference-point paths in the experimental overturns to those in the
simulation overturns showed good agreement for both overturn tests.
Similarities ir the tractor motions during simulation and experimental
overturns demonstrated that the dynamics of the mathematical model
were correct.

Although no parametric adjustments were made to make the
simulation overturns match the experimental overturns, good agreement
was obtained. Comparisons of the simulation and experimental results
indicated that the thin-wheel model for the tractor tires caused
simulation inaccuracies whenever abrupt terrain changes encountered
by the tractor tires were nearly parallel to the wheel plans. The

simulation overturns, with few exceptions, predicted paths for the
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tractor-body reference points within 2:0 inches of the experimental
paths throughout the range of tractor motion. These discrepancies
were usually less than 1:0 inch.

Comparisons between the tractor-body reference-point paths
and the experimental paths for the two overturn tests showed that the
mathematical model was valid for predicting tractor motions during
overturns. Because the‘reference'points were relatively distant from
the tractor tipping axis, the accuracy in predicting center-of-mass
paths could be expected to be greater than that shown by these results.
Additional improvements in accuracy may be obtained by varying model
parameter values to make them more correctly represent the conditions
of the overturn test. The objective, to develop and verify a mathe-
matical model for predicting tractor overturning motions, has been
accomplished without any of these peripheral investigations into the
sensitivity of the model to tractor and terrain parameters.

The simulation of tractor overturns made detailed information
about the tractor response to terrain conditions more readily available
than it was in experimental overturn studies. The two different over-
turn simulations used to verify the mathematical model provided an
indication of the fruitfulness of future parametric studies of tractor
overturns using this mathematical model. The positions, velocities,
rand energies of the tractor were studied throughout the full tractor
overturn to relate the tractor responses to the tractor and terrain
conditions. The¢ momentum and tire-force values were also provided by
the simulations, but these values were not discussed except as they

aided in understanding the tractor —esponse.
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Although no parametric studies were designed and conducted
using the mathematical model, the two simulations did indicate trends
which require further study before they are confirmed. A reduced
1imit to the front-end rotation caused the front of the tractor body
to respond to displacements of the front wheels more quickly than did
the larger rotation 1limit, but its effect upon the overturning motion
was not obvious. A reduction in the tractor speed prior to encountering
terrain irregularities was shown to decrease the severity of the
overturn and extend the time required for the complete overturn.

The merit of graphic analysis was realized during the analysis
of the simulation overturns. A graphic representation of the tractor
relative to the terrain is a valuable tool for clearly visualizing
the numerical values printed for the simulation. Although each simu-
lation may differ, similarities in the tractor motions between different
simulations may make the graphic représentation of one overturn useful

in interpreting many other simulation overturns.



CHAPTER VI

SUMMARY AND RECOMMENDATIONS

6:1. Summagz

The tractor overturn phenomenon is not fully understocod even
though roll-over protection structures are being designed to protect
tractor operators from the consequences of tractor overturns. The
objectives of this study were to develop a mathematical model which
would quantify tractor overturns, to develop an expefimental procedure
for quantifying scale-model tractor overturns, and to verify the
mathematical model so it could be used to study overturns in detail.

A mathenatical model has been developed for the dynamics of a
wide-front-end wheel tractor throughout overturning motions. The
tractor was modelled as five different parts having ten total degrees
of freedom. The tractor modvl included unrestricted rotational freedom
for the tracter body, differential coupling of the rear wheels, an
engine and drive train, thin terrain-enveloping tires, and variable
limits to the front-end rotation. Planar symmetfy assumptions were
used for the tractor body, the rear wheels, and the tractor front end.

A 1/12 scale of the ASAE S306:2 side-overturn test course was
used to study overturns of a 1/12 scale, unpowered wide-front-end
tractor. Ten serarate side overturns of the model tractor were
filmed using a mirror arrangement to obtain three-dimensional data,
but only five overturns replicating two different icsts were analyzed

in detail. Comparisons of the plotted paths for four tractor-body

185
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reference points showed that the experimental overturns provided highly
repeatable position-time data throughout the overturns.

A digital computer program developed from the mathematical
model was used to simulate two different overturns, each corresponding
to one of the experimental tests that was analyzed in detail.
Comparisons of the four tractor-body reference-point paths obtained
from the simulations to those paths obtained from the experimental
overturns showed good agreement throughout the overturns. Those discre-
pancies which did occur between corresponding experimental and simula-
tion overturns were traced to the thin-wheel assumption used in the
mathematical model. The favorable agreement between experimental and
simulation overturns verified the mathematical model for simulating
general overturns of wide-front-end wheel tractors.

The digital computer simulations of tractor overturns provided
detailed position, velocity, and energy information for the tractor
throughout the overturn, but because parametric studies were not
conducted, no definite statements could be made to define the effects
of various tractor and terrain parameter values on the severity of
tractor overturns. The simulation outputs did, however, indicate the
value of simulated overturns in conducting parametric studies.

The digital computer program optionally produced punched
output defining the locations of specific points on the tractor through-
out the overturn simulation. These point locations were used to
generate graphic output showing the tractor position relative to the
terrain. The aid which this graphic output provided in interpreting
the simulations indicated that graphic display was a valuable tool in

simulation studies.
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6:2. Recommendations

The strengths and limitations of the tractor overturn simu-
lations suggest recommendations for future work in the study of tractor
overturns. The versatility of digital computer simulations, especially
with graphical output, makes simulation a valuable tool for determining
the effects of various tractor and terrain parameters on the severity
of tractor overturns. Information about the effects of tractor speed,
inertia and geometry of the tractor, tire-ground forces, and terrain
geometry on the tractor motions could provide valuable data for the
design of roli-over protection structures (ROPS) or for the estab-
lishment of standard tests for ROPS.

The thin-wheel assumption used in the mathematical model
introduced inaccuracies in the simulation when abrupt terrain changes
at the wheels cccurred nearly parallel to the wheel plane. Improved
accuracy of the simulations could be obtained if a thick-wheel model
vere developed. One possible approach would be to represent the thick
wheel by two thin wheels spaced at the irmer and outer planes of the
thick wheel._ A generalization of this idea could allow the specifica-
tion of many thin wheels of varying diameters, stiffnesses, and inertias
to model tires with curved tread, dual tires on an axle, or solid
ballast attached to a wheel.

The simulation of tractor motions could'be used to study the
effects of operator responses upon tractor overturns. Operator
response studies would be especially valuable if braking and smooth
clutching features were added to the model and if a cathede-ray display
were used to monitor the tractor response while inputs were introduced

interactively.
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APPENDIX A

DERTVATION OF THE EQUATIONS OF MOTION

The seven couplied differential equations defining the accelera-

tions of the component parts of the tractor are

i

. 1
Vo1 By (W51 - Fopr - Bt - Frar * Eped) (A-1)

~1
= . | 2 . A -
NBP. IBP L FPPi * (EPBP x EFPP)I * MLAPi * MRAPi

ii
* Regp * Frap); * Rpgp * Fpapd; - “BEP,
+ (1 -1 Jw n W ] (A-2)
Bij BPkk ij BPk
where
j=3,%k=2 when i-=1
j=1,%kx=3 when i=2, and
j=2,k=1 when 1=3
and
W s = (& Do Wymy )
FF1 IFF FFl3 FF3 Frl rrz
14
- (I - T Jugo @ F Mo 1. (A-3)
FF33 FF22 F'2 }}3 PFI

The notation used in defining variables in this appendix is that
defined in Chapter III.
Bezause the constraint forces and moments are functions of

accelerations, substitutions of the appropriate constraint equations
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into equations A-1 through A-3 must be accomplished before these

equations can be expressed as the following set of simultaneous

equations:
- - N F N
Bi1 Bz Bz By Bys Bys. By r"‘1 ¢
n
By1 Byy Byz Byy By Byg By X, ¢,
Bsi B3z Bsz By B35 By Byy | [ X3 €31
Bax Bap Byz Byy Byn Byg. Byy < X, > - < ¢, > (A-4)
Bsy By Bgz Bgy Bgg Bgg By Xg Cs
Bgy Bg2 gas Bea Bes Bes. Be7 | | %6 Ce.
B.. B B.. B.. B. B X ¢
| P71 Brz Brs Baa Brs Bas Brr J (%7 &)
where
Xi are the derivatives as defined in Table A-1,
Bij are the coupling coefficients to be derived, and
Ci are the censtanis to te derived.

Derivation of the coupling cuverfficients and constants for

derivatives X, X. , and X3 is accomplished by substituting the

following supperting equations into the equations A-1.

Fepg = BV - Frar - Wpr | (A-5)
Foar = mY - Fuor - Moy (A-6)
Fear = "Y1 - Fror - Y | (A-7)
Ver = Jpp * (2gp % Rppy) * upp X gy X Repp)

+ (8py * Repy) *+ bpp % (upg * Repy) (A-85
Vg = Var + Ggp X Rygp) + upp X Qapp * Rygy) (A-9)
Yoy = Vgr + (gp * Rpgy) * mpp * (o7 * Rpgy) (A-10)
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TABLE A-1. Definition of Derivative Variables

for the System of Linear Equations

X, Variable Definition
acceleration of tractor body -
Xl VBI &5 direction
1 1
X, Vo1 e; direction
2 2
Xs VBI e direction
3 3
angular acceleration of tractor body -
X4 Wpp ep direction
1 1
Xs Wap €p direction
2 2
X6! Wpp [ direction
3 3
angular acceleration of tractor front end
about front pin -
X7 Oy [ direction

S |
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Note that because the left rear and right rear wheels are considered

identical m_ was replaced by By and W was replaced by W_. .

L —LI -RI

Recall that the transformation of coordinates is de-
fined by a premultiplication of one vector by a matrix of
direction cosines to obtain a new vector representation of the
same quantity, only expressed in different coordinate direc-
tions. The following is one such operation which is typical
of any that may be desired.

The vector is the angular acceleration of the

“gp
tractor body as expressed in the tractor principal-axes

directions. This angular velocity is needed as expressed
! J ¥

in the inertial directions fi.c., éBI is desired). For a

known orientation of the tractor body (attitude is defined

by A . ), the relationship of the itwo angular accelerations is

P -
Byp = Apyy (A-11)
so inversely,.
. ~1e
Yy = Ap1¥pp (A-12)

-1 . . e
where API is the inverse of matrix API .

But the inverse of a direction cosine matrix (an orthonormal

matrix) is simply the trauspose of that matrix. Thus,

L] T L]
[ = A\P,'_ﬂ.,

—B1 I-8P (A-13)
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where the superscript T denotes the transpose.

— e G gape —— —e S —— w—— — — — p— G e " — — . ——- - — . —— v — oman  — — — —

Performing the required substituticns, coordinate transforma-

tions, vector cross products, and defining the following new variables,

M, =mp +m + 21!1R s (A-14)
= ( 4 v -
Fry = Wag * ¥pp * Moy * Epny * Fper * Higr * Fpgr » (A-19)

and

R = PRppr * M PBrgr * Rppp) (A-16)

recsults in definition of the first three rows of coupling coefficients

Bij and constants Ci for equation A-4:
= = = .A" 7
Bj1 = Byp = Byg =1y (A-17)
= = = b = = = fa-1¢
Byp ® Byg = Byy = Byy = Bgy = Bgp =0 (A-13)
Bi,a43 = API,quzj - Alei MI
sm A, A, R AL R )
B LA i Fiys TPY
+ Ay (A R -A R )] (A-19)
PRy FIg "FPL, T CRI ERL
= - R FA.
By = mg(Axr Rppr = Apy, Rrpp ) {A-20)
1k j B & X
= R (g 1
C; = Bpp, - lugy * (ugp * B2l
I'd -
- fopp * (0py * mRppp) )y (A-21)
where

e
]
[

-
[

.
(7}

while j =3, k=2 when i=1



anad

el

i}

L

1, k=3 when

2

-—
e 4

, k=1 when

Mo

i=2

i=3

1,2,3 for each value of i .

Derivation of the coupling coefficients and constants for

derivatives

X

, is

XS , and X6,

following supporting equations:

FPF

MFPF

FPF

LAP.

LAP

Map

MRAP

accomplished by substituting the

0 (A-22)
/7 ’ 3

IFFZZéFFZ * (Iprll - IFngijFleFS

* IFFlscwiFs - ngl) l MFGF2

* (Rppp * Eppp )2 (A-23)

IFFSS'FFS ¥ Ipplsféppi - “FFZ“FF3)

* (IFFZZ - IFFll)mFFleFZ - MFGF3

* (Repr * Trppla (A-24)

ILPH‘:’LP1 * Upp  Tip o tie, ~ Migp, (29

- S R,T, (A-26}

11.933'*.’1,:93 * (ILPZZ ILPll)mLleLpz - MLGP3 (A-27)

IRPlléRPI * (IRP33 - Inpzz)”kpzwkps - MRGP1 (A-23)

- RT, (A-29)



=T o o+ (Ln - Too Juoo (A-30)
MRAP3 RP:_,,3 }{Ps_ RP22 Rpll PP Rl' “RGP

and equations A-5 through A-10 into the three rotational equations
A-2 (after appropriate coordinate transfermations have been performed
to convert the front-end-axes vectors and inertial-axes vectors into
principal-axes vectors).

After transforming equations A-22 through A-24 into principal-
axes vectors, substituting them into equations A-2, expanding the
vector cross products, and substituting for the forces included in

the cross products, the equations may be regrouped into the following

form:
Iop. “sp. * Ter. e “Fr. * Miar, * Mpap
il 13 i3 1 i
(A-31)
3
+ 1 (Cp wgp *Cp Tppy *C Fryp *+Cp Fpugd =0y
n=1 in in in T in n i
where
C. =A. I. + I (A-32)
Bin *rr i2 ”‘zzAPFriz Appiz FF P .
C.. = ( A -R
F,_ APFiZ RFPF3 FI,_ 1=P1=1A1=13n
+ \ (R A - R b, )
‘PPis FFF, FL,_ FPFZAFIIH
* Ropp Apr. ~ Ropp Apr (A-33)
k “jn j kn
C. = Rppp Apr. = Ripp Bpr (A-34)
in k " “jn i kn :

CR. RPBP PL, RRBP e (A-35)
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Cn, “Mppp - (gp - Ipp Jupp wpp
i i ji kk j k

- A, [(1 -1 ) W
Apr,, Ure 7 Ter, JURE “F

la 11 3

2 2
+ I, (o, -wip) =M ]
FF) 5 “FF; = “EF, FGF,

- . ({1 - Ig, Jow_..w
APFiS FFZZ FPll FFI FFZ

N
-
(]

wvhile i=1, and n=1, 2, 3

j=3,k=2 when i=1
j=1,k=3 when i=2
j=2,k=1 when 1i=3.

Substitution for the forces in equation A-31 and regrouping

by the inertial components of the accelerztions yieids the following

equation:
P
Iy @ + I ! © + M +
BY'BP, rFlSAPFis Fr " Miap, MRAPi
§ ® L]
+ ) [C, ® + (m_C + mC +m,C. )V
gm1 Byg BPy T RCE, T RL, TOTRR,TUBI,
+D, . +0 & ] =D (A-37)
Fio F1,  Byp BI, ' Ny
where
Dg = mp(Cp Rppy -~ Cp Rppy J +mp(Cp Ry -Cp Ripp)
il im n in i} im n in m
+ mp(Cy Rppy - Cp Rpar ) (A-38)
im n in m
Dp = mo(Cp Rppy = Cp, Bppp) (A-39)

it im n in m
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Dy, =Gy - LCp {lugy x (g * meRy )],

* lopy x (0pp x mRep0],) - Fr-crz - "prz}

3
- ,E Cp {lwgy * (wgy X mpRip )]y - Frop - Wop }

1 7iL L L
3
- zzlckiz{ [ogy * (ugy X mRppp)]y - Frez, = "rr,’
| (A-10)
for i=1,2,3 and 2=1,2, 3
m=3,n=2 when £ =1
m=1,n=3 when £ =2
m=2,n=1 when £ =3 .

Converting the front-end acceleraticns and tractor-body
accelerations to the appropriate coordinates and regrouping yields

the desired coupling ccefficients, Bij , and constants, Ci , for

the fourth, fifth and sixth rows of equation A-4,

Bivz,g = WCp *mpCy +mplp ‘ (A-41)
ig il if

3 :
B. =C, + ) [D. (A .+ )
143,143 By n=1 Fin FIznAPPzz AFISnAPFzs

ig
* Dy App 1 +Dg (A-42)
in  "in i
where
IBP.. if i =242, and
ii
DE = sum of
i LZIRPii if i#2 (@d.e., if gpi is not

parallel to the rear axle]j
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Bi7 = Mp(Apy Repr - App Rppy) (A-43)
1k j 1j k 4 ‘
¢ = FTIi - lugy * (g X Ryy) 4
- lopp * (@pp X mpRepp))y (A-44)
Cie3 = Dy, (A-45)
1
for i=1,2,3 and 2=1,2, 3

while j=3,k=2 when i=1 and m=3, n

[}

2 when 2 =1

j=1,k® 3 when i =2 and m=1,n=3 when £ = 2
j=2,%k=1 when i=3 and m=2, n =1 when &= 3.
The final row of coupling coefficients, Bij s, and the
constant, C7 , are derived from equation A-46;
Ter wgp. * Tpp (opp * “p. “rr)
11 1 13 3 1. 2
+ (I -1 . © =M s (A-46)
FFSS FF22 er FF3 FFl
with the substitution of
Mer = Mopp * Megr ~ Rppp * Fppp) (A-47
and
MFPFI =0 . (A-48)

Only the MFF comporient of equation A-47 is required by
1

equation A-46. Substituting esquation A-47 into equation A-46,
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expanding the cross product, and substituting equations A-5 and A-8

for EFPI yields the following intermediate relationship:

- . 3 .
I, w + 1 Z (A w
FF 4 FF, FF g o1 PFyq BP,)

3
* g ! Ep (VBIL * wpy Ropr - gy Rppp
= , n m m n

* O Repr = wpp Rppp ) = By (A-49)
n m m n

while
m=3,n=2 when 2 =1
m=1,n=3 when 2= 2
m=2,n=1 when 2 =3
where
EFQ = RFPFZAFISL - RFPFSAEIZL’ (A-50)
and
" = Mror, - (IFF33 - IFFZZ)“’FF_Z“’FF3 - IFFlszFlmFFZ
3 " o
R.Zl (RFPFZAFIM - RFPFSAFI%) Implugr * (wgr * Rppp)l,
+m -¥W_.}.  (A-51)

plopr X (gp % Repp)l, - Frar, " i,

Transforming the angular accelerations to the desired coor-
dinates and regrouping according to accelerations yields a second

intermediate relationship,
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3
izl(mFEFivBIi * G, mp.) * Sp “rr,
3 . 3 . .
+'GF2 zzlAPFzszpz ! FFs zzlészstPz % "N (A-52)
where
3
GBi i IFFlsAPFiS ) zzlmFAPIil(EFmRPBIn ) EFnRPBIm) (h-59)
3
Gp =6 * lmApy (BpRppy - EpRpp) (A-54)
i i e=1 iZ2 m n n m
IFF11 for i =1
GEi ) 0 for i=2, 3
while
m=3,n=2 when £ =1
m =‘1 , =3 when £ = 2

]
W

m=2,n=1 when £:

The coupling coefficients, Bij » and the constant, C7 R

for row number seven of equation A-4 are defined by equation A-52 as

B, 5 = mFEFj (A-55)

B, ...=G, +G_ +G | (A-56)
7,3+3 7 OB, FZAPsz FSAPFjS

B,, = GF1 (A-57)

C7 = EN (A-58)

where j=1,2, 3,



APPENDIX B

MEASUREMENT OF TIRE FORCE CHARACTERISTICS

The measurement of tiré-ground forces required the design

of special equipment for this purpose. The lateral tire force, FE s

and the circumferential tire force, Fc » defined to act in the ground

plane, were to be described as functions of the load on the tire

normal to the ground surface, Fn » and the tire slip angle, Gs .

The tire damping characteristics were to be described by a viscous

The instrumentation used in measuring

damping coefficient Cd .

the tire forces was much different from that used to measure the

tire damping.

B.1. Circumferential and Lateral Forces

The circumferential and lateral tire forces were derived from

the forces Fs- and Fa measured with the testing apparatus described

in Section 4.3.2. The tire was held with a fixed slip angle relative
to the moving surface beneath the tire while weights stacked above

the tire changed the tire normal force. The axial tire force, Fa s

was measured by the axial displacement of the tire and axle as they
compressed a spring. The spring calibr;tion provided the conversion
from dial gage readings (axial displacement) to axial tire force. ﬂ
(See Figure B-1 for the physical arrangement.) Thus, the axial tire

force, Fa , was given by

209
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Figure B-1. Apparatus Used in Measuring Tire Lateral and Circumferential Forces.:
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Fa =.Ké(DGR - DGBO) (B-1)

where

K . is the spring calibration constant, 1b/in,
DGR, 1is the dial gage reading with zero axial load, in,

DGR is the dial gage reading for the desired axial load,

Fa , in.

A strain-gaged cantilever beam was used to measure the

restraining force, Fg , necessary to prevent rotation of the inner
yoke due to the circumferential force, Fc » on the tire. The inner

yoke was supported at peints A with ball bearings to minimize friction
in rotation. A screw at point S transmitted the restraining force,

Fs » between the imner yoke and the cantilever beam (fastened to the

oﬁter yoke) to hold the inner yoke in a vertical plane while the beam
was deflected.

The strip chart used to record the strain bridge output was
calibrated to provide a chart readifig that could be read directly as
that force magnitude applied in the circumferential forced direction
at the axle to obtain the strain bridge output. Thus the circumferen-

tial force, Fc , was a constant multiple (based upon the yoke

geometry) of the strip chart reading. By equating moments about

pins A, this relationship becomes

4

Fc'-‘-—('(—lz—_'_rTS

BR (B-2)
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where

d2 is the distance from points A to the axle, in,

T is the radius of the tire, in, and

SBR is the strain bridge reading as recorded on the strip
chart recorder, providing directly the value of the
force applied to F_ at the axle while-this beam

deflection exists.

Because tH® inner yoke was fixed in position while all data
readings were taken, the derivations to relate the measured forces -

Fc s Fa » and the load WP - to the desired normal force Fn and the

lateral force Fz consider the two yokes as one. Figure B-2 shows

the physical érrangement used in derivation of the force relationships.
The tire-yoke system is supported by the horizontal pin
(designated pin B) which allows only fotation about that horizontal
axis. Seven different forces act upon this system to maintain an
equilibrium condition. These are:
1. ‘The yoke weight - This force includes the weight of the
yoke, axle, and gages, and acts vertically downward through
the center ¢f mass for this unit, point Y.
2. The wheel weight - This force acts downward through the
wheel center of mass where the wheel remains while deflec-
ting the axial spring, point W.
3. The load weight - This force is varied to chamge the
normal load during the tests. The force acts downward

through point P.
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Figure B-2. Coordinate Systems Used in the Derivation

of Tire Lateral and Circumferential Forces.



4. The counterweight - This force is applied at the point Q
ta enable low-magnitude normal loads to be applied to
the tire. The force acts downward through the point Q.

5. The axial tire force - This force acts in the direction
of the wheel axle. The force is applied to the system
at the '"ground-contact point" G.

6: The radial tire force - This force acts radially toward
the wheel center. The force is applied to the tire at
its point of contact with the moving surface G.

7. The circumferential tire force - This force acts in the
direction parallel to the line-of-intersection between
the moving-surface plane and the wheel plane. The force
is applied to the tire at point G.

The total force acting on the tire due to its interaction

with the ground surface (the sandpaper) is given in terms of the three

orthogonal wheel unit vectors whown in Figure B-2 as

= + -
ET : Faga * Frgr ,chc ' (B-3)

where

ET is the resultant force vector acting at point G, 1b.

Coordinate systems similar to those defined in Chapter III
are defined for use in the derivation of force relationships for the

test apparatus. The appartus is free to rotate about axis €5
while €x points vertically down. The sandpaper surface moves in the

-8 direction creating virtual apparatus movement in the + e
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direction. Thus the e, , e, , ey triad is similar to a tractor-
axes system cf vectors.

A second set of coordinates are defined in directions asso-

ciated with the wheel orientation and tire forces. The e, vector
is parallel to the wheel axis, the e, Vector is radially up from
the surface to the wheel center, while the €. Vvector is parallel

to the line-of-intersection for the wheel plane and the plane of the

moving-sandpaper surface. Because the apparatus is maintained so

that the yoke remains in a vertical plane, the €. vector is actually

parallel to the normal vector of the sandpaper surface.

If the steer angle of the wheel is defined (as in Chapter III)

as the angle of rotation about the e, axis relative to the direction

3
of motion, then the angle £ shown in Figure B-2 is the steer angle.
The transformation between the fixed unit vectors and the wheel unit

vectors is given as

el 0 ‘0 0 &
-sSi 0
) = sinB cosB ‘0 &Y. (B-4)
i ‘0
\gc cosB  sinB L?s

The equilibrium condition existing for the test apparatus is

that of zero net moment about pin B as defined in the vector equation

(B X E) g =0 (8-5)

[l BN

i

where



3& are vectors from pin B to the point of application of

force Ei’ in, and
Ei are the seven forces listed previously, 1b.

Note: The center of mass for the piece of apparatus containing pin
B and points P and Q was above the pin, thereby creating no

moment about the pin.

Table B-1 summarizes these seven radius vectors, forces, and
final dot products as given by equations B-5. Those radius vectors
defining points in the wheel éxes directions are defined as the sum
of the radius vector to the point P and the vector from P to the point
of intérest.

Equating the sum of the dot products in Table B-1 to zero

yields the equation of equilibrium about pin B,
-(RP —RY sinB+RY cosB)WY - [RP --(Rw +6)sinB+Rw cosB]Ww
1 2 3 1 2 3
F + -
Rp Wo- Qlw (RP Rw +r)sing [R (Rw +68)sin8
+R,, cosB]F_
Ry, cos8]F,

+ (sz-Rw1+r)¢osB F.=0. | (B-6)
The weights of the yoke WY » the wheel Ww » the load WP » and the
counterweight WQ are known quantities, while the axial force F,
and the circumferential force Fc are obtainable from calibrations

and the data recorded. The radial force Fr is obtained by solving

equation B3-6:fer Fr s
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TABLE B-1. Moment Components Affecting the Equilibrium
of the Tire Testing Apparatus.

Radius vectors and forces (R; x F:) < ¢,

Yoke Weight

R, = e Ry e +R, e -(R, -R, sinB+R, cosB)W

1= R 21" 25" 5 ", N, *, Y
Ry ey ey e,

F) = Wyeg

Wheel weight
R2 = RP g_1+RP e2+RP e3+ e,

1 2 3 1
Ry 241y £t0e,

- "wis "[RPI'(%;6)51"6*%;"58]“’?:
Load weight
Ry Ry Ry ety o

= - W

E; WPES RP1 p
Counterweight

R, =R, e +R_ e +R

...7 ot
4 Q1 -1 Q2 Q3 3
= W.e -R. W
Bt e q,"

Axial tire force

&=m“%ﬂ%+%e

R, 2a*w Ze *8

B R, (R, Ry sm)sint ¥,
Radial tire force

Rs.= Rg _

Fo.= Fe, [Rpl'(Rw2+5)51nB+Rw3co>8]Fr
Circumferential tire force

R, =&

E = Feee (Ry Ry +)cost ¥,

*
8 is the axial displacement of the wheel due to the applied forces.
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F =W + [(Rpl-RyzsinB + RYSCOSB)WY + Rplwp + RQ1 Q
+(Rp3-Rw1+r)(FasinB - FccosB)]/[RP1 - (Rw2+6)sip8

4Rw$cosB] ’ (B-7)

The normal force Fn , the lateral force Fz » and the circum-
ferential force Fc were required for the mathematical model.

Because the axis of pin B was horizontal for the tire force tests, the

normal force and radial force were identical, i.e.,

F =F_, (B-8)

F, = F_ . ' (B-9)

Table B-2 defines the values or range of values for the tire
testing parameters.
The tire test data was collected as values of SBR and DGR

for each steer angle, B8 , setting and for each load WP . Knowing

the initial dial gage reading DGR, , the axial force or lateral force

0
is then determined from equation B-1, The circumferential force is
then calculated from equation B-2 and tle radial force or normal force
from equation B-7. Table B-3 shows a sample set of data for the rear
wheel while the steer angle is set at 5°. Note that the steer angle

B is the same as the tire slip angle Gs . Table B-4 provides a

tabulation of the lateral and normal forces measured for both rear
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TABLE B-2. Definition of Tire Testing Parameters.

Sandpaper speed, in/min 26:1
Yoke weight (WY)’ 1b 5.60
Counterweight (WQ), 1b 2.46:
Load (WP), 1b 0 0:0 to 7.4
Steer angle (8), degrees ‘0 to 30

Radius vector components, in:

Ry, ' -2.95

1
R -0:00
Ps
Ry -1.10
2
Ry :0.00
3
Ry -5.35
1
Rw . :0.00
3. ,
RQ 6.92
1
- Calibration parameters:
d2 ,A1n 1.90
Ka . 1b/in -51.24
Tire-dependent parameters: : Rear Front
Tire radius (r), in 2.75 1.50
Wheel weight (Ww), 1b +0.99 +0.23
Radius vector component -0.45 :0.20

(Rw?) , in
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TABLE B-3. Sample Tire Test Data for Rear Tire While 8 is 5°.

W SBR DGR* F,  F F

P L c n ~
(1b) S@Gb)y. .. dn) . .. (1) .....(1B) ... .(1B) . .
0,00 -0.125 0.295 -0.87 ~0.051 -0.28

‘0.63 =0.150 0.282 1.54 +0.061 1@.73
1.20 =~0.200 0.275 1.90 -0.082 1.16:
2.40 -0.225 0.254 2.97 -0:092 2:09
3.60 =0.225 0.235 3.95  «0:092 3.07
4.80 - 250 0.219 4.77 -0.102 4.07
5.90 -0.200 0.209 5.28 -0:.082 -5.12
7.40 =0.225 0.195 6:00 «<0:092 6.44

* -
The initial dial gage reading (DGRO) was-0.312 in.

-

and front tires at various steer angles. Selected sets of these data
are plotted in Figures 4-9 and 4-10 while the parameters for least

squares linear equations for these data are tabulated in Table 4-4.

B-2. Radial Damping Force

The scale—mo@el tractor tire radial damping was determined
using the assumption that the tire was a lumped mass with a parallel
combination of a linear spring and a linearly-viscous dashpot trans-
mitting forces between it and other bodies. The tire rested against
a surface having a sinusoidal oscillation, thus being excited by a
. sinusoidal base motion. Thomson (1965, pp. 61-62) shows that if the

base motion is

y =Y sin wt ‘ (B-10)
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‘TABLE B-4. Lateral and Normal Tixe Forces Measured for

Slip Angles From 5 to 30 Degrees.

Slip angle Front tire Rear tire \
Fy F Fy F

5° :0.4100 10.3270 -0.8711 -0.2794

:0.8711 -0.8011 1.5373 -0.7282

1.3323 1.8701 1. 8960 1.1627

1.7423 2.9178 2.9721 2.0912

2:0497 40185 3.9458 3.0742

2.2547 5.0404 4.7657 4.,0669

2.5622 6:4083 5.2781 5.1182

- - 5.2955 6.4425

10° .0.5124 10:0266: 1.3836:  '0.2404

:0.7687 10.4566 : 1.8960 :0.5468

1.5886: 1.2860 2.9721 1.2543

2.2547 2.1781 4;0483 1.9066

2.8606 3,0918 5:0219 2.6679

3.3308 3.9368 5.9443 3.3527

4.0483 5.1420 7.2766: 4.1952

15° :0.1025 -0:0282 1.0249 0.0045

:0.6149 +0.2550 1.5373 0.1902

1.4861 10.8597 2.4597 0.7583

2. 3060 1.5275 3.821 1.2715

3.0234 2.2575 4.2532 1.8529

3.6835 2.9207 5.1756: 2.3214

4.5607 3.8607 6:2517 3.0696 -

20° +0. 3075 .0.2101 2.0497 '0.3880

1.1274 0.6880 2.9209 -0.7645

1. 8960 1.2375 3.6895 1.2450

2.6134 1.8287 4.4070 1.6718

3.3308 2.2933 5.3293 2.3506"



TABLE B-4 (continued)
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Slip angle

Front tire

Fy Fn F&Rea:r tireF
n
25° :0.2050 0:0915 1.6398 0.2563
:0.7174 10.4355 2.8184 0.4935
1.6910 10.9244 3.1259 -0.9271
2.3060 1.4804 3.6895 1.381S
3:0234 1.8422 4.6632 1.7564
3.9458 2.4019 - -
30° +0.4100 :0.1981 2.1522 +0.2098
‘0.7174 10,4355 2.8182 10,4935
1.3836: :0.8503 3.2796: :0.9775
2.0497 1.2123 4.0995 1.3887
2.6134 1.6486: - -
3.4846: 2:0756: - -
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then the excited body, i.e., the tire motion will be given by

x = X sin (wt - ¢) (B-11)

where

y 1is the base displacement, in,

Y is the magnitude of the base displacement, in,

t is the time at which y is defined, sec,

w 1is the circular frequency of oscillation, rad/sec,

x 1is the tire displacement with time, in,

X 1is the magnitude of the tire displacement, in, and

¢ 1is the phase angle by which the base motion leadé the

tire motion, rad.

The phase angle, ¢ , also is given by Thomson as

2T (w/wn) 3

¢ = arctan| 5 > (B-12)
1-(w/w )"+ (2z0/w )
and the magnitude ratio, X/Y , as
2
X //r 1+(2zw/w )
i X { - n (B-13)
YV ore ) 2 (2000 )
n n
where
Z is the damping factor defined by
C
d
L= (B-14)
2oy,

my is the mass of the wheel, tire, etc. being oscillated,

lb—seczlin,
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w_ is the naturzl frequency of free vibration for the tire,
rad/sec, and

Cd is the tire damping coefficient.

The accelerations of the oscillating surface and of the tire

can be obtained by differentiating twice with respect to time equations

B-10 and B-11, respectively, yielding

an ¥V=- sz sin wt (B-15)

% = - w’X sin (ut - ¢) (B-16)
where
¥ is the acceleration of the base, in/sec?, and

X is the acceleration of the tire, in/secz.

Because the phase angle ¢ is the same for the accelerations as it
is for the displacements, the relationship betwéenﬂthe_phase angle,

¢ , the damping factor, i,,'aqd the frequency ratio, fwfun , given

in equation B-12 may be used.tb determine thé damping ratio from the
accelerations. Thus the accelerations of the base and tire, when
monitored by two accelerometers and displayed simultaneously on an
oscilloscope screen, yield a phase angle between these two periodic
functions which then can be used to determine the tire damping fac-
tor, T .

The physical arrangement used in measuring the tire radijal
damping is showm in Figure 4-12. A closer view of the weighted

tire resting om the exciting surface is given in Figure B-3. The
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Figure B-3. Close-up View of the Tire Resting Against
the Oscillation Platform.
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base oscillation was generated by an electromagnetic shaker bolted
to an oak board hinged at the top. The shaker vibration induced
vibration of fhe same frequency (120 cycles/sec) to the board thus
providing the periodic base oscillation. The accelerometer fastened
to the board provided a signal proportional to the base acceleration.

The model tractor tire was clamped to a yoke, suspended by
cords to provide free movement normal to the base, and sometimes
weighted to change the natural frequency of the tire-on-board system.
A second accelerometer, bolted to the yoke provided,a signal propor-
tional to the tire acceleration.

The acceleration signal from each accelerometer was amplified
and provided as a channel.input to a dual—trace storage ascilloscope.
As the tire rested against the oséillating«board,vthe two acéeleration
signals were displayed simuiténéously on the oscilloscope and the
traces were photographéd.yith an oscilloscope camera. Figure B-4
shows an oscilloscope record from whiph the phase angle was measured.
The equipment used in measuring the tire damping is listed in Table B-5.

Measurement of the front and rear tire damping was performed
for two different cases - with the tire clamped in the yoke without
additional weight, and with extra weight bolted to the yoke-tire system.
In eitherrcase the natural freguency of the tire system against the
board was required.

The natural frequency was determined by clamping the board
in place by fastening it to a massivg steel c&linder (shown in Figure
B-3) and setting the tire system into transient free oscillation

against the board. By releasing the tire while very near the board
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Figure B-4. Sample Oscilloscope Record for Measurement of

Phase Angle for Determination of Tire Damping.
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TABLE B-5. Equipment Used in Measuring Tire Radial Damping.

~ Shaker
Syhtron electric controller, model VC-4AC
Syntron electric vibrator, model V4-AC
Syntron Company, Homer City, Pa.
Base accelerometer
Columbia accelerometer
Columbia amplifier, model 6000
Tire accelerometer
Columbia accelerometer, Model 302-6:
Columbia charge amplified, model 4102
Columbia Research Laborataries,-inc,, Woodlyn, Pa.
Oscilloscope '
Tektronix storage oscilléscopé
Type 3A3 dual-trace differential amplifier
Type 3B3 time base
C-12 oscilloscope camera

..Tektronix, Inc., Portland Oregon

and allowing it to swing into the board, the tire oscillation decayed
until it provided an acceleration output such as shown in Figure B-5.
The frequency of tire oscillation obtained from the acceleration
- decay curve provided the natural frequency of that system.

The natural frequencies and phase angles were measured for the
weighted and un-weighted cases for both front and rear tires. The

results of these tests are summarized in Table B-6.
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P e e,

Figure B-5. Oscilloscope Record of Tire Free Vibration

for Determination of Tire Natural Frequency of Vibration.
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TABLE B-6: Summary of Data for Scale-Model Tire Radial Damping Tests.

Total Natural Frequency* Phase Damping
weight frequency ratio angle ratio
(1b)  w (rad/sec) w/wn ¢ (degrees) z
Rear tires
Case A 7.11 209 3.66: 154 0:07
Case B 2.09 449 1.71 154 -0.10
Front tires
Case A 6:34 126: 6.10 149 -0.05

Case B 1.33 192 3.99 149 10:07

*
The base excitation frequency,  , was 766:rad/sec.



APPENDIX C

THE DIGITAL COMPUTER PROGRAM

Appendix C presents the digital computer program used to simulate
wheel tractor overturns. Section C.1 provides narrative and diagram-
matic description, Section C.2 provides a complete listing of the
program, Section C.3 provides a description of the use of the program
and the necessary data, and Section C.4 provides some.sample output

obtained from an overturn simulation.

C.1. PFProgram Description

Section C.1 presents a description of the digital computer
program used to simulate tractor overturns by the theory developed in
this dissertation. Each program, subroutine, and function is described
in detail determircd by its complexity. The most complex or lengthy
program parts also are shown diagrammatically with flow charts to

explain the relationships between the major steps ox the program.

C.1.1. The MAIN program

The MAIN program acts as the interfacing element between the
pregcam user and the bulk ot the simulation preogram. It contains all
the data reading capabilities of the entire program so it provides
the only control over the conditions of the simulation. The data is
passed to the appropriate subroutines by block COMMON statements
found in those routines between which the data is passed.

The MAIN program ccordinates the establishment of ipitial

231
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conditions and the integration of the differential equations of
motion by first calling subroutine SETUP to define the needed initial
conditions, and then calling subrcutine DHPCG to integrate between
the desired time limits. Other necessary steps such as derivative
evaluation and output generation are controlled by DHPCG within the
ranges specified by the input data.

A flow chart showing the major steps of the MAIN program is

given in Figure C-1.

C.1.2. Subroutine SETUP

A person can describe the state of a tractor most easily when
the positions, velocities, and orientations are specified in tractor- -
axes directions. Becanuse the differential equations are not written
for the coordinate directions most easily interpreted by a person,
subroutine SETUP is used to convert input specificatiqns of the tractor-
state to the form required for the initial conditions of the differen-
tial equations.

Subroutine SETUP calls subroutine EIGVAL to define the eigen-
values of the tractor-axes inertia matrix thus defining the principal
moments of inertia for the tractor bodv. It then calls subroutine
VECT33 to define the eigenvectors of the inertia matrix. The princi-
pal-axes unit vector directions are defined in terams of the tractor-
axes directions by the transpose of the eigenvector matrix.

The initial conditions for the differential equations are
calculated using a prccedure specified by input parameter INIT. This
parametér specifies whether the clutch is engaged or disengaged and

vhether the input data is to be used in calculating the initial
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\ Read and Print descriptive /

information for this simulation

Read initial positions, velocities
orientations for the tractor

ta for the tractor

]
\ Reagd cocrdinates and descriptions of points 7

\Read inertia properties and geometrii/

which are to be monitored during simulation

Y

\\éead specifications for any external forces//

(besides gracity) acting on the tractor

\Print a description of the/
problem to be simulated i

¥

Read and Print relling resistance, ‘7
damping, and drive-train parametexrs

R
\ Read and Print tabulated data for this simulation
engine torque-speed
clutch torjgue-slip

rear tire force-deformation -
front tire force-deformution
coefficient of gruss traction-slip
rear lateral force coefficient-slip angle
front lateral force coefficient-slip angle

1
Define initial conditions for

differential equations
(Subroutine SETUPY

2
\ Read tractor steering data }

z

Figure €C-1. Flow Ciiart for MAIN Program.
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Read options for generating coordinate
output for graphic analysis
Y

Read body-fixed coordinates of points
to be located for graphic output
and instructions for
using these points

Y

Integrate the differential equations
between the specified limits
(Subroutine DHPCG)

Y .
kn“t exit conditions if the integratior/

1s terminated prematurely

F.gure C-1 (continued).
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conditions or the initial conditions should be calculated for the
tractor operating in a level surface of zero elevation. When the
tractor is on the zero elevation surface (i.e., when INIT = 2 or
INIT = 3 ), all the tractor positions and velocities are defined by
the state of equilibrium between the tire and ground reaction (and
the drive-train and engine reactions when INIT = 3 ).

The translational positions and velocities are converted to
inertial-coordinate directions for the initial condition specification.
The tractor-body angular velocities are transfbrméd into principal-
axes directions while the Tear whecl and front-end éngular velocities
and positions are specified as scaiar quantities. The engine speed
is that specified by input data umless INIT = 3 when *the speed is
redefined as the equilibrium engine speed. The tractor bedy orien-
tatiocn is determined by calling subroutine EULPAP. which defines the
four Euler parameters from the principal-axes orientations in the
inertial reterence frame.

The major program steps and program logic of subroutine SETUP

are shown in Figurs C-2.

C.1.3. Subroutine DHPCG

Integraticn of the differentiai equations io generats a
simulation of the tractor motion is performcd by subroutine DHPCG.
This subroutine, provided as part of the IBM System/350 Scientific

- Subroutine Péckage -~ Version 3, uses the Hamming predictor-corrector
netkod of integration with a fourth-eorder Runge-Kutta method to

generate starting values. The prugram provides error-checking features
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(Begin }

Determine principal moments of
inertia for tractor body
(Subroutine EIGVAL)

Y

Determine the principal axes of
the tracter body
(Subroutine VECT33)

t
1,4 ,//,Branch according to the\\\\_ INIT = 2,3

‘\\\ value of INIT

9

Define tractor c.g. I
elevation § orientation |

J
s
Define No INIT
wvheel speed | >2
L“—T—-———————l ?
Yes

Define tractor velocity
and engine speed
from tire and drive-
train reaction

Convert all speeds and positions to
the form needed to define initial conditions

Y

Convert direction cosines for the
tractor boay orientation tc Euler parameters
(Subroutine EULPAR)

Y

Define all the initial conditions
for the differential equations

(Returnj

Figure C-2. Flow Chart for Subroutine SETUP.




which can halve or double the integration step size to maintain the
specified integration accuracy.

This program has been medified by J.R. Cooke, Department of
Agricultural Engineering, Cornell University, to assure that output
cycles are provided at specified equaliy-spaced time intervals even
when the time step size has been altered by the program.

Sﬁbfoﬁfiné ﬁﬁPCG 6btains dérivétivé e?éluations #t pérticular
simulation times by calling subroutine FCT, which in this program is
subroutine DERIV. As the simulation reaches one of the equally-
spaced time intervals at which output may be desired, subroutine
DHPCG calls subroutine OUTPUT to generate printed and/or, punched
output. The simulation continues until the specified time intevval
has been completed or 'mtil n excessive number of interval bisactions
was required to obtain the desired integration accuracy.

The major steps and program logic of subroutine DHPCG are shown

in the flow chart of Figure C-3.

C.1.4. Subroutine OUTPUT

Subroutine OUYPUT contrcls the output of information generated
by the simulation proper. (Only peripheral output information is
provided by the MAIN program.) Whenever this subroutine ?s called,
the parameter ICOUNT is checked to identify the equally-spaced time
intervals which are integer multiplcs §f the specified maximun-
allowable integration time step. Output may occur only at these points
in time; between these times simulation continues without any cutput

being gencrated.
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Initialize for the integration
t = TZERO, At = DTMAX

Compute solution for time
t + At using Runge-Kutta
.integration procedure

Y

Use half the time-step size to cgiculate
in two steps the solution at time
t + At using Runge-Kutta
integration

*

Compute a test value from the
two different solutions at t = At

///’;5\\\\\
t suff;zienéiy\\\k No _
small ////,
\3/////
L Yes

the initial

interval been N\, Yes

halved 10
times
?

Output results
(Subroutine OUTPUT)

.t

Increase time, t, by At

No

Halve the time
step size, At

Have v
No ~~  four GO TO a
‘ acceptable solutions '
4.? ?
I Yes Output resuits
t (Subrontine OUTPUT)

Compute refined solution

values for the intervals required TRot

by Hamming Predictor-Corrector
integration method

®

Figure C-3. Flow Chart for Subroutine DHPCG,
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Figure C-3 (continuad).
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Figure C-3 (Continued).
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Two parameters, NPRINT and NPUNCH, control the frequency of
printed and punched output relative to the maximum-allowable time
step interval. Punched data is generated to provide coordinates of
traétor points at various times whenever graphical analysis of the
tractor motionAis desired.

The parameter IPLOT requests or suppresses printed and punched
output for graphical analysis. Whenever graphical punchout is requested
the four wheel peripheries are defined by coordinates of the points
at 20-degree intervals as are points defining the terrain features.
All other points to be located are specified'by input data.

Subroutine OUTPUT also has capabilities for monitoring the
simulation at each of the evenly-spaced times when printout could
occur and terminating the simulation prior to the preplanned completibn
time if desired. Temrmination occurs when a nonzero value of PRMT(5)
is returned to the integration subroutine DHPCG. This features is
used in the tractor overturn simulations to terminate the program
whenever any of certain points on the tractor {defined by input data)
strikes the ground.

At each printout cycle all pesition and velocity information
describing the state of the tractor is printed in a form similar to
that originally supplied as input data. The translational velocities
and positions of che tractor body center of mass are given in the
inertial-coordinates directions. The body angular oriéntation is
given as direction cosines of the tractor axes while the tractor body
angular velocities are given in tractor-axes directions. The states
of the rear wheels, front end, and engine are specified as scalar

quantities. The positions and velocities of the points being monitored
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for program termination are printed together with a 20-character
description of each point.

At each printout cycle the integrafion step size is indicated
by érinting the number of interval halvings for this step. The tire
forces are printed, as is the steering angle at each print time.
Whenever the front end has rotated to its limit, a message is printed
to indicate this condition. Also, to providexinfbrmation about the
tractor overturn energies, the momenta vectors, the potential energy,
the kinetic energy, and the total energy of the tractor body, front
end, and rear wheels are printed during each print cycle.

A flow chart to show the major functions of subroutine OUTPUT

is presented in Figure C-4.

C.1.5. Subroutine DERIV

The derivatives ?f the twenty state variables describing the
tractor motion are defined in subroutine DﬁRIV. Thus, this subroutine
incorporates the many dynamic relationships defined in sections of
Chapter III into twenty simultaneous first-order differential equations.
These derivatives are evaluated at appropriate points in time (as

.specified by subroutine DHPCG) so they may be integrated to obtain
the velocities and positions of the tractor as it encounters the
prescribed terrain.

Buth ground forces at the wheéls and external forces or
morrents on the tractor body, the rear wheels, or the front end may
provide variable input reactions toc the tractor. The ground forces
are determined by subroutine WHEEL as it evaluates the individual tire-

ground interactions due to the position and velocity of each tire
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Figure C-4. Flow Chart for Subroutine OUTPUT.
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Figure C-4 (continued).
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relative to the ground surface. External forces and moments are
specified as input data and evaluated at any time by subroutine FORTQ.
Gravitational forces are automatically defined by the weights of the
tractor parts, so are not considered to be external forces. When the
front end is against a "Stop", reactions at the stop are considered
in a manner similar to external reactions.

"The highest-order derivatives (the accelerations) are evaluated
first while the lower;order derivatives (velocities) are assumed to
remain constant during the time interval. This énables the velocity-
dependent forces to be considered as constants so the accelerations
may be obtained from the equations in Chapter III. The seven simul-
taneous equations relating the coupled accelerations are solved to
yicld these accelerations by the use of subroutine SOLVE.

Figure C-S shows a flow chart for the major steps of subTroutine

DERIV,

C.1.6:. Subrcutine WHEEL

The forces acting on the tractor wheels and the moments
resulting at the wheel centers are determined by subroutine WHEEL.
When the location, orientation, and velocity of a wheel are provided
to ‘this subroutine, the tire-grouad interaction is converted into a
resultant force composed of radial, lateral, and circumferential
force components. Each of the force éomponents is defined by a separate
empirical relationship obtained from measurements of the tire perfor-
mance on the specific ground conditions desired for this simulation.

The tire-ground interaction is assumed to be a thin radially-

deformable circular wheel on a locaily-planar, rigid ground surface.
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Figure C-5. Flow Chart for Subroutine DERIV,
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Figure C-5 {continued).
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The forces on the tire are assumed to act through a ''ground-contact
point", thus making the tire model a point-contact model. The
"ground-contact point'" and the ground plane are defined in alternative
ways depending upon the regularity of the ground surface. If the
ground surface is "regular" or "smooth'" beneath the tire, the plane
tangent to the ground surface beneath the tire is used to determine
the tire forces, otherwise an "equivalent" plane is defined to provide
a smooth surface.

Subroutine WHEEL scans the ground surface beneath the tire by
checking three points beneath the tire - one below, one 45 degrees
ahead, and one 45 degrees behind the wheel center - to see if tie
ground surface may be represented by the same plane in these three
regions. The same plane is suggested at the three points only when the
ground normal vectors at these three points are parallel and the
vectors connecting the three points are perpendicular to the ground
normal vectors. The ground is "irregular" if these two conditions
are not met. (The ground elevation and the ground normal vector are
defined for any horizontal location by calling .subroutine SURFAC,)

The '"ground-contact point'" for a smooth ground surface is
defined as the point-of-intersection for three planss - the wheel plane,
thé ground plane, and the plane containing both the axle and the
ground normal vector. This point is determined by solving the equa-
tions of the three planes for the common point. The radial tire
deflection is defined as the distance between the wheel center and
the '"'ground-contact pocint".

The "equivalent" ground plane for an irregular surface is

defined to provide the proper radial force direction, radial force



251

magnitude, lateral force direction, and circumferential force direction.
The radial force direction is assigned by the direction of the resultant
ferce vector obtained by summing incremental radial forces due to the
defiections of 5-degree circumferential segments of the tire. The
radial force magnitude is that force obtained from the tire-on-flat-
surface force-deformation curve at the point where the displaced area
of the thin tire on the flat surface equals the displaced area of the
5-degree segmented tire on the irregular surface. This then defines
the radial deformation for the tire on the "equivalent" plane and

the "ground-contact point'". The plane orientation is defined by
determining the ground normal vector for the original surface at the
“ground-contact point" and rotating it about the axis of the axle

until it is in the plane that is common to the axle and the radial
force vector.

Once thc "ground-contact point'" and the ground normal vector
kave been defined, subroutine WHEEL is unaffected by the actual ground
surface beaeath the tire. The next differentiation occurs hetween
traction (driven) wheels and towed wheels denoted, respectively, as
rear and front wheels. For each type wheel, the radial force, a
lateral force cnefficient, the normal ferce, and the rolling resis-
tance are evaluated from empirical relationships for the appropriate
tire. The traction force and a friction ellipse modification of the
lateral force coefficient are added to rear wheel forces. Then the
resultant force vector is defined and the moment of this force about
the axle is defined prior t¢ returning these reactions to the DERIV

subroutine.
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The major program steps of subroutine WHIEL are shown diagram-

matically in the flow chart of Figure C-6.

C.1.7. 'Subroﬁtine FORTQ

Externally applied forces and moments on the tractor body,
the rear wheels, or the front end are evaluated by subroutine FORTQ.
The number and type of external reactions on each body are defined by
data cards initially read into the MAIN program and transferred to
this subroutine. BSubroutine DERIV then calls subroutine FORTQ when-
ever these reactions need to be evaluated. Each~eiterna1 reaction
is defined by a type specification (ITYPE), a body-fixed vector loca-
ticn of the point of application, and numerical values specifying the
magnitudes of parameters used in calculating the magnitudes.
Seven different types of external reactions may be specified
to be evaluated in subroutine FORTQ. They are:
1. A constant moment specified in bedy-axes dirvections
(ITYPE = -2),

2., A constant moment specified in inertial directions
(ITYPE = -1},

3. A constant force specified in inertial directipns
(1TYPE = 1),

4. A comstant force specified in body-axes directions
(ITYPE = 2),

A force which is a linear function of the position and

[3¢}

velocity of the body-fixed point relative to a point

ixed in space (ITYPE = 3),
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Figure C-6: Flow Chart for Subroutine WHEEL.
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Figure C-6:(continued).
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6: A force as in (5) except that the force is applied only
when the two points are closer together than a prescribed
distance (ITYPE = 4),

7. A force as in (5) except that the force is applied only
when the two points are farther apart than a prescribed
distance (ITYPE = 5). |

The last three recaction iypes represent parallel spring and dash-

pot connections between the body-fixed point and the inertial point,
but case 6:functions only in cormpression and case 7 only in tension.
The vector sumes of all moments and forces acting on a body are returned
to fhe calling‘program in inertial coordinetes,

A flow chart showing the logical sequence of steps in subrou-

tine FORTQ is given in Figure C-7.

C.1.8. Subrouvines EIGVAL, EIGP3, and VECT33

Subroutines EIGVAL, EIGP3, and VECI'33 are used to determine
the eigenvalues and eigenvectors of the tractor-tody inextia matrix,
thus defining the principal momentcs of ihertia_and principal-axes
directinns for that body. Subroutine EIGVAL uses Muller's method of
quadratic interpolation to find zercvs of the characteristic polynomial
for the inertia matrix. Subroutine EIGP3 evaluates the characteristic
polynomial at the triai values used in the search for zeros of the
polynomial. After one eigenvalue is determined, the deflated poly-
nomial function is used in the search for other eigenvalues. (See
Conte, 1965, pp. 65-69, 187-189, for a detailed description of Muller's

method and a flow chart of the program steps.)
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Figure C-7. Flow Chart for Subroutine FORTQ.
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After the three eigenvalues Lave been obtained, subroutine
VECTZ3 is called to determine the eigenvectors for the inertia matrix.
This subroutine swccessively uses each eigenvalue in a reduced matrix
equétion to determine the relative magnitudes of each eigenvector
component for that eigenvalue. (See Greenwood, 1965, pp. 304-305.)
The magnitude of each eigenvector is then adjusted tc¢ unity so the
resulting 3-by-3 mairixz of eigenvectors may be used as a direction
cosine matrix. Note that subroutine SETUP does check to see that this

direction cosine matrix defines a right-hand unit vector triad.

C.1.9. Subroutines SURFAC and SURFO.

Subroutines SURFAC and SURFO are used to define special fea-
tures of the terrzin in the vicinity of the tractor. Both subroutines
evaluate features of the 1/12th scale model side-overturn test course
described in Section 4.2. Subroutine SURFAC defines the ground eieva-
tion and the ground normal vector at the vertical line passing through
a point specified in inertial coordinates. This subroutine is used
to locate the groumd surface when subroutine WHEEL is evaluating the
relative positions of points on the tires and tﬁé ground surface.

Subrouvtine SURFFO defines th?ee-dimensional inertial coordi-
nates of critical points on the test course and paired instructions
for connecting these points to give a graphic representation of the
overturn test course. The points defined are the ground break points
at the top and bottom of the bank plus an outline of the ramp which
the tractor's right wheels encounter. This subroutine is called once

if the graphical output has been requestad; otherwise, it is not used.



261

C.1.10. Subroutine TURN.

Subroutine TURN is used to define the steer angle of the
tractor. The subroutine defines the rotation of the steering axis
(in radians) relative to the tractor body, with a positive rotation
being clockwise when viewed from abové.

Two steering options are provided but others could be added
without changing any other parts of the program. The steering ;ption
(IST) and five constants (ST1, ST2, ST3, ST4, and ST5) are read by
the main program and transferred to subroutine TURN. If IST =0 ,
the steer angle is defined as the constant vélue, ST1, throughout all
time. If IST = -1 , the steering angle begins with the value ST,
changes to value ST3 at time ST2, and maintains the value ST5 after

time ST4.

C.1.11. Suoroutine POSVEL.

Subroutine PCSVEL determines the absolute position and
velocity of a point in a rotating and translating coordinate system.
The absolute position and velocity of the coordinate system origin,
the orientation of the moving axes, the rotational velocity of the
axes, and the location of the point (expressed in moving coordinate
directions) relative to the moving origin are used to calculate the
absolute position and velocity of the point expressed in inertial

coordinates. If 1IVEL =0 , only the position is determined.

C.1.12. Subroutine SCLVE.

Subroutine SOLVE is a program written by J.F. Booker, Mechanical
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and Aerospace Engineering, Cornell University, to solve linear sysiems
of equations. The method employed is Gaussian elimination with pivotal
condensation. Conte describes this method and provides a flow chart
for a computer program utilizing the method {Conte, 1965, pp. 156-161,
175-176).

Subroutine SOLVE is called by subroutine DERIV to solve the
seven simultaneous linear equations relating the coupled accelerations.
Solution of the matrix equation yields seven of the accelerations

which are required as definitions of derivatives..

C.1.13. Subroutines EULPAR and DIRCOS.

Subroutines EULPAR and DIRCOS are inverse relationships for
cerverting a matrix of divection cosines to Euler parameters and conver-
ting Euler parameters to direction cosines. Subroutine LULPAR evaluates
the Euler parameters from the four equations 3-12 through 3-15 whiie
subroutine DIRCOS uses equations 3-20 throuvgh 3-28 to defins the direc-
tion cosines. Each subroutine is usea only once - EULPAR in defining
the initial conditicns in subroutine SETUP, and DIRCOS in defining
the attitude of the tractor body each time that subroutine DERIV is

called.

C.1.14. Subroutines MULT3], MULTZ3, and ROTATE.

Subroutines MULT31, MULT33, and ROTATE provide basjic matrix
muitiplication operations. The premultiplication of a 3-dirensional
vector by a 3 by-3 square matrix is performed by subroutine MULT31.
The parameter ITYPE allows the option of premultiplyiang by the 3-by-

3 matrix as it exists (ITYPE = 1} or premultiplying by the transpose
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of the 3-by-3 matrix (ITYPE = -1). Wheneve:r the 3-by-3 matrix is a
direction cosine matrix, the premultiplication of a vector by that
matrix or its transpose constitutes a transformation of coordinates
for-the vector.

Subroutine MULT33 provides the same multiplication options as
does MULT31 except that now both inputs are 3-by-3 matrices resulting
in a 3-by-3 product. If both input matrices are direction cosine
matrices, the product is a third direction cosine matrix.

Subroutine ROTATE provides the operation.of rotéting a matrix
by premultipling it by a direction cosine matrix which defines the
relative orientation of the before and after directions of the vectors
being rotated. Again, if the first matrix is a directicn cosine matrix,
rotation of that matwir surely vieids a secound direction cosine matrix.
The subroutine is usea by specifying the matrix to be rctated (ATTOLD),
the angle through which the rotation will occur (THETAR, in radians),
and the axis sbout which the rotation should occur (IAXIS). The
direction cosine metrix for the rotation is constructed from THETAT
and IAXIS, subroutine MJLT33 is used to perform the direction cosine
matrix multiplication, and the rotated vector directions are defined
as the matrix ATTNEW. This subroutine is used to rotate the wheel-
coordinate axes (direction cosines) to obtain their orientation after

camber, caster, toe-in, and steering adjustments.

C.1.15. Subroutines CROSS and DBLCRS,

Subroutines CROSS and DBICRS provide vector cross product
operations. Subroutine CRGSS simply evaluates the cross product of

the two 3-dimensional input vectors yielding a third 3-dimensional



vector perpendicular to the other two. This operation is used fre-
quently to calculate torques, calculate rotational velocities, and
define a unit vector direction perpendicular to two others.

| Subroutine DBLCRS evaluates a double cross product in which
the first vector of the first cross product is again crossed onto the
result of the first operation. This operation is used in determining
the radial component of accelerations due tc a body moving on a curved
path. In this case the cross product of the angular velocity and the
radius vector yields the tangential velocity. Then the cross product
of the angular velocity and the tangential velocity results in the

radial or normal acceleration.

C.1.16: Function Subroutine DOT.

The dot product operation is provided by function subroutine
DOT. This function calculates the dot or scalar product of the two
3-dimensional vector arguments. Dot products are used extensively in
determining desired components of vectors, in checking for parallel
vectors, and in the first step of determining the magnitude of a vector

{followed by the square root of the dot product).

C.1.17. Function Subroutine TABLE.

Function subroutine TABLE provides interpolation between two
columns of tabulated data. The method used is the Lagrangian form
of the interpolating polynomial 3s described by Conte (1965, pp. 72-73).
When correspording values of two arrays X and Y have been
assigined to the same numbered elements of the two arrays, interpo-

lation between the two arrays may be performed in either direction.
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If XARG is the value of X for which the corresponding value of Y iz
desired, then X 1is the first argument, Y is the second, and XARG
is the third. IDEG specifies the degree of interpolation desired

(1 = linear, 2 = quadratic, etc.) and NDIM specifies the number of
stored elements in the X and Y arrays. JMIN specifies the element
number of the first X value at which to begin searching for the
interval containing XARG.

Because much of the tire force data and other empirical data
is defined in tabular form, function subroutine TABLE is used to
define specific data values from the tables of data. The specific
radial tire force ;orresponding to some nonzero radial tire deforma-
tion is defined by using function TABLE with parameters for the tire
deformations, the tire forces, the given tire deformation, and others.
The value of the function TABLE is the desired radial force interpo-

lated from the tabulated data.

C.2. Program Listing.

The digital computer program for simulating wheel tractor
overturns is written in the Fortran IV ccomputer language. All
floating point calculations are perfoimed as double precision opera-
tions (16 significant digits) to overcome the round off problems
inherent in the short word length of IBM 360 sirgle precisicn constants
(7 significant digits). Nearly all input and output operations,
however, handle the floating point variables as F-formatted numbers.
This enables punciied data to be used as single precision constants

which frequently is the form required by plotting programs.
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The digital computer simulations are generated by numerical
integration of the differential equafions defining the conditions of
dynamic equilibrium for the tractor. Twenty variables are used to
define the state of the tractor at any given time, thus twenty firsf»
order differential equations describe the dynamic equilibrium. The
twenty variables whose derivatives make up the differential equations
are called state variables. Table C-1 provides a definition of the
state variables and the nctation used for these variables in Chapter
IIT of this dissertation and in the digital computer program. Table
C-2 presents the notations used for the derivatives of the state
variables in the dissertation and in the program.

The subroutine descriptions of Section C.1, the comment cards
used thrcughout the program, and a general description of the nota-
tion similarities between the variables of Chapter III and the variable
names of the computer program should enable the interested person to
follow the program steps from the program listing. The variable names
used in the computer program are frequently very similar to the
variables of Chapter III. The first letter or two represent the variable
type while succeeding letters represent the pertinent bodies and/or
coordinate systems ingglﬁed. Table C-3 provides a comparative defini-
tion of many variablé;:which are used in Chapter III of this disser-
tation and/or in the computer program.

The digital computer program is presented in its entirety

in Figure C-8.



'ABLE C-1. Comparative Notation for the Twenty State Variabies.

LR - e

Dissertation Subroutine Gerieral
notation DHPCG program
(Chapter ITI) notation notation
Velecities of the tractor-body VBI Y(1) VBI(1)
centers of mass, expressed in ;1 \
. . .2 N . ({2 / \
inertial coordirate directiuns \BIZ (2) VBI(2)
{in/sec) VBT Y(3) VBI(3)
Tq
Pesitions of the tractor-body XBI Y{4) XBI(1)
centers of mass, exprcssed in .1 v (
incrtial coordinate directions (in) xBlﬁ Y(s) X81(2)
X1~ Y (6) XBT(3)
3 .
Angular velocities of the tra:ioz- W Y(7) CMBP({1)
body expressed in the tractoxr's "1 y OMBP (2
principal-zxes directicns “3p (8) BP (2)
{rad/sec) W Y(9) OMBP (3)
BP3
Euler parameters of the vector of 30 Y(10) EO
finite rotation for the tractor's Ai Y(11) El
principal axes Az Y(12) E2
Ax Y(13) E3
Angular velocity of the left Wy Y(14) OMLP (IAXLE) *, -SPEEDL
rear wheel about the axle (rad/sec) 2
Angular rotation of the left eLP Y(18)

rear wheel about the axie (rad)

L9¢



TABLE C-1 (continued).

Dissertation Subroutine General
notation DHPCG program
{Chapter III) notation notation
Angular velocity of the right rsux Cpp Y(16) CMRP(IAXLE)*, -SPEEDR
wheel about ths axie (rad/sec) 2
Angular rotation of the right rear €p Y{(17)
vheel about tine axle [rad) 2
Angular velocity of the front Wpp Y(18) OMFF(1), OMFF1
end about the freout pin (rad/sec) 1
Angular rotation of the front end GFF Y(19) THETF
reiative to the tractor body and 1
about the front pia (rad)
Engine spead (rad/sec) w Y(20) SPEEDE

-

- -
IAXLE is the subscript of the principal axis which is paraiiel tc the rear axle.

892
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TABLE C-2. Comparative Notation for the Derivatives
of the Twenty Stzte Variables.*

Dissertation Subroutine Subroutine
notation DHPCG DERIV
{Chapter III) notation notations
v DERY (1) DYDT (1), X(1)
BI,
Vi DERY (2) DYDT(2), X(2)
"2
v DERY (3) DYDT (3), X(3)
BI,
iBI DERY (4) DYDT (4)
1
Xy DERY (5) DYDT (5)
U2
DERY (6) DYDT (6)
BI
3
. DERY (7) DYDT(7), X(4)
BP,
© DERY (8) DYDT(8), X{5)
BP,
®_ DERY (9) DYDT(9), X(6)
BP
3
30 DERY (10) DYDT(10)
il DERY (11) DYDT (11)
i2 DERY (12) DYDT (12)
is DERY (13) DYDT (13)
o DERY (14) DYDT (14)
Lp,
3 DERY (15) DYDT (15)
LP,
& DERY (16) DYDT(16)
RP, |
8 DERY (17) DYDT (17)
RP, :
o DERY (18) DYDT(18), X(7)
FF, .
8 DERY (19) DYDT(19)
FF,
ée DERY (20) DYDT (20)

*The variables are defined in Table C-1.



TABLE C-3. Comparative Notation for Other Important Variables.

Pissertation Computer
notation program
(Chapter . I1T) . .. notation
Direction cosines
principal axes in terms of tractor axes AnT APT
tractor axes in terms of inertial axes ATI ATI
principal axes in tcrms of inertial axes ' API API
front-end axes in terms of inertial axes AFI AFI
wheel axes in terms of inertial axes AWI AWI
1oft rear wheel ALRT
right rear wheel ARRI
left front wheel : "~ ALFI
right front wheel ARFI
Velocities, inertial coordinates (in/sec)
left rear wheel ceater . VLI VI.T
right rear wheel center VRI VRI
front pin Vor VP1
front-end center of mass VFI VII
a wheel center VCI VCI
wheel-ground contact point V, VIWGI

WGI

042



TABLE C~32 (continued).

[

Dissertation Computer
notation program
(Chapter III) notation
Pusitions, inertial coordinates (in)
left rear wheel center XLI XLI
right rear wheel center Xp1 ¥RI
front pin A XPI , XPI
front-end center of mass Xpy XFI
left front wheel center XLUFI
right froat wneel center XRFI
a wheel center X XCI
CI
Forces (1bt)
acting on acting from coordinates

left rear wheel axle inertial FLAI
Tight rear wheel axle inertial FRAI
frent end pin inertial Fepy |
traccor body external inertial FBEI FBEI
left rear wheel axle principal . FLAP
right rear wheel axle principal FRAP
front end Pin principal FFPP
front end pin front end Frpp
left rear wheel ground inertial FIGI FLGI
right rear wheel  ground inertial P FRGI

Ll



TABLE C-3 continued).

Dissertation Computer
notation program
(Chapter III) notation
Forces (1b)
acting on acting from coordinates
front end ground inertial , FFGI - FFGI
left front wheel ground inertial ' FLFGI
right front wheel ground inertial ' FRFGI
tracter body total inertial FBI
left rear vheel total inertial FLI
right rear wheel total inertial FRI
front end total inertial P
a general body external inertial FI
Unit vectors, in inertial coordinates
perpendicular to wheel plane UwI UWI
perpendicular to ground plane UGI UGI
radially from wheel centef tc ground-contact point URI URI
parallel to line-of-intersection of the wheel and : UWGI UWGI
ground planes
perpendicular to the line-of-intersection of the ULI ULI

wheel and ground planes, but in the ground plane

L2



TABLE C-3 (continued).

Dissertation Computer
notation program
(Chapter III) notation
Relative position (ia)
position relative in coordinates
of to of
L.R. wheel ctr tractor body c.m. principal RLBP RLBP
R.K. wheel ctr tractor body c.m. principal Regp RREP
front pin tractor body c.m. principal Rpo RPBP
front-end c.m. front pin inertial . RFPI RFPI
front-end c.m. front pin front end FFpF RFPF
Mass moments of inertia (lb-in-sec‘)
body coordinate directions
tractor body tractor axes IBT IBT
tractor body principal axes IBp IBP
front end front-end axes Iep IFF
rear wheel tractor axes IRT IRT
tear wheel principal axes IRP JRP
drive train Id ID
engine I IE
2 e
Mass (1b-sec”/in)
tractor body my MB
rear wheel m MR
Eront end MF

Mg

iels

I

g



TABLE C-3 (continued).

Dissertation Computer
notation program
(Chapter III) notation
Tire forces (1b)
total ground force in inertial directions FWGI FWGI
normal to ground surfsce Fn FNORM
circumferential in ground plane Fc FCIR
lateral to tire in ground plane Fz FLAT
radial tc tire Fr FRAD
component due to spring deflection Fs
component due to dashpot motion Fd
" Moment reactions (in-1b)
acting on acting from coordinates
left rear wheel axle rrincipal MLAP
right rear wheel axle principal MRAP
front end front pin . principal MFPP
front end front pin front end - MpepE
tractor body external sources principal MBEP MOBEP
left rear wheel ground principal M, ap MOLGP
right rear wheel ground principal MRGP MORGP
front end ground front end ‘ MFGF MOFGF
tractor body total principal MBP
left rear wheel  total principal M

LP

vLie



TABLE C-3 (continued).

Dissertation Computer
notation program
(Chapter III) notation
Moment reactions (in-1b)
acting on acting from coordinates
right rear wheel total principal MRP
front end total front end MFF
a general body external inertial TQI
a wheel ground-contact inertial MOWGCI
point

]
~1
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IMPLICIT REAL®*E{A~H,0-~1)
COMMON /MSL/ TENG. SENG, TCLUT s SCLUT RRBTyRPBT ¢RFPF+RRFF 4 TEFF,
TRATIOTyRATIOD e WBoyWF s WRy INIT
CCMMON /M4SCD/ APT.RADR,RADF
CCMMON /MSW/ COTRySWHEEL s FREAKR¢DREAR ¢ FFRONT,DFRONT,
ZAF ¢ 3F,OMPF ARy BRoDMPx
CCAMON /MD/ RHOL Ty wHERE 4 RHCDE,, IDB, ICONe JRHO, NOOBy NOOL y NODR ¢ NODF
TNOULFoNODRFyNTOTAL 4 IPLCT o NGS, NPRINT y NPUNCH
CCMMON /MD/ RHOFRY yRHOFLT ¢ REOFRT yRHOFFF,PB+.PLyPRyPF,
TFClsFLI FRI2FFL1 FB2,FLZVWFRZFF2+FB34FL34FR3,FF3,
SRLBT yRLFF s THMAX  ALENG: CASTERy CAMBERy TOEIN,SLENG,SKeSCy
SITYPEByITYPEL yITYPZRyITYPEFyNFSODyNFLR,NFRRyNFFE
CCMMON /MCD/ 1FFysTRP4 10, 1E4MB MR MF
CCMMON /MTURN/ ST1,ST2,ST3,ST44ST5,1ST7
CCMMUN /Mn/ SLOPER,SLANR,SLOPEF , SLANF
CCMMON /74S/ 1B5T,SPEEDESPEEDL,SPEECKyTHETF,0OMFF1
DIMENSION ATI(3+2),4PT(Z+3)4RHCLT{3,8),Y{(20),YZERO(20)
DIMENSION XBT(3),VBI(3) OMBT(3),XX(3)
DIMENSION AUX{16+20) ,DERY(20) 4, PRMT(5),RHODB(3,50)
GIMENSION RHOFBT(543) yREGFLT(593) yRHIFRT(5,3) +RHOFFF(54+3}
DIMENSION PBUS,y3)+sPLI543)9PRI5y3),PF(5,2)4FEL(5)yFLI(5})4FRL(5),
IFEI(SKFB2(5) 2 FL2(5)FR2(3)4FFZ2(5)sF03(5) +FL3(5)y,FR3(5},FF3(5)
CTMENSION RLBT(2)4RRBT(3)}4RPBT(3i,RFPF(2)+RLFF({3) 4RRFF(3)
DIMENSTON TCLUT(E) »SCLUT(S5),TENG(5)SENG(5)
DIMENSION COTR(5) ) SWHEEL(5) +FREAR(5) yDREAR(5) +FFRONT(5) DFRONT(5)
DIMENSION SLOPERIS5), SLANR(S5) 4 SLOPEF(5) s SLANFILS)
DIMENS (O ITYPEBUS5),ITYPEL(5), ITYPER(S)+ITYPEF(5),10B8(50),
ZICON(100)
REAL*4 WHERE(S5,8)+sDESCR(20),TABDAT(10).STOP
REAL%B IBT(3+3)sIFF(3,43),IRT(3),IRP(3)
REAL*8 ID,IE+MBy MRy MF -
EATERNAL DERIVQUTPUT,D0T,TABLE
DATA STOP/*STCP'/+G/386.C0/
EAD CTARLS CCONTAINING 60 COLUMNS OF DESCRIPTIVE INFORMATION WHICH
1S 7O BE PRINTED UPCN EXECUTION JF THE PROGRAM,
WHEN A CAR[ HAVING THE WORD "STOP"™ IN THE FIRST FQUR COLUMNS
IS ENCCUNTERED, THIS CARD IS NOT PRINTED; THE REMAINDER QF
THE PROGRAM IS EXECUTED.
READ 1Y, (DESCR(I) I=1,20}
FORMAT (20A4)
ICIDESCR{1}«EQ.STGP) GO TO 12
PRINT 11. (DESCR(I),1=1,20)
60 TJ 109
2 CONTINUE
EAD TEEZ INITIAL CGRDITIONS FOR THE PIOBLEM: UNITS - LBy IN, SEC.
CENTER OF MASS POSITION: X1,yXZ,X3 DIRPECTIONS, RESPECTIVELY
nMERE: X1=FCRwWARD, XZ2=DRIVER'S RIGHTy X2=DOWN.
K1=0 = FIXED COOXDINATE SYSTEM
Kl=1 = TRACTUR~AXIS COURDINATES
READ 1, K1,(XB1(I),1=1,3) .
1 FORMAT (15,3F10.0)
CENTER CF MASS VELOCITY: X1,XZyX3 DIRECTIONS, RESPECTIVELY
K2=0 = FIXED COORDINATE SYSTENM
K2=3i = TRACTGOR-AX1S COGRDINATES
READ 2,y K2,(V3I(i},1=1,3)

Figure C-8. Digital Computer Program.
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2 FORMAT (15,3F10.0]}
ANGULAR ORIENTATION: DIRECTION CUSINES DEFINING THE TRACTOR-
AXIS DIRECTIONSy XT, IN TERMS OF
THE FIXED (INERTIAL) DIRECTIONS, XI.
I.E" XT = ATl * XI.
READ 2, ({ATI(I,J)4J=1,3),1=1,3)
3 FORMAT (SFE.5)
ANGULAPR VELOCITY: X1,X2,X3 DIRECTIONS, RESPECTIVELY
K3=0 <~ FIXED COORDINATE SYSTEM
K3=1 -~ TRACTCR-AXIS COORDINATES
READ 4, K2, (CMBT(I1),1=1,3)
4 FORMAT (I5,3F190.0)
READ INITIAL VALUES FOR FRONT-END DRIENTATION & ANGULAR
VELOCITY (RADIANS)
RZAC 400, THETF.0OMFF1
400 FORMAT (2F10.3)
"SPEEDE IS ENGINE SPEED; SPEEDL & SPEEDR ARE REAR WHEEL SPEEDS(RAD/S).
INIT DESIGNATES THE TYPE OF INITIAL ZONDITIONS DESIRED:
INIT = 1 - CLUTCH DISENGAGED; ALL I.C. SPECIFIED BY DATA.
= 2 = CLUTCH DISEKNGAGED; l.Z. ARE CALCULATED FOR TRACTOR
ON ZERQ ELEVATION, LEVEL SURFACE.
3 -« CLUTCH ENGAGED; 1.C. ARE EVALUATED FOR TRACTOR ON
LERO ELEVATION, LEVEL SURFACE.
= 4 - CLUTCH ENGAGED; ALL 1.C. SPECIFIED B3Y DATA,
REAC 40}, INIT,SPEEDE,SPEEDL,SPEEDR
401 FORMAT (15,3F10.2)
TRANSFCRM ThE C.G. POSITICN INTO FIXED COORDINATES, IF NECESSARY.
IF(X1.EQ.0) GO TO 21
CALL MULTSL(ATIXBl4=1,XX)
00 20 1=1,3
20 XBI{(1)=XX(1}
21 CONT INUE
TRANSFORM THE C.G. VELOCITY INTO FIXSD COORDINATES: 1F NECESSARY.
IF(K2.EQ.C) GO TO 23
CALL MULT2I(ATIWWBIy=1,XX)
D) 22 1=1,3
22 VB1(I1=XX{(1]}
22 CONTINUE .
TRANSFCRM AKGULAR VELOCITY INTO TRACTOR-AXIS COCRDS, IF NECESSARY.
IF(X3.,NE.Q) GO TC 25
CALL MULT21(ATI,0MBT,1,XX)
DO 24 I=1,3
24 OMBT(I)=XX{I}
25 CONTINUE
READ THE INERTIA MATRIX FGF THE TRACTOR, USTHG THE CENTER 0OF MASS
AND TRACTGR-AX1S DIRECTIONS, XT, FOR THESE DZFINITIONS.
READ S, ((IBT(19Jied=12:3)91=1,3) :
5 FORMAT (SF8.0) -
PEAD THE INERTIA MATRIX FOR THE TRACTOR FRONT-ENDsy DEFINED ABDUT THE
FEONT=cND C.G. AND IN THE TRALTOR-AXIS DIRECTIONS (WHILE THE
FRONT AXLES ARE PARALLEL TU THE REAR AXLES).
READ 5S¢ ((IFF(1sJ)sJ=1430,1=1,3)

- READ OTHER INERTIA VALUES aAKRD PERTINENT WEIGHTS.

READ €y {IRTUI}sI=1¢3)+1DsICsWByWR,WF
& FORMAT (oF10.2)

Figure C-8 (continued).
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ME=KB/G

MR=WR/G

MF=nF/G

READ THE LOCATIONS OF THE REAR WHEEL CENTERS, FRONT-END PIN,
FRONT=END C.G. (FRO™ THE PIN), FRONT WHEEL TURNING POINTS
(FRCM C.Ga)y REAR WHEEL RADIUS, FRUONT WHEEL RADIUSy LENGTH
OF FRONT AXLE, FRONT WHEEL TOE-IN (RADIANS), FRONT WHEEL
CAMBER {RADIANS), MAX FRONT-END ROTATIOMN (RADIANS).

READ 6y (RLBT(I)+,1=143),(RREBT(]1)s1=1,3),(RPBT(I)},I=1,3),(RFPF(I),
zl=113,v‘RLFF(1)013113,7(RRFF(I)113113)1RADR.RADF1ALENG1T0€IN!
SCAMEER ,CASTER s THMAX,SLENGy SKo SC

READ VECTOR VALUES DEFINING THE LOCATION OF PERTINENT POINTS RELATIVE
TO THE TRACTGR C.G. AND IN TERMS OF THE TRACTOR-AXIS COORDS.
THE LOCATION AND VELCCITY OF EACH POINT WILL BE CALCULATED.
JRHG=0
69 JRHC=JRHO+1
KREAD Ty CRHOLTUIZJRHO)sI=143),{WHERE(IyJRHO} I=1,5),MORE
T FORMAT (2F10.0+5A4,15)
IF(MORE.NELOY G2 TO 69

120
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132
133
134
135
136
137
128
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165

laXskziskaXssiakaiaXaXaXsatelaXsiakekakakse

READ DESCRIPTIONS OF EATEPNAL FORCES AND MCMENTS.
CARD 1 s»e
- COLe 1-5 - NO. OF EXTERNAL FORCES AND MOMENWTS.
CARD 2 ... (REPEAT THIS CARD FOR EACH FORCE ”R MOMENT)
COL. 1-5 - TYPE OF REACTION

~2 = CONSTANT MOMENT IN BODY-AXIS DIRECTIONS
=1 = CONSTANT MOMENT IN INERTIAL COGRD DIRECTIONS

1 = CONSTANT FORCE IV INERTIAL COORD DIRECTIONS

2 = CONSTANT FORCE IN BODY-AXIS CIRECTIONS

3 = FORCE AS FUNCTION 3JF POSITION AND/OR VELOCITY OF

A POINT ON THE BODY RELATIVE TO A FIXED POINT
4 = SAME AS 3 EXCEPT FORCE LIMITED TO COMPRESSICON
5 = SAME AS 3 EXCEPT FORIF LIMITED TO TENSION

6-29 - BCOY-AXIS COORDS OF POINT DF FORCE OR MOMENT APPLIC'N
30-53 = WHEN TYPE.LT.2y
VALUE OF FGRCE(LB) OR MOMENT(IN.LB) COMPLNENTS
WHEN TYPE.GE.3,
LOCATICN CF REFERENCE POINT(IN.} IN INERTIAL COORDS
54~61 - SPRING RATE(LB/IN)
62-69 - DAMPING RATE(LB.SEC/IN)
T0-T7 - RELATIVE DISTANCE(IN.) WHEN ZERC SPRING FORCE
ees FORCES AND MOMENTS GN THE TRACTCR BODY.
- READ 30,y NFBOD
30 FORMAT (15}
IF(NFROD.EG.Q) GO TO 33
DG 21 I=1,NFBOD
31 READ 322, ITYPEB{(1){RHOFBTTI1,J},J= 11302 (PB(1,J)+J=1,31,FBLLI),
£F32(13,FB3(])
32 FORMAT (15,%F8.2])
eee FORTES AND MUMENTS GN LEFT REAR WHEEL.
33 READ 30, NFLR
IF(NFLR.EQ.G) &GC TO 3%
DG 34 I=1.NFLR
34 READ 32z, ITYPELUI)(RHOFLT(I4J}sJ= 193);(PL(19J)'J 1s3)vFLl(I)v
TFLZ(TI4FL3(I)
ees FURCES AND MCMENTS ON RIGHT REAK WHEEL.

Figure C-8 (continued).
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35 READ 2G, NFRR
IF(NFRR.EQ.0) GO TO 37
DO 36 I=1,NFRR
36 READ 22, ITYPER(I)(RHOFRT(1¢J)sd=1:s3)e(PR{I¢J)sJ=1s3)sFRLI(I),
TFR211)+FR3(I)
ee~ FORCES AND MCMENTS ON FRONT-END.
37 READ 20, NFFE
IF(NFFE.EQ.0) GO TO 39
DO 38 I=1.NFFE .
38 READ 32, ITYPEF(I)!(RHOFFF‘I'J,|J 1,3),(PF(1+J)sd=1+3),FF1(I1},
EFF2(1i,FF341)
39 CONTINUE
PRINT & CUANTITATIVE DESCRIPTION OF THE PROBLEM.
49 PRINT 50¢ C((IBTUIod)ed=2s3) s (1FF(1od)od=143)4I=143 )43 (IRTLL)+2=1,3)
50 FORMAT (//1H3 33Xy ' MUMENTS OF INERTIA (LB.SEC*=Z.IN,) {N TRACTOR-AX
LIS OIFECTICNS:z*/1HO.19X,*TRACTOR BODY*® ,30X,! FRONT~END',/1H ,1X,
$Z(BX g == 33X ' == }/3(LH 91Xe2(8X:%1*43G10.3+° (*)/),41iH 41Xy
B2({EX 4 ==? 325Xy ~~* )/1HO+13X,'REAR WHEEL'/1H ,4X,
${BXy V== 8Xy ' ==Y )/3L1H 44Xy (8Xs* 1" 351039 1"3/)elH 44X,
=(8X1""'8x1""))
PRINT 51, IELID
51 FQRVA’ (1H0, 13X, *ENGINE®,6Xs*DRIVE TRAIN'/Z(1H ¢7Xs2(6X9610.3))}
PRINT 52¢ W3ByWFyWR .
52 FORMAT (/717 49X+ "WEIGHTS (LB.):*'/1HO,21X+*TRACTOR BODY',5X,
BFRONT=END®»S5Xy "REAR WHEEL®/1H 412X9510.395X36104395X3G10.3)
PRINT 54
54 FORMAT (//1H 09X"LUCAT UNS OF PDINTS (IN.) AS TRACTOR~AX]IS VECTGR
ZS:'/1ED, 12Xy "L eke WHEEL®* 18Xy %KoeRa WHEEL' 96Xy *FRONT-END PIN']}
PRINT 56, (RLBT(XJ'RRST(I)'RPBT(I)'1=113)
56 FORMAT (1H ¢3Xe3( 9Xe"'==1,5Xg%==")/3(1H $3X93( IXe*|'yFT7.25"1%)7),
le 13’.’3‘ 9XI"".ISX1.°":)
PRINT 58
58 FGORMAT (1HD¢10X s *FRONT~END CoGa'sy7Xs'L.Fe ~~WHEEL PIVOTS=~ R.F.')
PRINT 56, (CFPF(I)}yRLFF(I)RRFF(I)yI=1,2)
RINT 59, ALENG,THMAX,SLENGsSK.SC+CASTER,CAMBER,TOEIN
50 FORMAT {1HO 12Xy *FRUNT AXLE LENGTHS(IN.}:%,E7.2/1H0+12X,*FRONT-END
2 ROTATION l!M'T(FADIANS""Fa.Q/IHG'IZX1'D{STAHCE FROM FRONT PIN T
$C “STOPH(IN) = F7.2/1HO,1 ZX}'"STOP" STIFFNESS(LB/IN):t 3 FfS.1/1HO,12
EX PSTOPY CAMPING(LB-SEC/IN)2'3F943/1H0412X, *CASTER(RAD): ,F8.4/
$1HC 9 42Xy P*CAMBER(FADIANS) 2 yFB8.4/1H0,12X, 'TOCIN(RADlAhS)"'FB 4)
PRIMT &0+ KADFR,RADF
60 FORMAT (//1H +s9Xs*WHEEL RADII (INJJ):'/1HO,15X,'REARY 414X, *FRONT '/
214 114X-F5-2113X1F5.2)
FEAD RCLLING EESISTANCE & DAMPING PARAMETERS, DIFFERENTIAL RATIO,
TRANSMISSICH RATIO € EFFICIENCY.
REAZ 61, ARyBR+DNMPRJAFBFDMPF+RATIOD,RATIOT,,TEFF
61 FORMAT (6F10.4)
PRINT &4y AF¢yCFDMPF,AR+BbRyDMPR,RATIODWRATIOT,TEFF
64 FCRYAT (/1HO+9Xy*TIRE ROLLING RESISTANCE CCEF. AND RADIAL DAMPING
LCOEF s " /1H v22Xe?( ROLLING RESISTANCE COEF.= A + B &= SLIP ANGLE(DE
$G) )'/1H 412X, '( DAMPING COEFe UNITS ARE LB.SEC/IN J'/1H 427X,
VAT 39X TB "y TX *CAMPY/1H 215Xy "FRONT " 44XsF7.44F10.54FGa4/1H 415X,'R
$EARY ySX,F7.42F1l0.59F9.4/1H0,9X,*OIFFERENTIAL RATID =',F8.3/1H0,9X,
Z'TRANSMXSSIDN RATIO =¢,F8.3/1H0,GX," TRANSMISSION EFFICIENCY =7,

$F7.3)

Figure C-8 (continuéd).
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READ TABULATED DATA FOR THE ENGINE TOROUE(IN.LBI-SPEED(RAD/S) CURVE.
READ 10, (TENG(I)SENG(I) I=1,5)+(TABDAT(I)41=1,10}
10 FORMAT (6F10.2/4F10.2+10A4%)
PRIMT 11C, (TABDAT(I)+1=1,410)4(TENG(I)SENG(I)¢I=1,5)
110 FORMAT (1HOy5Xe 'TABULATED INPUT DATAZ'45X,10A4/(15X,2F15.4))
KEAD TABULATED DATA FOR CLUTCH TORQUE(IN.LB)~SLIP CURVE.
READ 10+ C(TCLUT(1),SCLUT(1),1=1,+5),(TABDAT(I),I=1,10)
PRINT 110y (TABDAT(1),1=1,410)(TCLUT(I)+SCLUT(I),1=1,5)
READ TABULATED DATA FOR REAR TIRE FORCE(LB)-DEFLECTION(IN) CURVE.
READ 10y (FREAR(I) DREAR(I),1=1,5)¢(TABDAT(I),1=1,10}
PRINT 110+ ITABDAT(1),I=1,10},(FREAR(I) OREAR(I},1=1,5)
READ TABULATED DATA FCR FRONT TIRE FORCE(LB)-DEFLECTION(IN) CURVE.
READ 10y (FFRONT(I),DFRCNT(1)41=1,5)4(TABDAT(I),I=1,10)
PRINT 110y (TABCAT(1)+1=1+10)y(FFRONT(1),DFRONT(1},41=1,5;
READ TABULATED DATA FOR WHEEL COEF.TRACTIGN-SLIP CURVE.
READ 10y (COTR(I)ySWHEEL(I)+1=1,5)4(TABDAT(I)},1=1,10}
PRINT 110s (TABCAT(I} I1=1,10),(COTR{I),SWHEEL(I),I=1,5)
READ TABULATED DATA FOR REAR WHEEL LAT.F.COEF.-SLIP ANGLE(DEG.) DATA,
READ 10y (SLOPER(I)+SLANR(1I)+1=1,5),(TABCAT(1),1=1,10)
PRINT 110y (VABDAT(I),1=1,10}4(SLOPER(I),SLANR(I)yI=1,5])
READ TABULATED DATA FOR FRONT WHEEL LAT.F.COEF.~SLIP ANGLE(DEG.) DATA.
FEAD %0s (SLGPEF(I) SLANF(I),1=145),(TABDATII}¢1=1,10)
PRIMT 110 (TABDAT(I}9I=1,10),(SLOPEF(I},SLANF(I),1=1,45)
Cacl SETUP(ATI,.XbBI,VBI,OMBT, YZERGvNEQNS) :
CALL MULT21(A PTleTylleP)
READ INSTRUCTIONS FOR STEERING THE TRACTOR.
READ 89¢IST:ST1sST24ST3,8T4,S5T75
86 FORMAT (15,;5F20.3)
READ INSTRUCTIONS FOR GRAPHIC DISPLAY 0OF THE OUTPUT.
1PLOT DEFINES THE TYPE OF OUTPUT.
IPLCT -1 - LOCATIONS ARE CALCULATED AND PRINTED ONLY.
0 - NO OUTPUT OF THIS TYPt GENERATED.
1 - PCINT LOCATIGONS ARE PRINTED AND PLOTTED.
= 2 - POINT LOCATIONS ARE PLOTTED ONLY.
DTHER VARIABLES DEFINE NO. OF PCINTS FOR EACH 80DY.
READ S1ly IFLGT NOLB,NGDL ¢ NODRyNODF ¢ NODLF ¢ NCORF
91 FORMAT (7153)
NTOTAL=NJ0B8+NIDL+NODR +NGDF+NCULF+NDDRF
IF(NTOTAL.EQ.O0} G TO G6
READ AN IUENTIFIZR. IDBe TO DEFINE THC APPROPRIATE BODY,
wHEKRE: 'L=TRACTGR'2"L0R-93=.-R."*—'Fo;-'— Le F.,b ReFay
AND A RACIUS VECTOR, RHODB, LOCATING THE POINT WITH RESPELT
TO THE B3DY CaG. AND IN THAT BOOY?'S COGRDINATE DIRECTIONS.
READ S2, (I0B(JDIy(RHODE(JsJD)+d=1+319JD0=1,KNTOTAL)
92 FORMAT (15,3F10.3)
NOw CEFINE THE DESIKED CONNECTI3N OF THE DESIGNATED POINTS
ees HOW MANY CONTINUCUS LINES?T (A LINE MAY BE ONLY ONE PIINT.)
READ 93, NLINEZS
23 FORMAT (15)
eee USE NUMBER PAIRS, N(!) & N(i+l), TO DEFINE THE EXTENT OF EACH
LINE:
IF N(I+1)=N(1) -~ PLOT ONLY PCINT NO. N(I1);
IF N(I+1)<HN{I) = CRAW A LINE FROM POINT NO. N(I+1)
TO POINT NO. NUI);
IF N(I+1)ON(1) =~ CONNELZT CONSECUTIVELY THE POINTS

Figure C-8 (continded).



276
277
278
279
280
281
282
283
284
285
286
287
2832
289
2990
291
292
293
294

(s XaNaNaEnNel

281

NUMBERED N(I)} TO N(I+1).

READ AS DATA, EXCEPT <

NOTE: THE POINT NUMBERS ARE THE ORDER IN WHICH THEY ARE

0 = ORIGIN,

=6 = CHASSIS CeGey =5 = LoR. WHEEL CoGay
-4 = KeRs WHEEL :-Go' -3 = FRONT"END COGG'
<2 = LeFy WHEEL CeGey =1 = ReFe WHEEL CoGo

NOS=2%NLINES
READ 94, (ICON(I),I=1,NOS)
94 FORMAT (1215)

96 CCNTINUE

NPRINT
NPUNCH

OO0 O

BOTH NPRINT & NPUNCAH MUST
TERWT SPECIFIES TYPE OF ERRCR AEIGHTING

READ AND PRINT THE INTEGRATION PARAMETERS.

DEFINES THE NG. OF DTMAX TIME STEPS PER PRINT CYCLE.
DEFINES THE NCo OF PRINT CYCLES PER PJUNCH CYCLE.

8E INTEGERS GREATER THAN ZERO.

READ 97, TZERODTMAX,TFINALsERRORyNPRINT,NPUNCH,TERWKT
97 FORMAT (4Fl10.54315)
PRINT 98, TZERO:DTMAX, TFINAL+ERRORyNPRINT ¢ NPUNCH

98 FORMAT (1HO»12X,* INTEGRATION PARAMETEZERS: TZtROs DTMAX. TFINAL, ER

IRORY/15X+6F15.5/15Xs " FRINT EVERY® 414,?
$'PUNCH EVERY',14," PRINT CYCLES®)

C eae IF IERWT =1, ALL 20 VARIABLES

C eee OTHEXWISE, READ ALL 20 RELATIVE WEIGHTINGS.,

IF(IERWTNEL.1) READ 99,

99 FORMAT (10F6.1)
C «so DIVIDE EACH 8Y 20 TO PROVIDE "AVERAGING".
DO 100 I=1,20
IF(IERWT.EQ.1) DERY(I)=1.0D0
100 DERY(1)=0.5D0-1*DERY(])
C eee PRINT THE ADJUSTED ERROR WEIGHTS.
IF(IERWT.EQ.1) PRINT 101, DERY(1)
101 FORMAT {1HO,15X,"ALL VARIABLES HAVE ERROR WEIGHT:®FT7.4;
IF(IERAWTNELL ) PRINT 102y (DERY(1)41=1,20)

102 FORMAT (1HO,15X,*'THE

ZEIGHTS: ¢/ (
PEMT(1)=T¢
PRMT{Z)=TF

15X, 10F8.41) 1
ERD
INAL

PRMT (3 1=0TMAX
PRMT (4;=ERROR
CALL DHPCGI(PRMT,YZERQ,DERYNEQNS,IHLF,DERIV,OUTPUT, AUX)

IF(PRMT(5).

NE.Q.0DO) PRINT 104, ((AUX(

104 FORMAT (1H1,'ABORT'/(10F12.6))

TF(IHELF.GE

105 FORMAT (1KG,

S 15, tHALV
IF(IHLF.GE
STOP
END

«101 PRINT 105, [HLF

INGS')

«10) PRINT 104+ { (AUX(I¢J} 3=

FUNCTION DCT(A,8)
C THIS FUNCTION DEFINES THE OOT PRODUCT OF THE VECTORS A AND B.

IMPLICIY
CIMENSION
RNCT=A(1)*E
RETURN

END

REAL*BLA=H,0~Z)

A(Z1,8(32
{L)+A{2)*Bi2)+AI31%B(2)

DTMAX TIME STZPS*'/15X,

ARE WEIGHTED EQUALLY:

(DERY(I)+1=1+20)

EQUATION VARIABLES HAVE THE FOLLOWING ERRGR W

Ted)sd=1yNEQNS) +1=1,16}

*x%%¥% PROGRAM HALT DUE TO SMALL STEP SIZE;®

1,NEQNS),I1=1,16)

Figure C-8 (continued).
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FUNCTION TABLE(X,Y+XARGy IDEGsNDIM;IMIN}

THIS FUNCTION USES LAGRANGIAN INTERPOLATION OFf DEGREE IDEG TO
: DETERMINE A VALUE OF Y CORRESPONDING TO XARG, BASED UPOMN
THE NODIM PAIRED VALUES OF X AND Y.
INTERPGLATION USES VALUES SUBSCRIPTED.GE. -JMIN.
EXAMPLE USE:
TWU ARRAYS, TEMP(I) AND HUMIO(1}., IN SGME PROGRAM CONTAIN
CCNSECUTIVE VALUES OF TWO VARIABLES. THERE ARE NDIM
OF EACH VARIABLE, WITH THOSE HAVING EQUAL SUBSCRIPTS
CORRESPONDING TO ONE ANDTHEKR, TO OBTAIN THE INTERPOLATEOD
VALUZ, HVALUE, CORRESPONDING TO A SPECIFIC VALUE WITHIN
THE TEMP(I) RANGE, SAY TVALUE, THE FOLLOWING ASSIGNKENT
STATZMENT WOULO BE USED IN THE PROGRAM WHICH HAS THE TWOD
ARRAYS STORED:
HVALUE = TABLE(TEMP;HUMID, TVALUE,IDEG,NDIMsIMIN)

sx%x CAUTION #*=¥ X AND Y MUST BE DIMENSIONED NDIM IN MAIN PROG.

IMPLICIT REAL#*8(A-H,0=-2)
DIMENSICN X(NDIM),Y(NDIM)
SEARCH FUR THE INTERVAL CCNTAINING XARG.
IF(IDEG.LE.NDIM=JMIN} GO TO 9
PRINT 1
1 FORMAT {1HG.'=%* INSUFFICIENT NUMBER OF TABULATED POINTS FOR DESI
*RED DEGREE OF INTERPOLATION®)
9 J=JMIN-1
10 IF(J.EQ.NDIM} GO TGO 300
J=J+1
IF(Xx{J}.EQ.XARG) GO TO 20
1F{J.GENDIM-1]) GO TO 200
IF{X(J),LT-XARG.AND. X(J+1) .GE.XARG) GD TO 30
IFIX{I) e GT . XARGANDX({J+1).LEL.XARG) GO TO 30
GO TO 10
2C TABLE=Y(J)
RETURN
30 JHALF=({IDEG+l1l)}/2
IF{JHALF.GE.J) GO TO 21
Jl=J-JHALF
IF(JL+]IDEG.LE.NDIM) GO TG 32
30C J1=NOIM-IDEG
60 TO 32
31 Jl=JgMIN
3z JMAX=JL+ICES
START THi LAGRANGIAN INTERPOLATION.
FACTOR=1.000
CO 33 J4=4l,JMAX
IFIXEI1.EQ.XLRE) GO 70 20
23 FACTOR=FACTOR=(XARG-X(J))
YELT=0.0D0
00 35 I=J41,JMAX
TEam=Y{ 1) *FACTOR/ (XARG~X{11)
oo 34 2=Ji-JMAX
34 JF(Y.ME.J) TERM=TERM/(X(1)=X(J)}]}
35 YEST~YEST4TERM

Figure C-8 (continued).
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TABLE=YEST

RETURM

END

SUBKOUTINE SETUP({ATI,XB1,VB],.OMETYZERD;NEQNS)

THIS RSUTINE CONVERTS THE PHYSICAL STATSE CF THE TRALTOR SYSTEM INTG
THE FORM RECUIRED FOF SGLVING THE DIFFERENTIAL CTQUATIDNS.
DETERMINE THE PRINCIPAL MUOMENTS OF INERTIA AND THE PRINCIPAL

AXES AT THE TRACTOR CENTE% OF GRAVITY (C.Geie
IPPL!CIT REAL*B(A-H,D~2)
COMNON 7150/ TENGSENG,TCLUT,SCLUT,RRBT,RPBT RFPFRRFFTEFF,
TRATIOT+RATIOD yWByWFeWR INIT
Ca¥¥ON /MS0D/ APTRADRRADF
COMMON /MSW/ COTP o SWHEEL FREAR+DREAR, FFRONT,OFRONT
LAF ¢ BF,DMPF AR, ER¢ DMPR
COMMON 750D/ 18P
COMMON /MS/ IBT,SPEEDEVWSPEEDL,SPEEDR,, THETF,,OMFF]
DIMENSION ATT(343)4ATP(343)9APTE3,3)API(32.3}
DIMENSIGN XBI1(3}, V81(3)fVET(B::OMST(B)|0MBP(3)'Y7LPO(20)
DIMENSICN UXL3)4,UZ2¢3),U3(3),UCHKL2)
DIKENSION COTRI5),; SWHEEL(3)4FREAR(5) yDCREARIS) +FFRONT(S),DFRGNT(5)
DIMENSION TCLUT(5),SCLUT(E),TENGIS),SENG(5)
CIMENS ION RRBT(3)4RPBT(3)RFPF(3},RRFF(3)
AEALES IBT(3,2),IEP(3)
CALL EIGVAL(IBT,3,3,1BP)
THE EIGENVECTOR MATRIX IS THE TRANSPOSE OF THE MATRIX APT.
CALL VECT33(I2T,I18BP,ATP)
NOTE THAT A DIAGONAL MATRIX HAVING THE PRINCIPAL MGMENTS
OF INERTIA, I8P, A4S ITS DIAGONAL ELEMENTS WOULD
SATISFY THE MATRIX EQUATION
DIAGM = APT * IBT = ATP.
CHECX ¥O SEE THAT THE DIRECTION COSINES, APT, DEFINE A KIGHT-~HAND
COORDINATE SYSTEHO
DG 508 1=1,3
Ul€I)=ATP(I,1)
U2i1)=ATP(1,2])
508 U2{1)=ATP{1,+3)
CALL CROSSHUL,UZ2+UCHK]
REVERS=D0OT(U3,UChK])
D3 509 J4=1.3
APTFL3+J)=DSIGNIATF14,43724REVERS)
U0 509 1=1.2
506 APTCI «J)=ATP(J, 1}
NETEXMINE FORWARD COMPONENT OF TRACTCR VELCCITY.
U2 = TO TRACTOR RIGHT, U3 = VERT DIOWN, Ul = TRALTOR FUGRWARD
o 9 I=113
UZCTI=ATI/2: 13
9 U3ti)=0.000
U3f31)=1.G00
CALL CROSS(U2,43,U11
VFEUD=DCGT(VBI.ULl)
BRANCH AMCCORCING TO THE TYFE OF INITIAL CONCITICNS.
60 TDL50,30,20,4503, INIT
20 CCNTINUE
TRACTOR STARTS ON LEVEL CROUND,
DEFINE THE WHELL REACTIONS, REAR WHEEL SPEEDy AND TRALTOR

Figure C-8 (continued).
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ORIENTATION FOR ZEXQ ACCELEKATION CONDITIONS.
RF=,5D00%(~WB*RRBT(1}¢WF*{ RPBT (1) +RFPF(1)+RRFF(1)})/(RRBT(1)
L-RPBT(1)1=-RFPF(1)-RRFF(1))
RR=(WB+WF+2.0D0*WR~-2 ,0DC%*RF1/2,0D0
DF=TABLE(FFRGNT,DFRONT4RF4245,41)
DR=TABLE(FREAR,DREAR,RR¢+245,1)
ITERATE TO DETERMINE THE TRACTOR ORIENTATION.
THETAR={RADR~RADF+DF=DR+RRBT(3)=RPBT(3}~-RFPF(3)=RRFF(3)})/
S(RRBT(1)-RPBT(1)=RFPF(1)-RRFF(1)1}
SINTH={RADR=RADF+DF~DR={~RRBT(3}+RPBT(3}+RFPF(3}+RRFF(3)}*DCOS(THE
STAR) M/ (RRBT(L)-RPBT(L1}=RFPF(1)~RRFF(1)}
COSTH=DCOS(DARSIN(SINTH) )
XBI(3)=-RADR+DR+RRBT(1)=SINTH~RRBT(3)*COSTH
ATI(1,1)=COSTH
ATI(1,43)==SINTH
ATI(341)=SINTH
ATI¢(3,3)=COSTH
IFLINIT.GT.2) GD TO 35
SPEEDL=VFWD/{(RADR~DR)
SPEEOR=SPEEDL
GO TO 50
CONT INUE
ROLLING RESISTANCE FOR EACH FRONT TIRE.
ROLLR==~AF*RF—~AR%RR ' :
TRACTIVE FORCES ARE EQUAL AND QOPPOSITE TO ROLLING RESISTANCE.
TRACT==ROLLR
DRIVE WHEEL TORQUES
TQ= TRACT*(RADR-DOR)
DRIVE LINE TORQUE
TD=TQ/RATIOD
CLUTCH TORQUE
TC=TO/(RATIOT*TEFF)
CLUTCH SLIPPAGE
SLIPC=TASLE(TCLUTSCLUT+TC,2+541)
ENGINE TDRQUE = CLUTCH TORQUE.
ENGINE SPEED IS5 DETERMINED BY ENGINE TORGQUE (GOVERNED KANGE).
SPEEDE=TABLE(TENGySENG T ¢2+543)
CLUTCH SPEED .
SPEEDC=SPEEDE*(1.0DO-SLIPC)
REAR WHEEL SPEEDS
SPEEDL=SPEEDC/(KRATIOQD*RATIOT)
SPEEDR=SPEEDL
COEFFICIENT OF TRACTION
COT=TRACT/RR
REAR WHEEL SLIP
SLIPH=TABLE(COTRy SWHEEL+COT4245,1)
FORWARD TRAVEL VELOCITY
VFWD=RADR®SPEEDA*(1.000~-SL IPW)
0C 29 1=21,2

39 ¥BI(l}=VFwO*UL(I}

50

CALL MULT3I(APT,CMBT,1,0MBP)
CALL MULT33(APT,ATI,1,API)

CEFINE THE TRACTOR BODY POSITION & VELOCITY VARIABLES.
CALL EULPAR(API,YZERO(10),YZERDI11),YZERO(12),YZERD(13))
o0 51 1=1,3

Figure C-8 (continued).
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YIEROiTI=VBICI)

YZEROUL1%Z¥I=XBTULI)

YZERO(I+6)=0M8P(1)

Y2ERO(14)=-SPEEDL

YZERDO(15)=0.0D0

YZERO(16}=-SPEEDR

YZERO(17)=0.000

YZERD(18})=0.0D0

1F(OMFF1.NE.0.0DO) YZEFQ(18)=0MFF}

YZERO(19)=0.00D0

JF(THETF.NE.0.0D00) YZERO(19)=THETF

YZEKO(20)=SPEEDE

NEQNS=20

CONT INUE

RETURN

END

SUBROUTINE OUTPUT(TIME.YsDERYyIHLF¢NEQNSPRMT)

1S ROUTINE CONVERTS THE GCUTPUT GENERATED FROM INTEGRAYION OF
THE DIFFERENTIAL EQUATIONS INTO3 A FORM WHICH IS MORE EASILY
INTERPRETED.
THE RESULTS ARE EXPRESSED AS VECTOR QUANTITIES AND MATRICES
OF DIRECTICN COSINES.
OUNT DEFINES THE TIMES wWHEN PRINTING SHOULD OCCUR.

ICOURT = O -~ HEADING PRINTED WITH ALL OTHER JUTPUT.
ICCURT = INTEGER MULTIPLE OF 1024 - PRINTS THZ DESIRED OUTPUT.
ICGUNT = ALL OTHER ~ RETURN WITHOUT PRINTING.

IMPLICIT REAL*E(A-H,0-Z1}

CUMMON /107 TCOUNT

CCMMON /7 M3/ RHOLT,WHERE,RHCDB, IDBy ICUN, JRHO,NODB,NODL s NODR ¢ NODF 4
SNODLESNODRF«NTOTAL,IPLOT ¢yNTGSs NPRINT ¢ NPUNCH

COMMON /ASCD/S APT«RADR,RADF

COMMON /D0OW/ ATI

COMMON /Z/M0D/ I1FFLIRPLID,1E,MBy MR, MF

CCMMON /S0OD/ IBP )

COMMON /007 APIGAFI ALKIZ ARRIZALFIZARFIGXBIJXLI¢XRI¢XFIoXLFYy
2V51eVLl o VRI G VFIJCMBi ¢ UML L, OMRI 4 OMF 1, OMBP, OMLP, OMRP, OMFF 4 XRFT

COMMON /CD/ FLGIWFRGIFLFGIFRFGL+«STEER,ISTOP

DIMENSION. AP €342}, 28T 12,3),ATI(5:3),AFT(3,3),ALRI(3+3),ARRI (3,2}

DIMENSION ALF 13,3}, ART1(393)+RHOLT(3,8),RHODB(3¢50)

DIMENSION YI20),DERY 203 4PRMT (S5} XBET(3)+XLI(3)+XRTI(3),XFI(3)

DIMENSION VBI(2),VLI(3)4VRIC3),VFI(3},3MBI(3),0MLY(3),0MRI(3},
SGMET(Z L GMBTI3),OMEP (2 ,CMLP(2) ,OGMRP(2) yOMFF(3)

DIMENSTICS ROBE21 o XDI{3 s VOIU3) W XLFI{(3) e XRFI(3)+FLGI(3),FRGI(3},
SFLF3T43),FRFGI(3),X2(200) 9X2(200)+X3(200) 9XG1(12)yXG2412),XG3(12},
SXWIC334UGE(5) 4S136),0(36)

DIMAENSICN FPB1{3) FLIL32,FRT1{3),PFI(3),HBP(3),HLP(3),HRP(3),HFF(3),
SHEL{ 31 RLTI(3L yHRYI( 3 (HFI(3),PTOTAL(3},HTOTAL(3)

DIMERSION 1CBI50) » ICCNE100),ISCONEXO)

REALTG WHERE{(S,43,SIDE(2)

REZL*S TFF(3,2)J8P{3YIRP(2),1DTE, B MR¢M"

DATA GF3E8007,810E131,SIDE(ZS/ " LEF,'RIGH"/

DATA SU12 00105 5(1S2,0(22)/74%0.00/43(2),S(181,4C(S).0{29)/4%*%.1T74D0
g/,s‘3273(175'C(3"C(BO)/Q*.34ZDO/vS(4,05(10)95(7)1C(31)/4*.500/v
€3(5)S{153 L0061 CL321/6%,64300/,5(6)1:5(2404C(51,0(33)/74%,766D0/

DATA STTIySE1334088),00346)/L%,80600/,5(8),50121+C(2),C0(35})/4%.94D0

Figure C-8 (continued).



551
552
553
554
555
556

599

601
602
603
604
605

286

2
(X2 oTH27/46%=1T4TC0/+5(2)1)2S5(35)4C(22)4C(26)/4%~,342D0/S5(22)
$S(3«}3,0(13},C(25)/%43*~.5D0/

CATE 5123)+5(33)4+C(14)+4C(24)/4%=.643D0/,5(24)+5(32),C€15),C(23)/
Lex= . TEODCS¢SL25)45(321,C(16)34C(22)74%=.8B66D0/95(26),5t30),5(171,
SCULZ21074%=,04D0/¢4S(27)94S(29)+C(181,C(20)/4%=.5S85D0/+S(28),C(15}/
L2%=3 D0/ 9 NSEGS yNPRyKPU/18s=1,-1/

IFCLCOUNT.EQ.O0}) PRINT 1

1 FORMAT (14H41,10Xy'|{<~~ -~ TRACTOR BODY (LESS RZAR WHEELS
TAND FRONYEND) —-—mee—wcmwcewe-3|(~=REAR WHEELS & FRONTEND ~=>}1'/
$1HO + 4X o *TIME CaGo. POSITION CeG. VELOCITY TRACTCR QPIENTA
2TICN ANGULAR VELOCITY ANGULAR SPEEDS ANGULAK ¥0S.*
$/1H $4Xe?(SEC] (IhN-~FIXED CS) (IN/SEC-=-FIXED) (DIFELTICN COSINE
LS=-~S1XEDY (1/SEC--TR AXES) (RADIAN/SEC) (RADTANS )Y )

2 FORMAT {1lH 113X1"-'16X"'-',6X|""'7X"“"'4x"""211"“"'16X|
Fr==t 6Xs ' ==}

2 FORMAY [1H 313X " aF 8358l ybXe ' 1" 1F9e20 1Y 34Xy ' | ' yFT0b92FB8a4y
T 6Ke? 1 *oFBaby ' |4 TXsFLL3y3Xy*LEFT?,3X,FTa2)

4 FORMAT {1H 'F9-“'3X1'<I'.F6.3"i>'.4X"(I"F9.3,'l>'v3X9'i'.F7-4v
S2FB.a%4s | 15X <Xl FBabs® D" 16X1FBe343Xs FRJEND 12X ,F6,3)

5 FORMAT (IH (13K a [ sFBa3 st 6Xs ' gF9e3e | 44Xo? |y FTeby2FBaby
Z"'!ﬁﬁv."1F8-41'"07X'F8.3'3X1'RIGHT"2X1F7-2)

6 FORMAT (1HO)

CHECK ICOGUNT FOR BEING AN. INTEGER MULTIPLE OF '102%.

IFCCICOUNT/1024) %1024 NELICCUNT) RETURN

CHECK 7O SEE ¥IF IT IS THE PROPER CYCLE FOR PRINTING.

NPR=NPR+1

IF((NPR/NPRINT)I=NPRINT.NE.NPR) RETURN

C CONVERT ANGULAR VELOCITY TO TRACTOR~-AXIS DIRECTIONS.

CALL. MULT31(APT,GMBP,~1,CMBT)

PRINT &

PRINT 2

PRINT 3, XBI€1),VBI(L)» (ATI(1,d),3=2,3}3,0MBT(2),Y{24),Y(15)

PRINT 4y TIMEXBI(24yVEGI(2)yLATI(20d)+3=1+3),0MB7(2),Y(18),Y(19]}

PRINT 5, XBI(3)VBI(3)y(ATI(3,J)sJ=1+32y0OMBT(3),Y(16),Y(1T7)

PRINT 2

CALCULATE THE POSITIONS OF POINTS ON THE TRACTORsy IF DESIKRED.

IF{ JR48.EQ.0) GO TO 160

DO €3 J=1,4JRHO"

DO ¢l I=1,+3

91 RDB€1:1=EHOLT(1,J)
CALL POSVEL(ATI,.XBI,vBI,RDB,0MBT,1,XDI,VvDI)
Crstads kiASBREESHERRILENRGET FLAGH S & A5 E g ok kb Ak ¥k ok S R R R AR R AL e fom A2k d
C SET FLAG IF ONE OF THE LOCATED POINTS HAS STRUCK THE GROUND.
1F(XDI{3) ,6E.4,000) PRMT(5})=2.000
C*#***J**:#*:ﬂ#*#*—****K#***SET FLAG Skt d bbbtk dkiddkbkikskx
96 PRINT ©h, (WHERE(I13J)9I=1,45),IX0DIC{4,VDI(1)4I=1,3)
Q4 FORMAT (1H ¢106X,5A4/(1H 412X,F10.3,7X,F10.3})
100 CONTINUE
OMERPY=Y{20)*30.00/3.141592600
PRINT 7+ Y(20),0MERPM
7 FORMAT (1HO»SKe*ENGINE SFEED:'+FI.0+* RAD/SEC OR®°FI.GCs¢ RPMY)
C PRINT INFORMATION ABOUT THE INTEGRATION ACCURACY.
PRINT 104, IHLF
104 FORMAYT (1HO.5Xy*'THE INITIAL INTEGRATION TIME INTERVAL WAS HALVED®,

$/+SUF2,54110,0(2),00362/464%,98500/,5(20),C(1)/2%1.D0/+58201,+5(28},
’

[ T ]

O

Figure C-8 (continued).
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LI4,* TIMES FOR THIS TIME STEP®)
PRINT OTHER GENERATED INFORMATION.
PRINT 105, STESR, (FLGIC1)FRGICI) yFLFGI(I),FRFGIC(1),1=1,3)
105 FORMAT (1HO+5X+'THE TRACTOR STEER ANGLE IS*,FQ.4s* RADIANS.®/1HO,
£5Xs ' THE RESULTANT FORCE ON THE LeRes ReRey LoFey & ReFo TIRE IS,
$RESPECTIVELY (LBS, INERTIAL DIRECTICNS):?*/(10Xs4F15.3))
IS=1+(15TOP+1) /2
IF(ISTOP.NE.Q) PRINT 106, SIDE(IS)
106 FORMAT (1HO,5X,'THE TRACTOR FRONTEND 1S5 IN CONTACT WITH THE *,A&4,
ZT-HAND “STOP".'/1HO)
«-o TRANSLATIONAL MOMENTA
DO 110 I=1,3
PBI(I)=MB*VBI(I)
PLICII=MR*VLICI)
PRI(I}I=MI*VRI(I)
110 PFI(I)=MF=VFI(I)
«o« ANGULAR MOMENTA
DO 120 1=1,3 :
HBP(1)=13P(I)=OMBP(I)
HLP(11=IRP(I)*TMLPUI)
120 HRP(I1)=IRP(I)=0OMRP(])
CALL MULT31(IFF,OMFF,1,HFF}
CALL MULT31(API,HBP,=1,HBI)
CALL MULT31(API,HLP,~1,HLI)
CALL MULT21(API,HRP,=1,HRI)
CALL MULT31(AFI,HFF,=1,HFI)
«ee TOTALS
DO 130 I=1,3
PTOTAL(I}=PBICI}+PLICT)+PRI(I)4PFI(I)
130 HTOTAL(IJ}=H3ICI}+HLI(I)+HRI(I)+HFI(I)
EVALUATE THE ENERGIES ...
«es POTENTIAL ENERGIES
EPOTB==M32G#XB1(3)
EPGTL==MR#G*XL I(3)
EPUTR=-MIAG#XRI(3)
EPOTF=~MF#G*XF1(3)
© +es ROTATIONAL KINETIC ENERGIES
EROTB=0.500%DOT(HBI,OMBI )
EROTL=0.500%D3T(HLI,0MLI)
ERGTR=0,500*DOT (HRI,0MRI )
EROTF=0.35DC*DOT(HFI,OMFI)
eee TRANSLATIONAL KINETIC ENERGIES
\ ETRANB=0.500%MB*DOT(VHI,VBI)
ETRANL=0.500% ¥R*DOT (VLI VLI)
ETRANR=0,500%MR*GOT{ VRI 4 VRI)
ETRANF=0.5DO*MF*DOT(VFI,VFI)
«es TOTALS
EPOTT=EPJTE+EPOTL+EPOTR+EPOTF
ERCTT=EROTB+EROTL+EROTR+ERQTF
£TRANT=E TRANS +ETRANL+ETRANR+ ETRANF
ETOTAL=EPOTT+EROTT+ETRANT
PRINT THE ENERGIES AND MOMENTA ...
ees TRANSLATIONAL MOMENTA -
PRINT 140, (PSI(I)4PLICI},PRICI)PFI(I},PTOTAL(I) I=1,3)
140 FORMAT (1HC+5X,'TRANSLATIONAL MOMENTA (LB.SECJ - INERTIAL DIRECTID

Figure C-8 (continued).
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INS*/1H 412Xe*TRACTOR® 46Xy *LoRe WHEEL *¢5Xy *RoRs WHEEL'y6X, "FRONTEND
$' 48X, *TOTAL*/(1H +5X45F15.3))
ese ROTATIONAL MOMENTA
PRINT 141, (HBI(I}sHULI(I)} yHRICI)D4HFI(I)HTOTALL(L),I=1,3)
141 FORMAT (1H +5X¢'ROTATIONAL MOMENTA (LB.IN.SEC) -~ INERTIAL DIRECTIO
INS'/(1H +5X+5F15.3))
evee ENERGIES
PRINT 1424 EFOTBL.EPOTLLEPOTRIEPOTFLEPOTT,ETRANB ETRANL,ETRANR,
LETRANFLZETRANT EPOTBEROTLyEROTRYERDTFLEROTT, ETOTAL
142 FORMAT (1HO9SX,'PCTENTIAL ENERGIES (INJLBJI®*/1H +SXsEF15.3/1H 45X,
LTRANSLATICNAL KINETIC ENERGIES (INLB)*/1H ,5X¢5F15.3/7/1H 45X,
$'ROTATICNAL KINETIC ENERGIES (INLLB)*/1H s5Xy5F153/71H 168X,
Zlrmr e */1H 3y¢5XyF15.3)
PERFORM CALCULATIONS FOR PLOTTINGy IF DESIRED.
IF{NTOTALL.EQ.Q) GG TO 300
DO 250 JD=1,NTQTAL
DO 205 1=1,3
205 RCB(I)=RAH0CB(1,4D)
1DBJD=1D3(JD)
GO TO(212,215,220,225,4230,235), IDBJD
210 CALL POSVEL(ATI.XBl,VBI,RDB,OMBT,0,XD1,V¥DI1)
GO TQ 240
215 CALL POSVELCALRI+XLI4yVLI yRDB4yOMLP,24+XDI,VDY)
GO TO 240
220 CALL PCSVEL(ARRI+XRIsVRIRDByOMRPy0¢XDI,VDI)
GO TO 240
225 CALL POSVEL(AFI XFI4VFI+RDByOMFF+0,XD1,VDI)
GO TO 243
230 CALL POSVEL{ALFI XLFI,VLI,RDB,0MFF,0,XD1,VDI)
GO 7O 240
2235 CALL POSVEL(ARFIZWXRFIyVRI+RDByCMFF,0,XDI,VDI)
FORM 2 ARRAYSy EACH CONTAINING ONE COORDINATE OF THE LODCATIONS.
240 X1(JD)=X21(1}
X2(JDy=XxD1(2)
X3¢JDI=X21(3)
250 CONTINUE
IF({IABS(IPLOT) EQa1) PRINT 253, (XBI(I},I=1,3),(XLI(I),1=1,3)},
BUXRI(I) e I=1432+(XFICT)oI=1433(XLFI(I)yI=1,3),(XRFI(1),]1=1,3)
253 FOKYAT (€ 1HC,Y0X,'C.G. LOCATIONS:*/(1r+25X+3F15.6))
ITFCTABSUTPLIOT) «EGel) PRINT 255, (JD,I10BLJID) 4 X1C(ID)3X2(JID)X3(JD),
LJID=1,NTGTAL)
255 FORMAT (5X,216,43F15.6)
1F(IPLOT.LT.1) GO TO 300 .
CHECK TO SET IF IT IS THE PROPER PRINT CYCLE FOR PUNCHING.
NPU=NPU+]
IF((NPU/NPUNCH)*NPUNCH.NE.NPU) GO TO 300
GENERATE THZ GUTPUT REQUIRED FOR PLOTTING ees
IF(NPU.GT.0) GO TCG 270
DEFINE THCSE ITEMS WHICH ARE CONSTANT WITH TIME,

THE POINT ORDER IS: C.G.'S & ORIGIN - 7
DATA DEFINED PTS NTOTAL
WHESL CIRCUMFERENCES 4*NSEGS
GROUND SURFACE NSURF

DEFINE THE ARRAY OF CONNECTING INSTRUCTIONS
(PT SUBSCRIPTS INCREASED BY 7 TO MAKE ALL POSITIVE}

Figure C-8 (continued).
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716 DO 261 I=},NOS

717 261 ICON(I)I=1CONCI}+7

718 DO 262 1=1,13,4

719 ICCNC(NOS+!}=NTOTAL+8+{1/4)=NSEGS

720 ICCN(NOS+1+1 I=NTOTAL+T+NSEGS+(1/4)*NSEGS

721 ICON(NGS+I+2)=1CCN(NOS+I+1)

722 262 I1CON(NOS+I+3)=ICON(NOS+1)

723 c ESTABL ISH THE GRCUND SURFACE FDOR PLOTTING.

724 CALL SURFT{XG1¢XG2+XG3,1SCONsNSCONyNSURF)

125 D2 264 1=14NSCZON

726 264 ICON(NOS+16+1)=NTOTAL+T7+4ENSEGS+ISCON(I)

127 NINST=NOS+16+NSCON

728 NPTS=NTOTAL+7+4*NSEGS+NSURF

7129 c ees PUNCH THE NUMBER OF POINT LOCATIONS WHICH LATER WILL BE
730 c PUNCHED, AND THE NUMBER OF CONNECTION INSTRUCTIONS.
731 PUNCH 265y NPTS,NINST

732 265 FORMAT €215450Xs *NPTS,NINST?)

733 c ees PUNCH THE INSTRUCTIONS FOR CONNECTING THE POINTS.
734 PUNCH 2665 (ICON(I),I=1,NINST)

735 266 FORMAT (121546X,*INSTR PAIRS?)

136 c DEFINE THE GROUND SURFACE POINTS FOR PLOTTING.

737 N=NTQTAL+4*NSEGS

738 DO 268 1=1,NSURF

739 X1(N+1}=XG1(1)

740 XZIN+1)=XG2(1})

741 268 X3(N+1)=XG3(1)

742 C BEGIN CONSIDERING THE TIME VARIANT OUTPUTS FOR PLOTTING.
743 C DEFINE THE WHEEL CIRCUMFERENCES.(NSEG STRAIGHT LINES EACH)
144 270 N1ODEG=36/NSEGS

745 DO 275 K=1,NSEGS

146 I=N1ODEG*(K-1)+1

747 J=NTOTAL+K

743 X1€J)=XLI(1)+RADR=(C(1)*ALRI{3,1)+S{I)*ALKI(1,1))

749 X2(J)=XLI(2)+RACRE(C(TI*ALRI{3,2)+S{TJ*ALRI(1,2))

750 X3(J)=XLI(3)+RADR*(C{I)*ALRI(3,3)+S(IJ*ALRI(1,3))

751 J=NTOTAL+NSEGS+K

752 X1(J)=XRI(1)4RADRT(C(I}%ARRI(3,1)+S{I)*ARPI(1.1))

753 X2(G)=XRI(2)+RADR*=(C(I)*ARRI( 3,2} +S(I}*ARRI(1,2})

75¢ X20J)=XRI1{3}+RADRH{C LI )*ARRI(3,2)+5(I}*ARRI(1,3)}

755 J=NTOTAL+2=NSEGS+K

756 XY0J)=XLFI( L) +RADF*(CUIIXALFI{3,1)+S{I)*ALFI(1,1))

757 X2(J1=XLFT(2)+RADF*{C(I)=ALFI(3,2)+S(I)*ALFI(1,2))

758 CK3(JI=XLFI(3)+RADF*(C(II*ALFI(3,3}+S(I)*ALFI(1;3})

759 J=NTOTAL #3=NSEGS +K

760 X1(JI=XRFI(1}+RADF=(CII)*ARFI{3,1)+S(I)*ARFI(1,1})

761 X2(JI=XRFI(2)+RADF=(C( I} *ARFil3,2)¢S(I)}*ARFI(1,2))

762 275 X2{J)=XKFI(3)+RADF*(CLI)*ARFI(3,3)+S(I)=ARFI(1,3]})

763 c eee PUMCH INFORMATIGN FOK THIS SPECIFIC TINE.

764 PUNCH 272, TIME

765 272 FORMAT (F10.5,50X,'TIME?)

766 c e-e PUNCH THE COORDINATE PUINTS IN THE ORDER DESCRIBED ABOVE,
767 c ALSC IDENTIFY EACH WITH ITS NEW NUMBER.

768 PUNCH 277+ (XBI(I)g1=1,3) g (XLI{Tie1=1,3043(XRI(E}y1=1,3),
769 TOXFY(I) o8 =33) o OXLFIC1) 47=1,3) o (XRFI(I}41=1,3)

770 277 FORMAT (4X %1% ,3F10.3+4X9°2%¢3F10.3/4X9*3%,3F1043+4X9"4',3F10.3/

Figure C-8 (continued).



LR
172

773 |

174
775
T76
117
178
179
T80
781
782
783
784
85
786
787
788
189
790
191
792
793
194
795

197
798
799
800
801
802
803
804
805
806
8C7
80¢
809
810
611
812
813
g8i4
815
816
€17
818
819
820
821
822
823
824
825

295¢

T4X9*5% y3F10.3+4X9"6"43F10,.3)
PUNCH 278+ (14XX(3I=T7)yX2(1~7)¢X3(1-7),1=8,NPTS)

278 FORMAT (4X¢'7°¢5Xy'0.000*45X,°0.000"y5Xy"0.000%,15,3F10.3/

2(1543F10.341543F10.3))

300 CONTINUE

C
C
c...
c
o!
1
c
C
2
3
C
C
&
C
C
Ceae
5
[
T
8
C
C
c

RETURN
END
SUBROUTINE DHPCG(PRMT,Y.DERY,NDIMs IHLF+FCT,0UTPAUX)

DIMENSION PRMT(5),Y{NDIM),DERY(NDIM) AUX(16,NDIM)

DOUBLE PRECISION Y,DERYLAUXsPRMT ¢XsHyZyDELT,DABS

DIMENSIGN IHLFEQ(14)

DATA IHLFEQ /102445121255+128+64:32+11648¢4+2914040+0/

CCMMON/IG/ZICOUNT
INITIALIZE INTEGER STEP COUNTER. COMPENSATE FOR THE QUTPUT
OF THE STARTING VALUES. OUTPUT STEPS OF SIZE PRMT(3) OCCUR
AT INTEGER MULTIPLES OF 1024 IN I1COUNT

ICCUNT = -1024

N=1

IHLF=0

X=PRMT (1)

H=PRMT(3)

PRMT(5)=0.00

DC 1 I=1.NDIM

AUX(1641)=0.D0

AUX(15, I)=CERY(1)

AUX(1,1)=Y(1)

IF(H®(PRMT(2)=X))342+4

EFROR RETURNS
InLF=12
GOTO 4
1HLF=13

COMPUTATION OF DERY FOR STARTING VALUES
CALL FCT(X,Y,DERY)

RECORDING OF STARTING VALUES
UPDATE THE INTEGER MEASURE OF X

ICOUNT = ICOUNT + IHLFEQ(IHLF+1)

CALL OUTPIX Y sDERYsIHLF 4 NDTIMy PRMT)

IF(PRMT(5))16+546

IF(IBLF)}T,+746

RETURN

DO 8 I=1,NDIM

AUX(8+1)=DERY (]}

CCMPUTATION OF AUX(2,1}
ISW=1 ’
GaTO 100

X=X+H

DO 10 I=1,NDIM
AUX(2,1)=Y(1)
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INCREMENT H 1S TESTED 8Y MEANS OF BISECTION
IHLF=1HLF+1

X=X=H

DO 12 I=1,NDINM

AUX(4,1)=AUX(2,1)

H= < 500%H

N=1

1Sk=2’

GOTC 100

X=X+H

CALL FCT(X4.YDERY)
N=2

DO 14 I=1,NDIM
AUX(2,1)=Y(]}
AUX(9,1) DERY(I)
ISw=3

G0TO 100

COMPUTATION OF TEST VALUE DELT
DELT=0.DO

00 16 I=1,KDIM
DELT=DSLTH+AUX (15,1} *DABS(Y(1)~AUX (4,1}
DELT= +£56¢65666666666667D0~-1%DELT
IF(DELT~PRMT(4))19+19417
IF(IHLF-10111,+18+18

NG SATISFACTORY ACCURACY AFTER 10 BISECTIONS. ERIOR MESSAGE.
IHLF=11

" X=X+H

GOTO 4

THERE IS SATISFACTORY ACCURAZY AFTER LESS THAN 1) BISECTIGNS.
X=X+H

CALL FCT(X,Y,DERY}

[0 20 I=1,NDIM

AUX{3,1)=Y(1)

AUX(10,14=DERY(])

N=3

I1SW=4

GOTO 100

N=1

X=X+H

CALL FCT(X.Y,DERY)

X=PRMT(1)

DO 22 I=1,KDIM

AUX(11,1i=0ERY(I)
OY(1i=AUX(1,1)+H*(.375D00%AUX(8,I)+.791665C66666565T7D0*AUX(S 1)
1-.208333332333333300 *AUX(10,1)+ .4106666666666607D—I*DERY(1))
x X+H

=N+1
CALL FCT (X, Y, BERY)
UPDATE THE INTEGER MEASURE OF X

Figure C-8 (continued).
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ICOUNT = ICOUNT ¢ THLFEQ(INMLF+1}
CALL OUTP(XsY,0ERY,IHLF,NDIM,PRMT}
IF(PRUT(5) )64 24,46
1F(N=£)254200+200

DO 26 I=1,NDIM

AUX(N TI=Y(])

AUX{N+7,I)=DERY(])
1F(N-3127,29,200

CO 28 I=1,NDIHM

DELT=AUX(9+1)¢+AUX(9,T1)

DELT=DELT+DELTY

Y(1)=AUX(1,1)+.3333333333333333D0 *H*(AUX(8,1)+DELT+AUX(10,1))
GOTO 23

DD 30 I=1,KDIM

DELT=AUX(9,1)+AUX(10,1}

DELT=DELT#DELT+DELT
Y{I}=AUX(1:])%.375D0%H*¢AUX(8,I)+DELT+AUX(11,1)}
GOTO 23

#***#3****##**3*#******#*#*******#***#***#ﬁ*********#****##****.#:
THE FCLLOWING PART OF SUBRODUTINE D4PCG COMPUTES BY MEANS DF
RUNGE-KUTTA METHOD STARTING VALUES FOR THE NOT SELF-STARTING
PREDICTOR-CORRECTOR METHOD.

00 101 I=1,NDIM

L=H=AUX{N+7,1)

AUX(5,1)=2

Y{I)=AUX(N;1)+.4D0%Z

Z IS AN AUXILIARY STORAGE LOCATION

=X+ 400*H

CALL FCT(2,Y,0ERY)

DO 102 I=1,NDIM

2=H=DERY{!)

AUXT641)=1

Y (1)=AUXUN,1)+.29697760924775360C *AUX(5,1)+.1587596449710358D0 *1

1=X+.4557372542187894D0 *H
CALL FCT(Z.Y+DERY}

DO 103 I=1,NDIM
Z=H=DERY (I}

AUX(T,1)=2

102 Y(I)=AUX(N,1)+.2181002€882255205D0 *AUX{(5,1)~3.050965148692921D0 *

1AUX(6,1)+3.832864760467010D0 =*2

Z=X+H
CALL FCT(Z,Y,DERY)
DO 104 1=1,NDIM

1040Y(1)=AUX(N,1)+.,1747602822626904D0 *AUX(5,1)-.5514806628787329D0 =

1AUX(641)+1.20553555939652400 *AUX(7,1)+.1711847812155190D0 *
2H*DERY(T)

GOTO(9413415421),1ISHW
et R A R o A e K AR RO R KRR R R Rk Rk kAR kAR
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POSSIBLE BREAK-POINT FOR LINKAGE

STARTING VALUES ARE COMPUTED.

N3w START HAMMINGS MODIFIED PREDICTOR~-CORRECTOR METHOD.
ISTEP=3

IF(N=-8)204+2024+204

N=8 CAUSES THE ROWS OF AUX TD CHANGE THEIR STORAGE LOCATIONS
DO 203 N=2,7

D3 205 I=14NDIM

AUX(N-1,1)=AUX{N, 1)

AUX(N+6¢ 1 )=AUX(N+T,1}

N=T7

N LESS THAN 8 CAUSES N+1 TO GET N
N=N+1

CCMPUTATION OF NEXT VECTOR Y

D0 205 [=1,NDIM

AUX({N-1,1)=Y(I)

AUX(N+6,1)=DERY(I)

X=X+H

ISTEP=ISTEP+1

03 207 I=1,NDIM
OCELT=AUX(N-4,11+41.33333333333333300 *H*(AUXIN+5,1)+AUX{(N+6,1)~
LAUX(N+S5, T} +AUXIN+4, 1) +AUXIN+4,11)
Y{I)=DELT~.925¢6198347107438D0*AUX(16,1)

AUX(16,1)=DELT

PRECICTCR IS NOW GENERATED IN RCw l6 OF AUX, MODIFIED PREDICTOR
IS5 GENERATED IN Y. DELT MEAKS AN AUXILIARY STORAGE.

CALL FCT(X»Y,DERY)
DERIVATIVE OF MODIFIED PREDICTOR IS GENERATED IN DERY

DO 208 I=1,NDIM
ODELT=.125D0*(9, DO*AUX(N-I'I) AUX(N=3:11+3 . D0%H*(DERY(I) +AUX(N#6,1)
Y+AUX(N+6,1)=AUX(N*5,1) )]}

AUX(16410=AUX(16,12-0DELT

Y(13)=DcLT+,0743801652852562D0 *AUX(1641)

TEST WHETHER H MUSY BF HALVED OR DOUBLED
DELT=0.DO

05 209 1=1,NDIM
CELT=DELT+AUX (15,1 )*DABS(AUX(1641))
IF{DELT=PRMT(4))210,222,222

4 MUST NCT BE HALVED. THAT MEANS Y(I) ARE GOOO.
CALL FCT(X,YsDERY)

UPDATE THE INTEGER MEASURE OF X
ICOUNT = ICOUNT + IHLFEQ(IHLF+]1)
CALL DUTP(X+YDERY JHLF,NDIM, PRMT)
IF(PRMT(5))212+211,212
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IFCIHLF-11)213,212,212

RETURN

IF(H*{X-PRMT(2)}) 214,212,212

1F(DABS(X~PRMT (2))~.1D0*DABS(H) )212,215,215
IF(CELT-.0Z200=PRMT(4) 216,216,201

H COULD BE DOUBLED IF ALL NECESSARY PRECEEDING VALUES ARE
AVAILABLE

IF(IHLF)Z01,201,217

IF(N=T7)201,218,218

IFCISTEP=4)2014219,219

J0UBLE THE STEP SIZE ONLY IF CURRENT X VALUE COULD HAVE BEEN
" REACHED BY AN INTEGER NUMBER OF EQUIVALENT STEPS (OF THE
OOUBLED SIZE).

IF(ICOUNT«NE«(ICOUNT/IHLFEQ{IHLF))*IHLFEQ(IHLF)) GO TO 201

H=H+H

IHLF=1HLF~1

1STEP=0

DO 221 I=1,NDIM

AUX{N=1,1}=AUX(N=2,41}

AUX(N=-2+]1)=AUX{N-4,1)

AUX{N=-3,1)=AUX(N~6,1)

AUXIN+5, 1 )=AUX(N+5,1)

AUX{N+S,1)=AUX{(N+3,1)

AUX(N+4, 1 )=AUX(N+Y,1)

DELT=AUX{N+6, I )+AUX{N+5,1)

CELT=DELT+DELT+DELT
OAUX(16,1)=84962962962962963D0%(Y(1)~AUXIN=3,11})
1-3.35111111111111100C *H*(DERY({IJ+DELTHAUX(N+4,1))

60TO 201

H MUST BE HALVED

THL==IHLF+1

IF(IHLF=10)223,223,210

H=4.300%H

ISTEP=0

DO 224 1=1,NDIM
0Y(I)=.,3906250~ 7418 DI*AUX(N=-191)+135.00%AUXIN=2,1)+4 , C1*%AUX(N~2,1}
1+AUXIN=4+ 1} )= 17187500 (AUX(N¥2,4])=6.DOFAUX(N#5,1)~ AUX‘N+4'I))*H
CAUX(N=-4,1)=.350625D-2%(1Z.D0%AUX(N=-1,1)+135.D0*%*AUX(N-2,1)+
1108.D0FAUXIN=3, 1) +AUX(N=4,1))~.C2543T75D0%{AUX(N+6, 1)+
218,207 AUXR(N+5,]1)-9.D0%AUL(N+4,1))*H

AUX{MN=3,1)1=AUX(N=-2,1)

AUX(IN+4,1)=AUXIN#5,1)

X=X=H

DELT =X=(H+H)

CALL FCT{DELT,+Y,DERY)

CO 225 I=1,NDIM

AUX(N=-241)=YL1)

AUX(N+5,1)=DERY(])

Y{1)=AUXTN-4, 1)

DELT=DELT=(H+H)

CAL. FCT(DELT,Y,DERY)

Figure C-8 (continued).



DO 226 I=1sNDIM
DELT=AUXEN+5, 1 J+AUX(N+4,1)
DELT=DELY+CELT+DELT

OAUX(16,5)=

£.9629629629562963D0* (AUXIN=1,1)-Y(1))

1-2,36111111111111100 #*H®x(AUX(N+6, I)+LELT+DERY(]))

GGOTO 206
END

226 AUX(N+3,1)=DERY(I}

SYBRCUTINE DERIVIT,Y,BYDT)

IMPLICIT REAL=8B{A~H,0-2)

COMMON /MSC/ TENG,SENG,TCLUT,SCLUT,RRBT, RPBT,RFPF RRFFy TEFF,
SRATIOTRATIOG s HBawF  WRYINIT

COMMON /43

£/ APT,RACR.RADF

COMMON /MD/ RHQFET,RHOFLT,,RHOFRT yRHOFFF PB4y PL,PRyPF,
ZFBL2FLLIe PRI FFLyFB24FL20FR2,FF2,FB3¢FL3,FR3,FF3,
SRLBT JRULFF y THMAKY ALENGyCASTER CAMBERy TDEINySLENG,ySK+SC,
LTITYPEBsITYPEL 2 ITYPER,ITYPEFNFBODyNFLRyNFRRyNFFE

COMMON /MOD/ IFF,IRP,1DyIE,MByMR,MF

COMMON /S00/ 18P

COMMON /D0w/ ATI

COMMON /J0/ API.AFI ALRIJARKIZALFI ARFI+XBIsXLIyXRI,XFI ¢XLFI,
ZVBI4VLIsVRI,VFI,OMBI,OMLT+OMRI,OMF1,OMBP,OMLPyOMRP,OMFF¢XRFI
COMMON /3D/ FLGIWFRGIFLFGIFRFGI,STEER,ISTOP

DIMENSICN
DIMENSION
DIMENSION
DIMENSICN
DIMENSTON
DIMENS ION
DIMENSICN
DIMENSION
DIMENSION
DIMENSION

DIMENSION
DIMENSION
DIMENSICN
DIMENSICN

ALRI(343)+ARRI(343)4ALFI(343),ARFI(3,43)

APTE35,3) 0 APT{Z2¢3)4ATI(3,2),AF1(34+3),AWI(3,3)
AIF(343)+APF(343),Y(20),DYDT(20)

X3T(3) o XLI(3) 4 XRI(3} 4y XPI(2)4XFI(3)4XLFI(3)yXRFI(3)
VBIL3),VLI(3)4VRI(3)4VPI(3},VFI(3)
CMBI(2),0MLIC3),0MRI(2)40OMFI(3)
CMBP(2),CMLP(Z ) OMKP(3) 4OMFF(3) ,0OMBF(3)
KLBP{3)4RREP(3)4RPBP(3;4RSFI(3)4RSBI(3}

RLBI{3} +RRBI(2),RPBI(3)4RFPI(3)4RLFI(3)RRFI(3),RLFPI(3)
RLBTL3) +RRBT({3} RPAT(3),RFPF{2),RLFF(3)RRFFE(3),RRFPI(Z)
FBEI(33,FLGI(3}4FRGI(3)4FFGI(3)4FLFGI(3)+FRFGI(3)
TQLFGI(2},TQRFGI(3)

RHOFBT(5+43) yRHOFLT(543) +RHOFRT{543)RHOFFF{5,3)
PBUT12)4sPLIS2}4yPRISy3IPF(542),FRL(B)yFLI(5).FRYI(5),

ZFFY{514F32(51FL2(ES),FR2(5)4FF2(5)4FB3(5)+FL3(5),FR3(5),FF3(5)

DIMENSICN
DIMZNSION
DIMENSICN
DIMENS ION
DIMENSICN
DIMENSION
DIMENSION

FICZ),TQI(3)

ITYPEBU(S) s ITYPEL(S)+ ITYPER(5),ITYPEF(5)
CRPI(3),O0RFI(2],0RLI(3)IRRI(2)WFI(3),WETI(3),WRI{(3)
CBL2)sDF(3)4B(T9T)oCB(3)1CF(3)2CLI3)+ZR(3)46B(3)4GF(3)
RAT(3),FTI(33,EF(3}

CCTisX{T)I»ORMI(3),FBSI(3])

SENG(S) s TENG(S5) s TCLUT(5)+SCLUT(5)

REAL*8 IFF(342),1BP{3),IRP(3)
REAL®E MIBEI(2),MOLGI(3)yMORGI(3) . MOFGI(3),MOLFGI(3),MORFGI{(2)
FRAL*B MOBE2(2),MOLGP(3} ,MORGP(3),MCFGF(3),M0BS1(3),MOFSI(3)

E’Cl_*a I

TAXLE=]

IEs IR1sIRZy 1IR3 4 MBy MRy MF

C DEFINE THE PRENCIPAL AXIS WHICH CORRESPONDS TO THE REAR AXLE DIRECTION.

AMAX=DABSULAPT{1,2))

DD 1C 1=2,3
ATEST=CABS{APT(I,2))
IFCATEST.GT.AMAX) TAXLE=]

Figure C-8 (continued).
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1101 10 CONTINUE

1102 IR1=0.25D0*ID*RAT 10D*%2

1103 IR2=IR1+IRP(]IAXLE)

1104 IR3=IRPUIAXLE)**2+0.5D0*TRP(IAXLE)*I D*RATIQD**2
1105 : CALL DIRCOS(Y (10)Y(11)4Y(12)4Y(13)4API)
1106 CALL MULT32(APT+API,.~1,ATI)

1107 CALL ROTATE(ATI Y(19)s1,AFI)

1108 DO 11 I=i,3

1109 DO 11 J4=1,3

13110 11 AIF(I,4)=AFI(J,1)

1111 C IS THE FRONTEND AGAINST A STOP?

1112 C ISTOP: O=FREE, 1=AGAINST RIGHT, ~1=AGAINST LEFT «sSTOPH,
1113 1STOP=0

1114 IF(DABS(Y(19}).LT.THMAX) GO TO 12
1115 1STOP=1

1116 IF(Y(19).GT«0.0D0}) ISTOP=-1

1117 12 CALL MULT33(API,LAIF,1,APF)

1118 CALL MULT2L(APT,RLBT,1,RLBP)

1il19 CALL MULTZ1{(APT,+RRBT.1,RRBP)

1120 CALL MULT31(APT,RPBT,1,RPBP)._
1121 CALL MULT21(ATI,RLBTs-1,RLBI)-
1122 CALL MULT21(ATI,RRBTs~1,RRBI)"
1123 ' CALL MULT31(AT!,RPBTy~1,RPBI)*
1124 CALL MULT3Y(AFI RFPF,=1,RFPI)*
1125 CALL MULT3Y1(AFI RLFF.=14RLFI}
1126 CALL MULT3i(AFI,RRFF,~1,RRFI)}
1127 C DEFINE POSITIONS OF THE WHEEL CENTERS AMD THE FRONT END PIN & C.Ge
1128 DD 20 1I=1,3

1129 XBI(I)=Y(1+3)

1130 XLICI)=XBI(I)+RLBI(I)

1131 XRICI)=XEI(I)+RRBI(I)

1132 XPI{1}l=XBI(I)+RPBI(])

1133 XFI(I)}=XPI(I)+RFPIL])

1134 Z0 VBI(I)=Y(1) )

1135 C DEFINE THE ANGULAR VELOCITIES (RADIANS/SEC).
1136 DO 21 1=1,3

1137 OMBP(I)=Y(I+6)

1138 CMLP (T)=0MBP(])

1139 2) DMRP{I}=0MBP(I)

1140 OMLP(TAXLE)=Y(14)

1141 CHURP(IAXLE)=Y(16) :

1142 CALL MULT31(API,CMBP,~1,0MB])
1143 CALL MULT31(AFI,OMBI,1s0MBF)

1144 CMFF(li=Y(18)

1145 D0 22 [=2,3

1146 22 OMFF(1)=0MBF(1)

1147 CaLlL MULT31(AFI,OMFF.~1,0MFI)
1148 CALL CROSS(OMBIJRLBI,VLI)

1149 CALL CROSS(OMBI+RRBI,VRI}

1150 CALL CROSS(OMBIRPBI,vPI}

1151 CALL CROSS(OUMFIRFPI,VFI)

1152 DD 25 I=1,3

1153 VLICI)=VBI(I}+VLI(])

1154 B VRI({I)=vBI(I}+VRI(1)

1155 VPI(I)=VvBI(1)+VvPI(I}

Figure C-8 (continued).
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25 VFI(I1I=VPI(HI+VFI(1}
C BEGIN DEFINITION OF ACCELERATION-INDEPENDENT VARIABLES.
C REACTIONS OCCUR AT THE WHEELS AND MAY BE SPECIFIED ELSEWHERE.
c eee EXTERNAL REACTIONS ON THE TRACTOR BODY
‘DO 251 I=1.3
MOBEI(I)=0.0D00
251 FBEI(1)=0.000
IF(NFBOD.NE.O} CALL FORTQ(ATI,XBI,VBI,OMBIRHOFBT,PB,FB1l,FB2,FB3,
LITYPESB,N-BODy FBEI yMOBEI)
IF(ISTOP.EQ.O0} GO TO 2519
Cc - THE TRACTOR FRGNT END IS AGAINST A STOP.
(o eee LOCATE THE POINT OF CONTACT, S.
DO 25'0 I=1,3
RSFI(I}==RFPI(I)-AFI(2,1)*DSIGN(SLENG,Y(19))

2510 RSBI(I)= RPBICI)-AFI(2,1)%DSIGN(SLENG,Y{(19)}
SDEF=SLENG*(DABS(Y(19))-THMAX)
SVEL=(OMFF(1)-0OMBF(1))}*DSIGN(SLENG,Y(19))

C see DEFINE THE REACTICN AS FOR A SPRING IN PARALLEL
c WiITH A RELAXATION=-CNLY DASHPOT.
.FS=SK*SDEF
IF(SVEL.LT.C.0DC) FS=FS+SC*SVEL
IF(FS.LT.0.0D0) FS=0,0D00
. DO 2512 1=1,3
2512 FBSI(I1)=—FS*AFI(3,1)
CALL CROSS(RSBI,FBSI,MOBSI)
DO 2513 1=1,3
FREI(I)=FBEI(I}+FBSI(])

2513 MOEEI(I)=MCBEI(I)+MOBSI(I)

2519 CALL MULT314API,"0OBET.+1+MOBEP)

c ees REACTIONS CN THE LEFT REAR WHEEL

C «e+ GROUND FORCES
CALL WHEEL(ATI +XBI+VBI,RLBI,OMBI,OMLP(IAXLE}RADR+1,FLGI,MOLGI}
CALL ROTATE(AT1,Y(15)+¢2,ALRI) ’
CALL MULT31(API GMLPs~1,CMLT)
ol «es EXTERNAL REACTIGNS
IF(NFLR.Z2Q.0) GO TO 253
CALL FORTGQUALRI +XLI+VLI¢OMLIyRHOFLT ¢ PLsFLY.FL2,FL3,ITYPELyNFLR,
ZFI,TQI) ’ ’
Do 252 I=1,3
FLGI(I)=FLGI(I)+FI(])
252 MOLGI{I)=MOLGILI)+TQI(I)
253 CALL MULT31(API,MOLGI,1,MOLGP)
c eee REAGTIONS ON THE RIGHT REAR WHEEL

c eee GROUND FORCES
CALL WHEEL(ATIXS5I,¥3I1+RRBI,0OMBI,OMRP(IAXLE) RADRs1,FRGI,MORGI)
CALL ROTATE(ATIY(17},2,A%RI}

CALL MULT31(API,OMRP,~1,0MRI)
c ese EXTERNAL REACTIONS
IF(NFRR.EQ.0) GO TO 255
CALL FORTQ{ARRI$XRI+VRI,OMRIyRHOFRT PR, FRY;FR2yFR3,ITYPERyNFRRY
3F1,TQIY
DO 254 I=1,3
FRGI(I)=FRGI(II+FI(I)
2546 MORGI(II=MORGI(LI)+TQI(I)
255 CALL MULT31(API4MURGI,14MORGP)

Figure C-8 (continued).



izi}
1212
1213
1214
1215
1216
1217
1218
1219

1220

1221
1222
1223
1224
1225
1226
1227
1228
1229
1230
1231
1232
1233
1234
1235
1236
1237
1238
1239
1240
1241
1242
1243
1244
1245
1246
1247
1248
1249
1250
1251
1252
1253
1254
1255
1256
1257
1258
1259
1260
1261
1262
1263
1264
1265

298

eee REACTIONS ON THE TRACTOR FRONTEND

i i THE FRONT WHEEL STEER ANGLE IS IN RADIANS.
CALL TURN(T,Y,STEER)
LEFT FRONT WHEEL
CALL ROTATE{AFI,CASTER,2,ALF])
THE TAk==CAMBEPR.
IF(CAMBER.NE.0.000) CALL ROTATE(ALFI.THETAR 1,ALFI)
THETAX=STEER+TOEIN
IF(THETAR.NE.C.O0DO) CALL ROTAT:(ALFI s THETARy 3,ALF])
DO 259 I=1.3
. KLEPI(I)=RFPI(I)+RLFI(I)-ALENG*ALFI(2,1)
259 XLFI(I)I=XPI(I)+RLFPI(T)’

(o BN aNaNel

DETERMINE PERTINENT FRUNTEND AND WHEEL LOCA’IDNS.

CALL wHEELU(ALFI XPI,VPI,RLFPI,OMF]1;OMLP(IAXLE)sRADF,0,FLFGI,MOLFGI

%)
C RIGHT FRONT WHEEL
CALL ROTATE(AFILCASTER,2,ARFI}
IF(CAMBER,NE.0.000) CALL ROTATE(ARFI,CAMBER,1,ARFI)
THETAR=STEER=-TOEIN
IF(THETAR .N£E.0.0D0} CALL ROTATE(ARFI, THcTAR,B ARFI)
DO 260 I=1,43
RRF91f1)=RFPI(I)+RRFI(I)#ALENG*ARFI(Z'I)
260 XRFI{I)=XPI(I)+RRFPI(I}

CALL WHEEL(ARFIJXPIoVPI,RRFPI,OMFI,OMRP(IAXLE)RADF,04FRFGI,MIRFGI]

)
CALL CROSS{(RLFI,FLFGI,TQLFGI)
CALL CROSS(RRFIFRF31,TQRFGI)
DG 262 I=1,3
FI(I)=0.000
2€62 TQI(11=0.0D0
C EXTERNAL FORCES
IF(NFFE.EQ.0) GO TO 263

CALL FORTQUAFI +XFIsVFIOMFI,RHOFFF PFFF1oyFF2sFF34ITYPEFyNFFE,

$F1,7Q1)
262 IF(ISTOP.EQ.0) GO TO 265

C ADD THE REACTICN OF THE BODY AT THE “STOP™,
CALL CROSSRSFI FBSI,MOFST}
£O 264 1=1,3
FICI)=FI(I}-FBSI(I)

264 TQIC(1)=TCI(1)=-MOFSI(I)
265 DO 27 I=1,3
MOFGI(I)=MOLFGI(I)+MORFGI(I)+TQLFGI(I)+TQRFGI(I)+TQI(1)
27 FFGI(I)=FLFGIC I+FRFGICIMFI(L)
CALL MULT31(AFI,MOFGI,1,MOEGF)

C DEFINE THE DERIVATIVES FOR WHEEL AND ENGINE ANGULAR SPEEDS.
TE=TABLE(SENGy TENGsY(29)42,5¢1)
SPEZDC=0.5D0%RATIOT*RATIOD*{OMLP (1 AXLE J+GMRP (1 AXLE)-2.0D0%

SOESP(IAXLE))
IF(INIT.LE.2) GO TO 30

€ CLUTCH IS DISENGAGED WHEN INIT.LE.2
SLT1PC=1.GD0~DABS(SPEEDC]I/Y(20)
TC=TABLE(SCLUT, TCLUT ;SLIPC245,1)

GC TO 31
30 TC=0.0D0
31 TD=TEFF*RATIOT*TC

Figure C-8 (continﬁed).
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1266 CALL DBLCRS(OMBI,RPBI,ORPI)

1267 CALL DBLURS{OMFILRFPI,ORFI)

1268 CALL DSLCRS(OMBILRLBI,ORLI)

1269 CALL DBLCRS(OMBI,RRA3I,0RRI)

1270 EN=MOFGF(1)=( IFF(3,31=1FF(2,2) ) %CMFF(2)*0MFF(3)=1FF (1,3 )%0MFF(1}*
1271 TOMFF(2)

1272 DD 801 1=1,3

1273 RMIC1)=MF2RPBI(])+MR*(RLBI(I)+RRBI(I})

1274 IF(1.5Q.3) GO TO 790

1275 . WFI(1)=0.000

1276 wBI1(1)=0.000

1277 WRI(1)=0.000

1278 GO YO 791

1279 790 WFI(I)=wWF

1280 WBI(I)=W8

1281 WRI(1)=WR

1282 791 CONTINUE

1283 FTICI)=F3EICII+FFGICI)+FLGI(T)+FRGI(I)+WBI(I )+ WFI(I)+2.000%WRI(I)
1284 EF(I)=RFOF(2)*AFI(3,1)=RFPF(3)%AFI(2,1)

1285 801 EN=EN-(RFPF(2)*AFI(3,1}~RFPF(3)¥AFI(2,1))%(MF*ORPI(I)+MF3OKFI(T])
1286 L-FFGI(1)=WFI(I))

1287 CALL DBLCPS(OMBI,RMI ,ORMI)

1288 GF(1)=1FF(1,1)

1289 DO 805 I=1,3

1290 IF(I.NE.1) GF(I)=0.0D0

1291 GBII)=IFF(1+3)%APF(],3)

1292 DO 805 =143

1263 M={~143%({2-L)/2)

1294 . N=L+1-3%((L-1)72)

1295 . GB(I1)=GB (I I+MFHAPT(I,L}*(EF(M}*RPBI (N)=-EF(N}*RPB] (M)}

1296 805 GF(I)=GF(1I+ME=AFI(I,LI®(EF (M) *RFPI(N)-EF(N}*RFPI(M))

1297 DO 90G =13

1298 Ju=T-143%i (3=11/2)

1299 K=1+1-3*%{(I~-1)/2)

1300 ¢ DEFINE CONSTANTS ON RIGHT HAND SIDE.

1301 DO 810 N=1,3 :

1302 CBINI=APT(L1+2)%IFF(2+2)*APF(N,2)+APF(I:3)*1FF(3,3)%APF(N,3)
13903 CR{N)=APFL1+2) 5 (RFPF(3)HAFI{1,N)=RFPF(1I*AFI(3,N} )+APF(],3)%
1304 ZIRFPF(1)*AFI(2,N)~RFPF(ZIXAFI(1,N))+RPBP(KI*=API(J,N)-RPBP(J)*
1305 SAPT (KyN)

1306 CLIN)I=RLBP(K}*API(JyNI~PLBP{JI}*APT (K ,N)

1307 B.0 CR(N)}=RREP(K)ZAPI(JIyNI=RRBP(JIFAPI(K,N)

1308 CN=MOREP(1I=1IBP(J)-IBP(K) I*OMBP (J)=OMBPIK)I—APFII,2)%((1FFL1,1)
1309 Z-IFF (3,30 1=0MFF(L}*OMFF(2I41FF(143) % (0MFF{3)%%2-0MFF (1) *%2)
1310 $~MOFGF(2) )=APF(I1,3)%((IFF(2,2)=IFF(1,1))%*0MFF(1)%0OMFF(2)~1FF(1,3)*
1311 LOMFF (2)20MFF(3)~MOFGF (3) }

1312 DN=CN

1313 : DO 812 L=1,3

1314 M=l~1+23%({2=0)/2)

1215 N=L+1-2%((L-1}/2)

1316 DB(LI=MFS(CF () £RPBI IN)~CE(N)#RPBI (M) ) +MR*(CL (M) *RLBI (N)~ ~CL{N}*
1317 TRLEBI(A) J+MR*(CR{M) *RRBI{N)=CR(N)*RIBI(M)) _
1318 DE(L)=MF=(CF{#}*&XFPI(N)~CFIN}*RFPI(M))

1319 812 DN=DN-CF(LI*(MESOCPI{LI+MFR*ORFI(LI-FFGI(L)~WFI(L))=CLIL )% (MR%
1320 ZORLI(LI~FLGIC(LI=WRI(L)I~CRILI*(MR*IRRI(L)~FRGI(LI=-WRI(L))

Figure C-8 (continued).
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C BEGIN DEFINITION OF COEFFICIENTS IN THE T7-BY~T MATRIX.

B{1ls1)=MB4MF+2.000%MR
DO 814 L=1,3
IF(Y JNEoL) B{1,L)=0.0D0

BUIoL+3)=API(LKIFRMT(J)I-API(L sJ)*RMI(K)+MF*(APF(L2)*{AFI(2,X)%

TRFPILJI=-AFILZ2+s JIFRFPI(K) I*APF(L,3)*{AFT(3,K)*RFPI(JI-AFI(3,J)*
SRFPI(K)))

BO1+3,L)=MFxCF{L)+MR*CL (L ) +MR*CR(L)}

B(1+3.L+3)=CB{L) ;

DO 813 N=1,3

813 B(I+3,L+33=B(I1+3,L+3)+DF(NI*(AFI(2,N)*APF(Ly2)+AF1(3,N)*APF(L,3))

Z+DB (N)*APIIL.N)

814 CONTINUE

B(T7,1)=ME%*EFLT)
B(T7,143)=GS(EI+GF{2)*APF(]1,2)+GF(3)*APF(]1,3)
BCI+3,7)=1FFl143)*APF(I1,3)+DF(1)%AFI(1,1)+DF(2)*%AFI(1,2)+DF{2)%
TAFI(1,3)
B(l47)=M"*{AFT(1+K)*RFPI(J)-AFI(1,J)=RFPI(K))
B{I1+3,1+43)=B(1+3,1+3)+1BP(1)

IF(1NELTAXLE) B{1+3,143)=B(1+3,1+43)+42.0D0*IRP(])
C(I)=FTI{I)-ORMI(I)-MF=0ORFI(I)

C(I+3)=DN

IF(TINELTAXLE) CCI+3)=C(I+3)+MOLGP(I)+MORGP{I)~(IRPIJ)=IRPI(K))*
F(CMLP(J) =0OMLP(K)+OMRP( J)*OMRP(K))
IF(1.EQ.IAXLE) C(I+3)=C(I+3)+RATIOQD*TD

900 CCNTINUE

BL{7,7)1=GF(1)
C(7)=EN

BEGIN DEFINITION GF ACCELERATION-DEPENDENT VARIABLES.

CALL SOLVE(74+849CeX)
DO 70 1=1,3
DYDTI(I)=X(1)
DYDT(I+3)=Y(1)

70 DYDT(I+6)=X(1+3)

DYDT(18)=X(T)
DYDT(10)=0.5D0%(=Y(T7)xY(11)=-Y(8)*Y(12)-Y{9)=*Y(13)]}
DYDTI11)=0.500=(Y(T)=Y{1C)~Y(8)*Y (13)+Y(9)*Y(12))
DYDT(12)=0.500(Y(8)*Y{10)=Y(9)*Y(11)+Y(T7)*Y(13))
DYDT(12)=C.5D2%(Y(S)xY (10)-Y(T):Y({12)+Y{(8)%Y(1l1))
DYDT(14}=0in2={MOLGP (1 AXLE)~0.5D0*RATIOD*TD)~1R1*(MORGP{LAXLE)
2-0.5DG*RATIOD=TD) /1IR3

DYDT(15)=0MLP( IAXLE)
DYDT(Lo)}={IR2=(MIRGP(IAXLE)-=0.500*RATIOD*TD)~IR1*(MOLGP(IAXLE)
Z-0.500*RATIOD*TDI)/IR3

CYDT(17)=0OMRP{IAXLE} ;

DYDT(19)=0MFF(1)-OMBF(1)

DYDT(20)=(TE-TC)/IE

RETURN

END

SUBROUTINE WHEEL(AWI»XBI,VBI,RCBI3IMCI,OMW,RADy ITR, FWGI,MOKWGI)
ITMPLICIT REAL*B{A-H,0-2)

COMMON #Mu/ SLOPER.SLAMR,SLOPEF,SLANF

COMMOY /M4S#/ COTRy ZWASEL,FREAR,DREAR, FFRONT, DFRONT
ZAF . BF+DMPF, AR BR,DMER

CONMMON /CGh/ AT1

Figure C-8 (continued).
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DIMENSIGN ATI(3,3),AWI(3,2),UWI(3},UGI(3),URT(3)},ULI(3),UNGI(3)
DIMENSION -XBIU(3),VBI{3)¢XCI(3},VCI(3),XWI(3),XGI(3),XWGI(3)
DIMENSION XWPI(3)+XGPI(3),UGPI(3),FRPI(3),RWPI(3)RVEC(3)
DIMENSION URPI(3)4XWP1I(3)
REAL®4 FLDAT
DIMENSION RCBI(3),RWGCI{3),VWGT(3),VWGI(3),0MCI(3)
DIMENSION VPLANS(3),UDIFF(3),FWGI(3)
DIMENSION DREAR(S5) ,FREAR(S5) ;DFRONT(5) 4 FFRONT(5) ,COTR(5) ,SWHEEL (S
DIMENSION SLOPER(S5),SLANR(5),SLOPEF(54,SLANE(5)
REAL®8 MOWGI(2)
THIS ROUTINE DETERMINES THE REACTIONS ON THE GIVEN WHEEL.
AWl IS THE DIRECTION COSINE MATRIX DEFINING THE WHEEL COORDINATES
IN TERMS OF THE INERTIAL (FIXED) COCRDINATESy I.Eas
Xd = AWI = XI .,
UNIT YECTOR 2 IS IN THE AXLE DIRECTION (POSITIVE TO RIGHT)
UNIT VECTOR 3 IS IN STEER AXIS DIRECTION (POSITIVE DOWN)
UNIT VECTOR 1 IS DEFINED BY UV2 (CROSS) UV3,
LOCATE THE POINT BENEATH THE TIRE.
DC 10 I=1,3
XCIC(I}=XBI(I)+RCBI(Y)
UKI(I)=AWI{2.:1)
Xul(I8=XCI{1)+RAD*ANI(3,1)}
10 XGI(I)=XWI(I)
DEFINE THE GROUND ELEVATION AND SLOPE BENEATH THE TIRE.
CALL SURFAC(XWI UGI,XGI(3))
CHECK TO SEE WHETHER THE WHEEL IS OVER A PLANAR REGION OF THE TERRAIN.
ess CHECK THE TERRAIN AHEAD AND BEHIND THE WHEEL.
DO 108 K=1,2
es. DEFINE THE PERIPHERAL POINT.
DSG=DBLE(FLOAT(2%K~3))
po 101 1=1,3
XWPICTII=XCLLT}+RAD*0.70710678D0%(AWI (3,11 ~DSGN*AWI(1,1))
101 XGPI(1)=XWPIL1)
ese DETERMINE THE GROUND ELEVATIGN AND NORMAL VECTOR.
CALL SURFAC(XWPIsUGPI.XGPI(3))
ees CHECK GROUND PLANES TO SEE IF THEY ARE THE SAME.
IF(DIT(UGI  UGPI).LT.0.,99500) GO TO 1190
DO 102 I=1,3 :
102 RVEC(II=XGI(I)-XGPI(I}
RVMAG=DSQRT{DOT(RVEC,RVEC))
IF(DGT{RVEC,UGI )/RVMAG.GT.5.0D-22 GO TO 110

108 CONTINUE
60 TO 190
%% THE GROUND SURFACE IS IRREGULAR =%

ees THE WHEEL IS MODELLED AS A SEGMENTED DISC.
. eee SELECT 5 DEGREE INCREMENTS.

110 NCONT=0 ’
THETRO=-40.0D0/57.295779500
OTHETK=5.006D0/57.2957795D0
DARE A=0.000
D0 112 I=1,3

112 FRPI(1)=0.0
DO 130 ISEG=1,417

«eo LOCATE A PERIPHERAL POINT.
THETAR=THETRO+DBLE(FLOAT(ISEG-1))*DTHETR

Figure C-8 (continued).
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0O 122 I=1.3 .
URPILTI=AWTE3 ;1) *DCCS(THETAR)I+AWT (1, 1) *CSINCTHETAR)
XWPI(I)=XCIC(I)+RAD®URPI(])
XGPI(Ii=XWFIL])
eee CHECK FOR TIRE~GROUND CONTACT,.
CALL SURFACIXWPI,UGPL1 .XGPI(3))
IF(XGPI{2}.0E<XWPI(32) GO TO 130
. eee LOCATE THE GROUND INTERSECTION WITH THE RADIAL L INE.
DR1=2.0D-2*RAD
DO 123 I=1,3
XWPLI(T1)=XCI(I1}+(RAD-DRY)FURPI(I)
CALL SURFACIXhPL1I L UGPI,ELEV])
eee USE LINEAR INTERPOLATION TG DEFINE THE POINT.
DEFL=CR1=(XAPI(3)=XGPI{3))/(XWPI(3)-XGPI(3)+ELZVI-XWP1I(3))
«ee DETERMINE RADIAL FORCE FOR THIS SEGMENT.
NCONT=NCONT+1
IF(ITR.EQ.C0} FRAD==TABLE(DFRONT ) FFRCNT 4DEFL+2+5:1)
IF(ITR.NE.C) FRAD=<TABLE(DREAR,FREAR,DEFL¢2+5¢1)
eee DETERMINE RESULTANT RADIAL FORCE.
(UNIT RADIAL VECTOR IS POSITIVE AWAY FROM WHEEL CNTR)
DAREA=DAREA+DTHETR*(RAD*DEFL-0.5D0*DEFL*%2)
DO 125 I=1.,3
FRPI(1)}=FRPI(I)+FRAD*URPI(I])
CONTINUE
FRAD=DSQRT(DOT(FRPI,FRP1))
1F(FRAD.EQ.0.000) GO TO 201
see DEFINE THE RADIAL FORCE DIRECTION.
00 133 1=1,3
URI(1)==~RFI(I)/FRAD :
~ee AND THE ADJUSTED FORCE MAGNITUDE.
THETAR=D3LE(FLOAT (NCONT } ) *DTHETR
DEFL=2.000%(1.D0~DCOS(THETAR/2.D0} ) *DAREA/(RAD*(THETAR~DSIN(THETAR

2)1)

eee LOCATE THE EQUIVALENT GROUND PLANE.
DO 134 I=1,3 .
XWGIC1)=XCI(I )+ (RAD-DEFL)*URI(])
ees AND THE GROUND NORMAL VECTOR.
CALL SURFACEXnWGI UGL,XWPI(3))
CALL CROSS(UWIURIUWGI)
UNORM=DOT (UGY y UWGI)
DO 135 I=1,3
UGI(1)=UGL (I )-UNODRM*UWGI(I)
UGMAG=DSIRT(DOTIUGL,UGL} )
D0 136 I=143
UGI(II=UST(I}/UGMAG
GO TO 199
whx EMD SECTICON FOR IRREGULAR GROUND SURFACE *%x%
CONTINUE
sk BEGIN SECTION FCP SMOCTH TERRAIN *2x

THE GROUND CO:TACY POINT I3 THE POINT OF INTERSECTION OF 3 PLANES.

FIRST EQN SPCM DOT OF WHEEL VECTOR AND NORMAL VECTOR = O,
2ND £Qu FFOM D3T OF GROUND VECTOR AND NOKMAL = Q.
3RD OL AN HAS THE SCIL NORMAL VECTOK AMD THE AXLE IN THIS
BLANE: NORMAL VECTOR GIVEN BY CROSS PRODUCT,
CONSTY=DUTI(XCI,UWI)

Figure C-8 (continued).
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All=UiI(l}
Al2=UKIL2)
Al3=Unii3)
521=UGI(1]}
A22=UG1(2)
A23=UGI(3}
UWGI = UGI (CROSS} UWI, SO IT POINTS FORWARD.
CALL CROSS(UGI-UHI'UHGI)
A21=UWGI(1]
A32=UnGI(2]}
AZ3=UaGI(3)
CONST2=DOT(XGI,+UGI)
CONST3=00T(XCI+UWGI)
SGLVE FOR THE COMMCHM POINT IN THESE 3 PLAMES. (GRCUND CONTACT)
DETO=A11#A22%A33+4¢A12%A23%A31+A21%A32%A) 3-A31%A224A13~A21%A12%A33
£-432%223%A11
XKGI(1)=(CCNST 1*A22*533+CONST2*A32 A13+CONST3*A12%A23
T~CONST3*A422%A13-CONST2%A12*%A33=~-CONST1%A32%A23)/DETD
XWG1(2)=(A11*CONST2*A33+A2]1 *CCNST3*A13+A31%CONST1*A23
Z~A31*(ONSTc=A13-A21*CONST1*A33-A11%CONST3*A23)/DETD
XWGI(3)=(AL1*222%CONST3+42]1%252*L0NST1+A12»CONST2*A3]
T~A3L#A22*CLINSTI=-A21 %A 2% *CORST3~A11%A32*CONST2)/DETD
wxx END SECTICN FOR SMOOTH TERRAIN #%%x%
199 CONTIRNUE
DEFINE FCORCES ON THE WHEEL.
0O 20 I=1,3
20 RWGCI(IDI=XRKGI(1)-XCI(I)
RADD=CSQAIT(DGT (RWGCI sRWGCI) )
OEFL=KRAD-RADD
IF(DEFL.GT.0.000} GO TG 24
DEFL=0.,000
201 PO 21 I=1,3
FWGI(1)=0.000
21 MOWGI(I)=0.000
RETURN
DETERMINE THE WHEEL CENTER VELOCITY AND THE GROUND-CONTALT-
PCINT VELOCITY: FINAL VALUES OF VYCl &« VWGl, RESPECTIVELY.
24 CALL CROSS({OGMCILRCBILVCI)
CALL CROSS(CMCIZRWGCT,VHGE)
CALL CRASS{UWGLI,UGI,ULI)
DO 25 I=1.3
VHGILi)=VvBI{I)}+VCI(I)+VNWGI(])
25 VCIL(hi=v3ILI)+vCIL{ 1)

TIRE: SLIP ANGLE = ANGLE BETWEEV THE WHEEL-GROUND-PLANES-LINE~-
OF=INTERSECTION AND THE PROJECTION-OF=THE~GROUND~
CONTACT-POINT-VELCCITY~CN-THE-GROUND=-PLANE,

DEFINE SLIP ANGLEZ PGSITIVE wHEN WHEEL MOIVES IN POSITIve ULI DIKECTICH.
VNOERM=DOT(VWGI,UGI}
DO 26 1=1,43
YRICII=RGLI(T}/RACD
26 VPLANE(I)=YdGIUI)-VYNORMFUGI(])
VEMAGL=DSQRT(DST (VPLANE .VPLANE) ]
DEFINE THE SLIP ANGLE (DEGREES!.
IF(VPMAG.NEL.0.0D00) GO TO 27
v1=0.000

Figure C-8 (continued).
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VZ=G5,000

60 10 29

V1=UCOT4{VPLANEZyUHGI)/VPMAG

v2=DOT(VPLANE yULI)

IF(DABS(V1).GT.1.000) VI=DSIGN(Ll.0D00+V1¥
SLAN=57.2957795130D0*0S IGN (DARCOS (DABS (V1) 14V2)
CONTINLE

IFCITR.EQ.0) GO TQ 35

C REAR TIRE FORCES +..

c

OO0 O

(2]

o0 O O

RADIAL (URI DIRECTIGNI]
FRAD=-TABLE(OREAR,FREARyDEFL+145+1)
Dv=DGT(VCI yURIL}
IF{DV.LT.0.000) FRAD=FRAD—~DV*DMPR
I1F(FRAC.GE.0.0D0) GO TU 201
CALCULATE THE REAR WHEEL SLIP (TRAVEL REDUCTION).
SLIP=C.0DO
IFCDABS(CMW) «6T.1eD-4) SLIP=1.0D0-DOT(VC1,UWGI}/(~RADD*0OMK]
COT=DSIGN(TABLE{SWHEEL +COTRyDABSISLIP) +24541),5L1IP)
IF(DABS(COT).GT.COTR(5)) COAT=DSIGNL(COTR(5},L0T)
FRATIO=DABS(COT)/CGTR{5}
LATERAL FORCE (FRICTION ELLIPSE CONCEPT)
SL=°DSIGN(TABLE(SLANR:SLOPER:CABb(SLAN)02v5v1)cSLAN)*DSQRT(1 000~
LIFRATIO*%2)
REDUCE LATERAL FGRCE COEF FOR V:RY SMALL LATERAL VELOCITY
IF(DABS(V2)«lT.1.0002) SL=SL*DABS(V2)}
RECALL THAT FCIR & FLAT ARE FUNCTIONS OF FNORM WHILE
FNORM 1S A FUNCTION OF FLAT AND FRAD.
FNORM = FORCE NORMAL TO GROUND SURFACE.
FNORM=FRAD*DOT(UGI,URI)

FLAT=SL*FNCGKM
CIRCUMFERENTIAL ROLLING RESISTANCE & TRACTION (UWGI DIRECTIONJ

FCIR==DSIGMN(FNORMs V1) *(AR+BR*DABS(SLAN})

REDUCE ROLLING RESISTANCE FOR SMALL FORWARD VELGCITY.
IF(VPMAGYDABS(V1) «LT.1.000) FCIR=FCIR*VPMAG*DABS (V1)
FCIR=FCIR+CCT *FNORM
GO0 TO 40

FRONT TIRE FORCES ...

RADIAL fURI DIRECTIGN)

35 FRAD==TABLE(DFRONT yFFRONT9DEFLyLyS9})

DV=0CT(VCI, URT)
IF(CVeLT.0.0D0) FRAD=FRAD=DV*DHPF
1F{FRAD.GE.0.0D0) GO TO 201
LATERAL FORCE COEFFICIENT
SL==DSIGN(TABLE(SLANF,SLOPEF, DABS(SLAN) ¢2+5,1), SLAN) :
REOUCE LATERAL FGRCE COEF FOR VERY SMALL LATERAL VELOCITY
IF(DABS(V2) L T+1.0D0) SL=SL*DABS{V2)
RECALL THAT FCIR & FLAT ARE FUNCTIONS OF FNGRM WHILE
FNGRM IS A FUNCTION OF FLAT AND FRAD.
FNORM= FORCE NORMAL TO GROUND SURFACE.
FNORM=FRAD*DOT (UG, UR])

FLAT=SL*FNORM -
CIRCUMFERENTIAL ROLLING AESISTANCE (UWG1 DIRECTION)

FCIR==DSIGN{FNORMoV1 ) * (AF+BF*DABS(SLAND)
REDUCE RCLLiNG RESISTANCE FCR VERY SMALL FORWARD VELOCITY.

Figure C-8 (continued).



1596
1597
1598
1599
1600
1601
1602
1603
1604
1605
1606
1607
160¢
1609
lely
1611
1612
1613
1614
1615
lo16
1617
1618
1€19
1620
1621
1622
1623
1624
1625
1626
1627
1628
1629
1630
1631
1632
1633
1634
1€35
1€36
1637
1639
163%
1640
1641
1642
1643
1644
16455
1646
1647
1646
1649
1650
16504

[(aN o}

OO0

oo

[2X s KaXaNa Rl

N
QD
R ]

IF(VPRAG*DABS (V1) sLT.1.0D0) FCIR=FCIKk*VPMAG*DAES(VL) -
40 CONTINUE
CALCULATE RESULTANT FORCE AND MOMENT ON THE WHEEL.
00 50 I=1,3
50 FWGESL)=FNORN*UGI(I)+FCIR®UNGI (1) +FLAT®ULI(I)
CALL CROSS(RWGCFWGI,MONGL)
RETURN
END
SUBROUTINE TURN(TIME,Y,STEER)
THIS ROUTINE DEFINES THE STEER ANGLE(RADIANS) SUCH THAT A ROTATION
VECTOR POINTING DOWNWARD (XF3 DIRECTIGN) 1S POSITIVE.
IMPLICIT REAL*B(A~H,0-2)
CGHMON /KTURN/ ST1,ST2,ST3,5T4,4ST5,1sT
DIMENSICN Y(20)
IST DEFINES THE TYPE OF STEER ANGLE FUNCTION.
IST = 0 - STEER ANGLE IS CONSTANT, DEFINED BY ST1(RADIANS)
= -1 - STEER ANGLE=ST1 UNTIL TIME=ST2, THEN STEER
ANGLE=ST3; WHEN TIME=ST4, STEER ANGLE=STS
IFC(IST.NE.O) GO TG 10
STEER=5T1
60 T0 90 - -
10 IF(ISR.NE.-1) GG TO 20
IF(TIMEJLT.ST2) STEER=ST1
IF(TIME.GE.ST2.AND.TIME.LT.ST4) STEER=ST4
IFITIKE.GE.ST4) STEER=ST5
20 CONTINUE
90 RETURN
END
SUEBROUTINE POSVEL(ABI,XBI,VBI,RLBB,GMBB, IVELsXLI,VLI)
IMPLICIT REAL*8(A~H,0-1)
DIMENSICN ABI(3+3),XBI(3),VBI(3),RLBB(3),0MBB(3},RLBI(3),VLB(3),
TXLIC3),VLI(3)
THIS RGUTINE CONVERTS THE RELATIVE LOCATION GF A POINT ON A ROTATING
ANC TRANSLATING BOOY TO AN INERTIAL POSITION ANDs IF IVEL.NE.C
ALSO TG AN IKERTIAL VELOCITY.
CALL MULT3L(ABI,RLBB,~1,RLBI)
D0 10 I=1,3
10 XLICII=XS8L1EI#RLEI(I)
IF(IVEL.EQ.0! RETURN
CALL CRCSS(CMBB,RLBE,VLE}
CALL MULT31(ABILVLB,=1,VLIJ
00 20 I=1,3
20 VLICII=vBL(I)+VLICD)
PETURN
END
SUSROUTINE SURFAC (XW1 ,UGI ,ELEV)
THIS RLUTINE EVALUATES THE ELEVATION CF THE SURFACE, ELEV,
VERTICALLY ABUVE OR BELOW THE SPECIFIED POINT, XWI(I).
THE UNIT NORMAL VECTOR TG THE GROUND SURFACE AT THE
SPECLFIED PCINT 1S THEN DEFINED AS UGI{(1).
THE SURFACE DEFINED IS A 1/127TH SCALE MODEL OF THE SAE~ASAE
SIDE OVERTURN RAMP AND BANK.
IMPLICIT REAL*B(A=H,0~1)
DIMENSION XWI(31,UGI(3)
DATA RT4/6.4000/
OATA TAN12,SIN12,C0S12,COT50,C0S50¢ SIN50/+21256D01.2079190,

Figure C-8 (continued).



1651 2.9781500% «8391000+ . 642T9D0+ . T6604D0/

1652 DATA BHKHT ;RMPHT 4 RMPW ,RMPLyRINCL/3.9800+1.4800,3.000410.0D0,5.0D0/
1653 € LOCATE POINT XWI RELATIVE TO THE TOP OF THE BANK.

1654 XBNKT2==0.4D0*RTW+XWI (1) *TAN12

1655 TF(KW1{2)-X8BNKT2) 10,20,30

1656 C THE POINT IS DOWN THE BANK.

1657 ¢ LCCATE THE BOTTOM OF THE BANK.

1658 10 XBN<B2=—-BNKHT#COT50/C0512-0.4D0%RTH+XWI(1)*TAN12

1659 C LDCATE PCINT XWI RELATIVE TO THE 8OTTOM OF THE BANK.

1660 1F(XWI(2)-XBHNKS2) 11,11,15

1661 ¢ POINT XWI IS BELOW OR AT THE BOTTOM OF THE BANK.

1662 11 ELEV=BNKHT

1663 GO TO 99

1664 ¢ POINT XWI IS ON THE BANK SLOPE.

1665 15 ELEvV=-(XWI(2)-XBNKT2)*C0S12/COT50

1666 UGI (131=SIN12%#SIN50

1667 UGI(2}=—COS12*SINS0

1668 UGI(3)=-CGS50

1663 GO 70 100

1670 ¢ POINT XWI IS ABOVE THE EANK ON LEVEL GROUND.

1671 20 ELEV=0.000

1672 GO TO 99

1673. C LOCATE PCINT XW! RELATIVE TO THE RAMP.

1674 30 IF(XWI(2) eLTeo500%RTH=05D0%RMPH.OReXNWI(2).6T..5D0%RTW+.5DO*RMPW)
1675 $60 TO 20

1676 ¢ POINT IS IN LINE WITH THE RAMP; LOCATE THE POSITION RELATIVE
1677 ¢ -~ T0 THE INCLINE. | :

1678 TFtXWI(1).LE.C.0D0) GG TO 20

1679 1F(XWi (1) .GE.RINCL+RMPL) GO TO 20

1680 IF(XWI(1).GE.RINCL) GO TO 40

1681 ELEV=-RMPHT*XWI (1) /RINCL

1682 HYP=DSQRT(RMPH T*#2+RINCL**2)

1683 UGI(1)=~RHPHT/HYP

1684 UG1(2)=0.0D0

1685 UGI (3)==RINCL/HYP

1586 GO 70 100

1687 40 ELEV=-RMPHT

1688 99 UG1(1}=0.000

1669 UGI(2)=0.0D0

1690 UGI (3}=-1.000

1691 100 RETURN

1692 END

1693 SUBSOUTINE SURFO(XS,YS,ZS, ICON,NCON,NS)

1694 € THIS ROUTINE EVALUATES THE CHARACTERISTIC FEATURES OF THE TEST
1695 ¢ TERRAIN FCR PLOTTING.

1696 ¢ THE TEST TERRAIN 1S A 1/12TH SCALE OF THE SAE/ASAE SIDE
1697 ¢ OVERTURN TEST COURSE.

1698 ¢ (BECAUSE THE TGRRAIN REMAINS FIXED WITH TIME, THIS ROUTINE NEED
1599 ¢ BE CALLED ONLY ONCE.)

1700 IMPLICIT REAL*S{A=H,0-2)

1701 DIMINSION XS(121+YS(12),25(22),1CON(10)

1702 DIMZNSION XMIN(3) o XMAX(3),X(12},Y(12)+2(12)ISCONC10)

1703 DATA4 RTW/6.4000/

1704 DATA X(5) X460 ,X(9),X(12)/4%5,0D0/4X(T)4X(8)/2%15.,000/

1765 DATA X(10) 9X(11)42(1)42(2)¢2(10),283i1)/6%0.000/

Figure C-8 (continued).
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DATA Z(S53el0€)¢2(T)oZ(8),2(9),2(12)/6%=1.43D07/42(32,2(4)/2%3.9800/

DATA ISCON/Z231449395412¢3,19442/ +NSCONeNSURE/10,127

DATA XMIN/-15.004-20.D0,~15.D07 ¢XMAX/20.005.C0+5.00/ ¢ WRAMP/3.D0/

DATA TAN12,€0$12,C0T50/.21256D0,.97815D0,.8391000/

DEFINE THE 3AHK BREAK LINES.

Y 1)=-0.L.DC*RTW+_XMIN(1 }%TAN12

Y(2)=~0.4D0*RTW+XMAX(1)*TAN12

Y(3)=-Z(3)=COT50/C0S12~0.4D0¥RTW+XMIN(1)*TAN12

Y(4)=-2(3}*COT50/C0S12~0.4D0%RTW+XMAX(1)*TANL2

DEFINE THE RAHP GUTLINE.

DO 12 I=1,2

X(2%T=1)=XMIN(1)

X(2%I)=XMAX(1)

Y(1+71=0.500% (RTW=-WRAMP)

Y(S5¥1)=0.5C0% (RTH=-WRAMP}

Y(1+45)=0.500%{ RTH+WRAMP)

12 Y(I+10)=0.500=(RTH+WRAMP)
DEFINE NEW ARRAYS THAT ARE ACC:PTABLE FOR ARGUMENTS OF SUBROUTINES.

NS=NSURF

NCCN=NSCCN

DO 20 I=1,NS

XS(I)=X(1)

YS(1)=Y{1)

20 2SC1)=2(1)
DO 30 I=1,NCON
30 ICGN(I)=ISCON(I)

RETURN

END

SUBRJUTINE SOLVE(NsAA,CC.X}

IMPLICIT REAL=8(A~H,0-2)

DIMENSION A(T,TIsAA{TyTi.ClT7Y,CCIT)extT)
A(T¢d)*X(d) = C{T) (SUM ON J = 1,N) (FOR I = 1¢N)
SUBPOUTINE SOLVES B8Y GAUSSIAN ELITHINATIGE THE N LINEAR EQUATIONS
AUTHOR: J.F. BCOKER, CORNELL UNIVERSITY
BUFFERS ARE JSED TO SAVE THE INPUT ARRAYS.

CEFINE THE WORKING AKRAYS.

DO 90 I=1,N

DO 89 J=1,N

B9 A{l,Jl=AA(1,d)
90 C(Il=CC(I)
SELECT KTH ROW AS fPIVOTS

DO 400 K = 1,N
FIND LARGEST {A{I.K)| FOR I = K,N

BIG = DABS{A(K,K))

IBIG = K

00 100 I = K,N

SIZE = DABS(A(I,K))

IF (SIZE.LT.BIG) GO TO 100

816G = SIZE

IRIG = 1
100 CONTINUE
SWAP R0AS SO |A{K,K)| 1S BIGGEST

1F (K.EQ.IBIG)} GO TO 280

00 200 4 = K,N

ABiG = A(IBIG,J}

Figure C-8 (continued).
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A(1BIG:d) = A(XK,J)
200 AtK:J) = ABIG
CBl1G = C(IBIG)
C{I31G) = C(K)
C(K) = CBIG
280 CONTINUE
CHECK FOR NULL PIVOT
1F (A(K,K).EQ.0.0D0) GO TO 600
DECOUPLE SYSTEM BY SUCCESSIVE SUBTRACTION
OF FRACTIONS OF K-TH ROW FROM ALiL OTHERS
DO 4C0 I = 14N
IF (1.€Q.K) GO TO 400
RATIO = A(1,K)/A(K,K)
D0 300 J = KyN :
300 A(I.J) = A{],J)=-RATIO*A(K,J)
cenl = C{1) -—~RATIO*C({K)
400 CONTINUE
SOLVE DZCOUPLED SYSTEM
DO 500 K = 14N
500 X(KJ} = CIK)/A(K,.K)
RETUR]
ARRANGE ABORT
600 WRITE (64666}
666 FORMAT(10X,*SINGULAR MATRIX?)
DO 7CO 1 = 14N
700 X(1) = 0.000
RETURN
END
SUBROUTINE FORTQUABI«XCGIVCGIOMBI 4 RHOF,FT4FLl,F24F34ITYPE,NF,
TFTOT1,.TQTOTI?
IMPLICIT REAL*8(A-H,0-2)
DIMEZNSION RHOF(54+3),FT(5,3),ABI(3,3),XCGYI(3),VCGI{3),0MBI(3}
DIMENSION FL(S)4F2(5)4F3(5)+FTCTI(34,TQTOTI(3)VECT(3},TQI(3)
DIMEHSION FI(2) RHO(3)yRHOI(3}4VRELI(3),VI(3),XI(3),UNIT(3)
DIMENSION ITYPE(S)
INITIALIZE FORCES AND MGMENTS.
DO 5 J4=1,3
FTOTI(J)}=0.000
5 TQTATI(J)=0.000
BEGIN LGOP FOR ALL FORCES AND MOMENTS ACTING ON THIS BODY.
DO 50 JF=)1,NF
DETERMINE TYPE OF REACTIONece
IFCITYPE(JIF)+1) 8,100,412
ese CONSTANT MOMENT IN BODY=-AXIS DIRECTIONS
8 DO 9 4=1,3
9 VECTJI=FT(JIF,J)
CALL MULT31(ABI,VECT,~1,TQl)
GG TU 48
ese CONSTANT MOMENT IN INERTIAL DIRECTIONS
10 DO 11 J=1,3
11 TQICJII=FT(JF+ I}
60 TO 48
ese FORCE TYPE REACTION; DEFINE POINT OF FORCE APPLICATION.
12 DO 13 J=1,3
12 RHOC(J)=RHOF(JF,J)

Figure C-8 (continued).
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CALL MULT31¢(ABI RHO,~1,8+01)
IFCITYPE(JF)-2) 14416,18 :
ee«e CONSTANT FORCE IN INERTIAL COORDINATES.
14 DO 15 J=1,.3
15 FICJI=FT(JF,J}
GO YO 4S5
see CCNSTANT FORCE IN BODY~AXIS COORDINATES.
16 D0 17 J=1,3
17 VECT(JI=FT(JF,J)
CALL MULT3M(ABGI,VECT,=1,F1)
G0 TO 45
~eo FORCE DEPENDS UPON POSITION & VELOCITY OF POINT.
18 CALL CROSSIOMEI,RHOl,VRELI)
DO 19 J=1,3
VI(J)=VCGI{JI+VRELI(Y)
XI(JI=XCGI({JI+RHOI (4}
19 VECT(J)=X1(J)=FTIJIF,4J}
XMAG=DSQRIT(DOT(VECT,VECT))
COMPR=F3(JF)=-XMAG
IFCITYPE(JF).EQ.4.AND.COMPR.LT.0.0D0) GO TO 50
IFC(ITYPE(JF} .EG.5.AND.COMPR.GT.0.0D00) GO TO 50
DO 20 J=1,3
20 UNIT(J)=VECT(J)/XMAG
DCCMP=DOT(VI,UNIT?
Do 21 J=1,3
21 FI(JI=+FL(JFI=CCHMPRRUNIT(J)=F2{JF):DCOMPRUNIT(J)
CALCULATE MOMENT DUE TO THES FORCE.
45 CALL CROSS(RHOI,FI,TQl)
ADD THiS FORCE TO THE TOTAL.
D0 4«6 J=1,3
46 FTOTI{JI=FTOTI(JI+FI(J)
ADD THIS MOMENT TO THE TOTAL.
48 DO 49 J=1,3
49 TQTITI(I)=TCTOTI(JI+TQI (J)
50 CCNTINUE
RETURN
END
SUBROUTIMNE DBLCRS{A,B4C)
THIS ROUTINE PERFORMS THE DGUBLE CROSS PRODUCT, RETURNING VECTOR C.
C=AX (A X B)
IMPLICIT REAL*B(A-Hs0~7)
DIMENSIGN A(3)+B(3),C(3),X(3)
CALL CROSS{A,8,X)
CALL CROSS(A3XyC)
RETURN
END
SUBROUTINE ROTATE(ATTOLD,THETARyJAXI S¢ATTNEW)
THIS ROUTINZ CALCULATES THE NEW ATTITUDE(DIRECTION COSINES), ATTNEW,
RESULTING FROM ROTATING THE OLD ATTITUDE, ATTOLD, ABOUT ONE OF
ITS AXESy IAXISy BY AN AMOUNT THETAR (RADIANS).
IMPLIC!IT REAL=8(A-H,0~2)
DIMENSION A{3.3),ATTOLD(3,3),ATTBUF(3,3)4ATTNEW(3,3)
IF(THETARLEQ.2.000} GO TO 11
SINTH=DSIN(THETAR)
COSTH=DCOS(THETAR)

Figure C-8 (continued).
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1871 J=1AXIS~1+3%((3-]AXIS)/2)
1872 K=1AXIS+1=3%{ (1AXIS-1)/2)

1873 A(1AXIS, IAXIS}=1.0

1874 A(1AXIS,J}=0.000

1875 A{J,1AXIS)=0.0D0

1876 A(1AXIS,X}=0.0D0

1877 A(K,1AXIS)=0.0D0

1878 A(J+31=COSTH

1879 “A{R¢KI=COSTH

1880 . A{J+K)=-SINTH

1881 ALKy J)=SINTH

1882 CALL MULT33(A,ATTOLDs1,ATTBUF)

1883 DO 10 I=1,3

1884 DO 10 J=1,3

1885 10 ATTNEW(I ,J)=ATTBUF(I,4)

1886 60 TO 20

1887 11 DO 15 I=1,3

1888 0O 15 J=1,3

1889 15 ATTNEW(I,J)=ATTOLD(I,J4)

1890 20 RETURN

1891 END

1892 SUBROUTINE MULT31(AA,X,ITYPE,XOUT)

1893 ¢ THIS ROUTINE PREMULTIPLIES THE 3-BY-1 VECTOR, X, BY THE 3-BY=3 MATRIX
1894 € Ak

1895 ¢ ITYPE DEFINES THE MULTIPLICATION AS DIRECT (ITYPE=1) OR AS
1856 ¢ TRANSPOSE~OF~AA TIMES X (ITYPE=-1).

1897 ¢ THE 3~5Y-1 VECTOR, XOUT, IS THE CALCULATED RESULT.
1898 IMPLICIT REAL*B(A=H,0~2)

1899 DIMENSION AA(343},X(3) ,XOUT(3)

1500 IF(ITYPE.NE.-1) GO TO 30

1901 DO 20 1=1,3

1902 20 XOUT(I)=AA(L,T)*X(1)+AA(2,1)%X(2)#AA(3,1)%X(3)

1203 GO TO 41

1904 30 DO 40 1=1,3

1905 XOUT(I)=AACL,1)#X( 1) +AA(T; 2)*X(2)+AA(T 3) #X(3)

1906 40 CONT INUE

1307 41 CCNTINUE

1908 RETURN

1909 END '

1910 SUBROUTINE CROSS(A,B,ACROSB)

1911 ¢ THIS ROUTINE CALCULATES THE CROSS-PRODUCT OF TWO 3-ELEMENT VECTORS.
1912 ¢ INPUT GF A & B RESULTS IN  AC0SB = A(CROSS)Be
1913 ¢ - THE MAGNITUDE OF A(CROSS)IB IS STORED AS ABMAG.
1914 IMPLICIT REAL®S(A~H,0-Z)

1915 DIMENSION A(31+B(3),ACROSB(3)

1916 ACRGSE(1)=£(2) *8(3)=AL3) %8 (2}

1917 ACROSB(2)=A(3)#B(1)=A(1)%B{3)

1918 ACRGSB(31=A(11%B(2)-A(2)%B(1)

1919 RETURN

1920 END

1921 SUBROUTINE DIRCOS{EO,EL,E2,E3,DCOS)

1922 C THIS ROUTINZ CETERMINES DIKECTION COSINES FROM EULER PARAMETERS.
923 IMPLICIT REAL>8(A-H,0-1}

1524 DIMENSION 0COS(3,3)

1925 DCOS(191)=EO*¥2+E1#%2-E2%%2-E3%%2

Figure C-8 (continued).
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DCOS(1:2)=2.000%{ S12E24E0%E3)}
DCOSI{143)=2.0D0*(E1*E3-EQ*E2)
DCOS(241)=2.0D0*(EL1*E2-EC*E3)
DCOSK{2+2) =EOXF2+E2*x2-FE3%%2-F]1%%2
DCOS12+31=2.0DC*(E2*E34EOQ*E])
CCOS13,1)=2.000%(E3*EL+EOQO*E2)
DCOS{3,2)=2.0C0*(E2*E2~EOQO*EL)
CCOS{2¢3)=EO**24E3S¥2~E 1 ¥*2~-E2%%2
RETURN
END
SUBRDUTINE EULPARIDCOS,EO4E1,E24E3)
CALCULATICN OF ThE EULER PARAMETERS FROM THE DIRECTION COSINES.
I4PLICIT REAL®8¢A-H,0~2)}
DIRENSICGN DCOS(3,43)
E0=DSART((OCOS{1+1)4CCOS(2,2)4DL0S(3,3)41.0D0)/4.000)
E}=EDLDS{243)-000S5(3,2)}/(E0*4.0D00)
E2=(DC05(3,1)-DCOS(1,3))/(EO0*4,0D0)
E3=(DC0S£1,2)-DCOS(Z,41})/(EO*4,0D0)
RETURN
END
SUBRDUTINE MULT33(AA,88,1ITYPE,CC)
THIS ROUYINE PREMULTIPLIES THE 3-BY-3 MATRIX, BB, BY THE 3-BY~3
MATRIX, AA, WITH THE RESULT BEING THE 3-8Y-3 MATRIX, CC.
ITYPE DEFINES THE TYPE OF MULTIPLICATION DESIRED.
ITYPE=1 - DIRECT MULTIPLICATION
ITYPE=-1 - MATRIX BB IS PREMULTIPLIED BY THE TRANSPODSEC
OF MATRIX AA,
IMPLICIT REAL*¥8(A-H,0-~2)
DIMENSION AA(3,+3),BB{(3,3),LC(3,3)
DO 13 I=1,3
DO 10 J=Ll+3
10 CC(3,43=0.000
IF¢ITYPE.EQ.~Y) GO TO 30
bo 20 1=1,2
D0 20 J4=1.3
DO 26 K=1,3
20 CCLIisd}=CCUI+JISAA(]IK)*¥BB(KyJ)
Ga TO 50 . :
30 DG 40 I=1,3
DO &0 J=1,3
00 40 K=1,3
40 CCUEJI=CCLTJI+AA(K,yT)%BB(KyJ)
50 CONTINUE
RETURN
END
SIFBROUTINE EIGVAL(AyNDIAG,NROOTS,R0OO0T)
IRPLICIT REAL*B(A~H,0-1)
DIMENSION A(3,31,PCLY(3,2),RO0T(3)
00 100 LAMEDA=1,NROOYS
KOUNT=0 .
ESTASLISH INITIAL GUESSES FOR THE EIGENVALUES.
PROD=1.000 '
SUM=0.000
DO 4 1=1,NDIAG
PROD=PROD*A(1,1)

Figure C-8 (continued).
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1981 4 SUM=SUM+AL(I,1]}

1982 kT1=0.66666TDO*SUM

1983 R¥2=0,8900%SUM

1984 RT3=SUM

1985 K=LAMBOA-1

1986 CALL EIGP3(A+RT1,POLY1}
1987 CALL EIGP3(A,RT2,P0LY2)
1988 CALL EIGP3(A4RT3,POLY3)
1989 IF(LAMBDALEQ.1) GO TO 9

1830 C ODEFLATZ THE PLLYNOMIAL B8Y DIVIDING JUT THE DETERMINED FACTORS.
1991 DO 8 I=1,.K

1992 POLY1=POLYL1/(RT1-ROOT(1))

1993 POLY2=POLYZ2/ (RT2-KQOT(1))

1994 8 POLY3=POLYZ/(RT3-ROOT(1)}

1995 9 DELTAZ=(RTZ-RT2)/(RT2-RT1)

1996 15 AZRO=DELTAZ*=2%(POLY1-POLY2)=-DELTA3=*({POLY2-POLY3)
1997 Al=DELTAZ**2%POLY]1-(1.000+DELTA3 ) %*x2%P0OLY2
19398 A6=(1.000+2.0D0*DELTA3)*POLY3

1999 Al=AltA6

2009 A2={),0DO+DELTA3)*POLY3

2001 DISCR=A1=Al-4.0D0*AZR0O*A2

2002 1IF{DISCR.LT.0.0D0) DISCR=0.000

<003 KOUNT=KOUNT+1

2004 10 DEL+1=2.0D0%A2/(~AL+DSQRT(DISCR))

2005 DEL42=2.0DC*A2/(~A1~DSQRT(DISCR))

2006 C SELECT TH4EZ SMALLLER ROOT OF THE QUADRATIC EQUATION.
2007 ABSO41= DAES(DEL41)

2008 ABSD42= DAEBS(DEL42)

2009 1IF{ABSD41.LT.ABSD42) DEL4=DEL41

2010 IF(ABSD4L.6E.ABSD42) DEL4=DEL42

2011 RT4=RT3+DEL4*{RT3-RT2])

2012 CALL TIGP3LAWRTS4,POLY4)

2013 IF(LAMBDALEQ.1) GO TO 12

2014 K=LAMBDA~1

2015 C DEFLATE THE PCLYNGMIAL.

2016 G0 11 1=1.K :

2017 11 POLY4=POLY4/(RT4-RO0OT(I1))

2018 12 ABSP4= DABS(POLY%4)

2019 AR&= DABS{RT4)

2020 IF=RT4=-RT3

2021 ADIF= DA3S(DIF)

2022 C CHECK 7OR POLYNGCMIAL VALUS NEAK ZEROD.

2023 IF(ABSP4.6T.1.0D-4%PROD.AND.ADIF.GT.1.0D~4%AR4) GO TO 13
2024 ROOT(LAM3DA)=RT4

2025 PRINT 7+ LAMBDA,ROOT{(LAMBDA),KOUNT

2026 T FORMAT (//' RCOOT NOe?144* IS'y F20.8,20Xy14¢" ITERATIONS®)
2027 60 70 100

zGze 13 IF(KOUNT.LE.20) GO TO 14

20zs FRINT 1+ KCUNT

2030 1 FORMAT (///* *%% *413,* ITERATIONS®)

2031 GO 70 101

2032 14 CONTINUE

2033 C REDEFINE ROOT AND POLYNOMIAL GUESSES.,

2034 RT1=RT2

2035 RTZ=RT3

Figure C-8 (continued).



2036 RTI=RT4

2037 POLY1=POLY2

2033 POLY2=POLY3

2039 POLY3=P0OLYS

2040 DELTA3=DEL®%

2041 GO T0 15

2042 100 CONTINUE

2043 101 RETURN

2044 END

2045 SUBROUTINT EIGP3U(A,EIGY,P)

2046 IMFLICIT REAL=8(A-H.0-2)

2047 DIMENSIGN A(3,43)

20438 P=(A(ls1)-SIGVI*(Al1242)~ELIGV)*(A(3,3)-EIGVI+A(2,1)*A(3,2)%A(1,3)
2049 Z+A(1'2)*A(2v3)*A(3,1)’A(B'1)*(A(2.2)-EIGV)*A(lo3)-A(2'1)*A(1.2)*
2050 $LA(3,3)-E1GV)-A(3,2)%A(2,43)*(A(1,41)-EIGV]}

2051 RETURN

2052 END

2053 SUBROUTINE VECT33(A,R0O0T,X)

2054 C THIS ROUTINE DETERMINES THE EIGENVECTORS, X(I,LAMBDA}, FOR THE 3
2055 (of INPUT SIGENVALUES, ROOT(LAMBDA), AND THE 3-BY-3 MATRIX, A,
2056 C THE EIGENVECTORS ARE NORMALIZED TO UNIT LENGTHe.

2057 C

2058 IMPLICIT REAL*B(A-H,0-2)

2059 DIMENSION A(34+3),X13,3),R00T(3)

2060 0G 96 LAMBOA=1,3

2061 C CHECK FOR ZERD DETERMINANT IN THE DENOMINATOR.

2062 D0 20 K=1,3

2063 € K IS THE CCMPINENT OF THE VECTOR ASSUMED TO HAVE A VALUE OF 1.0
2064 GO TO (11+12¢13)y K

2065 1i K2=2

2066 K3=3

2067 GO 70 14

2048 12 K2=1

2069 K3=3

2070 GO T0 14

2071 13 K2=}1

2072 K3=2

2073 14'DET=(A(K2,K2)-RO0T(LAM80A))*(A(K3.K3)—ROOT(LAMBDA))-A(KB.KZ)*
2074 TA(KZH1K3) i

2015 IF(DET.£Q.0.0D0) GO TO 19

2076 DTEST=(UALL+1)*ALZ42)%A(3,3) ) %%2}%%0,323D0

20717 IF(DA3S{DET)LT.1.0D~5*DTEST) GO TO 19

2078 C CALJULATE THE COMPONENTS OF THE EIGENVECTOR.

2019 X{K,LAMEDAI=1.000

2080 X(KZ'LAMBDA)=(*A(KZ;K)*(A(K3-K3)°RDOT(LAMBDA))+A(K3:K)*A(K2ok3)l
2031 S/0ET ‘

2062 X(K3,LAMBDA)=(-A(K3:K)*(A(KZ,KZ)—ROOT(LAMBDA)l*A(KZ.K)*A(KB,KZ))
2C83 $/DET

2084 GG TO 2%

2085 1S9 IF(K.EQ.3) PRINT &, LAMBDA

2C36 & FORMAT (10, ' *=xz3%x MATRIX USED IN DETERMINING THE EIGENVECTOR A3
2027 ZSCTTATED WITH EIGENVALUE NO.'y14/5Xy *HAS A RANK LESS THAN Tw3e')
2088 2C TONTINUE

289 € NORMLLIZE THE VELTOK TO UNIT LENGTH.

2950 21 ZL5Q=0.000

2051 D0 22 I=142

2092 22 XL3J3=XLSQ+X(I 1L AMBDA)**2

2093 XL=0SQRT(XLSQ)

2094 DG 23 I=1.,3

2095 23 X(i,.LAMBOA)=X(I,LAMBDA) /XL

2096 PRINT 7+ LAMBDA,ROGT(LAMBDA),(X{I+LAMBDA) ,I=1,3)

2097 7 FCRMAT (1HO,*EIGENVALUE NO.',13,° IS*'4Fl2.4,°; EIGENVECT3R:?,
2098 SF10.6/(1H 14TX4F10.6)) :

2099 99 CONTINUE

2140 AETURN

2101 END

Figure C-8 (continued).
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C.3. Program Use.

The digital simulation of wheel-tractor overturns or simula-
tion of the motions of a wheel tractor over the specified terrain may
be obtained by executing the program of Figure C-8 with input data
for the desired tractor and terrain conditions. Variations in the
terrain profile would require a change in subroutine SURFAC (and sub-
routine SURFO if graphical output were desired), but variation of most
other parameters may be accomplished.by changing the ihput data.

The data which is required by this program, together with an
explanation of the program options availablé through‘data specification,
are provided in the sections which follow.

An explanation of the program options available through data
specification is provided in Section £.3.1, a sample set of data is
given in Section C.3.2, a discussion of other practical programming
considerations is presented in Section C.3.3, and a discussion of

program execution statistics is given in Section C.3.4.

C.3.1. Instructions for Data Specification.

Twelve data groupiags have been selected'according to simi-
larities in variable type or data format. These groups are discussed
individually to provide an accurate description of the data required
in each group. Although each data block (or group) must be provided
to the prograr in order, the amount of information in each block may
vary as different program options are chosen. Table C-4 defines the
data format for each of the variables described below.

Data block 1 provides the capability for printing a problem



(71}
pad
tn

TABLE C-4. Formats for Program Data.

Columns Format Varizble(s) Units
Bleck 1
Cards 1-n 1-80 20A4 DESCR -
Card n+l 1-4 A4 STOP -
Block 2
Card 1 1-5. - IS K1 -
6-35 3F10:0 XBI in
Card 2 1-5 I5 K2 -
6~35 3F10.0 VBI in/sec
Card 3 1-72 9F8.5 ATI -—
Card 4 1-5 15 K3 ' -
6-35 3F10:0 OMBT rad/sec
Card S 1-10 Fi0.5 THETF rad
11-20 F10.5 OMFF1 rad/sec
Caxrd 6: 1-5 i5 INIT --
6-15 Fi1G.2 SPEEDE rad/sec
16+25 Fi0.2 SPEEDL rad/sec
26-35 Fin.2 SPEEDR rad/scc
Block 3
Card 1 1-72 9F8.0 IBT 1b-in-sec
Card 2 1-72 9F8.¢ IFF ib-in-sec
Card 3 1-30 3F10.2 IRT 1b-in-sec
31-40 F10.2 ID 1b-in-sec
41-39 F10.2 IE : Jb-in-sec
51-60 F12.2 WB 1b
Card 4 1-10 F10.2 WR 1b
11-20 £10.2 WE 1b
Block 4
Carxrd 1 1-30 3r10.2 RLBT in
31-60 3Fi0.2 RRBT in
Card 2 1-30 3710.2 KPBT in
31-60 3Fi0n.2 RFPF in
Caxd 3 1-30 3F10.2 RLFF in
31-60 3r10.2 RRFF in



TABLE C-4 (continued).

2= recy

Colums Format Variable(s) Units

Block 4 (continued)

Card 4

Card 5

Block 5

Cards i-n

1-10 F10.2 RADR in
11-20 F10.2 RADF in
21-30 F10.2 ALENG in
31-40 F10.2 TOEIN rad
41-50 F10.2 - CAMBER rad
51-60 F10.2 CASTER rad

1-10 F10.2 THMAX rad
11-20 F10.2 SLENG in
21-30 F10.2 SK 1b/in
31-40 F10.2 SC 1b-sec/in

1-30 3F10.0 PHOLT in
31-50 S5A4 WHERE --
51-55 I5 MORE -~

Block 6 (repeated for four bodies)

Card 1

Caird 2 (repecated NFBOD times)

Block 7

Card 1

Card 2

1-5 15 NFBOD -

1-5 15 ITYPE --
6-29 3F8.2 RHOFBT in
30-53 3F8.2 PB in-1b, 1b, in
54-61 F8.2 FB1 1b/in
62-69 F8.2 FB2 1b-sec/in
70-77 F8.2 FB3 in
1-10 F10.4 AR -
11-20 F10.2 BR deg™!
21-30 FiG.4 DMPR lb-sec/in
31-40 F10.4 AF -
41-50 F10.4 BF deg™ 1.
51-60 F10.4 DMPF 1b-sec/in
1-10 F10.4 RAT10D -
11-20 F10.4 RATIOT -

21-30 F10.4 TEFF -~



TABLE C-4 (continued).

Columns Format Variable(s) Units
Block 8
Card 1 1-60 alter- TENG in-1b
nately
Card 2 1-40 F10.2 SENG rad/sec
41-80 10A4 TABDAT -
Card 3 1-60 alter- TCLUT in-1b
nately
Card 4 1-40 F10.2 SCLUT -
41-80 1044 TABDAT --
Card S5 1-60 alter- FREAR 1b
nately
Card 6: 1-40 F10.2 DREAR in
41-80 10A4 TABDAT -
Card 7 1-60 alter- FFRONT 1b
nately
Card 8 1-40 F10.2 DERONT in
41-80 10A4 TABDAT --
Card 9 1-60 alter- COTR -
nately
Caxrd 10 1-40 F10.2 SWHEEL --
41-80 10A4 TABDAT --
Card 11 1-60 alter- SLOPER -
nately
Card 12 1-40 F10.2 SLANR deg
41-80 10A4 TABDAT -
Card 13 1-60 alter- SLOPEF --
nately
Card 14 1--40 Fio.2 SLANF deg
41-80 10A4 TABDAT -
Block 9
‘Card 1 1-3 IS IST ——
615 F10.3 ST1 rad
16-25 Fi0.3 S22 sec
26-35 ¥10.3 SI'3 rad
35-45 F10.3 ST4 sec
46+55 F10.3 STS rad
Block 10
Card 1 1-5 i5 IPLOT -—
6+10 IS5 NODR -
11-15 is "NODL --
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TABLE C-4 (continued).

Columns format Variable(s) Units

Block 10 (continued)

Card 1 (continued)

16+20 I5 NOBR --
21-25 15 NODF -
26-30 15 NODLF --
31-35 15 NODRF --
Card 2 (repeated for each point)
1-5 15 1DB --
6-35 3F10.3 RHODB in
Block 11
Card 1 1-5 15 NLINES - --
Card 2 (repeated, if necessary)
1-69 1215 ICON -
Block 12
Card 1 1-10 F10.5 TZERO sec
11-20 F10.5 DTMAX sec
21-30 F10.5 TFINAL sec
31-40 F10.5 ERROR --
41-45 Is - NPRINT --
46-50 15 NPUNCH --
51-5S 15 TERWT -
Card 2 (repeated twice, or omitted)
1-60 10F6:1 DERY* . --

e

* The variable name DERY is used only to transfer thes: values to
the integrating subroutine DHPCG, then it assumes its intended
identity.
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description of the particular simulation at the start of the simulation
output. This block may be any number of cards, n , each containing
up to 80 columns of character-type input which is to be printed verba-
tim at the top of the first output page. The end of this block must
be specified by a card (after the last card containing information
to be printed) containing the four letters *'STOP' in the first four
columns.

Data block 2 specifies the state of the tractor at the start
of the simulation. Six different cards are required to specify the

initial conditions in this block.

Card 1 defines the absolute position of the tractor-body
center of mass relative to the origin of the inertial coor-
dinate system. The position vector, however, may be defined
by‘its components in the tractor-axes directions, if desired.
the variable K1 indicates whether the position data is in
inertial cocordinates (K1 =-0) or tractor-axes coordinates
(K1 = 1). The three positi?p components (XBI) must be specified
in thé ordér of théir coordinaté aieg - iBI(l); iEI(Z), XEI(S)

if K1 =:0, or XBT(1), XBT(2), XBT(3) if K1 = 1.

Card 2 defines the absolute velocity of the tractor-body
center of mass. This vector also may be specified in either
inertial or tractor-axes directions (K2 =;0,’inertia1; K2 =1,
tractor-axes). The velocity components (VBI or VBT must be
definea in order as were the positions of card 1.

Card 3 defines the attitude of the tractor-axes in terms
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of the inertial coordinate directions. The 3-by-3 matrix of
direction cosines (ATI) defines the tractor-axes directions
by the matrix multiplication: XT = ATI * XI . The direction
cosine matrix must be defined by rows, i.e., ATI{1,1),

ATI(1,2), ATI(3,3), ATI(2,1),...,ATI(3,3).

Card 4 defines the tractor-body angular velocity, specified
either in inertial coordinate directions (K3 =:0) or in trac-
tor-axes directions (K3 = 1). The angular velocity ccmponents
(OMBT or OMBI) must be defined in order - OMBT(I), OMBT (2),

OMBT(3) if K3 = 1, or OMBI(1), OMBI(2), OMBI(3) if K3 =0.

Card 5 defines the initial values of the front-end angular
position and angular velocity. The angular position (THETF) is
the angle of rotation of the front end relative to the
tractor body with positive being defined by the right-hand
direction about the number one tratfor axis (i.e., positive
motion lowers the right front wheel). The angular velocity
(OMFFli is defined as the component of the absolute angular

velocity about the front-end axis s (i.e., about the front
1

pin).

Card 6 defines the state of the clutch and speeds for the
rear wheels and engine which may, or may not, be used. The
clutch may be engaged or disengaged while the tractor condi-
tions may be redefined for a tractor operating on a level

terrain having a zero elevation. The clutch is engaged when
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INIT = 3 or INIT = 4 and the clutch is disengaged when INIT = 1
or INIT = 2. The initial conditions are redefined when

INIT = 2 or INIT = 3, otherwise the tractor velocities and
orientations are obtained from the data read previously.

SPEEDE is the engine speed to be used in all cases except when
INIT = 3. SPEEDL and SPEEDR are, respectively, the absolute
values of the left and right rear wheel speeds; they are used

only when INIT = 1 or INIT = 4,

Data blcck 3 defines the inertia properties of the tractor

Both moments of irertis and weights are used tc describe these

properties. The gravitational acceleration is assumed equal to

386fin/sec2. Three cards are required in this data block.

Card 1 defines the mass moments and products of inertia
for the tractor body about it$ center of mass. The 3-by-3
inertia matrix (IBT) has its elements defined for the directions
corresponding to the tractor-axes directions. The inertia
elements must be defined by rows, i.e., IBT(1,1), IBT(1,2),

...s IBT(3,2), IBT(3,3).

Card 2 defines the mass moments and products of inertia
for the tractor front end. Each element of the 3-by-3 inertia
matrix (IFF) is defined about the front-end center of mass
with components given for the front-end axes directions.

The inertia values include the inertia of all parts which
rotate with the front-end. The elements of the inertia matrix

must be defined by rows as was done for the tractor body.
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Card 3 defines the three tractor-axes moments of inertia
for the rear wheels (IRT), the drive-line moment of inertia
(ID), the engine moment of inertia at the flywheel (IE), and
the weight of the tractor body (WB). Due to rear wheel sym-
metry the tractor-axes moments of inertia for the rear wheel
are also the principal moments of inertia, thus eliminating

products of inertia.

Card 4 defines the weights of the rear wheels and the
tractor front end. Each rear wheel has the weight specified
by WR. The front-end weight (WF) includes the weight of the
front wheels and all other parts which rotate with the tractor

front end.

Data block 4 defines the geometry required to describe the
kinematics of the tractor motion. Five data cards are required in

this block.

Card 1 defines the locations of the ieft rear wheel
center (RLBT) and the right rear wheel center (RRBT) relative
to the tractor-body center of mass. Each location is expressed
as a tractor-axes vector from the tractor-body center of mass
to the specified point. The three vector components of each

must be given in order.

"Card 2 defines the front pin location -and the location of
the front-end center of mass. The pin location (RPBT) is a
tractor-axes vector from the tractor-body center of mass to

the front pin. The front-end center-of-mass location (RFPF)
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is the vector from the pin to the front-end center of mass

expressed in front-end coordinates.

Card 3 defines the pivot points of the two front wheels.
RLFF is the front-end-axes vector from the front-end center of
mass to the point-of-intersection of the left front axle and
the steering axis for the left front wheel. RRFF is the front-
end-axes vector to the corresponding point for the right front

wheel. The components of each vector must be defined in order.

Card 4 defines the rear wheel radius, the front wheel
radius, the front axle length, the front wheel toe-in, the front
wheel camber, and the front-end caster. The rear wheel radius
(RADR) and the front wheel radius (RADF) are defined tc be
the undeflected radii of those tires. The axle length (ALENG)
is the distance from the front wheel center to the point-of-
intersection for the axle and the steering axis for that
wheel. Toe-in (TOEIN) is defined to be the angle about the
steering aXis that each front wheel is turned from the condi-
tion of parallel planes. CAMBER is the éngle of rotation
required to move the front wheel plane from a vertical posi-
tion to the position in which the bottoms of the two front-wheel
planes are closer together than the tops. CASTER is the angle
of rotation used to move the bottom of the steering axis ahead

of the "down" front-end axis.

Card 5 defines the maxiwum angle which the front end may

rotate about the front pin (relative to the tractor body) and
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the characteristics of the ''stop" against which the front
end rotates when the limit has been reached. THMAX is the
absolute value of the rotation limit for the front end relative
to the tractor in either direction. SLENG defines the distance

from the front pin to the '"stop'" measured in the er direc-
2

tion (a positive scalar value). SK and SC define, respec-
tively, the spring rate and damping coefficient for the "stop".
The spring rate is applied during compression and relaxation,
but not extension, of the ''stop". The damping coefficient is
used only when relaxation (removal of a compression load)

occurs at the "stop'". (SLENG is shown as zs and THMAX is

shown as emax in Figure 3-13.)

Data block 5 defines the tractor-axes coordinates of points
on the tractor bedy which are to be monitored throughout the simula-
tion. These points, defined by vectors from the tractor-body center
of mass, arc located at each printed output cycle and may stop the
simulation prematurely if one of them strikes the ground. The number
of cards in this block, n , must be at least one. Each card is of
the same format.

Each card defines a point location, a literal description
of the point, and an indicator to specify if more of these
points are to be defined. RHOLT is a tractor-axes vector
locating the point to be monitored relative to the tractor-
body center of mass. WHERE is a 20-character title which

is printed together with the iocation and velocity of the
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point during each print cycle. MORE is a flag which indicates
that more cards for points to be monitored are to be read (when

MORE #:0) or that no more are to be read (MORE =:0).

Data block 6-defines the external reactions which act on each
of the tractor parts. Because the same card sequence and same formats
are used for reactions on the tractor body, the left rear wheel, the
right rear wheel, and the front end, a detailed description is provided
for only those reactions on the tractor body. This data block must
be repeated four times - for the tractor body, left. rear wheél,

right rear wheel, and front end in order.

Card 1 defines the number of external reactions acting
on this body. NFBOD thus defines the number of cards to be
used in defining external reactions on this body. If NFBOD =:0,
no other cards are needed for this bcdy; begin definition for

the next body.

Card 2 defines all the specifications for one reaction on
this body. There must be NFBOD of these cards for this body.
The reaction type is specified by ITYPE.

If ITYPE = -2, the reaction is a moment which has constant
vector components in the body-axes directions (tractor-
axes for this example). The point of moment applica-
tion is given by the body-axes vector RHOFBT and the
moment vector components in the body-axes directions
are defined by PB.

If ITYPE = -1, the reaction is a moment which has constant
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vector components in the inertial directions. RHOFBT
is defined as above, but PB defines the three com-
ponents of the inertial-coordinate moment.

If ITYPE = 1, the reaction is a force whose inertial com-
ponents remain constant. RHOFBT defines the body-
axes vector from the body center of mass to the
point of force application. PB defines the three com-
ponents of the inertial-coordinate force.

If IfYPE = 2, the reaction is a force whose body-axes
components remain constant. RHOFBT is as for ITYPE
= 1, but PB now defines the three components of the
body-axes force.

If ITYPE = 3, the reaction is a force which is a linear
function of the position and velocity of the point
RHOPBT (defined as above) relative to a second point
fixed in the inertial reference frame. This reaction
may be visualized as the force due to a parallel
spring and dashpot connection between the two points
specified here., PB defines the}inertial coordinates
of the second point. FB1l defines the linear spring
rate, FB2 defines the dashpot damping rate, and FB3
defines the zero-foice length of the spring.

If ITYPE = 4, the reaction is the same as for ITYPE = 3
except that the reaction is limited to conditions
when the spring is compressed to lengths less the FB3.

If ITYPE = 5, the réaction is the same as for ITYPE = 3

except that the reaction is nonzero only, when the
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spring is stretched to lengths greater than FB3.

Data block 7 defines individual tire and drive-train parameters. .

Two data cards are required for this block.

Card 1 defines the two linear equation coefficients for the
rolling resistance of the front and rear wheels plus the linear
damping coefficients for the same wheels. AR and BR are,
respectively, the y-intercept and the slope of the equation
expressing the rear wheel coefficient of rolling resistance
as a linear function of the wheel slip anglé, in degrees. AF
and BF are, respectively, the y-intercept and slope of the
equation expressing the front wheel coefficient of rolling
resistance as a.linear function of the wheel slip angle, in
degrees. DMPR and DMPF are, respectively, the viscous damping
coefficients for the rear and front wheels in radial deformation

on the specified terrain.

Card 2 defines the differential ratio, the transmission
ratio, and the transmission efficiency for the tractor operating
conditicns. RATIOD is the ratio of the drive-line speed to
the average rear wheel speed. RATIOT is the ratio of the clutch
rotational speed to the drive-line speed. The power efficiency

of the transmission is defined by TEFF.

Data block 8 defines engine, clutch, and tire-ground charac-
teristic data in tabular form. Seven sets of tabulated data must be
defined, each set using two cards. Because the data format for each

set of tabulated data is the same, the format for only two cards is



328

described here but it should be used to supply data for each of the
seven required tables. Each table must have five data pairs defining

five coordinate pairs from the corresponding curve.

Card 1 defines three of the data pairs in alternating
order. The order for each table is listed below. Thus for
the first table the data order would be TENG(1), SENG(1),

TENG(2), SENG(2), TENG(3), SENG(3).

Card 2 defines the remaining two data pairs for this table
plus a 40-character definition which will be printe& with
this table as part of the problem description. Thus the data,
again for the first table, would be in the order TENG(4),
SENG(4), TENG(5), SENG(5), followed by a 40-character descrip-

tion of this table (TABDAT).

The tables of block 8 must be in the fbliowing order with
the pairs of data points defined alternately in the order
listed below for each table.

| TENG-SENG: the engine torque (TENG) at the flywheel as a
function of the engine speed (SENG)

TCLUT-SCLUT: the clutch torque (TCLUT) as a function of the
clutch slip (SCLUT)

FREAR-DREAR: the radial force on the rear tire (FREAR) as a
function of the radial tire deflection (DREAR)

FFRONT-DFRONT: the radial force on the front tire (FFRONT) as

| a function of the radial tire deflection

(DFRONT)
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COTR-SWHEEL: the gross coefficient of traction (COTR) for the
rear wheel as a function of wheel slip (SWHEEL)
SLOPER-SLANR: the slope (SLOPER) of the rear wheel lateral
force-normal force curve for various wheel slip
angles (SLANR) in degrees
SLOPEF-SIANF: the siope (SLOPEF) of the front wheel lateral
force - normal force curve for various wheel

slip angles (SLANF) in degrees;

Data block @ defines the tractor steering data. This block

inclules only one card.

Card 1 defines the type of steering control (IST) and five
variables which set specific steering inputs (ST1, ST2, ST3,
ST4, and ST5). If IST =:0, the steer angle (positive to the
driver's right) is defined to remzin constant at the level ST1.
If IST = -1, the steer angle changes stepwise, being ST1
until time ST2, then being ST3 until time ST4, thereafter being

STS.

Data block !0 defines points which are to be located throughout
the simulation for use in graphic display of the tractor motion. This
block must contain one card to defins the number of such peoints to be
located and the type of output desired for these points, but the

muber of other cards may be from zeio to fifty.

Card 1 defines the type of output to be produced for each
point (IPLOT) and the number of such points for the tractor

body (NCDB), the left rcar wheel (NODL), the right rear wheel
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(NODR), the front end (NODF), the left front wheel (NODLF),
and the right front wheel (NODRF). These rnumbers specify the
number of cards which must be supplied for points on each
body. The output options are defined by the value of IPLOT:

-1

print the point locations

0 = no use of these points
1 = print and punch the locations and other graphic

information

punch the locations and other graphic information

[\]

Card 2 defines the body (IDB) and the vector location
(RHODB) of the point relative to the body center of mass
expressed in the unit vector direction of that body. The body

options are the tractor body (IDB = 1), the left rear wheel

(IDB = 2), the right rear wheel (IDB= 3), the front end

(IDB = 4), the left front wheel (IDB = 5), and the right front

wheel (IDB = 6). One card contains a body identifier and a
vector locating a point so the number of cards described here
as "card 2" must equal the number of points to be located.
Points locating the wheel circumferences and the ground terrain

are automatically defined when IPLOT > 1.

Data block il defines instructions for using the points located
for graphic display. This block must contain one card to define the

number of instruction cards. The number of instruction cards may

range from zero to nine.
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Card 1 defines the number of continuous lines (NLINES)
which are to be drawn from the set of points located above.
(Drawing a symbol at a point location is equivalent here to
one line.) This then defines the nuﬁber of instructions which
must be read from succeeding data cards. Two instructions
are required to define one line. The maximum allowable number
of instructions (including.those defined internally for wheeil

and terrain features) is 100.

Card 2 defines the specific instructions which can be used
together with the point locations and a computer-controlled

X-Y plotter to generate graphic displays of the tractor at

desired times in the simulation. This card may be repeated,

if necessary, to define up to 50 lines (or 1€0 instructions).

If N is the line number and ICON(N) and ICON(N+1) are the

instructions for line number N, then line number N is defined

as follows:

If ICON(N) = ICON(N+1), locate the point whose subscript is
ICON(N) with a symbol.

If ICON(N) < ICON(N+1), draw a line from the point whose sub-
script is ICON(N) consecutively through
points of increasing subscript numbers
up to that point whose subscript is
ICON(N+1).

1f ICON{N) > ICON(N+1), draw a line from the point whose

| | subscript is ICON(N) to the point

whose subscript is ICON(N+1).
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The subscripts are assigned to the points defined in block

10 in the order that they were defined, the starting subscript
being 1. Other useful subscripts for points defined by the
program are'0 (for the inertial reference frame origin, -1
(for the right front wheel center), -2 (for the left front
wheel center), -3 (for the front-end center of mass), -4 (for
the right rear wheel center), -5 (for the left rear wheel

center), and -6:(for the tractor-body center of mass).

Data block 12 defines the parameters which control the inte-
gration of the differential equations. Either one or three cards are

required in this data block.

Card 1 defines the integration time limits, the accep-
table limit for the local integration error, indicators for
printing and punching frequencies, and an indicator for
weighting the state variables in the calculation of the local
integration error. TZERO defines the starting time for the
simulation and TFINAL defints the time at which integration
should terminate. DTMAX specifies the maximum time step size
which may be used in the integration. ERROR defines the maximum
allowable local error that may occur before the integration
time step is reduced in size. This local error is calculated
as the sum of weighted differences between predicted and
corrected state variable values at each point in time. Each
state variable difference is weighted equally when IERWT = 1,

otherwise the relative weighting factors must be defined on



cards 2 described below. NPRINT defines the number of
DTMAX-sized integration steps desired per print cycle (NPRINT
> 1). NPUNCH defines the number of print outputs per punch-
type cycle (NPUNCH > 1). NPUNCH is not used if IPLOT of

data block 10 is less than or equal to zero.

Card 2 defines the relative weights used in calculating
the total local truncation error encountered in integrating
the twenty state variables. (See Table C-1 for the state
variable definitions.) When IERWT # 1, all twenty relative
error weights must be specified on cards 2 (two cards). When
IERWNT = 1, the prcgram defines all the error weights equal
to one, thus making ERROR the average of all the state variable

errors, so cards 2 may be omitted.

C.3.2. Sample Input Data.

The input data was described previously in Section C.3.1.
A complete sample set of data which was used for a simulation corres-
ponding to test 1, run 1 of the experimental overturns is provided
in Figure C-Q. Note that the characters "STOP'" in the eighth line

are in the first four colums of & data card.

C.3.3. Practical Programming Considerations.

The digital computer program was developed to simulate tractor
responses to a wide variety of tractor and terrain conditions.
Because parameter studies of the tractor response to changing tractor

and terrain conditions are desirabie, this program has been designed



EXAMPLE RUN TO SHOW QUTPUT GENERATED FOR TEST 1, RUN 1 OF OVERTURNS
TRACTOR INITIALLY ON LEVEL, ZERQO-ELEVATION SURFACE
TRACTOR SPEED:

38 IN/SEC
FRONT=-END ROTATION LIMIT:

CLUTCH DISENGAGED
STEERING ANGLE FIXED AT ZERO DEGREES
PUNCHED OQUTPUT REQUESTED FOR SUBSEQUENT PLOTTING

10 DEGREES

XB1
vB1
0.0 0.0 1.0 ATI
oMB Y
THETF, OMFF1
INIT)5PE ,SPLySPR

~+000447 0.0 c.0788 187
=-.000136 0.0 0.0125 IFF

3.69 IRT+IDsIEWWB
WR y WF
1.35 RLBT,RRBT
0.90 RPHBT,RFPF
0.35 RLFF,RRFF

0.0 RRyRF AL YOI ,CAM,CAS
THMAXy SLENG 4 SK 4 SC
1 RHOLT WHERE
1 RHULT s WHERE
1 RHOLT ,WHERE
0 RHOLT WHERE
NFBCD
- NFLR
NFRR
NFFE
0.150 ARBR,DMPR,AF,BF,DMF
RATIOD,RATIOT,TEFF
230. "TENG SENG

290. ENGINE TORQUE(IN.LBI-ENGINE SPEED(RAD/S)

0.0700 TCLUT,SCLUT

0.2000 CLUTCH TORQUE(IN.LB)~=SLIP

sTOP
0 ~-8.80 0-10 ‘4.22‘0
0 38.0 0.0 0.0
1.0 0.0 0.0 0.0 1.0 0.0
1 0.0 0 «0
0.0 0.0
2 250. 0.0 «0
0.0260 0.0 =-.000447 0 0.0840 0.0
¢.0128 0.0 =-.000136 0. 0.0788 0.0
0.00825 0.0132 0.00825 0.0 0.001
0.9€5 0.76
~2.80 =3.20 1.35 -2.80 3.20
5.65 0.00 1.75 G.0 0.0
0-0 '1080 0.35 0.0 ' 1.85
€15 1.50 0.90 ¢.0 0.0
0.1745 1.20 1000. 0.5
-4.23 ~1.52 -5.90 LEFT REAR POINT
~4.23 1.43 =5.90 - RIGHT REAR POINT
6.87 =3.35 ~0.90 LEFT FRONT POINT
T.20 3.35 ~0.90 RIGHT FRONT POINT
0
0
o
.0 .
0.0174 ©Q.00242 0.500 0.0199 0.00210
10.0 10.0 0.90
1.04 180. 1.45 200. 1.60
1.45 260. 1.27
0.00 0.0000 1.56 0.0300 2.64
3.13 0.1000 3.47
0.0 0.0C000 2.0 0.00545 4.0
0.01220 8.0

6.0

0.00887 FRE AR, DREAR

0.01560 REAR TIRE FORCE(LB)~DEFLECTICNCIN)

Figure C-9. Samplé Input Data.

ves



4.0

0.0203

FFRONT,DFRONT

FRONT TIRE FORCE(LB)-DEFLECTION(IN)

0.44

0.10

COTRy SWHEEL

COEF OF GROSS TRACTION-REAR WHEEL SLIP

1.85

REAR WHEEL LAT FORCE COEF-SLIP ANGLE(D)

0.863

FRONT WHEEL LAT FORCE COEF-SLIP ANGLE(D)

10.0
10.0

SLOPERySLANR

SLOPEF SLANF

0.0 0.00000
6.0 0.0275
0.02 0.00
0.52 0.20
0.0 0.0
2422 15.0
0.0 0.0
1.27 15.0
0 0.0

2 21 0 0

1 =4.,30 ~0e65

1 6.20 =0.85

1 €450 =065

1 0.60 =0.60

1 1-00 -0.75

1 =3.75 -0.60

1 =3.75 0.60

1 1.0 0.75

1 0.60 0.60

1 6.50 0.65

1 6.20 0.85

1 =-4.30 0.65

1 5.65 0.00

1 =2.55 -1l.52

1l =4.23 -1.52

1 =2.55 1.43

1 =4.23 1.43

1 6.35 -0.80

1 6.87 =3.35

1 6435 0.80

1 7.20C 3.35

4 0.0C 1.85

4 0.00 1.85

4 0.00 -1.80
4 0.00 -1.80
18 '

1 12 12 1
11 2 -4 =5
22 -1 25 -2
1.50 0.003525

0.05 0.2 0.2 0.2
2.0 2.0 2.C 0.1

2.0 0.0128,
8.0 0.0344
0.29 0.05
0.60 0.40
l1.07 5.0
2.87 25.0
0.466 5.0
1.65 25.0
4 0 0
2.50
1.30
-1085
~2.00
=010
-C-lO
-0.10
-C.10
"2.00
-1.85
1.30
2.50
1.75
-0. 10
=5.90
~-0.10
-5.90
-1.15
-0.90
-1.15
) -0.90
0.35
-0.90
-0.90
0.35
12 7 8 5
13 11 13
15 14 17 16
2.50 0.01
0.2 0.2
0.2 0.1

IST,8T1:¢ST2,3T3,4ST4,45T5
IPLOT ¢NByNL¢NRyNFyNLFyNRF

1DB4RHODB
108,RHQODB
108,RHODB
108,RHNDB
10B,RHONS
10B,RHUDB
10R,RHNDB
108,RHODB
10B,RIHGDB
106,RHODB
IDB,RHODB
1D0B,RHOCB
108, RHODB
108,RHODB
10B,RHODB
108,RHODB
10B+RHODB
108 ,RHODB
1C8,RHODB
1DB,RHODB
108,RHODB
1D08,RHCDB
108,RHODSB
1D0B,RHGDSB
108,RHODB
NLINES

9 4 10 3 ICON

13 -3 22 25 ICON

19 18 21 20 ICON

4 1 0 TZ,0TyTFsER¢NPRyNPU, IER

1.0 1.0 2.0

0
2 0.5 5.0 0.003

Figure C-9 (continued).

See
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to allow easy modification of simulation conditions through changes
in the input data. Some of these program features are cited in the
paragraphs which follow.

| Frequently when parameter studies are being conducted, it is
desirable to generate a control simulation, then repeat the final
part of this simulation several times, using different parameter
values each time, to determine the effect of this one parameter on the
tractor response. This programming feature has been provided through
the initial condition indicator, INIT, and the other initial position
and velocity specifications. After the first simulation has been
completed, setting INIT equal to 1 or 4 in succeeding simulations
enables the program user to specify the tractor initial conditions
exactly, thus the initial conditions for these simulations may be
defined to match the tractor conditions printed for an intermediate
time in the first simulation. This feature adds versatility for
changing the operating conditions during various periods of the simu-
lation. It also saves time by eliminating the need for repeating the
initial parts of simulations having identical beginnings. An interes
ting example would be to simulate one complete tfactor overturn while
the clutch is engaged, then in succeeding simulations select various
intermediate points in time after which the simulation would continue
with the clutch disengaged.

The tractor mathematical model was developed to predict
motions of wi&e-front-end wheel tractors, but data specification may
be used to constrain motion to that of a tricycle-type tractor.
Because the front-end rotation 1limit (THMAX) and the front-end geo-

metry are defined by input data, the tractor model may be made to |
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conform to a tricycle-type tractor having either two closely-spaced
front wheels or a "thici" single front wheel. Setting THMAX equal to
zero forces the front wheels to be fixed to the tractor body except
for the steering motion and minor deflections at the "stops'. Locating
the axle pivot points (RLFF and RRFF) on the steering axis and de-
fining the appropriate TOEIN, CAMBER, CASTER, and axle length (ALENG)
values, should enable the program user to model a tricycle-type tractor
with two front tires. The '"thick" single front wheel ﬁay be designated
by two closely-spaced tires, each having half the stiffness and damping
properties of the real tire, while the TOEIN and CAMBER are zero.
Note that the inertia properties of the front end are now defined equal
to those of the front wheel(s) and yoke.

Digital computer simulation of the tractor motion continues
from the initial time (TZERO) until the final time (TFINAL) unless a
flag stops the integration prematurely. Because the time span required
for a completion of a desired motion often is unknown, it is advan-
tageous to defime those conditions which indicate completion of the
desired motion: Then these conditions can set the flag (set PRMT(5)
#:0 in subroutine GUTPUT) to terminate integratién. The flag conditions
for this program are specified within the "SET FLAG" block in subrou-
tine OUTPUT. Presently conditions for terminating integration are
the intrusion of any of the monitorgd points (each being read as data)
into the ground at the bottom of the bank. (XI(S) > 4.0 indicates
penetration into the ground.) The points being monitored are easily
changed by the data cards, but requesting a flag for any but the above

condition would require a change in the "SET FLAG" block.
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Flexibility in the introduction of external reactions acting
on the tractor allows a variety of imteresting simulations to be consi-
dered. The influence of gravity or different gravitational fields
can.be determined by applying forces constant in the vertical direc-
tion to the centers of mass for the tractor parts. If the weights of
the tractor parts have been negated in this manner, individual appli-
cation of other reactions to the tractor parts enables the program user
to determine the tractor motion sensitivity to individual inputs and
check tractor motions against conditions of known response. The use
of compression-type springs (ITYPE = 4) enables studies of the tractor
motion to collisiothype forces which exist only when point(s) on
the tractor intrude into a defined area. The use of tension-type
springs (ITYPE = 5) allows observations of tractor motions when parts
of the tractor are tied down or when a trailed implement strikes an
immovable object.

Tractor. steering options which are provided include constant
values of incrementally-stepped values for steering angles. Other
steering options which may be fiumctions of any of the state variables
or time may be added as options. Because the tréctor orientation and
position relative to a path fixed in the inertial reference frame can
be ‘expressed in terms of the state variables, a "wagon tongue" (McHenry,
et al., 1968) or similar steering control scheme could 5e defined as
another option to be chosen by the value of IST. |

Although fhe particular tractor motion being considered in
this dissertation is that on the tractor overturn test course, speci-

fication of other tractor initial conditions could send the tractor
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across the zerc-elevation surface defined everywhere above the bank,

in any direction down the bank, in any direction up the bank, or across
the lower-elevation level surface below the bank. Changes in the
terrain would require programming changes in subroutine SURFAC and,

if graphic output were desired, in subroutine SURFO.

The graphic display option provides capabilities for genera-
ting position information for many points on the tractor at each
selected output time. A person could manually use the coordinate infor-
mation (requested as printed or punched output) in tracing the path of
particular points on the tractor or in sketching the tractor at
particular times of interest, but this becomes laborious. Instead,
computer processing of the point locations and comnecting instructions
(requested as punched output) could produce sequential plots of the
tractor traversing the overturn cdourse, or, if appropriate equipment
is available, cathode-ray displays of the tractor motion. (Figure
3-19 shows a sample computer-generated plot.) With either of these two
computer-produced graphic displays, the predicted tractor motion
could be recerded on motion picture.film for subsequent comparison
with filmed experimental overturns.

The error weighting option (IERWT) enables the program user
to respond to sensitivities of the mathematical model and avoid exces-
sive computer execution time resulting from unnecessary'bisections
of the integration time step. Because the error value used in interval-
bisection decisions is the weighted sum of the error calculated for
for each state’variable, an abrupt change in any of the state variables
may greatly increase the calculated local error and trigger multiple

interval bisections. Also, because the state variables have a wide



340

range of magnitudes between them, the same magnitude error contribution
by each variable may be a negligibly small error for one variable but .a
dangerously large error for another variable. The relative error
weights should be defined inversely proportional to the expected
magnitudes of the individual state variables if the value of ERROR

is desired to represent 1060 times the average percentage error for the
variables at any one time.

Many of the above-mentioned applications of the digital computer
program have been suggested to demonstrate generality which was
incorporated in the program to make it useful in extensions of the
reported work. Some of the options suggested have not been tested
fully by the author. Only those options used in the two overturn

simulations have been tested thoroughly.

C.3.4. Program Execution Statistics

The digital computer simulations of tractor overturns were
Tun on an IBM 360/65 computer at Cornell University. Double precision
constants were used throughout the program to reduce round-off errors
inherent in the short vord length of this computer. Imput and output,
however, were usually performed with F-formatted constants to simplify
interpretation amd to make punched output compatible with a digital
incremental plotter used for graphic display of the tractor motions.

The simulation program was compiled with the Fortran H compiler
using level 2 optimization. This optimizing compiler increased compi-
lation time but reduced execution time requirements from those of
other compilers, thus encouraging a single compilation to create an

object program deck and thus eliminate the compilation step from
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successive simulations. The program statistics for time and central-
processing-unit core space for the steps of this program are indicated

by the experiences summarized in Table C-5.

TABLE C-5. Core and Time Requirements of the Digital

Simulation Program Steps.

Program Core CPU time I/O time
step (bytes) (sec) (sec)
Compile (FORTH, OPT = 2) 220K 140 20
Link 98K 5 12
Go (simulation of test 1) 98K 200 17
Go (simulation of test 4) 98K 215 21

C.4. Sample Program Output.

The digital computer program provides printed output at
equally-spaced time increments throughout the simulations of tractor
motions in addition to the printed definition of the input condi-
tions for the simvlation. Figure C-10 shows the input condition
printout aad the first cf the time-spaced printouts generated by the
computer program vhen the input data of Figure C-9 was used. The first
four pages of Figure C-9 show the input data description while the
last two pages show the output which would be printed at each specified
time interval. |

Puinched output is provided by the program if it is requested.
The interval for punched ocutput is specified by the input data.

The information shown in Figure C-11 is a listing of some of the
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punched output generated by the program when the data in Figure C-9
was used. The first card defines the number of points whose inertial
coo;dinates are punched each time punched output is produced and the
number of connecting instructions which are punched only once. Cards
two through seven give the instruction pairs which define the connec-
tions to be used with the point coordinates to draw the tractor and
terrain.

Card 8 begins the section of punched output which is produced
at a specific simulation time. The block of data previous to the
nekt time card is the coordinate definitions for thé points which are
located. A partial list of the punched output for time 1.51410 is
provided as well in this figure.

The punched output shown in Figure C-11 was used to generate

the line drawing of the tractor and terrain shown in Figure 5-19.




EXAMPLE RUN Tb SHOW OUTAUT GENERATED FOR TEST 1, RUN 1 OF OVERTURNS

TRACTOR INITIALLY ON LEVELe ZERG-ELEVATION SURFACE
TRACTOR SPLED: 38 IN/SEC

FRONT-END ROTATION LIMIT: 10 DEGREES
CLUTCH OISENGAGED

STEERING ANGLE FIXED AT LZERO DEGREES »
PUNCHED QUTPUT REQUESTED FOR SUBSEQUENT FLOTTING

MOMENTS OF INERTIA (LB.SEC**2.IN.) IN TRACTOR-AXIS DIRECTIONS:
TRACTOR BODY

FRONT=-END
| 0.2600-01 0.000  =0.447D-03 | | 0.1280-01 0.000  =-0.1360-03 |
| 6.000 0.8400-C1 0.000 | | 0.000 0.7880~-01 0.000 |
{-0.4470-03 0.000 0.7880-01 | 1-0.1360-03 0.000 0.1250-01 |

REAR WHEEL

| 0.8250-021

| '0.1320-01}

{ 0.8250~021

ENG INE DRIVE TRAIN

0.1000-02 0.000
WEIGHTS (LB.):

TRACTOR BODY FRONT-END REAR WHEEL

3.69 0. 760 '~ 0,985

LOCATIONS OF PDINTS (IN.) AS TRACTOR=-AXIS VECTORS:

L.Ro WHEEL ReRe WHEEL FRONT=END PIN
t -2.80] | =2.801 b 5.65]
I 1.351 | 1.351 t 1.754

Figure C-10. Sample Printed Output.
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FRONT=END C,G. LeFo ==WHEEL PIVOTS== R.F,

1 o0.00f | 0.00] !  0.001
l 0.501 I 0.35} I 0.35]

FRONT AXLE LENGTHS(IN.): 0.90
FRONT-END ROTATION LIMIT(RADIANS}: 0Q.1745
OISTANCE FROM FRONT PIN TC "STOPH(IN): 1.20

#STOPY" STIFFNESS(LB/IN): 1000.0

HSTOPY DAMPING(LB=-SEC/IN): 0.500
CASTER(FADI: 0.0000
CAMBER(PADIANS): 0.0000

-TOEIN(RADIANS): 0.0000

n
WHEEL RADII (1IN.)3 g
REAR FRONT
2.75 1.50

TIRE ROLLING RESISTANCE COCFe AND RADIAL DAMPING COEF.:
( ROLLING RESISTANCE COEF.= A + B * SLIP ANGLE(OEG) )
( DAMPING COEF« UNITS ARE LD.SEC/IN )

A 8 DAMP
FRONT 0.0199 0.00210 0.1500
REAR 0.0174 0.00242 0.5000

OIFFERENTIAL RATIO = 10.000
TRANSMISSION RATIO = 10.000
TRANSMISSION EFFICIENCY = 0.900

Figure C-10 (continued).



TABULATED INPUT DATA:
1.0400
1.4500
1.6000
1.4500
1.2700

TABULATED INPUT DATA:
-0.0000
1.5600
246400
3.1300
3.4700

TABULATED INPUT DATA:
0.0000
2.0000
4.0000
6.0000
8.0000

TABULATED INPUT DATA:
0.00C0
2.0000
4.,0000
6.0000
8.0000

TABULATED INPUT ODATA:
0.0200
0.2900
0.4400

0.5200
0.6000

TABULATED INPUT DATA:
0.0000

1.0700

1.8500

2.2200

2.8700

ENGINE TORQUELIN.LBI-ENGINE SPEED(RAD/SI
180.0000 '
2¢0.C00C
230.00C0
260.0000
250.0000

CLUTCH TOURQUE(IN.LBI=-SLIP
C.G000
0.0300
G.0700
C.1000
0.2000

REAR TIRE FORCE(LB)-DEFLECTION(INL
G.0000
€. 0055
0.0089
0.0122
0.0156

FRONT TIRE FORCE(LB)-DEFLECTIONCINI
G.0C00
0.0128
0.0203
0.0275
0.0344

COEF OF GROSS TRACTION-REAR WHEEL SLIP
0.0000
0.0500
0.1000

0.2000
0.4000

REAR WHEEL LAT FORCE COEF~-SLIP ANGLE(D)
0.0000
5.0000
10.0000
15.0000
25.0C00

Figure C-10 (continued).



TABULATED INPUT DA

ROGT NQ. 118

ROGT NG, 2 IS

ROOT NO. 318
EIGENVALUE NO. 1 1S

EIGENVALUE NQ. 2 IS

EIGENVALUE NQ. 3 IS

TA: FRONT WHEEL LAT FORCE COEF-SLIP ANGLE(D)

0.0000 0.G000
0.4660 5.0000
0.8630 10.0000
1.2700 15.0000
1.6500 25.0000
0.08400226 8 ITERATIONS
0.07680378 2 ITERATIONS
0.02599621 : 2 ITERATIONS
0.0840; EIGENVECTOR: 0,000000
1.000000
0.000000
0.0788; EIGENVECTOR: =0.008465
0.600000
0.999964
0.0260; EIGENVECTOR: 0.999964
0.000000
0.008465

INTEGRATION PARAMETERS: TZERD, DTMAX, TFINAL, ERROR
1.50000 0.00353 2.50000 0.01000
PRINT EVERY 4 DTMAX TIME STEPS
PUNCH EVERY 1 PRINT CYCLES

THE EQUATION VARIABLES HAVE THE FOLLOWING ERROR WEIGHTS: N
0.0025 0.0100 0.0100 0.0100 0.0100 0.0100 0.0500 0.0500 0.0500

0.1000

0.1000 0.1000 0.0050 0.0100 0.0050 0.0100 0.0250 0.2500

Figure C-10 (continued).

0.1000
0.0002
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|{mmammeeupemd=m= TRACTOR BODY (LESS REAR WHEELS AND FRONTEND) =====me===- ~===>|<=-REAR WHEELS & FRONTEND.==>{

TIME C«G. FOSITION C.Ga VELOCITY TRACTOR ORIENTATION ANGULAR VELOCITY ANGULAR SPEEDS ANGULAR POS.
(SEC) (IN~=FIXED CS) {(IN/SEC--FIXED) (DIRECTION COSINES--FIXED) (1/SEC--TR AXES) (RADIAN/SEC) (RADIANS)
I ~8.800{ | 38.0001{ { 0.9988 0.0000 -0.0480] { 0.00001 . ~13.864 LEFT 0.00
1.5000 <l C.1001> <l 0.0C01%> i=-0.0000 1.0000 0,0000} <| 0.0000I> 0.000 FR.END 0.000
| =4.224] ! 0.000! [ 0.0480 -0.0000 0.9988| { 0.00001 -~13.864 RIGHT 0.00
LEFT REAKR POINT
~13.308 38.000
.=1.420 0.000
-9.914 0.000
RIGHT REAR PQINT
-13.308 38.000
=9.514 0.000
LEFT FRONT POINT .
-1.981 38.000
~3.250 0.000
=5.453 0.000
RIGHT FRONT POINT
-l.651 38.000
3.45C 0.CC0
~5.468 0.000
ENGINE SPEED: 250+ RAD/SEC OCR 2387. RPM

THE INITIAL INTEGRATION TIME INTERVAL WAS HALVED Q@ TIMES FOR THIS TIME STEP
THE TRACTOR STEER ANGLE IS O.QOOU.RADIANS.

THE RESULTANT FORCE ON THE LeRay ReRey LeFey & RoFo TIRE ISy RESPECTIVELY (LBS, INERTIAL DIRECTIONS) ¢

-0.152 -0.152 ~0.003  =0.003
-0.000 -0.000 -0.000 -0.000

=4.075 -4.075 -0.147 -0.147

Figure C-10 (continued).
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TRANSLATIONAL MOMENTA (LB.SEC)

TRACTOR LeRo WHEEL -
0.363 0.097
0.000 0.000
0.C00 0.000
ROTAT JONAL MOMENTA. (LB.IN.SEC)
0.000 0.000
0.C00 -0.1383
01000 -0 -000
POTENTIAL ENERGIES (IN.LB)
15.586 2.700
TRANSLATIONAL KINETIC ENERGIES
6.902 1.842

"ROTATIONAL KINETIC ENERGIES (INlLB)

0.000 1.269

= INERTIAL OIRECTIONS

ReR. WHEEL FRONTEND
G.097 0.075
0.000 0.000
0.000 0.000

- INERTIAL DIRECTIONS
0.000 0.000
~0.163 0.000
~0.000 0.000
2.700 1.405

(IN.LB.3

o 1.842 1.422
1.269 . 0.000

TOTAL
0.632
0.000
0.000

0.000
-0.366
=-0.000
22.390
12.008

2.537

36,936

Figure C-10 (continued).
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116 62
8 19 19
18 9 3
29 6 32
33 50 50
87 104 104

108 106

1.50000
1 -8.800
3 ~11.532
5 -3.013
? 0.000
9 ~24545
11 -8,297
13 =12.550
15 -70806
17 -2.396
19 ~-12.975
21 -11.352
23 -11.352
25 -2.513
a7 ~2.513
29 -3.013
31. ~3.073
33 -=11l.400
35 -9.665
37 -8.803
39 ~-3.219
41 -=10.717
43 ~12.595
45 -13,977
47 =-l4.215
49 -13.197
51 =11.400
53 ‘9&665
55 ~8.803
57 ‘9.219
59 =10.717
61 ~12.595
&3 -13.977
65 -14,215
67 ~13.197
69 -2.941
-1.994

8 19
2 20
5 22
33 51
87 100

0..00 -

3.300
-2,600
0.000
-0.750
-0.500
-0.500
0.850
0.750
0.750
=-1.429
1,530
-0.700
0.900
1.950
-1.700
~3.100
-3.100
~-3.100
-3.100
-3.100
-3.100
-3.100
-30100
“3.100
3.300
3.300
3.300
3.300
3.300
3.300
3.300
3.300
3.300
~2.600

14 15
1§ 20
21 24
66 68
105 108

~44224
-2e 741
~-1.,498
C.000
‘3.223
“6.250
”40144
‘40372
-6.384
-1.520
‘4-201
'40201
“50677
‘5.677
-1.498
~2.747

0.006
’00722
-24393
-4,229

-5.368

~5.278
-4-000
-2:133
-00552

0.006
-0.722
-24393
‘4.229
=-5.368
-5.278
‘40000
-2.133
=0.552
-0.000
=0.397

Figure C-11.

70
12

16 1l
20. 4
26 25
69 86
109 116

~11.532
~3.029
-3.013
-12.975
-2.396
~-7.806
~12.550
-5297
-20545
-3.073
-13.308
~-13.308
-1.981
'1.651
-3.,073
-3.013
=10.469
'9.087
-8.849
-9.867
-11o°64
=13.399
-14,261
-13.845
-12.347
-10.469

‘90087

~8.849
-9.667
-11.664%
=-13.399
~1l4.261
~13.845
124347
-2.432
=-1.679

NPTS,NINST
17 10 INSTR
29 32 INSTR
28 27 INSTR
86 659 INSTR
107 105 INSTR
T1ME :
-3.100 -2.741
0.100 -1.846
2.850 -1.498
-0.550 -1.520
’0-550 -6.384
-0,650 -4.372
0.700 =4.144
0.700 -60250
0.950 -3.223
0.100 =2.747
-1.420 -9.914
1.530 -9.914
=3.250 =-54453
3.450 -5.468
1.950 -2.T47
-1.700 -1.498
=3.100 -0.204
-3.100 -1.482
-3.100 =-3.349
-3.100 -4.930
~3.100 -5.488
-3.100 -4.,760
-3.100 -3.089
-3.100 -1.253
=3.100 -0.114
3.300 ‘90204
3.300 -1.482
30300 -3a349
2.300 -4.930
3.300 -5.,488
3.300 -4.760
3.300 -3.089
30300 -1.253
3.300 -0.114
-2.600 ~-0.115
-2.600 -0.812

Sample Punched Output.

PAIRS
PAIRS
PAIRS
PAIRS
PAIRS
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73 -l.524
75 -1.751
17 -2.568
79 ~-3,593
81 -4,346
83 4476
85 -3.921
87 =2.941
89 -1.594%
91 -1c524
93 -1.751
95 -2.508
97 -3.592
99 ~4.346
101 -%e476
103 -3.921
105 ~15.000
107 -15.000
109 5.C00
111 15.000
113 5.000
115 0.000
1.5141¢
1 =8.263
3 -10.997
5 -Z2«480
1 0.C00
9 =2.009
11 =T« 756
13 =12.013
15 -7.268
17 -1.855
19 =12.443
21 ~-10.615
23 -10.815
25 -1.673
27 -1.973
29 =2.480
31 -2.538
33 -11.405
35 ~9.561

-20600
-2.600
=2.600
=2.600
=2.600
-2.600
=-2.600
2.850
2.850
2.650
2.850
24850
2850
24850
2.820
2.850
=-5.748
‘9.L63
1.700
4.700
1.700
4.700

0.100
3.300
~2.600
0.000
~C.750
-0.500
-0.500
0.850

0,750

0.750
=1.420
1.530
-00700
0.900
1.950
-1.700
-30100
-3.100

=1.309
=2.310
-2.931
-2.882
~2.185

=lelo?7

=0.304
~-0.600
f00397
-1.309
-2.310
~2.931
-2.882
~-2.165
-1.167
-0.304

0.000

3.980
-1.480
-1.480
-1.480

0.000

-4,223
-2-745
-1.487

0.000
=-3.211
=6.249
‘4.150
-44369
-6.371
=1.527
-40205
-40205
‘50665
~5.665
-1.487
’20736
“00026
=0.400

T4 ~1.549
76 =2.104
78 ~3.085
80 -4.031
82 -44.501
34 ~4ecT4
86 -3,457
88 -2+432
30 -1.679
92 ~1.54¢
94 «2.104
96 -3.085
98 —“o031
100 ~44501
102 -4.274
104 =3.457
106 30.000
108 30.000
110 5.000
112 15.000
114 0.000
116 5.000

2 =10.997

4 =-2.496

6 =2.480

8 =1Z2.443
10 -1.855
12 -T.268
14 -12.013
16 =7.756
18 -2.009
20 -2.538
22 =12.761
24 ~12.761
26 =l.442
28 -1.112
30 -2.538
3 ~2.480
34 =10.451
36 -B.846

Figure

-2.600

-2.600
-2.600
‘20600
=-2.600
-2.600
‘20600
2.850
2.850
24850
2.850
2.850
2.850
2.850
2.850
3.817
0,403
4.700
1.700
1.700
4.700

-1.830
-2.692
-2.997
=-2.600
-1.688
-0D68?
-00065
-0.115
-0.812
~-1.830
~2.69
~-2+.99
=2.600
~-1.688
-00687
=-0.065
0.000
3.980
-1.480
-1.48Q
0.000
-1.480

TIME

-3.100
0.100
2.850

=0.550

-~0.550

-0.650
0.700
0.700
0.950
0.100

‘1.420
1.530

=3.250
3.450
1.950

-1.700

-3.100

-3.100

C-11 (continued).

=2.745
-1.837
-1.487
-1.527
-60371
-4.,369
-4.150
-6.249
-3.211
~-2.736
~93.922
-9.922
~5.439
-5.454
~2.736
-1.487
=-0.049
-1.032

0sg



APPENDIX D

EXPERIMENTAL OVERTURN DATA

The four tractor-body reference points define the position
of the tractor at any time. The locations of these points, defined

in the three inertial-coordinate directions (_g_I > &1 and e )
’ 1 2 3

and the film-frame times for each of the ten filmed overturns are
given in Tables D-1 through D-10. Each table presents the coordinate

and time data for one scale-model overturn.

351



TABLE D-1.

Tractor-Body Reference-Point Coordinates and Times for Overturn Test 1, Run 1.

) 720 Pt Jut ot ot ot Pt Post P Pt
CUENOCVIPWNFOOVODNOCOWVPUWN-

N
-

WwwwwhNhNNDNNNN
WO OVO~NOCVMSHWLN

W W
w b

TIME
l.48
1.50

‘1.51

1.53
1.54
1.55
1.57
1.58
1.59
1.61
1.62
1.64
1.65
1.66
1.67
1.69
1.70
1.72
1.73
1.7"
1.76
1.77
l.78
1.80
1.82
1.83
l1.84
1.86
1.817
1.88
1.90
1.92
1.93
1.94
1096

-13.55
-13.17

‘=12.51

-12.04
~-11.37
-11.00
~10.34
~9.96
-9.40
‘9012
=-8.46
‘8018
=T.71
‘7.33
-7-05
-6.67
-6439
-5¢92
-5.64
~5.07
-4.69
-"o"l
‘-3‘76
-3.47
-3.00
-2.62
=-2.05
-1.77
-1.30
-0083
-0028
0.C9
0.64
1.19
1.73

XLRI
-1.26
-1 «26
-1.26
-1.25
-1.37
-1.37
-1.37
-1l.36
-1.36
-lqab
-1.3%
-1.35
-1.35
=1.35
-1.47
=l.46
-1.3¢
-1l.46
-l.46
-1.45
-1.57
-1.57
-1.56
-1.68
~1.80
-2.15
-2.38
-2.7%
-3.09
-3.67
-4,02
-4.60
‘5.06
-5.63
-6.08

=10.07
-10.07
=10.07
-10.07
-10.06
-10.06
-10.06
-10.06
=-9.96
=9.56
"9.87
-9.96
-9.96
-9.96
-3.86
-9.77
-5.78
-9-77
-9 77
-9.77
-9.76
-9.76
-9-76
~9.66
-9o65
-9.63
-9.61
-9.59
_9047
-9.52
-9.50
-9.18
-9.15
-8.52
-8.54

-13.71
-13.13
~12.56
~-12.038
-11.50
-10.93
~10.45
-9.87
=-9.49
-9.01
=-8.44
-8.06
"7-57
-7.09
-6.90
-6.52
~6e13
=5.94%
-5.27
-4.98
%460
-4,12
=-3.73
-3.25
=290
-2.43
-1.91
=1l.43
-1l.14
=0.66
-0.19
C.28
0.75
l.21
1.85

XRR1
l.64
.64
1.63
106-‘?‘
l1.62
1.62
1.62
l.ol
1.61
l.00
1.72
l1.72
1.59
1.59
1.59
1.59
1.58
1.58
l1.58
1.57
1.45
l.45
1.32
l.c0

1.08-

0.84

0.71

Q.24
-0.24
-0.83
-1.18
-1.53
-2.23
=270
-3.62

-10.16
-10-07
”lﬂ007
-10.07
-10.07
-10.07
-10.07
-10.07
-9,97
-9.97
-9.98
-9.98
‘9097
-9.97
-9.97
-9.87
-9.87
. =9.87

-9.78 .

-9.87
‘9087
-9.86
-9.75
-9.75
~-9.83
-9.82
-3.98
-9.54
~G.90
-10.07
-9.95
-9.90
-9.96
-9.89

-2.32
=1.67
-1.11
-0.65
0.00
0.37
0.93
l.48
1.86
2. 32
1.85
3.15
3.80
3.838
4.35
4e72
5.36
5.55
6.01
6656
6.74
7.19
T.66
8.03
6.49
8.94
9.50
9.87
10.11
10.84
11.08
l1.62
11.98
12.50
12.95

XLFI
=3.22
~3.21
-3.20
-3.29
-2.95
-3018
-3.17
~3.28
-3.27
-3.26
~3.39
=3.37
=3.59
-3081
-3031
-3.80
~3.78
~3.90
-3,.89
-3.99
"4.10
~4420
-4.19
-4.07
-4.06
-4,28
~4 4,26
"’9.25
-4.70
-4.79
'5-23
-5.32
~5.42
~5.74
-5.83

‘5057
-5.66
=566
=5.66
-5-67
-5.75
=5.57
-5.66
-5.66
-5.84
"5.93
-5.93
-6 10
-6.19
-6.19
-6037
-6056
'6.64
-6.83
-be 73
-6.72
-6.72
‘6-72
-6-63
-6.54
~bead
~6e44

-=belb

~5.78
~5.50
=5.20
~4.74
-4.38
-3091
=3.45

-1.94

=1.65.

-0097
-0.48
C.19
0.78
1.16
l.65
2.13
2.71
3.20
3.77
4.16
heb4
5.02
5.41
5.79
6.27
6.66
1.04
7.53
7.91
8.29
8.77
9.14
9.03
9.91
10.28
10.65
11.03
11.59
11.86
12.31
12.¢€6
13.12

XRF1
3.34
3.33
3.32
3.31
3.30
3.41
3.28
3.27
3.38
3.26
3.25
3.01
2.89
2.76
2.76
2.75
2.63
2.63
2.62
2.61
2.61
2.49
2.48
.37
2.25
2435
2.24
2.01
1.78
1.67
l.44
1.33
0.88
0.55
0.33

-5.43
~5.43
-5053
-5.43
-5.43
-5.34
-5 063

-5043

-5.53
-5 62
~-5.72
-5¢71
=5.71
-5.90
-6009
~-5.19
-6038
'6057
-6.67
-6.57
-6057
-6456
-6056
-6.56
-6¢55
-6.66
-6454%
"6.46
-6453
"6.52
-6042
-6.40
-6.29
-6.09

Zse



TABLE D-1 (continued).

1.97
1.98
2.00
2.02
2.03
2.04
2.06
2.07
2.08
2.10
2.11
2.13
2.14
2.16
2.17
2.18
2,20
2.22
2.23
2.24

2.45
2.98
3.42
3.86
4,30
4.73

5.33

5.75
6.28
6,78
7437
8,06
8.57
9,08
S.55
9,79
10.326
10,96
10.96
11.03

~6e64
-7020
-7.76
-8.09
“8.54
-8.93
-9075
‘10-30
-10.62
-10.81
-11.46
~1li.¢4
-11.84%
-12.59
-12.90
-13.22
-13.62
-13y69
-13069
‘13.91

-8.41
=T7.93
=754
~T.3%
-6.96
-6.58
-6001
“5063
-5.09
“.65
-3.93
-3u31
-2078
-1.99
-le12
=0.26

1.03

1.98

2441

2.40

2.49
2.94
3.48
3.83
4.36
4.79
5.31
5.74
6.25
6.77
T.27
8.93
8. 61
9.17
9.49
10.37
11.04
11.25
11.32

=-3.96
-4.53
-5.21
-5.90
~-6.57
-Ta 13
-7.69
~3.24
-8+90
-9.33
-9.,99
=-10.52
-11.27
’12-02
~12+45
-13.09
-13.51
-13179
=14.33
-14,55

-9.78
-9.46
’9.‘1
-9.18
~8.96
-8-47
-8025
-7.86
-T.38
‘7000
-6952
-5.006
-5.41
-4.69
-4007
-3.19
-2.15
‘1011
‘0060
-0.60

13.41
13.78
14.31
14.54
14.92
15.47
15.82
16.28
1().7"
17.28
17.56
17.92
18.48
le.84
19.39
19.75
19.93
20.30
20.39
20.62

-5.82
-5.81
-5.90
-6.33
-6.21
-6.19
"6.17
-6027
'6.25
=523
-6022
~6.21
-6.08
’6.18
-6.16
-6014
-6.14
'6012
-6012
-6.43

-3-00
=255
-2.09
-1.81
-1.54
-1.09
-C.73
-0.54%
-0.18
0.18
0.54%
1.00
1.36
1.81
2.18
2.54
2499
3.45
3.63
3.62

13.48
13.92
14.38
14.82
15.17
15.51
15.94
16440
16.71
17.08
17.57
17.91
18.41
18.79
19.29
19.88
20.33
20.79
2l.15
21.36

0.11
-0.22
=0.44
-0.76
-0-93
‘1.41
-1.73
-1034
-2.37
-2447
-3.00
-3032
-3.74
_4'37
-4 78
-5.19
-5.91
-6053
’7.15
=756

-5.89
-5.78
-5.77
-5.78
-5-65
~5463
-5052
~5.52
-5.40
-5031
-5.19
-4.90
-4.89
-4.59
-4.,39
-4.01
=3.54%
-2.98
=2.60
-2.68

£5€



TABLE D-2.

Tractor-Body Reference-Point Coordinates and Times for Overturn Test 1, Run 2.

-
O WVWENCWME WD

12

TIME
le47
l1.49
1.50

leS52°

1.53
1.54
1.56
1.57
1.53
1.60
l.62
1.63
l.64
1.65
1.67
1.68
1.69
1.71
1.72
1.74
1.75
1.76
1.77
1.79
1.80
1.82
1.83

1.84 .

1.86
1.87
1.89
1.90
1.92
1.93
1.94

~13.94
=13.30
-12.92
-12.25
-11.78
-11.21
=10.65
-10.27
-9.71
=-9.33
~8.76
-8448
-8.10
«7.63
-7026
~6.88
-6.50
-6.31
-5.74
~5.37
-".80
whyo 52
~4.05
'3.67
~3.29
-2.73

. =2.25

-1.88
-1.59
“0093
0.00
0.37
0.74
1.11

XLRI
-1001
-0.88
-0.88
-1.00
-1.00
-1.00
-1.00
~0.99
-0.99
-0.99
-0.98
-0.98
-0.98
-0.58
-0398
~0.97
-1.09
~0.97
-1.09
-1 <09
-1.20
-1.20
-1.20
-1.32
~1.55
-1.67
-2.14
-2.37
-2.60
-2.95
-3. 18
-3.76
-3,99

‘10008
-10.C9
-10.09
~10.08
-10.08
-9.99
~10.08
-10.08
-10.08
-9.99
-9689
~%.89
-9.89
-9.89
-5.89
-9.89
-9071
=-9.70
‘9071
-9.70
-9.70
-9.69
-9.69
-9.68
-9.67
-9.75
-9.81
-9.89
-9.78
-9.85
-9.74
-G.61
‘9.78

-13.76
«-13.36
~-12.388
-12.30
-11.71
«11.34%
-10.67
-10.28
«9.70
-9.,33
-8.74
=-8.46
~7.88
-1-50
-7012
-6073
=534
-6.C6
~5.67
-5.28
-he 80
"“’051
-3.84
~3.55
-3.16
-2e68

" =2420

-1-72
-1l.34
-0.86
-0.38
0.00
0.66
o.g""
1.32

XRR]
2015
2.02
2.01
2.01
l.88
2.00
1.99
1.99
1.98
2.10
1.97
2409
2.09
2.08
2.08
2.07
1.95
2.C7
2.06
1.94
l.81
1.61
1.68
l.68
l.68
1.55
1.55
1.31
0.95
0.71
0.35
=-0. 12
-0.35
-0.8¢2
-1.26

-10.00
-9.99
-9099
-9.99
-9¢99

-10.09

-10.09

-10.09

-10.09

-10.10

-10.09

-10.00

-10.00

=-10.00
'9-91

-10.00
-9.90
‘9081
-9.81
-9.80
-9.89
-9.89
-9.79
-9.79
-9.79
-9.87
-9087
-9.86

-10.02

-10.20

-10117

-10.14

=-10.31

=10.28

-10.25

-2.61
-1096
-1.58
‘1-40
=0.56
0.00
0.47
l1.12
1.49
1.96
2.33
2.98
3.25
3.81
4.18
4.55
4.82
5.38
5.75
bel2
6.68
7.13
7.41
7.78
8.15
8.70
9.16
9.53
9.62
10.44
10.89
il.34
11.70
12.95
12.50

XLF!
-2.75
=-2.74
-2.7%
-2.73
-2.60
’2071
-2.71
-2470
-2.69
-2.80
-2.80
-2,90
-3.13
-3024
-3023
-3.34%
-3.34%
-3.32
-3.31
=3.42
-3.52
-3,52
-3.02
=-3,62
-3.61
-3,71
-3.70
-3.81
=3.91
-4.12
-4-22
-4.32
4485
-44,75

-5031
-5.68
-5.59
-5.59
=5.59
-5059
=5.59
-5068
-5.68
-5.86
-5.86
-5.95
=-6.03
-6.03
-6021
-6.30
-6449

-6058 .

-6.76
-6076
=660
-6.66
-6.57
=675
-6.56
-6.65
_6-56
-6.46
-6027
-6.08
-5.80
~5.61
-5.33
-5.04
-4.76

~2.23
-1.85
-1.26
-0-63
~0.10
0.29
0.68
1.26

© 1.85

2.24
2.82
3.88
4.36
4.54
S5.13
5.52
6.00
6.38
6.77
7445
T.64
8.02
8,51
8.89
9.38
9.76
10.04
10.32
10.62
11.46
11.74
12.20
12.47
12.84

.

XKF I
3,70
3.81
3.80
3479
3.60

"3.65

3.76
3.67
3.86
3.73
3.84
3.71
3.58
3.34
3.33
3.22
3.09
3.09
2'97
3.07
2.95
2.95
2.9“
3.04
2. 81
3.03
2.80
2. 68
2.57
2.68
2.33
2.22
1.99
1.77
1.54

-5.35
-5.35
=5435
‘5-35
-5.35
-5635
=5.35
=5.35
~5.55
-5.64
"5.7"
-5.74
-5083
-5.82
-6-11
-6.11
«6.30
-65449
-6.58
-6.59
-6.58
-6.58
-6.58
~6.59
-6.58
-6059
-6.68
'6.57
-6047
-60‘08
=-6.46
-6.46
-6045
-6034
‘6043

ySe



TABLE D-2 (continued).

1.96
1.97
1.99

. 2.00

é.02
2.03
2.0%
2.06
2.07
2.09
2.10
2.12
2.13
2.14
2.16
2.17
2.18
2.20
2,22
2.23
2.24
2.26
2.27
228
2.30

1.66
2.11
2.56
3.11
3.65
4.27
4.71
5.24
5.58
6.02
6. 54
7.05
7.56
8.16
6.68
9.27
9.85
10.09
10.61
10.85
11.43
11.75
12.15
12.56
13.23

-4, 44
-4.90
~5.24
-5-46
-5.79
=6.34
-6.7T9
«-7.35
-T.68
~-8.00
-8.43
-8.98
~-9.41
-9.83
=10.14
-10.56
-11.08
-11.41
-11.48
-12.21
~12.52
-12.94
-13.24
-13.41

-9.65
‘9116
-8.96
~-8.67
-8.46
-8.43
-8.04
-7¢65
-T.36
-7.07
-6.60
-6031
-5084
-50‘07
-4.93
-4.56
‘4.11
-3.49
-2.88
=226
-1.91
-0086

0.00

0.86

163

1.78
2.34
2.80
3426
3.81
4025
4.70
5.23
5.67
6.10
6.54
6.98
7.49
8.09
8.68
9.20
9.59
«10.18
‘10.58
10.99
ll.58
11.87
12.45
12.76
13.31

-1.52
-2.10
-2.44
-2.78
-3.24
-3.81
-4,37
-4,94
‘5.50
=6.06
-6.38
"6.82
-7.48
-Te 91
-8.56
-8.88
-9,64
-10.17
-10.71

-11.13°

=1lle42
-12.18
-12+47
-12.89
-13.51

-10.32
-10.28
-10.25
-9.92
-9.88
-9.65
-9.43
~9.30
-8.99
=8.69
-8.48
=-8.08
=779
-7.39
=6.84
=6.62
6416
~5.52
-5006
-4 .44
-3.72
-2e9%
-1.98
=le406

12.87
13.32
13.67
14430
14.56
15.09
15.37
15.90
16.35
16.72
17.18
17.53
18.08
18.5¢4
18.91
19.38
19.79
20.19
20.50
20,77
21.21
21.67
22.11
22.44
22.65

-4 T4
-4.83
-4,93
-5.14
~5.24%
"5."0‘0
=543
‘5.52
=5.02
=-5.60
=54.59
=5469
=-5.67
-5065
=-5.64
-5052
-5.83
=560
-6n01

. =6600

-6,09
-6.08
=-6e17
-5.84
=6e2Y

-4 .49
-4021
-3.84%
'3.47
~3.10
=Leb4
=2.46
~2.00
-1l.82
-1.55
-1018
-1.00
-0.64
-0027
0.09
L 0.55
0.82
1.00
1.45
le81
2.08
2072
3.17
3.54
3.62

13,31
13.59
14.04
14.50
14.97
15.31
15.66
16.12
16.37
l6.84
17.27
17.62
18.06
18.52
18.86
19.29
19.80
20,20
20.68
2l.10
21.66
22.14
22.59
23 .06
23.35

l1.43
1.32
1.09
0.87
V.76
0.43
0.11
0.00
-Q.32
_0043
-0.75
=-0.97
-1.28
-1.39
-1060
-1.91
-2033
-2.85
-3.37
=-3.68
-4430
-4081
-S5e42
-5.92
=6e43

-6.33

-6022

'6012
'6.01
-5 .91
~5480
-5.79
=5 469
-5068
=~5.67
-5.66
=-5455
“5054
~5635
-5015
-4,96
-4,94
-4,83
-4.53
4443
4,04
-3,75
-3,37
-2.81
-2+.62

SS¢



TABLE D-3. Tractor-Body Reference-Point Coordinates and Times for Overturn Test 1, Run 3.

N 02 10 s Pt Pod Pt ot Pt Pt P
OVONOCVMPULWNFFOOONCVHWNr

[N R
N

wrRNhNNDNON
oOva~NocowwdwWw

W wwiw
U & WA -

TIME
1.45
1.46
1.48
1.49
1.50
1.52
1.53
1.54
1.56
1.57
1.58
1.60
1.62
1.63
1.64
1.66
1167
1.69
1.70
1.72
1.73
1.74
1.76
1.77
1.78
1.80
1.81
1.83
1.84
1.85
1.87
1.88
1.90
1.91
1.92

-14.12
=-13.64
~13.26
-12.51
-12.03
-11.48
~10.91
-10.35
-9,97
-9.41
-9, 02
-8047
’8019
-7.71
-7.43
‘7005
-be 58
-6439
-5,32
~5.55
-5.07
=44 60
'4 022
-3076
-3.38
-2;81
-2.53
'1096
~-1.58
‘-1012
-0- 65
-0.18
0.28
0.92
1.37

XLRI1
-1.14
-1.26
-1.26
“1026
-1.38
-1(25
=1.25
=1.24
-1.24
-1.24
-1.36
‘1-23
-1{23
-1l.35
-1.35
-l.47
-1.46
-1.34
-1.46
-1033
-1.45
-1.4%
-1.57
-1.56
-1l.56
'1091
-2003
~2.26
-2.62
«“2.97
-3.55
-3.90
-4,48
-4.81
-5039

-10.07
-10.07
-9.97
~10.07
=10.06
-9.97
‘9097
-9.97
-9.97
-9097
-9.96
-9.88
-9.88
=-9.96
-10.00
-9.77
-9.77
'9.68
-9.67
-9.68
-9.67
-9.67
-9-67
-9.76
-9-67
-9.64
-9.63
'9062

-9.59°

-9.66
-9.62
-9.42
-9019
-9.08
-8.86

-13.52
~“13.04
~-12.56
~-11.98
-1l.41
-10093
-10.35
-9097
-9.40
-~B8.92
'Uoﬁ“
‘7.96
-7048
-7.00
‘6080
-btﬁz
~6.23
=-5.65
-5.27
-4.89
-4.40
-3.93
=3.54
-3015
=268
-2.29
-1Q81
=1.43
=-0.76
-0.47

-0009-

. 0.47
1.03
1.58

XRKR 1T
1.65
1.64
.64
1.63
1.63
1.62
1.62
1.62
1.61

1-73'

1.73
l.72
l.72
1.59
1.59
1.59
1.59
1.58
1.58
1.58
1.57
l.45
l.44
l.44
1.20
1.20
0.95
0.71
0.24
=0e2%
~0.71
=0.94%
-1.53
~1.99
~2e 69

~9.47
=-10.07
-9.97
-10.07
-10.07
-10.07
=997
-9.97
~9.97
~9.98
-9.98
-9.88
-9.88
=-9.97
-9.97
-9087
.-9087
-9078
-9.78
-9.78
-G.78
-9.77
‘9-77
~9.87
-9.75
-9.75
-9.83
-9'82
-9.88
-10.04
-10.10
~-10.08
~10.04
-10.01
-9.96

=-2.97
-2.23
-1.67
-1.21
=-0.65
-0.19
0.37
0.93
1.30
1.76
2.32
2.78
3.06
3.61
3.98
bbbl
4.81
5.08
5.55
5.92
6.48
6.83
T.38
7.66
8.02
8.58
9.03
9.40
9.48
10.38
10.75
11.19
11.72
12.07
12.52

XLF1
~3.11
=-2.98
-3.09
-3.09
=3.20
-3019
-3.18
-3.17
-3;05
-3, 16
-3.15
=3.26
—30‘8
-3.70
~-3.70
-3.80
-3.80
'3.91
-3.78
=3.77
-3.76

~4410 -

-4.08
-4-19
~-4.18
-4017
-4.27
~4.26
~4.49
-4.80
-4.79
-5.00
~5.21
~5.42
-5. 52

-5.57
=558
‘5.57
=-5457
-5.86
~5.66
-5.66
~5.57
-5.67
-5.57
=5.85
~5.84
~5.83
-5.92
-6019
~6.46
-6.46
-6.6%
-bo7"
=6eT4
-6.74
=-6.63
=-6.63
6,44
-6.53
~6e53
bbb
=6.25

-6.06 .

-5.77
-5.40
-5.12
-4,75
-4.28
-3.92

-2062
-1.94¢
-1.36
-0.78
-0.39
0.19
0.68
l1.16
1.65
2.23
2.71
3.20
3.87
4435
4,74
5.02
5.60
5.69
6.27
6.75
7.13
T.81
8.00
8.39
8.87
9.25
9.63
10.20
10.28
10.84
11.31
11.68
12.04
12.49
12.87

XRF1
3.59

<334

3.33
3.43
3.31
3.30
3.29
3.40
3.39
3.26
3.37
3.25
3.12
3.00
2.99
2.76
2.63
2.63
2.63
2.62
2.50
2.49
2 .#9
2.60
2.48
2.36
2.35
2.23
2.01
1.78
1.56
1.44
1.11
0.77
0.77

=5.44
=5.43
=533
=5.43
-5.33
-5.43
-5.33
-5.34
=5.43
‘5.53
=5.63
=-5.72
-5.72
-5.81
-6000
-6009
-6.28
‘60“7
-6.57
-6067
6456
~6.56
'6.56
-6057
-6.56
-6.56
=656
~6¢55
-6035
~6.44
-be43
-6.42
“6.“1
-6.20
~6.10




TABLE D-3 (continued).

36
37
38
39

40"

41
&2
43

45
46

48
49
50
51
52
52
54
55

1.94
1.95
l.96
1.98

l.99 :

2.01
2.02
2.04
2.05
2.06
2.08
2.09
2.11
2.12
2.13
2.14
2.16
2.18
2.19
2.21

1.92
246
2.99
3.61
4.04

 4.48

5.00
5.51
6.03
6.46
6.97
T.64
8.23
8.56
9.34
'9.90
10.23
10.79
11.21
11.45

-5.84%4
-6e29
-6.65
-T7.29
”7.97
-8030
=-8,96
'9051
-9-83
~10.26
-100 58
-11.22
-11.63
-12.06
-12.13
-12.87
=13.07
-13.70
-13.78
-13.98

-8.,65
-8.44%
-8.22
-Ta 83
=-T7.43
-7.06
-6.49
=-£.20
-5.65
‘5.19
=44,66
-4102
=3.40
-2.78
-2.00
'1029
=-0s34

0.77

l.72

2.06

2.C4
2.50
3.04
3.67
4.20
4455
4.99
5.49
6.03
6.45
7.05
7.54
8.12
8.62
9.29
9.83
10.33
. 10.80
11447
11.78

‘3015
-3.73
=4.30
-4,98
-5054
‘6011
-6.67
-70 68
1?7-89
~~8Q44
-8.98
-9.86
=10.51
-11.05
-11.57
'12054
-12.95
-130 59
~13,76
-14.18

=9.93
-9.79
~9.66
=9.43
-9.30
~9.,08
-9.58
-8.25
=7 .97
-7.58
=719
=6.44
~6.23
“5.51
-4 70
-4006
=3.19
-2.06
-1e37
=0.85

12.96
13.42
13,96
14.31
14.74
15.19
15.65
l6.10
16 '#5
16.92
17.47
17.90
18.37
18.75
19.20
19.66
19.93
20.38
20.76
20.83

=5.72
-5.71
-5.80
-5090
-6.21
=6.20
-6.18
-6.27
-6.37
"602"
-6022
-6.42
~6430
’6018
-6.16
'6015
~6.lé
‘6023
-6.11

. -6021

“3055
=291
‘2-64
-2.09
‘1081
=1.54
-1.09
=-0.82
~0.45
0.00
0.18
0.63
0.91
l.18
1.63
2.27
2.45
2099
3.45
3.71

13.30

13.67
14.21
14.58
15.01
15.36
15.79
16.22
16.67
17.09
17.54
17.95
18,47
18.76
19.35
19.85
20.23
20.74
21l.11
21.58

0.22

0.11
-0.22
=-0.33
-0.76
-0.98
=le4l
-1,73
~1.94
-2437
-2.47
-3000
-3.31
=3.94
=4.35
-4,76
=528
=5.58
=-6.20
=-6e71

=5.99
-5.89
=5.68
-5.68
=5.66
-5.65
=5.54
-5;52
‘5033
=5.22
‘5.03
-4092
'4081
-4,60
-4.40
-4412
=392
=3,45
-2.89
=261

LSE




TABLE D-4. Tractor-Body Reference-Point Coordinates and Times for Overturn Test 2, Run 1.
TIME XLRI XRR1 XLFI XRF 1
1 1l.22 «14.40 =1.14 =-10.07 =14.30 le77 =9.98 =3.16 =2.88 =5.58 ~2.81 3.47 =5.34
2 1.23 =13.84 ~-l.14 -10.07 -13.,72 1.77 -9.98 =2.51 =2.87 <=5.58 -2.1% 3.70 =5.35
3 1.25 -13.09 ~-l.13 -9.98 ~13.15 l.76 =-9.98 ~1.95 -2.86 ~-5.,68 -1465 3.57 =5.44
4 1.27 -12.52 -1.13 -9.98 -12.47 1.76 =-10.07 -le.12 -2.73 =5459 -0.87 3.67 -5435
5 1.28 ~11.86 -1.13 ~9.98 -11.80 1.75 -9.98 «0.65 f2.84 ~5.58 ~0.19 3.42 ~5.34
6 1l.29 -11.19 -1.25 -9.97 -11.23 1.75 '9‘98 0.09 -2.83 -5.58 0.39 3.53 =5.34
7 1.31  =10.55 =1.12 =9.98 =10.55 1.74 ~-10.Q7 0.65 =3.06 =5.57 1.07 3.52 =5.34
8 1.32 -9.98 -1l.12 -9.98 -%.98 le74 =-10,07 1.30 ~3.05 -5.57 1.65 3,63 -5.35
9 1.33 -9.32 =-1l.11 =9.98 =9.40 1.73 ~10.C7 1.77 =3.04 ~5.67 2.23 3.38 =5.53
10 1-35 -8076 ‘1.11 ~9498 -8.84 1.97 -10.09 2032 "3015 -5.85 2091 3.49 -5.63
i1 1.37 -8+.38 -1l.11 -9.98 ~8425 1.72 ~-9.98 2697 =-3.14% =-5.94 3.58 3.24 -5.72
12 1.38 -7082 -1-10 -G.98 -T.68 l.84 -G.89 3.43 ~3.24% ‘6003 3.97 3.00 '5-91
13 1.39 ~Te34 -1.10 -9.89 -7.10 1.71 -9.88 3.89 =-3.47 -6e.11 4.74 3.11 -6.,01
14 l.41 ~6.87 -1.22 -9.88 =662 1.71 -9,.88 4.36 =3.34 =630 5.12 2.76 -6.09
15 l1.42 -6 .40 -1.22 -9,.88 -6.14 1.70 -9.88 4,91 -3.68 -6.47 5.69 2.63 -6.47
16 1.43 ~5.93 =1.22 =-9.78 «5.66 1.70 =-9.79 5046 =3.67 =6.65 6.09 2.86 =6.58
17 1.45 =555 -1.33 -9.68 ".5.18 1.70 _-9-79 6.11 -3.606 -6.75 6,66 2.73 -6.67
18 1.47 -4,89 -1.33 -9.68 -4.,79 1.57 -9.78 6.57 =-3.76 -6.74 T.44 2.84 -6.68
19 1.48 ~4,42 -1.33 -9,68 -4.,31 1.57 -9.78 7-12 -3.75 -6.65 7.81 2060 -6.67
20 10"9 -3.76 -l.44 -G.67 =-3.55 1.56 -9.78 7.67 -3.85 "6055 8.39 2448 -6.47
21 10 51 -3-29 -1.56 -9.67 -3.16 l.44 ‘9077 8-05 "3073 ~-6.56 8:87 2559 -6057
22 1.53 -2.72 -1.56 -9.76 =249 1.31 -9.86 8.59 =3.95 -6.55 Y54 2447 -6.56
23 l.54 -1.97 -1.91 -9.83 -1.81 0.95 -9.93 9.23 -6.16 -6.35 10.31 246 ~6.56
24 1l.55 -1.50 =2.26 =-9.81 -1.33 0.71 -10.01 10.05 =4.25 =06.1b6 10.539 2.34 =6.66
25 1.57 =0.84 =2.72 =9.77 -0.57 0.24 -10.17 10.39 =4.69 =5.78 11.05 2,00 =-0.54%
26 1.58 -0.28 -3.19 -9.65 =-0.09 =0e35 -10.22 10.93 4,79 -5.50 11.71 1.77 -6.44%
27 1.59 0.28 -3-77 -9.52 Q.47 -C.82 -10.19 11.58 -4.77 -5022 12.06 1.44 ’60"2
28 1l.61 0.92 =4.34 -9.29 1.03 =-1l.41 -10.14 12.09 =5.20 =4.75 12.61 1.10 =6.41
29 1-63 1-"7 -4,80 -9017 1.59 -1.99 ‘10-.‘.0 1‘052 -5.52 ‘;4'28 12n97 0.88 -6+30
30 106"’ ZOCI -5025 -8.96 2.1" "2-68 -9,.96 13~08 ‘5.39 ‘3.83 13060 004‘1' -6.09
31 1.65 2.64 =5.93 -8.73 2.88 =3.25 =9.92 13.80 =5.59 =3.37 14.07 0.33 =5.89
32 l.67 3.36 =6.61 =8.32 3.51 =3.82 =-9.78 14.23 =5.79 <~2.91 i4.61 0.00 -5.88
33 1.68 “-07 -7016 -7.75 G.14 -4.50 =-9.,46 14.67 "5-77 -2.45 15-25 "0022 -5.68
34 1.69 4.59 =T7.72 =7.45 4.58 =5.30 =-9.22 15.31 =5.98 =2,00 15.62 =0.33 =5.58
35 1.70 5.11 =8.27 =T7.06 5.19 =-6.08 =-8.90 15.95 =5.95 =1l.5¢ 16.03 =0.87 =5.65

83¢



TABLE D-4 (continued). .

1.72
1.73
1.75
1.76
1.77
l.78
1.80
l.81
l1.83
l.84
1.85
1.87
1.88

5.81
6.31
7.01
T.69
8.36
9.03
9.69
10.27
10.93
11.60
12.26
12.83
13.15

-3.81

-G.47

-9, 89
‘10031
~10.95
-11.47
-12.10
"'12051
=13.02
-13. 31
-13.59
-13.99
-14.29

"6.41
"5093
-5 38
4466
=hel2
~-3.58
-2.78
-1.90
-1.03
-0.26

0.94

1.54

1.96

5.72
631
6.92
760
8.19
8.77
9.50
10.34
11.06
11.54
12.29
12.65
13.45

=-6453
=-7.53
~Te96
-8.73
-9,38
-10.02
=10.99
“11‘61
=-12.46
~12.98
-13.26
-14.11
-14.71

-8.41
-7.99
-T7.52
-7.21
-6.73
=-6434%
-5442
-4.70
"4.06
-3.10
-2+.32
-1l.54
-1.10

16.56
17.02
17.57
l8.11
18.85
19.29
19.75
20.22
20.77

21.23 .

21.69
21.87
22.04

=6.15
-6.13
—6011
=6.20
=-6.0Q7
"6.16
-boltf
=-6.00
=5.99
-5 97
-5, 96
=606

-1l.18
-0082
=0s45
0.00
0.73
ote2
1.27
1.63
2.09
2454
3.08
3.45
3.81

16.47
17.10
17.52
17.96
18.48
18.97
19.49
20.15
20.66
21.29
21.77
22.33
22.80

-1.19
-1.40
~1.82
=2.14
=245
-2.98
-3,29
-3,.,91
-"022
-4.93
"5.4"
=-5.95
«6.45

-5055
-5454
‘5.24
-5.13
“bhe94
-4 4,92
-4.72
—4.51
-4432
-4.02
=3.55
‘2072
-2.53

65¢



TABLE D-5. Tractor-Body Reference-Point Coordinates and Times for Overturn Test 2, Run 2.
TIME XLRI XRR1 XLF1 XRF ]
1 1.25 -1l4.11 -1.27 -10.07 14,09 l«65 ~-10.07 -2.88 =-3.1} ~5.57 -2.62 3.35 ~5.43
2 1.27 ~13445 ~1.26 -10.07 -13.42 l.64 ~10.07 ~1+95 -3.10 =-5.67 ~1.84 3-33 ~5.43
3 l.28 ~12.79 ~1.26 -10,07 <~12.85 l.64 ~10.07 =1.58 =3.09 =5.57 =1.26 3e32 ~5,43
4 1.29 ~12,23 ~1.25 =10.07 -12.27 1¢63 =10.07 =093 =2.96 =5,58 «0.68 3,31 =5.3)
5 1.31 ~11.57 =~1.25 =10.07 =11.60 1.63,~10.07 =0.28 =3.07 =5487 0.00 3.30 «5.43
6 1.32 -11.01 =1.25 =10.07 -10.93 1,62 ~10.07 019 =2.95 =5.,58 V.58 3.53 =5.34
7 1.33 -10025 ,"‘1.37 "10.06 -10026 1061 "10.07 007" ‘3017 ‘5057 1.16 3040 "5-3‘0
8 1.35 -9.88 -1-24 -10.07 -9.78 1061 '10.01 1.49 -3,04 -5.,57 1.54 3.51 -5.44
9 1.36 -9,.31 =1.36 =9.96 -9,20 l.61 «10.07 2.04 -3.15 -5.¢66 2.42 3.38 -5.63
10 1-37 -84l4 -1.36 ~-9.96 ~8-53 1000 -9.97 2460 -3.26 -5.75 3000 3.25 ‘5-72
11 1l.39 =-8.19 ~-1.23 =-9,.97 =8.05 1.60 =~9.97 3.06 =3.48 -5.92 3.78 ' 3.12 =5.72
12 1.41 -7061 -1.35 -9.9% -7038 1.59 ~9.87 3.61 -3.59 -6.01 4426 3.11 -5.81
13 1.42 “7.24 =1.35 =9.87 -7.00 1.59 =9.87 3.98 =3.70 =6.19 4.84 2.99 =6.10
14 le44 -6.87 -1.22 -9.78 -6052 1‘59 ~9.87 4.63 °3-bs -6.47 5021 2.75 -6.09
15 1.45 -6.39 “1034 -9.78 ~6.04 1058 -9.78 5-18 -3.79 =-6.56 5.71 2098 =649
16 10"6 _5092 'lol'é -9.77 -5.56 1058 -9 .68 5:55 -3.78 -6-74 6.46 2-62 -6067
17 1047 -5-#5 -1046 ~9.67 ’5008 1.57 -9.68 6.20 -3077 -6.74% 6086 2084 -6068
18 1.49 -4,.80 -1033 -9.68 -4,60 1.57 " =9.68 6.66 -3.87 -6.74 7.43 2-61 ‘6.67
19 1.51 =4.32 =1.57 =9.67 -4.12 le45 =9.77 T.12 =3.86 =6.74 T.91 2460 =6.,67
20 1052 -3.66 -1.56 -G.67 =-3.5¢4% le32 -9.76 T«66 -4;08 =-6¢45 8.58 2+48 -6.47
21 1.53 -3.,10 -1.56 -9.76 =297 1.32 ~-9.76 8.21 ~-4.18 -b.44 8.97 2456 '6.76
22 1-55 -2.62 -2003 -9063 =239 1-19 ~9,.75 - 8.86 ‘4-17 =-6.44 9.61 2.02 -6.54
23 1-57 -2.06 -2015 -9.63 ‘1.72 0.83 -9.83 9,30 -4.38 -6025 10.10 2.12 =-6455
24 1.58 -1.49 -2062 -9.59 ‘1.24 0.36 -9.98 Q.49 ~4438 =597 10-48 2.01 -6435
25 1l.59 ~0.84 =2.96 =9.66 ~0.66 0.00 -10.15 10.38 =4.80 -5.68 11.14 1.89 =6.54
26 l1.61 -0.28 =3.43 -9+45 ~0.19 =0.47 ~10.1¢ 11.02 -4,78 -5.40 11.59 la44 -6052
27 1.62 0.28 =3.89 =-9.32 © 0638 <=1.18 =10.07 11.65 =4.99 <=4.85 12.C6 le4s =6.52
28 1.63 0.92 =4.,58 =9.09 1.03 =-1.88 =-10.0¢ 12.18 =5.20 =4,47 12.51 0.99 =6.40
29 1.65 1.56 =5.15 =8.96 1.59 =2.34 =3.98 12.62 =5.40 =4.01 13.06 0.77 =6.10
30 1066 2010 -5083 -8.65 233 -Zlgl -9.94 - 13.34 =-5.60 ~34,55 13.59 0.33 -5.99
31 1.67 2.81 =6.51 =8.42 2.96 =3.72 -%.88 13.79 =5.70 =2.82 14.13 0.00 ~5.79
32 1.69 3.44 =7.07 =-8.03 3e59 =4.52 =-9.46 14.32 =579 =2.45 14.59 =0,22 =5.68
33 1.70 - 4.23 -7073 -7-45 4e21 =-5.,42 -9.31 14.85 =599 =-2.00 15012 -0054 -5.67
34 1‘12 4-67 -8017 ‘=7.07 4.56 ~-5.76 -9.01 15.40 ~5.97 91.63 15.56 -0.87 =5.65
35 1073 5.18 ~8.84 -6.50 5017 =6.65 ’8041 15093 -6017 -l.18 16.C0 -1019 -5.64




TABLE D-5 (continued).

36
37
38
39
40
41
42
43
44
45
46

5.87
6.38
T.15
7.83
8.59

9.01

907
10.17
10.67
11.15
11.47

-3.49
-10.04
=10.45
-11.09
=11.50
=1l1.81}
“«l2.46
“12.74
-13.04
=13,76

-6002
-5-56
-4.92
-4429
~3.58
=2.87
-1.99
~1.38
0,34

0.69

1.54

5.87
6.37
7.06
7.73
8.50
9416
9. 74
10,20
10470
11.28
11.81

~-7.32
-8.21
-8.75
=-9.63
~10.15
=10.90
»lle®3d
-12.29
=12.59
-13.33
-13.85

-8.18
-7077
=-T7.21
-~6.80
-6.16
=3.5)
-4,79
=-4,07
‘3020
-2.41
~1.63

156.46
17.01
17.47
18.01
18.56
19.20
19.068
19.90
20.53
20.79
21.15

-6026
624
-6022
=-6,21
bl
=6,106
-0,2%
=$.35
“6.43
-6e53
'6052

‘0082
=0.36
0.00
0.63
1.09
1463
1.9
244
2.98
3.34
3.89

16.62
17.04
17.57
18.09
18460
19.18
19,48
20.24
20477
21.32
21.88

=-1.51
-1.94
-2.25
°2057
=2.99
=3,51
=3s92
4,54
«5.37
'5098
-6.49

-5 bl
~5433
-4,94
4,93
mho b4
=heB)
4,33
-3.94
-3055
'3017
‘2062

19¢



TABLE D-6: Tractor-Body Reference-Point Coordinates and Times for Overturn Test 3, Run 1.
TIME XLRI XRR 1 XLFI XRF1

1l 2.23 =15.05 =1.27 -10.07 -15.05 l.65 =9.87 =3.90 =3.25 =5.57 -3.58 3.24 =5.43
2 2.27 =14.12 =l.14 -10.,07 -14.00 lebs =9.97 =2.97 =3.11 =5.57 =252 3.35 ~=5.43
3 2.2) =13.09 =1.13 ~10.07 ~13,13 lebsd =9.97 =2.04 =3.22 =5.57 =1.5% 2.33 =5.43
4 2439 =12e¢22 =1.,38 =10.06 «12.18 1.63 =9.97 “lsll «3.,20 <=5,87 =0.48 3.31 =85,43
5 2.39 =11.38 ~1.25 =9.97 =11l.22 le62 =~9.87 “0s19 =2.95 <+5.58 0.19 3,30 =5.43
6 2044 =10.53 =1.37 =9.96 «10.26 le61 «9.97 0.37 -3.18 «5.57 le16 3.28 =5.,33
T 2448 =9.67 ~1l.24 =10.07 -9.49 le6l =9.97 1.58 =3.16 =5.57 l.65 3e16 =5,43
8 2653 =-8.94 -1.23 ~9+97 ~8.82 1.60 -9.97 2.13 -3.27 ~5.84 2.71 3.1 =5,62
9 2.517 ~8.18 =1.35 -9.87 =7.96 1l.60 =9.87 2496 =-3.,00 -5.83 3.58 3.13 5,72
10 2.61 =-7.71 -1035 ‘9.37 -7-38 1-59 -9.87 3-42 ‘3-82 -5o82 4.06 2.89 ’5.80
11 2465 «~T7e¢23 =1l.47 <+9.86 =-7.00 1.59 =9.,87 4.07 -3.81 -6.19 LT3 2465 +6.09
12 2.69 6476 -1.46 -9.67 -6¢52 1.59 ~9.78 4.53 -3.80 =646 5.31 2.64 =6.28
13 2073 ~-06e 39 ‘1.46 ~9467 «-6.13 1.58 ~9.78 4.99 -3,79 -6.56 5.69 2463 -6.47
14 2.77 -6011 -1l.46 -9.67 -5.9% le58 ~9.87 5,36 ~3.90 =655 6.08 2.63 ~b.47
15 2.82 -5.64 =l.46 9,67 «5.46 le46 =9.77 5,73 -4.01 -6.66 6.46 2«62 =657
l6 2.87 =5.,35 ~1.58 =9.67 -5.08 lea5 =9.77 6.00 =~4,00 <=6.64 6.74 239 <«6.56
17 2.91 =4e98 =1.45 =9.67 4469 le45 ~9.77 6.28 =4.11 =~6.63 T.12 2¢27 =655
18 2.95 =4.60 =1.57 =9.67 =4450 133 =9.76 6.74 =4.,10 =6.63 Te42 2450 =6.47
19 2.98 -4,41 -1.57 -9.67 -4el2 le45 =9,77 7.11 -4,09 -6e54 7.80 2.38 -balb
20 3.03 =4.04 -1057 -G.67 =383 l.44 -9.77 7.38 *4,20 =-6453 8.00 2.37 -6.56
21 3.07 ~3.76 «-1.56 9,67 -3,54 l.44 ~9,77 756 -4.19 -6.63 8439 2448 =-6456
22 3.11 =3.47 =-1.92 =-J.b64 %625 le20 =9.75 T.84 =4,19 -6.53 Be57 225 =6e46
23 3.15 -3,09 -1.92 =9.64% -Ze96 1.C8 -9.75 8.21 -4.13 =b.44 8.86 2¢25 " =6455
24 3.20 =2.90 -2.04 =963 =267 0.95 Q.74 8449 -4.17 0444 9.24 2.25 ‘6.55
25 3. 24 2453 -2.03 =963 -2.38 O0.84 -9.83 8476 =4.17 -6.26 9,61 2.02 =664
26 3,33 =1.86 =2.74 =9,59 -la.62 Q.24 =9.98 9.48 =4.49 =5,97 10.18 1l.90 «6.54
2T  3.37 =1.58 <=2.85 =9.49 -1.23 0.00 -10.05 9.93 =4.,70 =5.78 10.56 1.90 =6.54
268 3.41 =1.02 =3.44 =9.35 =0.85 =059 =9.92 1029 <«4.80 =5.50 10.72 le45 =6.42
29 3.45 ~0.65 -4,02 -9.32 ~0s47 -1.06 ~9,98 10.82 ~5.01 -5.12 11.20 l.44 -6.42
30 3449 =009 =-4,48 -9.10 0.09 =1.65 =-9.94 11.27 -5.22 ~4,75 11-66 l.11 -6.31
31 3.53 0464 -5.06 -8479 0.75 =2635 -9.89 11.97 =553 =4419 12.19 0.66 -6.19
32 3.58 1.37 =5.86 =8.46 1.49 =3416 =9.93 12.50 =-5.74 =3455 12.74 0.33 =5.99
33 3.62 2427 =6.76 =8.23 2030 =4.31 =9.75 12.31 =5.85 =2.82 13.47 0.00 -5.88
34 3.66 3.06 =7.78 =7.63 3ell =5.46 =9.40 13.95 <5.91 ~1.91 14,17 <=0.66 =5,76
35 3.70 4.02 =-8.89 =6,76 3e99 =6.70 -8.95 1459 <«5.89 =1.36 14,83 <0.65 <=5.76
36 3074 5-05 °1°o°0 -5091 5.03 -7093 =8s24 15033 -5076 ~0.64 15031 —1-52 -5.63
37 3.78 5668 =10.97 <=4.64 605 =9,37 =~7.35 16,16 =5.73 0.00 16.08 =2,16 =~5.60
38 3.83 6.83 =11.61 =-3.66 6.79 =10659 =6.32 16.86 =5.92 0.73 16.83 =3.02 =5.29
39 3.87 7.38 =-12.82 -1.99 Teb2 =11.67 =4.96 17.45 =6.33 1.63 17.66 <=4.61 =4.58
40 3.92 8.05 =13.34 0.17 8.31 ~13.21 -2.76 17.86 =675 2.89 18.64 «6.29 -3,53
41 3.95 8.27 =13.89 1.98 876 =14.42 -1,11 18.31 <=6.73 3.88 19.11 =7.55 =2.60
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TABLE D-7. Tractor-Body Reference-Point Coordinates and Times for Overturn Test 3, Run 2.

=

—
O VOO WMP LN

-
~No-

TIME
2.33
2.38
2.42
2.46
2.50
2.54
2.58
2,63
2'68
2.72
2.75
2.79
2.84
2.88
2.92
2.97
3.01
3.05
3.09
3.13
3.18
3.22
3.27
3.31
3.36
3.40
3.44%
3.48
3.53
3.57
3.61
3.64
3.68
3.74
3.78

~14.70

~13.84
-12.80
=11.96
-11.11
-10.17
-9,60
-8.95
-8.19
‘7.63
=-T.24
-6.86
=-6.40
’6.21
-5.83
=-5.45
‘5-17
~-4.70
-4‘51
-4.32
-4.04
=-3.76
-3057
-3.47
‘3010
’2-91
-2072
-2.53
-2+34
-2015
-1.87
-1.68
=1.49
~1.02
-0.74

XLRI
-1.02
-l.1%
-1.13
-1.13
-1.12
~l.12
-1.11
-0.99
-1.11
-1.10
-1l.22
=-1,3%
-1.22
-1l.22
~-1.34
-1l.46
-1'45
~1l.45
-1.45
-1.45
‘1.45
-1.56
-1l.56
-1056
-1l.56
-1056
-1.67
‘1091
-2.03
-2.27
=2.50
-2.62
-2.,73
-2073
-3.32

-9.99
-9.98
-9.98
-9.98
-9,98
«9.98
-9.98
-9.99
-9.%8
«-9.98
-9.88
-G.87
-9.78
-G.88
-9.78
_9077
"‘9‘77
-9.77
-9077
-9.77
-9 c77
-9.76
-9.76
-9.76
-9.67
-9.67
-9075
-9.74%
’9073
-9062
'9070
-Q. 59
-9.59
’9.59
-9.55

-14.59
-13-63
=12.76
-11.80
-10.84
-10.17
-9.40
-8.63
-7091
-7.39
-T7.00
‘6052
-6.14
’5-95
~5.46
-5.08
-4,79
‘4.60
-4.41
‘4.02
-3.74
-3.55
-3.“5
-3016
-2.97
=-2.68
-2.58
72.29
-2.20
-1.91
-1071
-1143
~1.23
=-0.85
«0.57

XRR1
1.78
1.77
1.76
1.75
1.74
l.74
1.73
1.73
l.84
l.84
1.71
1.71
1.70
1.70
1.58
1.57
1.57
1.57
1.57
1.57
1.56
l.56
l.50

1.56.

l.44
l1.32
1.31
0.95
0.95
0.71
0.48
0.36
0.24
0.00
-0035

-9.88
~9.88
-9.98
-9.98
-9.88
-9.98
-9.,98
-9.98
~9.89
-G, 89
-9.88
-9.,88
-9.79
-9.79
-9.78
-9178
-9078
~-G9.78
-9.78
-9.87
-9078
-9.78
-9,78
_9.76
;9077
-9.86
-9,86
-9.83
-9,.,33
) -Q,.8¢
-9.,99
~-10.08
-10.07
-10.05
-10.03

~2.97
~2.23
-1.49
=0.56
0.0%
1.02
1.67
2.41
3.06
3.7V
4.07
4.63
5.00
5.27
5.55
5.83

- 6e29

0.66
6.66
7.12
7.30
7.68
7.67
8.04
8.40
8.59
8.87
8.76
8.96
9.41
9.67
9.86
9.67
10.39
10.67

XLF1
-3.23
-2.86
=2.85
=2.86
-2.95
-3.05
=3.16
-3.26
-3.25
-3.59
-3.70
-3068
-3.68
-3.79
=3.78
-3.78
-3.77
-3076
=3.76

" =3,75

-3.86
-3.74
-3.85
-3.84
~4.06
‘3.95
-3.94
°4017
-4005
-4e15
~4437
-4,37
-4-37
-4469
-5,60

-5057.

=5.58
-5.58
=558
=5, 58
=5.,57
5466
-5.84
-5.84
‘6.01
-6.19
~6.19
‘6.56
-6065
‘6.65
-6e65
=656
-6.65
-6056
-6.56
-6o55
~6.56
—6055
-6055
’6054
-6045
-6¢55
-0.44
-0026
-6026
-6.16
‘6.06

-5.97 .

~5.59
-5.36

-3,.02
=2.04%
=l.26
~0.29
0.49
1.26
2.13
3.00
3.68
4.26
4e93
5442
$5.70
6.08
6447
6.86
7.04
7443
7.62
7.91
8.10
8.40
8.59
8.78
8.96
9.26
9.55
9.04
9,82
9.82
10.20
10.38
10.38
10.8¢4
11.12

-

XRF 1
3.95
3.70
3.68
3.66
3465
3.28
3,38
3.25
3.12
3.11
2.87
3.10
2.86
2.63
2.85
2.73
2.61
2.01
2. 61
2.60
2.60
2.71
2.59
2.59
2.36
2.58
2.58
2047
2424
2.35
2423
2.01
2.01
1.78
1.67

=5.35
=5.44
«5,35
=5.44%
“5.44
-5.,33
-5,53
‘5.62
-5.72
-5.91
-6 10
-6.30
-6.48
~6e57
-6,48
"6048
~6e47
-6-57
-6e 57
-6057
’6057
-6.57
-6057
-6.57
-6.56
‘6057
‘6057
~6.56
-6.55
-6-56
-6155
-6.54
-6045
"6.44
-6e43

£9¢



TABLE D-1.

Tractor-Body Reference-Point Coordinates and Times for Overturn Test 1, Run 1.

) 720 Pt Jut ot ot ot Pt Post P Pt
CUENOCVIPWNFOOVODNOCOWVPUWN-

N
-

WwwwwhNhNNDNNNN
WO OVO~NOCVMSHWLN

W W
w b

TIME
l.48
1.50

‘1.51

1.53
1.54
1.55
1.57
1.58
1.59
1.61
1.62
1.64
1.65
1.66
1.67
1.69
1.70
1.72
1.73
1.7"
1.76
1.77
l.78
1.80
1.82
1.83
l1.84
1.86
1.817
1.88
1.90
1.92
1.93
1.94
1096

-13.55
-13.17

‘=12.51

-12.04
~-11.37
-11.00
~10.34
~9.96
-9.40
‘9012
=-8.46
‘8018
=T.71
‘7.33
-7-05
-6.67
-6439
-5¢92
-5.64
~5.07
-4.69
-"o"l
‘-3‘76
-3.47
-3.00
-2.62
=-2.05
-1.77
-1.30
-0083
-0028
0.C9
0.64
1.19
1.73

XLRI
-1.26
-1 «26
-1.26
-1.25
-1.37
-1.37
-1.37
-1l.36
-1.36
-lqab
-1.3%
-1.35
-1.35
=1.35
-1.47
=l.46
-1.3¢
-1l.46
-l.46
-1.45
-1.57
-1.57
-1.56
-1.68
~1.80
-2.15
-2.38
-2.7%
-3.09
-3.67
-4,02
-4.60
‘5.06
-5.63
-6.08

=10.07
-10.07
=10.07
-10.07
-10.06
-10.06
-10.06
-10.06
=-9.96
=9.56
"9.87
-9.96
-9.96
-9.96
-3.86
-9.77
-5.78
-9-77
-9 77
-9.77
-9.76
-9.76
-9-76
~9.66
-9o65
-9.63
-9.61
-9.59
_9047
-9.52
-9.50
-9.18
-9.15
-8.52
-8.54

-13.71
-13.13
~12.56
~-12.038
-11.50
-10.93
~10.45
-9.87
=-9.49
-9.01
=-8.44
-8.06
"7-57
-7.09
-6.90
-6.52
~6e13
=5.94%
-5.27
-4.98
%460
-4,12
=-3.73
-3.25
=290
-2.43
-1.91
=1l.43
-1l.14
=0.66
-0.19
C.28
0.75
l.21
1.85

XRR1
l.64
.64
1.63
106-‘?‘
l1.62
1.62
1.62
l.ol
1.61
l.00
1.72
l1.72
1.59
1.59
1.59
1.59
1.58
1.58
l1.58
1.57
1.45
l.45
1.32
l.c0

1.08-

0.84

0.71

Q.24
-0.24
-0.83
-1.18
-1.53
-2.23
=270
-3.62

-10.16
-10-07
”lﬂ007
-10.07
-10.07
-10.07
-10.07
-10.07
-9,97
-9.97
-9.98
-9.98
‘9097
-9.97
-9.97
-9.87
-9.87
. =9.87

-9.78 .

-9.87
‘9087
-9.86
-9.75
-9.75
~-9.83
-9.82
-3.98
-9.54
~G.90
-10.07
-9.95
-9.90
-9.96
-9.89

-2.32
=1.67
-1.11
-0.65
0.00
0.37
0.93
l.48
1.86
2. 32
1.85
3.15
3.80
3.838
4.35
4e72
5.36
5.55
6.01
6656
6.74
7.19
T.66
8.03
6.49
8.94
9.50
9.87
10.11
10.84
11.08
l1.62
11.98
12.50
12.95

XLFI
=3.22
~3.21
-3.20
-3.29
-2.95
-3018
-3.17
~3.28
-3.27
-3.26
~3.39
=3.37
=3.59
-3081
-3031
-3.80
~3.78
~3.90
-3,.89
-3.99
"4.10
~4420
-4.19
-4.07
-4.06
-4,28
~4 4,26
"’9.25
-4.70
-4.79
'5-23
-5.32
~5.42
~5.74
-5.83

‘5057
-5.66
=566
=5.66
-5-67
-5.75
=5.57
-5.66
-5.66
-5.84
"5.93
-5.93
-6 10
-6.19
-6.19
-6037
-6056
'6.64
-6.83
-be 73
-6.72
-6.72
‘6-72
-6-63
-6.54
~bead
~6e44

-=belb

~5.78
~5.50
=5.20
~4.74
-4.38
-3091
=3.45

-1.94

=1.65.

-0097
-0.48
C.19
0.78
1.16
l.65
2.13
2.71
3.20
3.77
4.16
heb4
5.02
5.41
5.79
6.27
6.66
1.04
7.53
7.91
8.29
8.77
9.14
9.03
9.91
10.28
10.65
11.03
11.59
11.86
12.31
12.¢€6
13.12

XRF1
3.34
3.33
3.32
3.31
3.30
3.41
3.28
3.27
3.38
3.26
3.25
3.01
2.89
2.76
2.76
2.75
2.63
2.63
2.62
2.61
2.61
2.49
2.48
.37
2.25
2435
2.24
2.01
1.78
1.67
l.44
1.33
0.88
0.55
0.33

-5.43
~5.43
-5053
-5.43
-5.43
-5.34
-5 063

-5043

-5.53
-5 62
~-5.72
-5¢71
=5.71
-5.90
-6009
~-5.19
-6038
'6057
-6.67
-6.57
-6057
-6456
-6056
-6.56
-6¢55
-6.66
-6454%
"6.46
-6453
"6.52
-6042
-6.40
-6.29
-6.09

Zse



TABLE D-1 (continued).

1.97
1.98
2.00
2.02
2.03
2.04
2.06
2.07
2.08
2.10
2.11
2.13
2.14
2.16
2.17
2.18
2,20
2.22
2.23
2.24

2.45
2.98
3.42
3.86
4,30
4.73

5.33

5.75
6.28
6,78
7437
8,06
8.57
9,08
S.55
9,79
10.326
10,96
10.96
11.03

~6e64
-7020
-7.76
-8.09
“8.54
-8.93
-9075
‘10-30
-10.62
-10.81
-11.46
~1li.¢4
-11.84%
-12.59
-12.90
-13.22
-13.62
-13y69
-13069
‘13.91

-8.41
=T7.93
=754
~T.3%
-6.96
-6.58
-6001
“5063
-5.09
“.65
-3.93
-3u31
-2078
-1.99
-le12
=0.26

1.03

1.98

2441

2.40

2.49
2.94
3.48
3.83
4.36
4.79
5.31
5.74
6.25
6.77
T.27
8.93
8. 61
9.17
9.49
10.37
11.04
11.25
11.32

=-3.96
-4.53
-5.21
-5.90
~-6.57
-Ta 13
-7.69
~3.24
-8+90
-9.33
-9.,99
=-10.52
-11.27
’12-02
~12+45
-13.09
-13.51
-13179
=14.33
-14,55

-9.78
-9.46
’9.‘1
-9.18
~8.96
-8-47
-8025
-7.86
-T.38
‘7000
-6952
-5.006
-5.41
-4.69
-4007
-3.19
-2.15
‘1011
‘0060
-0.60

13.41
13.78
14.31
14.54
14.92
15.47
15.82
16.28
1().7"
17.28
17.56
17.92
18.48
le.84
19.39
19.75
19.93
20.30
20.39
20.62

-5.82
-5.81
-5.90
-6.33
-6.21
-6.19
"6.17
-6027
'6.25
=523
-6022
~6.21
-6.08
’6.18
-6.16
-6014
-6.14
'6012
-6012
-6.43

-3-00
=255
-2.09
-1.81
-1.54
-1.09
-C.73
-0.54%
-0.18
0.18
0.54%
1.00
1.36
1.81
2.18
2.54
2499
3.45
3.63
3.62

13.48
13.92
14.38
14.82
15.17
15.51
15.94
16440
16.71
17.08
17.57
17.91
18.41
18.79
19.29
19.88
20.33
20.79
2l.15
21.36

0.11
-0.22
=0.44
-0.76
-0-93
‘1.41
-1.73
-1034
-2.37
-2447
-3.00
-3032
-3.74
_4'37
-4 78
-5.19
-5.91
-6053
’7.15
=756

-5.89
-5.78
-5.77
-5.78
-5-65
~5463
-5052
~5.52
-5.40
-5031
-5.19
-4.90
-4.89
-4.59
-4.,39
-4.01
=3.54%
-2.98
=2.60
-2.68
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TABLE D-2.

Tractor-Body Reference-Point Coordinates and Times for Overturn Test 1, Run 2.

-
O WVWENCWME WD

12

TIME
le47
l1.49
1.50

leS52°

1.53
1.54
1.56
1.57
1.53
1.60
l.62
1.63
l.64
1.65
1.67
1.68
1.69
1.71
1.72
1.74
1.75
1.76
1.77
1.79
1.80
1.82
1.83

1.84 .

1.86
1.87
1.89
1.90
1.92
1.93
1.94

~13.94
=13.30
-12.92
-12.25
-11.78
-11.21
=10.65
-10.27
-9.71
=-9.33
~8.76
-8448
-8.10
«7.63
-7026
~6.88
-6.50
-6.31
-5.74
~5.37
-".80
whyo 52
~4.05
'3.67
~3.29
-2.73

. =2.25

-1.88
-1.59
“0093
0.00
0.37
0.74
1.11

XLRI
-1001
-0.88
-0.88
-1.00
-1.00
-1.00
-1.00
~0.99
-0.99
-0.99
-0.98
-0.98
-0.98
-0.58
-0398
~0.97
-1.09
~0.97
-1.09
-1 <09
-1.20
-1.20
-1.20
-1.32
~1.55
-1.67
-2.14
-2.37
-2.60
-2.95
-3. 18
-3.76
-3,99

‘10008
-10.C9
-10.09
~10.08
-10.08
-9.99
~10.08
-10.08
-10.08
-9.99
-9689
~%.89
-9.89
-9.89
-5.89
-9.89
-9071
=-9.70
‘9071
-9.70
-9.70
-9.69
-9.69
-9.68
-9.67
-9.75
-9.81
-9.89
-9.78
-9.85
-9.74
-G.61
‘9.78

-13.76
«-13.36
~-12.388
-12.30
-11.71
«11.34%
-10.67
-10.28
«9.70
-9.,33
-8.74
=-8.46
~7.88
-1-50
-7012
-6073
=534
-6.C6
~5.67
-5.28
-he 80
"“’051
-3.84
~3.55
-3.16
-2e68

" =2420

-1-72
-1l.34
-0.86
-0.38
0.00
0.66
o.g""
1.32

XRR]
2015
2.02
2.01
2.01
l.88
2.00
1.99
1.99
1.98
2.10
1.97
2409
2.09
2.08
2.08
2.07
1.95
2.C7
2.06
1.94
l.81
1.61
1.68
l.68
l.68
1.55
1.55
1.31
0.95
0.71
0.35
=-0. 12
-0.35
-0.8¢2
-1.26

-10.00
-9.99
-9099
-9.99
-9¢99

-10.09

-10.09

-10.09

-10.09

-10.10

-10.09

-10.00

-10.00

=-10.00
'9-91

-10.00
-9.90
‘9081
-9.81
-9.80
-9.89
-9.89
-9.79
-9.79
-9.79
-9.87
-9087
-9.86

-10.02

-10.20

-10117

-10.14

=-10.31

=10.28

-10.25

-2.61
-1096
-1.58
‘1-40
=0.56
0.00
0.47
l1.12
1.49
1.96
2.33
2.98
3.25
3.81
4.18
4.55
4.82
5.38
5.75
bel2
6.68
7.13
7.41
7.78
8.15
8.70
9.16
9.53
9.62
10.44
10.89
il.34
11.70
12.95
12.50

XLF!
-2.75
=-2.74
-2.7%
-2.73
-2.60
’2071
-2.71
-2470
-2.69
-2.80
-2.80
-2,90
-3.13
-3024
-3023
-3.34%
-3.34%
-3.32
-3.31
=3.42
-3.52
-3,52
-3.02
=-3,62
-3.61
-3,71
-3.70
-3.81
=3.91
-4.12
-4-22
-4.32
4485
-44,75

-5031
-5.68
-5.59
-5.59
=5.59
-5059
=5.59
-5068
-5.68
-5.86
-5.86
-5.95
=-6.03
-6.03
-6021
-6.30
-6449

-6058 .

-6.76
-6076
=660
-6.66
-6.57
=675
-6.56
-6.65
_6-56
-6.46
-6027
-6.08
-5.80
~5.61
-5.33
-5.04
-4.76

~2.23
-1.85
-1.26
-0-63
~0.10
0.29
0.68
1.26

© 1.85

2.24
2.82
3.88
4.36
4.54
S5.13
5.52
6.00
6.38
6.77
7445
T.64
8.02
8,51
8.89
9.38
9.76
10.04
10.32
10.62
11.46
11.74
12.20
12.47
12.84

.

XKF I
3,70
3.81
3.80
3479
3.60

"3.65

3.76
3.67
3.86
3.73
3.84
3.71
3.58
3.34
3.33
3.22
3.09
3.09
2'97
3.07
2.95
2.95
2.9“
3.04
2. 81
3.03
2.80
2. 68
2.57
2.68
2.33
2.22
1.99
1.77
1.54

-5.35
-5.35
=5435
‘5-35
-5.35
-5635
=5.35
=5.35
~5.55
-5.64
"5.7"
-5.74
-5083
-5.82
-6-11
-6.11
«6.30
-65449
-6.58
-6.59
-6.58
-6.58
-6.58
~6.59
-6.58
-6059
-6.68
'6.57
-6047
-60‘08
=-6.46
-6.46
-6045
-6034
‘6043

ySe



TABLE D-2 (continued).

1.96
1.97
1.99

. 2.00

é.02
2.03
2.0%
2.06
2.07
2.09
2.10
2.12
2.13
2.14
2.16
2.17
2.18
2.20
2,22
2.23
2.24
2.26
2.27
228
2.30

1.66
2.11
2.56
3.11
3.65
4.27
4.71
5.24
5.58
6.02
6. 54
7.05
7.56
8.16
6.68
9.27
9.85
10.09
10.61
10.85
11.43
11.75
12.15
12.56
13.23

-4, 44
-4.90
~5.24
-5-46
-5.79
=6.34
-6.7T9
«-7.35
-T.68
~-8.00
-8.43
-8.98
~-9.41
-9.83
=10.14
-10.56
-11.08
-11.41
-11.48
-12.21
~12.52
-12.94
-13.24
-13.41

-9.65
‘9116
-8.96
~-8.67
-8.46
-8.43
-8.04
-7¢65
-T.36
-7.07
-6.60
-6031
-5084
-50‘07
-4.93
-4.56
‘4.11
-3.49
-2.88
=226
-1.91
-0086

0.00

0.86

163

1.78
2.34
2.80
3426
3.81
4025
4.70
5.23
5.67
6.10
6.54
6.98
7.49
8.09
8.68
9.20
9.59
«10.18
‘10.58
10.99
ll.58
11.87
12.45
12.76
13.31

-1.52
-2.10
-2.44
-2.78
-3.24
-3.81
-4,37
-4,94
‘5.50
=6.06
-6.38
"6.82
-7.48
-Te 91
-8.56
-8.88
-9,64
-10.17
-10.71

-11.13°

=1lle42
-12.18
-12+47
-12.89
-13.51

-10.32
-10.28
-10.25
-9.92
-9.88
-9.65
-9.43
~9.30
-8.99
=8.69
-8.48
=-8.08
=779
-7.39
=6.84
=6.62
6416
~5.52
-5006
-4 .44
-3.72
-2e9%
-1.98
=le406

12.87
13.32
13.67
14430
14.56
15.09
15.37
15.90
16.35
16.72
17.18
17.53
18.08
18.5¢4
18.91
19.38
19.79
20.19
20.50
20,77
21.21
21.67
22.11
22.44
22.65

-4 T4
-4.83
-4,93
-5.14
~5.24%
"5."0‘0
=543
‘5.52
=5.02
=-5.60
=54.59
=5469
=-5.67
-5065
=-5.64
-5052
-5.83
=560
-6n01

. =6600

-6,09
-6.08
=-6e17
-5.84
=6e2Y

-4 .49
-4021
-3.84%
'3.47
~3.10
=Leb4
=2.46
~2.00
-1l.82
-1.55
-1018
-1.00
-0.64
-0027
0.09
L 0.55
0.82
1.00
1.45
le81
2.08
2072
3.17
3.54
3.62

13,31
13.59
14.04
14.50
14.97
15.31
15.66
16.12
16.37
l6.84
17.27
17.62
18.06
18.52
18.86
19.29
19.80
20,20
20.68
2l.10
21.66
22.14
22.59
23 .06
23.35

l1.43
1.32
1.09
0.87
V.76
0.43
0.11
0.00
-Q.32
_0043
-0.75
=-0.97
-1.28
-1.39
-1060
-1.91
-2033
-2.85
-3.37
=-3.68
-4430
-4081
-S5e42
-5.92
=6e43

-6.33

-6022

'6012
'6.01
-5 .91
~5480
-5.79
=5 469
-5068
=~5.67
-5.66
=-5455
“5054
~5635
-5015
-4,96
-4,94
-4,83
-4.53
4443
4,04
-3,75
-3,37
-2.81
-2+.62

SS¢



TABLE D-3. Tractor-Body Reference-Point Coordinates and Times for Overturn Test 1, Run 3.

N 02 10 s Pt Pod Pt ot Pt Pt P
OVONOCVMPULWNFFOOONCVHWNr

[N R
N

wrRNhNNDNON
oOva~NocowwdwWw

W wwiw
U & WA -

TIME
1.45
1.46
1.48
1.49
1.50
1.52
1.53
1.54
1.56
1.57
1.58
1.60
1.62
1.63
1.64
1.66
1167
1.69
1.70
1.72
1.73
1.74
1.76
1.77
1.78
1.80
1.81
1.83
1.84
1.85
1.87
1.88
1.90
1.91
1.92

-14.12
=-13.64
~13.26
-12.51
-12.03
-11.48
~10.91
-10.35
-9,97
-9.41
-9, 02
-8047
’8019
-7.71
-7.43
‘7005
-be 58
-6439
-5,32
~5.55
-5.07
=44 60
'4 022
-3076
-3.38
-2;81
-2.53
'1096
~-1.58
‘-1012
-0- 65
-0.18
0.28
0.92
1.37

XLRI1
-1.14
-1.26
-1.26
“1026
-1.38
-1(25
=1.25
=1.24
-1.24
-1.24
-1.36
‘1-23
-1{23
-1l.35
-1.35
-l.47
-1.46
-1.34
-1.46
-1033
-1.45
-1.4%
-1.57
-1.56
-1l.56
'1091
-2003
~2.26
-2.62
«“2.97
-3.55
-3.90
-4,48
-4.81
-5039

-10.07
-10.07
-9.97
~10.07
=10.06
-9.97
‘9097
-9.97
-9.97
-9097
-9.96
-9.88
-9.88
=-9.96
-10.00
-9.77
-9.77
'9.68
-9.67
-9.68
-9.67
-9.67
-9-67
-9.76
-9-67
-9.64
-9.63
'9062

-9.59°

-9.66
-9.62
-9.42
-9019
-9.08
-8.86

-13.52
~“13.04
~-12.56
~-11.98
-1l.41
-10093
-10.35
-9097
-9.40
-~B8.92
'Uoﬁ“
‘7.96
-7048
-7.00
‘6080
-btﬁz
~6.23
=-5.65
-5.27
-4.89
-4.40
-3.93
=3.54
-3015
=268
-2.29
-1Q81
=1.43
=-0.76
-0.47

-0009-

. 0.47
1.03
1.58

XRKR 1T
1.65
1.64
.64
1.63
1.63
1.62
1.62
1.62
1.61

1-73'

1.73
l.72
l.72
1.59
1.59
1.59
1.59
1.58
1.58
1.58
1.57
l.45
l.44
l.44
1.20
1.20
0.95
0.71
0.24
=0e2%
~0.71
=0.94%
-1.53
~1.99
~2e 69

~9.47
=-10.07
-9.97
-10.07
-10.07
-10.07
=997
-9.97
~9.97
~9.98
-9.98
-9.88
-9.88
=-9.97
-9.97
-9087
.-9087
-9078
-9.78
-9.78
-G.78
-9.77
‘9-77
~9.87
-9.75
-9.75
-9.83
-9'82
-9.88
-10.04
-10.10
~-10.08
~10.04
-10.01
-9.96

=-2.97
-2.23
-1.67
-1.21
=-0.65
-0.19
0.37
0.93
1.30
1.76
2.32
2.78
3.06
3.61
3.98
bbbl
4.81
5.08
5.55
5.92
6.48
6.83
T.38
7.66
8.02
8.58
9.03
9.40
9.48
10.38
10.75
11.19
11.72
12.07
12.52

XLF1
~3.11
=-2.98
-3.09
-3.09
=3.20
-3019
-3.18
-3.17
-3;05
-3, 16
-3.15
=3.26
—30‘8
-3.70
~-3.70
-3.80
-3.80
'3.91
-3.78
=3.77
-3.76

~4410 -

-4.08
-4-19
~-4.18
-4017
-4.27
~4.26
~4.49
-4.80
-4.79
-5.00
~5.21
~5.42
-5. 52

-5.57
=558
‘5.57
=-5457
-5.86
~5.66
-5.66
~5.57
-5.67
-5.57
=5.85
~5.84
~5.83
-5.92
-6019
~6.46
-6.46
-6.6%
-bo7"
=6eT4
-6.74
=-6.63
=-6.63
6,44
-6.53
~6e53
bbb
=6.25

-6.06 .

-5.77
-5.40
-5.12
-4,75
-4.28
-3.92

-2062
-1.94¢
-1.36
-0.78
-0.39
0.19
0.68
l1.16
1.65
2.23
2.71
3.20
3.87
4435
4,74
5.02
5.60
5.69
6.27
6.75
7.13
T.81
8.00
8.39
8.87
9.25
9.63
10.20
10.28
10.84
11.31
11.68
12.04
12.49
12.87

XRF1
3.59

<334

3.33
3.43
3.31
3.30
3.29
3.40
3.39
3.26
3.37
3.25
3.12
3.00
2.99
2.76
2.63
2.63
2.63
2.62
2.50
2.49
2 .#9
2.60
2.48
2.36
2.35
2.23
2.01
1.78
1.56
1.44
1.11
0.77
0.77

=5.44
=5.43
=533
=5.43
-5.33
-5.43
-5.33
-5.34
=5.43
‘5.53
=5.63
=-5.72
-5.72
-5.81
-6000
-6009
-6.28
‘60“7
-6.57
-6067
6456
~6.56
'6.56
-6057
-6.56
-6.56
=656
~6¢55
-6035
~6.44
-be43
-6.42
“6.“1
-6.20
~6.10




TABLE D-3 (continued).

36
37
38
39

40"

41
&2
43

45
46

48
49
50
51
52
52
54
55

1.94
1.95
l.96
1.98

l.99 :

2.01
2.02
2.04
2.05
2.06
2.08
2.09
2.11
2.12
2.13
2.14
2.16
2.18
2.19
2.21

1.92
246
2.99
3.61
4.04

 4.48

5.00
5.51
6.03
6.46
6.97
T.64
8.23
8.56
9.34
'9.90
10.23
10.79
11.21
11.45

-5.84%4
-6e29
-6.65
-T7.29
”7.97
-8030
=-8,96
'9051
-9-83
~10.26
-100 58
-11.22
-11.63
-12.06
-12.13
-12.87
=13.07
-13.70
-13.78
-13.98

-8.,65
-8.44%
-8.22
-Ta 83
=-T7.43
-7.06
-6.49
=-£.20
-5.65
‘5.19
=44,66
-4102
=3.40
-2.78
-2.00
'1029
=-0s34

0.77

l.72

2.06

2.C4
2.50
3.04
3.67
4.20
4455
4.99
5.49
6.03
6.45
7.05
7.54
8.12
8.62
9.29
9.83
10.33
. 10.80
11447
11.78

‘3015
-3.73
=4.30
-4,98
-5054
‘6011
-6.67
-70 68
1?7-89
~~8Q44
-8.98
-9.86
=10.51
-11.05
-11.57
'12054
-12.95
-130 59
~13,76
-14.18

=9.93
-9.79
~9.66
=9.43
-9.30
~9.,08
-9.58
-8.25
=7 .97
-7.58
=719
=6.44
~6.23
“5.51
-4 70
-4006
=3.19
-2.06
-1e37
=0.85

12.96
13.42
13,96
14.31
14.74
15.19
15.65
l6.10
16 '#5
16.92
17.47
17.90
18.37
18.75
19.20
19.66
19.93
20.38
20.76
20.83

=5.72
-5.71
-5.80
-5090
-6.21
=6.20
-6.18
-6.27
-6.37
"602"
-6022
-6.42
~6430
’6018
-6.16
'6015
~6.lé
‘6023
-6.11

. -6021

“3055
=291
‘2-64
-2.09
‘1081
=1.54
-1.09
=-0.82
~0.45
0.00
0.18
0.63
0.91
l.18
1.63
2.27
2.45
2099
3.45
3.71

13.30

13.67
14.21
14.58
15.01
15.36
15.79
16.22
16.67
17.09
17.54
17.95
18,47
18.76
19.35
19.85
20.23
20.74
21l.11
21.58

0.22

0.11
-0.22
=-0.33
-0.76
-0.98
=le4l
-1,73
~1.94
-2437
-2.47
-3000
-3.31
=3.94
=4.35
-4,76
=528
=5.58
=-6.20
=-6e71

=5.99
-5.89
=5.68
-5.68
=5.66
-5.65
=5.54
-5;52
‘5033
=5.22
‘5.03
-4092
'4081
-4,60
-4.40
-4412
=392
=3,45
-2.89
=261

LSE




TABLE D-4. Tractor-Body Reference-Point Coordinates and Times for Overturn Test 2, Run 1.
TIME XLRI XRR1 XLFI XRF 1
1 1l.22 «14.40 =1.14 =-10.07 =14.30 le77 =9.98 =3.16 =2.88 =5.58 ~2.81 3.47 =5.34
2 1.23 =13.84 ~-l.14 -10.07 -13.,72 1.77 -9.98 =2.51 =2.87 <=5.58 -2.1% 3.70 =5.35
3 1.25 -13.09 ~-l.13 -9.98 ~13.15 l.76 =-9.98 ~1.95 -2.86 ~-5.,68 -1465 3.57 =5.44
4 1.27 -12.52 -1.13 -9.98 -12.47 1.76 =-10.07 -le.12 -2.73 =5459 -0.87 3.67 -5435
5 1.28 ~11.86 -1.13 ~9.98 -11.80 1.75 -9.98 «0.65 f2.84 ~5.58 ~0.19 3.42 ~5.34
6 1l.29 -11.19 -1.25 -9.97 -11.23 1.75 '9‘98 0.09 -2.83 -5.58 0.39 3.53 =5.34
7 1.31  =10.55 =1.12 =9.98 =10.55 1.74 ~-10.Q7 0.65 =3.06 =5.57 1.07 3.52 =5.34
8 1.32 -9.98 -1l.12 -9.98 -%.98 le74 =-10,07 1.30 ~3.05 -5.57 1.65 3,63 -5.35
9 1.33 -9.32 =-1l.11 =9.98 =9.40 1.73 ~10.C7 1.77 =3.04 ~5.67 2.23 3.38 =5.53
10 1-35 -8076 ‘1.11 ~9498 -8.84 1.97 -10.09 2032 "3015 -5.85 2091 3.49 -5.63
i1 1.37 -8+.38 -1l.11 -9.98 ~8425 1.72 ~-9.98 2697 =-3.14% =-5.94 3.58 3.24 -5.72
12 1.38 -7082 -1-10 -G.98 -T.68 l.84 -G.89 3.43 ~3.24% ‘6003 3.97 3.00 '5-91
13 1.39 ~Te34 -1.10 -9.89 -7.10 1.71 -9.88 3.89 =-3.47 -6e.11 4.74 3.11 -6.,01
14 l.41 ~6.87 -1.22 -9.88 =662 1.71 -9,.88 4.36 =3.34 =630 5.12 2.76 -6.09
15 l1.42 -6 .40 -1.22 -9,.88 -6.14 1.70 -9.88 4,91 -3.68 -6.47 5.69 2.63 -6.47
16 1.43 ~5.93 =1.22 =-9.78 «5.66 1.70 =-9.79 5046 =3.67 =6.65 6.09 2.86 =6.58
17 1.45 =555 -1.33 -9.68 ".5.18 1.70 _-9-79 6.11 -3.606 -6.75 6,66 2.73 -6.67
18 1.47 -4,89 -1.33 -9.68 -4.,79 1.57 -9.78 6.57 =-3.76 -6.74 T.44 2.84 -6.68
19 1.48 ~4,42 -1.33 -9,68 -4.,31 1.57 -9.78 7-12 -3.75 -6.65 7.81 2060 -6.67
20 10"9 -3.76 -l.44 -G.67 =-3.55 1.56 -9.78 7.67 -3.85 "6055 8.39 2448 -6.47
21 10 51 -3-29 -1.56 -9.67 -3.16 l.44 ‘9077 8-05 "3073 ~-6.56 8:87 2559 -6057
22 1.53 -2.72 -1.56 -9.76 =249 1.31 -9.86 8.59 =3.95 -6.55 Y54 2447 -6.56
23 l.54 -1.97 -1.91 -9.83 -1.81 0.95 -9.93 9.23 -6.16 -6.35 10.31 246 ~6.56
24 1l.55 -1.50 =2.26 =-9.81 -1.33 0.71 -10.01 10.05 =4.25 =06.1b6 10.539 2.34 =6.66
25 1.57 =0.84 =2.72 =9.77 -0.57 0.24 -10.17 10.39 =4.69 =5.78 11.05 2,00 =-0.54%
26 1.58 -0.28 -3.19 -9.65 =-0.09 =0e35 -10.22 10.93 4,79 -5.50 11.71 1.77 -6.44%
27 1.59 0.28 -3-77 -9.52 Q.47 -C.82 -10.19 11.58 -4.77 -5022 12.06 1.44 ’60"2
28 1l.61 0.92 =4.34 -9.29 1.03 =-1l.41 -10.14 12.09 =5.20 =4.75 12.61 1.10 =6.41
29 1-63 1-"7 -4,80 -9017 1.59 -1.99 ‘10-.‘.0 1‘052 -5.52 ‘;4'28 12n97 0.88 -6+30
30 106"’ ZOCI -5025 -8.96 2.1" "2-68 -9,.96 13~08 ‘5.39 ‘3.83 13060 004‘1' -6.09
31 1.65 2.64 =5.93 -8.73 2.88 =3.25 =9.92 13.80 =5.59 =3.37 14.07 0.33 =5.89
32 l.67 3.36 =6.61 =8.32 3.51 =3.82 =-9.78 14.23 =5.79 <~2.91 i4.61 0.00 -5.88
33 1.68 “-07 -7016 -7.75 G.14 -4.50 =-9.,46 14.67 "5-77 -2.45 15-25 "0022 -5.68
34 1.69 4.59 =T7.72 =7.45 4.58 =5.30 =-9.22 15.31 =5.98 =2,00 15.62 =0.33 =5.58
35 1.70 5.11 =8.27 =T7.06 5.19 =-6.08 =-8.90 15.95 =5.95 =1l.5¢ 16.03 =0.87 =5.65

83¢



TABLE D-4 (continued). .

1.72
1.73
1.75
1.76
1.77
l.78
1.80
l.81
l1.83
l.84
1.85
1.87
1.88

5.81
6.31
7.01
T.69
8.36
9.03
9.69
10.27
10.93
11.60
12.26
12.83
13.15

-3.81

-G.47

-9, 89
‘10031
~10.95
-11.47
-12.10
"'12051
=13.02
-13. 31
-13.59
-13.99
-14.29

"6.41
"5093
-5 38
4466
=hel2
~-3.58
-2.78
-1.90
-1.03
-0.26

0.94

1.54

1.96

5.72
631
6.92
760
8.19
8.77
9.50
10.34
11.06
11.54
12.29
12.65
13.45

=-6453
=-7.53
~Te96
-8.73
-9,38
-10.02
=10.99
“11‘61
=-12.46
~12.98
-13.26
-14.11
-14.71

-8.41
-7.99
-T7.52
-7.21
-6.73
=-6434%
-5442
-4.70
"4.06
-3.10
-2+.32
-1l.54
-1.10

16.56
17.02
17.57
l8.11
18.85
19.29
19.75
20.22
20.77

21.23 .

21.69
21.87
22.04

=6.15
-6.13
—6011
=6.20
=-6.0Q7
"6.16
-boltf
=-6.00
=5.99
-5 97
-5, 96
=606

-1l.18
-0082
=0s45
0.00
0.73
ote2
1.27
1.63
2.09
2454
3.08
3.45
3.81

16.47
17.10
17.52
17.96
18.48
18.97
19.49
20.15
20.66
21.29
21.77
22.33
22.80

-1.19
-1.40
~1.82
=2.14
=245
-2.98
-3,29
-3,.,91
-"022
-4.93
"5.4"
=-5.95
«6.45

-5055
-5454
‘5.24
-5.13
“bhe94
-4 4,92
-4.72
—4.51
-4432
-4.02
=3.55
‘2072
-2.53

65¢



TABLE D-5. Tractor-Body Reference-Point Coordinates and Times for Overturn Test 2, Run 2.
TIME XLRI XRR1 XLF1 XRF ]
1 1.25 -1l4.11 -1.27 -10.07 14,09 l«65 ~-10.07 -2.88 =-3.1} ~5.57 -2.62 3.35 ~5.43
2 1.27 ~13445 ~1.26 -10.07 -13.42 l.64 ~10.07 ~1+95 -3.10 =-5.67 ~1.84 3-33 ~5.43
3 l.28 ~12.79 ~1.26 -10,07 <~12.85 l.64 ~10.07 =1.58 =3.09 =5.57 =1.26 3e32 ~5,43
4 1.29 ~12,23 ~1.25 =10.07 -12.27 1¢63 =10.07 =093 =2.96 =5,58 «0.68 3,31 =5.3)
5 1.31 ~11.57 =~1.25 =10.07 =11.60 1.63,~10.07 =0.28 =3.07 =5487 0.00 3.30 «5.43
6 1.32 -11.01 =1.25 =10.07 -10.93 1,62 ~10.07 019 =2.95 =5.,58 V.58 3.53 =5.34
7 1.33 -10025 ,"‘1.37 "10.06 -10026 1061 "10.07 007" ‘3017 ‘5057 1.16 3040 "5-3‘0
8 1.35 -9.88 -1-24 -10.07 -9.78 1061 '10.01 1.49 -3,04 -5.,57 1.54 3.51 -5.44
9 1.36 -9,.31 =1.36 =9.96 -9,20 l.61 «10.07 2.04 -3.15 -5.¢66 2.42 3.38 -5.63
10 1-37 -84l4 -1.36 ~-9.96 ~8-53 1000 -9.97 2460 -3.26 -5.75 3000 3.25 ‘5-72
11 1l.39 =-8.19 ~-1.23 =-9,.97 =8.05 1.60 =~9.97 3.06 =3.48 -5.92 3.78 ' 3.12 =5.72
12 1.41 -7061 -1.35 -9.9% -7038 1.59 ~9.87 3.61 -3.59 -6.01 4426 3.11 -5.81
13 1.42 “7.24 =1.35 =9.87 -7.00 1.59 =9.87 3.98 =3.70 =6.19 4.84 2.99 =6.10
14 le44 -6.87 -1.22 -9.78 -6052 1‘59 ~9.87 4.63 °3-bs -6.47 5021 2.75 -6.09
15 1.45 -6.39 “1034 -9.78 ~6.04 1058 -9.78 5-18 -3.79 =-6.56 5.71 2098 =649
16 10"6 _5092 'lol'é -9.77 -5.56 1058 -9 .68 5:55 -3.78 -6-74 6.46 2-62 -6067
17 1047 -5-#5 -1046 ~9.67 ’5008 1.57 -9.68 6.20 -3077 -6.74% 6086 2084 -6068
18 1.49 -4,.80 -1033 -9.68 -4,60 1.57 " =9.68 6.66 -3.87 -6.74 7.43 2-61 ‘6.67
19 1.51 =4.32 =1.57 =9.67 -4.12 le45 =9.77 T.12 =3.86 =6.74 T.91 2460 =6.,67
20 1052 -3.66 -1.56 -G.67 =-3.5¢4% le32 -9.76 T«66 -4;08 =-6¢45 8.58 2+48 -6.47
21 1.53 -3.,10 -1.56 -9.76 =297 1.32 ~-9.76 8.21 ~-4.18 -b.44 8.97 2456 '6.76
22 1-55 -2.62 -2003 -9063 =239 1-19 ~9,.75 - 8.86 ‘4-17 =-6.44 9.61 2.02 -6.54
23 1-57 -2.06 -2015 -9.63 ‘1.72 0.83 -9.83 9,30 -4.38 -6025 10.10 2.12 =-6455
24 1.58 -1.49 -2062 -9.59 ‘1.24 0.36 -9.98 Q.49 ~4438 =597 10-48 2.01 -6435
25 1l.59 ~0.84 =2.96 =9.66 ~0.66 0.00 -10.15 10.38 =4.80 -5.68 11.14 1.89 =6.54
26 l1.61 -0.28 =3.43 -9+45 ~0.19 =0.47 ~10.1¢ 11.02 -4,78 -5.40 11.59 la44 -6052
27 1.62 0.28 =3.89 =-9.32 © 0638 <=1.18 =10.07 11.65 =4.99 <=4.85 12.C6 le4s =6.52
28 1.63 0.92 =4.,58 =9.09 1.03 =-1.88 =-10.0¢ 12.18 =5.20 =4,47 12.51 0.99 =6.40
29 1.65 1.56 =5.15 =8.96 1.59 =2.34 =3.98 12.62 =5.40 =4.01 13.06 0.77 =6.10
30 1066 2010 -5083 -8.65 233 -Zlgl -9.94 - 13.34 =-5.60 ~34,55 13.59 0.33 -5.99
31 1.67 2.81 =6.51 =8.42 2.96 =3.72 -%.88 13.79 =5.70 =2.82 14.13 0.00 ~5.79
32 1.69 3.44 =7.07 =-8.03 3e59 =4.52 =-9.46 14.32 =579 =2.45 14.59 =0,22 =5.68
33 1.70 - 4.23 -7073 -7-45 4e21 =-5.,42 -9.31 14.85 =599 =-2.00 15012 -0054 -5.67
34 1‘12 4-67 -8017 ‘=7.07 4.56 ~-5.76 -9.01 15.40 ~5.97 91.63 15.56 -0.87 =5.65
35 1073 5.18 ~8.84 -6.50 5017 =6.65 ’8041 15093 -6017 -l.18 16.C0 -1019 -5.64




TABLE D-5 (continued).

36
37
38
39
40
41
42
43
44
45
46

5.87
6.38
T.15
7.83
8.59

9.01

907
10.17
10.67
11.15
11.47

-3.49
-10.04
=10.45
-11.09
=11.50
=1l1.81}
“«l2.46
“12.74
-13.04
=13,76

-6002
-5-56
-4.92
-4429
~3.58
=2.87
-1.99
~1.38
0,34

0.69

1.54

5.87
6.37
7.06
7.73
8.50
9416
9. 74
10,20
10470
11.28
11.81

~-7.32
-8.21
-8.75
=-9.63
~10.15
=10.90
»lle®3d
-12.29
=12.59
-13.33
-13.85

-8.18
-7077
=-T7.21
-~6.80
-6.16
=3.5)
-4,79
=-4,07
‘3020
-2.41
~1.63

156.46
17.01
17.47
18.01
18.56
19.20
19.068
19.90
20.53
20.79
21.15

-6026
624
-6022
=-6,21
bl
=6,106
-0,2%
=$.35
“6.43
-6e53
'6052

‘0082
=0.36
0.00
0.63
1.09
1463
1.9
244
2.98
3.34
3.89

16.62
17.04
17.57
18.09
18460
19.18
19,48
20.24
20477
21.32
21.88

=-1.51
-1.94
-2.25
°2057
=2.99
=3,51
=3s92
4,54
«5.37
'5098
-6.49

-5 bl
~5433
-4,94
4,93
mho b4
=heB)
4,33
-3.94
-3055
'3017
‘2062

19¢



TABLE D-6: Tractor-Body Reference-Point Coordinates and Times for Overturn Test 3, Run 1.
TIME XLRI XRR 1 XLFI XRF1

1l 2.23 =15.05 =1.27 -10.07 -15.05 l.65 =9.87 =3.90 =3.25 =5.57 -3.58 3.24 =5.43
2 2.27 =14.12 =l.14 -10.,07 -14.00 lebs =9.97 =2.97 =3.11 =5.57 =252 3.35 ~=5.43
3 2.2) =13.09 =1.13 ~10.07 ~13,13 lebsd =9.97 =2.04 =3.22 =5.57 =1.5% 2.33 =5.43
4 2439 =12e¢22 =1.,38 =10.06 «12.18 1.63 =9.97 “lsll «3.,20 <=5,87 =0.48 3.31 =85,43
5 2.39 =11.38 ~1.25 =9.97 =11l.22 le62 =~9.87 “0s19 =2.95 <+5.58 0.19 3,30 =5.43
6 2044 =10.53 =1.37 =9.96 «10.26 le61 «9.97 0.37 -3.18 «5.57 le16 3.28 =5.,33
T 2448 =9.67 ~1l.24 =10.07 -9.49 le6l =9.97 1.58 =3.16 =5.57 l.65 3e16 =5,43
8 2653 =-8.94 -1.23 ~9+97 ~8.82 1.60 -9.97 2.13 -3.27 ~5.84 2.71 3.1 =5,62
9 2.517 ~8.18 =1.35 -9.87 =7.96 1l.60 =9.87 2496 =-3.,00 -5.83 3.58 3.13 5,72
10 2.61 =-7.71 -1035 ‘9.37 -7-38 1-59 -9.87 3-42 ‘3-82 -5o82 4.06 2.89 ’5.80
11 2465 «~T7e¢23 =1l.47 <+9.86 =-7.00 1.59 =9.,87 4.07 -3.81 -6.19 LT3 2465 +6.09
12 2.69 6476 -1.46 -9.67 -6¢52 1.59 ~9.78 4.53 -3.80 =646 5.31 2.64 =6.28
13 2073 ~-06e 39 ‘1.46 ~9467 «-6.13 1.58 ~9.78 4.99 -3,79 -6.56 5.69 2463 -6.47
14 2.77 -6011 -1l.46 -9.67 -5.9% le58 ~9.87 5,36 ~3.90 =655 6.08 2.63 ~b.47
15 2.82 -5.64 =l.46 9,67 «5.46 le46 =9.77 5,73 -4.01 -6.66 6.46 2«62 =657
l6 2.87 =5.,35 ~1.58 =9.67 -5.08 lea5 =9.77 6.00 =~4,00 <=6.64 6.74 239 <«6.56
17 2.91 =4e98 =1.45 =9.67 4469 le45 ~9.77 6.28 =4.11 =~6.63 T.12 2¢27 =655
18 2.95 =4.60 =1.57 =9.67 =4450 133 =9.76 6.74 =4.,10 =6.63 Te42 2450 =6.47
19 2.98 -4,41 -1.57 -9.67 -4el2 le45 =9,77 7.11 -4,09 -6e54 7.80 2.38 -balb
20 3.03 =4.04 -1057 -G.67 =383 l.44 -9.77 7.38 *4,20 =-6453 8.00 2.37 -6.56
21 3.07 ~3.76 «-1.56 9,67 -3,54 l.44 ~9,77 756 -4.19 -6.63 8439 2448 =-6456
22 3.11 =3.47 =-1.92 =-J.b64 %625 le20 =9.75 T.84 =4,19 -6.53 Be57 225 =6e46
23 3.15 -3,09 -1.92 =9.64% -Ze96 1.C8 -9.75 8.21 -4.13 =b.44 8.86 2¢25 " =6455
24 3.20 =2.90 -2.04 =963 =267 0.95 Q.74 8449 -4.17 0444 9.24 2.25 ‘6.55
25 3. 24 2453 -2.03 =963 -2.38 O0.84 -9.83 8476 =4.17 -6.26 9,61 2.02 =664
26 3,33 =1.86 =2.74 =9,59 -la.62 Q.24 =9.98 9.48 =4.49 =5,97 10.18 1l.90 «6.54
2T  3.37 =1.58 <=2.85 =9.49 -1.23 0.00 -10.05 9.93 =4.,70 =5.78 10.56 1.90 =6.54
268 3.41 =1.02 =3.44 =9.35 =0.85 =059 =9.92 1029 <«4.80 =5.50 10.72 le45 =6.42
29 3.45 ~0.65 -4,02 -9.32 ~0s47 -1.06 ~9,98 10.82 ~5.01 -5.12 11.20 l.44 -6.42
30 3449 =009 =-4,48 -9.10 0.09 =1.65 =-9.94 11.27 -5.22 ~4,75 11-66 l.11 -6.31
31 3.53 0464 -5.06 -8479 0.75 =2635 -9.89 11.97 =553 =4419 12.19 0.66 -6.19
32 3.58 1.37 =5.86 =8.46 1.49 =3416 =9.93 12.50 =-5.74 =3455 12.74 0.33 =5.99
33 3.62 2427 =6.76 =8.23 2030 =4.31 =9.75 12.31 =5.85 =2.82 13.47 0.00 -5.88
34 3.66 3.06 =7.78 =7.63 3ell =5.46 =9.40 13.95 <5.91 ~1.91 14,17 <=0.66 =5,76
35 3.70 4.02 =-8.89 =6,76 3e99 =6.70 -8.95 1459 <«5.89 =1.36 14,83 <0.65 <=5.76
36 3074 5-05 °1°o°0 -5091 5.03 -7093 =8s24 15033 -5076 ~0.64 15031 —1-52 -5.63
37 3.78 5668 =10.97 <=4.64 605 =9,37 =~7.35 16,16 =5.73 0.00 16.08 =2,16 =~5.60
38 3.83 6.83 =11.61 =-3.66 6.79 =10659 =6.32 16.86 =5.92 0.73 16.83 =3.02 =5.29
39 3.87 7.38 =-12.82 -1.99 Teb2 =11.67 =4.96 17.45 =6.33 1.63 17.66 <=4.61 =4.58
40 3.92 8.05 =13.34 0.17 8.31 ~13.21 -2.76 17.86 =675 2.89 18.64 «6.29 -3,53
41 3.95 8.27 =13.89 1.98 876 =14.42 -1,11 18.31 <=6.73 3.88 19.11 =7.55 =2.60

9%



TABLE D-7. Tractor-Body Reference-Point Coordinates and Times for Overturn Test 3, Run 2.

=

—
O VOO WMP LN

-
~No-

TIME
2.33
2.38
2.42
2.46
2.50
2.54
2.58
2,63
2'68
2.72
2.75
2.79
2.84
2.88
2.92
2.97
3.01
3.05
3.09
3.13
3.18
3.22
3.27
3.31
3.36
3.40
3.44%
3.48
3.53
3.57
3.61
3.64
3.68
3.74
3.78

~14.70

~13.84
-12.80
=11.96
-11.11
-10.17
-9,60
-8.95
-8.19
‘7.63
=-T.24
-6.86
=-6.40
’6.21
-5.83
=-5.45
‘5-17
~-4.70
-4‘51
-4.32
-4.04
=-3.76
-3057
-3.47
‘3010
’2-91
-2072
-2.53
-2+34
-2015
-1.87
-1.68
=1.49
~1.02
-0.74

XLRI
-1.02
-l.1%
-1.13
-1.13
-1.12
~l.12
-1.11
-0.99
-1.11
-1.10
-1l.22
=-1,3%
-1.22
-1l.22
~-1.34
-1l.46
-1'45
~1l.45
-1.45
-1.45
‘1.45
-1.56
-1l.56
-1056
-1l.56
-1056
-1.67
‘1091
-2.03
-2.27
=2.50
-2.62
-2.,73
-2073
-3.32

-9.99
-9.98
-9.98
-9.98
-9,98
«9.98
-9.98
-9.99
-9.%8
«-9.98
-9.88
-G.87
-9.78
-G.88
-9.78
_9077
"‘9‘77
-9.77
-9077
-9.77
-9 c77
-9.76
-9.76
-9.76
-9.67
-9.67
-9075
-9.74%
’9073
-9062
'9070
-Q. 59
-9.59
’9.59
-9.55

-14.59
-13-63
=12.76
-11.80
-10.84
-10.17
-9.40
-8.63
-7091
-7.39
-T7.00
‘6052
-6.14
’5-95
~5.46
-5.08
-4,79
‘4.60
-4.41
‘4.02
-3.74
-3.55
-3.“5
-3016
-2.97
=-2.68
-2.58
72.29
-2.20
-1.91
-1071
-1143
~1.23
=-0.85
«0.57

XRR1
1.78
1.77
1.76
1.75
1.74
l.74
1.73
1.73
l.84
l.84
1.71
1.71
1.70
1.70
1.58
1.57
1.57
1.57
1.57
1.57
1.56
l.56
l.50

1.56.

l.44
l1.32
1.31
0.95
0.95
0.71
0.48
0.36
0.24
0.00
-0035

-9.88
~9.88
-9.98
-9.98
-9.88
-9.98
-9.,98
-9.98
~9.89
-G, 89
-9.88
-9.,88
-9.79
-9.79
-9.78
-9178
-9078
~-G9.78
-9.78
-9.87
-9078
-9.78
-9,78
_9.76
;9077
-9.86
-9,86
-9.83
-9,.,33
) -Q,.8¢
-9.,99
~-10.08
-10.07
-10.05
-10.03

~2.97
~2.23
-1.49
=0.56
0.0%
1.02
1.67
2.41
3.06
3.7V
4.07
4.63
5.00
5.27
5.55
5.83

- 6e29

0.66
6.66
7.12
7.30
7.68
7.67
8.04
8.40
8.59
8.87
8.76
8.96
9.41
9.67
9.86
9.67
10.39
10.67

XLF1
-3.23
-2.86
=2.85
=2.86
-2.95
-3.05
=3.16
-3.26
-3.25
-3.59
-3.70
-3068
-3.68
-3.79
=3.78
-3.78
-3.77
-3076
=3.76

" =3,75

-3.86
-3.74
-3.85
-3.84
~4.06
‘3.95
-3.94
°4017
-4005
-4e15
~4437
-4,37
-4-37
-4469
-5,60

-5057.

=5.58
-5.58
=558
=5, 58
=5.,57
5466
-5.84
-5.84
‘6.01
-6.19
~6.19
‘6.56
-6065
‘6.65
-6e65
=656
-6.65
-6056
-6.56
-6o55
~6.56
—6055
-6055
’6054
-6045
-6¢55
-0.44
-0026
-6026
-6.16
‘6.06

-5.97 .

~5.59
-5.36

-3,.02
=2.04%
=l.26
~0.29
0.49
1.26
2.13
3.00
3.68
4.26
4e93
5442
$5.70
6.08
6447
6.86
7.04
7443
7.62
7.91
8.10
8.40
8.59
8.78
8.96
9.26
9.55
9.04
9,82
9.82
10.20
10.38
10.38
10.8¢4
11.12

-

XRF 1
3.95
3.70
3.68
3.66
3465
3.28
3,38
3.25
3.12
3.11
2.87
3.10
2.86
2.63
2.85
2.73
2.61
2.01
2. 61
2.60
2.60
2.71
2.59
2.59
2.36
2.58
2.58
2047
2424
2.35
2423
2.01
2.01
1.78
1.67

=5.35
=5.44
«5,35
=5.44%
“5.44
-5.,33
-5,53
‘5.62
-5.72
-5.91
-6 10
-6.30
-6.48
~6e57
-6,48
"6048
~6e47
-6-57
-6e 57
-6057
’6057
-6.57
-6057
-6.57
-6.56
‘6057
‘6057
~6.56
-6.55
-6-56
-6155
-6.54
-6045
"6.44
-6e43

£9¢



TABLE D-7 (continued).

3.83
3- 87
3.91
3.95
3.99
4.04
4,07
4.12
4.17
4.22
4,26
4.30
4033
4.36
4.38

-0.46
0.09
0.64
1.19
1.91
2.72
3.51
4038
5.33
6.35
7.18
T7.92
824
8.89
9.06

-3. 78
=424
-4.59
-5.28
"‘5.96
-6. 66
~7.76
~-8.68
'9964
~10.61
“11059
=12.56
-12.99
-13.73
~13.72

-9.42
-9.30
"9’.00

-8.77"

-8455
-8.31
=-T7.63
~6.85
-6.,02
-5.01
‘3075
‘1.99
-0.60

1.12

3.01

-0.28
0.19
0.75
1.31
2.04
2.95
3.65
453
5.39
6.24
7.07
T7.87
8.43
9.05
9.35

-0.83.

“le4l
-2.00
“2.46
-3.38
-49 30
‘5.@7
-6.68
‘8.14
-9025
~10.34%
"11.88
-12.75
‘13083
"1‘0048

-10.09
-10.05
-9.91
-9.88
-9,.,91
=-G.38
-8.95
-8.23
-T7.36
-~6.33
-4.,87
=3.63
-1.80
0.00

11.03
11.47
l1l1.82
12.54
13.05
13.60
14.32
14.97
15.71
16.45
17.06
17.77
18.20
18.38
18.47

-5.90
=-6.10
=5.21
=-5.30
-5.72
-5.70
=-5.79
-5.77
‘506"
-5.51
-5.81
-6.0°
-6.20
-6.1Y
=6.19

"5.18
-4,81
-4.57
-4,01
-3.46
~2.64%
-1.91
-1l.36
“0.64
-0.18
0.55
1.54
2.08
2.99
3.90

11.49
11.738
12.34
12.68
13.31
13.95
l4.47
15.00
15.69
16.20
16.93
17.79
18.32
18.90
19.47

1.44
l.44
1.33
077
"0.33
0.11
-0.44
~0.87
‘1.41
-1.95
-2.91
-4029
~54.23

=639

=-T7.53

-60"2
-6.42
-6.42
-6+30
-6.09
-5.79
-5.77
"5.8"
-5.73
-5.70
-5048
-4,87
-4+38
-3.52
~2+42



TABLE D-8. Tractor-Body Reference-Point Coordinates and‘Times for Overturn Test 4, Run 1.

=
QO O®LIOCWVMPLNW

11

N s Pt et ot et gt Pt s
QOO WVMPWUN

™
o

NN
wHwn

WwwwwNhhNeN
PULWNHOVD~NO

w
w

TIME
l.61
1.64
1.67
1.69
1.72
1.75
1.77
1.80
1.83
1.86
1.89
1.92
1.95
1.97
2.00
2.03
2.06
2.08
2.11
2.14
2.17

- 2.20

2023
2.26
2029
2.32
2.35
2.38
2.41
2443
2.47
2449
2.52
2454
2.57

-15.33
-14.39

" =13.45

=-12.42
-11.57
”10.63
=908
«9.12
~8.47
-7.81
«T7e34%
‘6077
‘6-11
“5035
-4.70
4404
-3.489
‘2.63
-1.87
~-1l.21
=046
0.28
1.11
l.74
2.56
3.54
4.42
5.47
6.24
6.82
7.77
8.50
9.25
9.72
10.38

XLRI
-1.27
-1.27
-l.26
“l.26
~1.25
~le24
~led6
“1.36
«1.23
=-1,23
=1.22
-1.34
~-1.34%
“1445
’1045
‘1045
“ls44
-1.67
-2.26
-2.73
’3.31
«-3.89
-4.,34
-5.03
-5.70
-6060
“7-38
-8.37
-9.25

-10~°1
-10.53
~11.62
~12.13
-13.00
-13.40

-9.97
~10.07
=-10.07
~10.07

-9.97
-10.07

*90Q6

9.9

-9497

-9.73

‘9.76

-9068

-9468

-9.67

“9.67

“9.67

-9.66

-9062

-9.68

~8.55

-9.23

-9.02

-8‘88

-8.47

-8.14

-7056

-7.05

=-6.30

'5.38
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