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ABSTRACT

ANALYSIS OF FRONT MOUNTED THREE-POINT HITCH GEOMETRY
ON FRONT-WHEEL ASSISTED TRACTORS

By
Milton Mintsong Mah

Front-wheel assisted (FWA) tractors have been used for providing
more drawbar pull, higher power, and better field efficiency than two-wheel
drive tractors. An FWA tractor equipped with front mounted implements
can increase tractive forces from the tractor's front wheels. = The front
implement serves as ballast to aid vehicle stability and eliminates the need
to carry front weights. As a result tractor power is better utilized.
However, the front mounted hitch systems should have an impact on the
tractor's performance. The general goal of this research was to develop
theoretical and experimental means to determine the extent to which the
performance of an FWA tractor with front and rear hitches can be
improved by adjusting hitch configurations, ballast ratios, and implement
dimensions.

A mathematic model was developed to describe the geometries of
front and rear three-point hitches. The tractor's dynamic load distribution
was calculated using the hitch geometries and the forces applied to the
hitches. Finally, two equations published in the ASAE Yearbook were used
to predict the pull developed by the tractor wheels and the tractive efficiency.
These equations were coded into a computer program which could be used
in two modes. The data analysis mode was used to analyze experimental
data to predict tractive efficiency which would be difficult or impossible to

measure with instruments. The simulation mode was used to predict the



effects of changing hitch dimensions, ballast ratios, and implement
dimensions on the tractor's dynamic load distribution.

The field experiment results lead to the conclusion that using an
average value of soil cone index to predict pull developed by the tractor's
wheels was not adequate. The sensitivity test of cone index revealed that the
variation of cone index greatly influenced the predicted value of tractor pull.
There are opportunities for improving tractor performance on loose soil.
The simulation results showed that dynamic load distribution was affected
by the adjustment of most front three-point hitch dimensions. On the other
hand, most of the rear hitch dimensions had no effect on dynamic load
distribution. The dynamic load ratio changed proportionally to the change
of ballast.
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1. INTRODUCTION

The single axle drive (2WD) tractor has dominated the farm tractor
market for years. Its main advantage has been its versatility in row crop
cultivation, tillage, and utility operations. As farm size increases, larger
and higher powered tractors become more important in tillage opefations.
As tractor power increases, it becomes difficult to utilize that power at the
drawbar with conventional 2WD tractors. The four-wheel drive (4WD)
tractor is a popular solution to this problem. Research has shown that the
4WD tractor can improve traction, and can save fuel and time, especially
when operating in poor field conditions.

A variation of 4WD tractor called the front-wheel assist (FWA), is
becoming popular. This tractor is a modified 2WD tractor which is
equipped with a front wheel drive. The front wheel drive can be engaged or
disengaged from the operator's platform. The front wheels are steerable
and are smaller than the rear wheels. This gives the FWA tractor many of
the maneuverability benefits of a 2WD tractor, but with greater traction.
These FWA tractors hold an advantage in pull to mass ratio over the
similarly powered 2WD tractors. They also are more cost effective than the
4WD counterparts.

Advantages of the FWA systems in comparison to 2WD systems
(according to manufacturers) include increased pull, drawbar power, and

fuel efficiency. Also wheel slip, rear tire wear, and soil compaction are
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reduced. In addition there is better stability against overturning and the
FWA vehicles have increased drive train life.

Due to the popularity of FWA tractors, researchers have conducted
several investigations of FWA tractor performance. They have studied the
effect of tire size, tire type and other parameters. However, there are very
few studies, if any, about the geometry of the three-point hitch in FWA
tractors.

The geometry of the three-point hitch used in FWA tractors is based
on an ASAE (American Society of Agricultural Engineers) standard. This
standard was primarily designed for 2WD tractors, and it was adopted by
the ASAE in 1959. Since then, there have been ten revisions. Nevertheless,
the design of chassis mechanics for the FWA tractor is different from that
of the 2WD tractor. Consequently, the weight distribution and dynamic
behavior of FWA tractors must be different from those of 2WD tractors.
Thus, the FWA tractor requires a reconsideration of the geometry of the
three-point hitch in order to obtain optimal tractive efficiency.

Front mounted three-point hitch systems have recently been
introduced in the United States (Figure 1.1). An FWA tractor equipped with
front mounted implements can increase tractive forces from the tractor's
front wheels. An article (entitled "Dear Murphy...") in the January 1984
issue of Implement & Tractor noted that a front mounted hitch made by
American owned companies in Europe has been used there for over a
decade. It was also noted that improved traction and reduced slippage on
FWA tractors could result if implements were attached to both front and
rear hitches at the same time.
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Before the introduction of the front mounted three-point hitch, a
tractor could only work with a limited size of fully mounted implement due
to its inability to lift heavy weights. With the front mounted three-point
hitch, a tractor can use two implements at the same time and thus increase
the working efficiency without overloading the hitching capability. The
front implement serves as ballast to aid vehicle stability and eliminates the
need to carry front weights. As a result tractor power is better utilized.

A dual three-point hitch also allows a tractor to work with two
different implements simultaneously. There are numerous possibilities of
using dual implements. For instance, a front mounted sprayer and rear
mounted planter, or a front mounted field cultivator and rear mounted
planter could perform two operations in one field trip. A front mounted
sprayer tank and rear mounted sprayer could better distribute loads to the
rear and front axles. The potential advantages of using dual implements
are reduced working time, increased productivity, reduced fuel
consumption, reduced soil compaction and improved working quality. On
the other hand, some specific implements would provide better working
control for the operator with front mounting. For example, an operator
would rather work with a front mounted row crop cultivator than with a
rear mounted one, because he could control both tractor and implement
while facing forward. Another example is that front mounted shovels
could smooth tire tracks on rough terrain, thus increasing the tire life and
reducing operator discomfort.

However, the introduction of front mounted three-point hitches has
raised concerns about the tractor and implement design and field operating

system. By all means these new front mounted hitch systems should have
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an impact on the strength requirements of the tractor's front chassis, as

well as on performance, stability and drivability.
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2. LITERATURE REVIEW

Ballast ratios, hitch configurations, dynamic loads, and performance
and many other aspects have been studied in 2WD, 4WD, and FWA
tractors, but the specific problem of front and rear hitch configuration on
FWA tractors has not been addressed in published literature. A theoretical
and practical background for this problem, however, can be drawn from
four major lines of research, plus a fifth subject area related to
instrumentation.

First, the practical and theoretical treatment of motion resistance,
slip, and tractive efficiency (TE) of a given wheel , based on s8oil properties
(e.g. cone index), tire design, tire inflation, and vertical load, has
progressed to the point of having at least some standards accepted by
American Society of Agricultural Engineers (ASAE). It is important to
note that these principles of individual wheel performance are independent
of tractor design. Second, there are numerous studies comparing the
performance of 2WD, 4WD, and/or FWA tractors. Conflicts in the results
and conclusions of these studies have led to considerable discussion and
experimentation with ballast ratios and peripheral wheel velocity ratios;
conflicting conclusions remain. Third, several studies have been
conducted regarding optimization of ballast and hitch positions on 4WD and
FWA tractors per se, but primarily with rear loads only. Fourth, a few
attempts have been made to develop real-time, computer controlled,

hydraulically adjustable hitches using signals from various transducers to

6
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7

adjust dynamic loads to optimize tractive efficiency. A fifth area of
literature regarding the design of instrumentation, computer hardware,
and algorithms necessary to conduct the experiments for the present study
will be discussed in Chapter 6.

Both refereed and non-refereed publications (many of them
presentations at ASAE meetings) are included in the present review
because of the scarcity of published studies in many of these areas,
inconsistencies in the reported results and conclusions of some refereed

publications, and the lack of comprehensive literature citations in many

refereed publications.

The recognition of energy losses due to motion resistance and drive
wheel slip and their significance for efficient operation of agricultural
tractors has long been recognized. The tractor drawbar predictor chart as
presented in the ASAE Yearbook's Data D230.4 Agricultural Machinery
Management Data, illustrates the penalty for non-optimal slip operation
due to incorrect ballasting and/or drawbar pull for a two-wheel drive
tractor. Excessive ballast reduces slip but also increases motion resistance
of the tractor, thus reducing overall tractive efficiency. Since there is only
limited published data regarding these parameters in FWA tractors, and
essentially none regarding FWA's with front hitches, one must draw upon

other sources of information.



a




2.1.1 Rigid wheel theory
Barger et al. (1963) discussed the methodology and developed

equations to theoretically calculate the motion resistance of traction devices.
The equations were based on the dynamic wheel load, wheel size, and
cohesive and frictional properties of the soil. The use of the equations is
limited as the soil properties are difficult to determine accurately. These
concepts and equations with respect to thrust and dynamic weight
relationships for rigid wheels were further developed by Burt & Bailey
(1975), Bailey et al. (1976), and Bailey & Burt (1976).

Later, Bekker (1983) presented methods, tests, and numerical
examples for prediction of design and performance parameters in agro-
forestry vehicles. He presented a simplified expression for calculating the
rolling resistance coefficient, but use of the equation still required values for

soil and tire parameters that were not readily available.

2.1.2 Ppeumatic whee] theory

One of the more simplified expressions for determining motion
resistance of a wheel with a pneumatic tire was developed by Wismer and
Luth (1974). Using dimensional analysis, they showed that the motion
resistance of a towed tire could be predicted from:

F=W [t—z + 0.04] (2.1)
n .

where:
F = towed force, N
w = dynamic wheel load, N

Cn = wheel numeric
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C

Cn =W (2.2)
b = unloaded tire section width, cm
d = unloaded tire diameter, cm

CI = cone index as defined by ASAE Standard S313.1, N/cm?2

While equation 2.1 was used to predict traction characteristics of a
towed wheel with a pneumatic tire on soil, Wismer and Luth (1974) also
developed another equation for the driving wheel.

% =0.75(1-¢ 03¢ 8). (1—;12 +0.04) 2.3)
where:

P = driving wheel pull, parallel to soil surface, N

8 = wheel slip, decimal fraction

and all other terms were as defined for a towed wheel. Wheel slip

was defined as follows:

8= I-W (2.4)

Va = actual travel speed, km/h
Vi = theoretical travel speed, km/h

2.1.3 Pneumatic wheel performance
Several factors determine the extent to which a given wheel would

approach optimal, theoretical performance. There are numerous studies
regarding the effects of tire design, inflation pressure, and loading on the

performance of single wheels with pneumatic tires.
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Only selected samples of some publications will be given here, since
many of these review and cite previous, historically important papers.
Performance effects of standard, commercially available tread designs, for
example, were studied by Taylor (1976). The effects of tire width and
diameter on tractive performance were studied by Dwyer & Heigho (1984).
More recently similar studies of radial tires have led to the tractive
performance predictive equations by Brixus (1987) and by Upadhyaya et al.
(1987). |

Ellis (1977) reported that agricultural tire deflections average about 19
percent under conditions of rated load and inflation pressure for normal
field conditions. He defined the deflection as the ratio of the reduction in
tire section height at ground contact to the undeflected tire section height
measured above the rim flange area. With the increased loads approved
for slow speed operations, tire deflections will approach 25 percent. This
has been found to be about the practical limit for agricultural tires in any
application where normal service life is expected. On the other hand, he
indicated that the dynamic loaded radius was slightly larger than the one
measured statically. When in motion, there was a lifting action due to the
distribution of stresses in the moving tire which resulted an increase of
about 3 to 3.5 percent in the tire section height compared with the static
figure.

Gee-Clough and McAllister (1982) conducted a series of field tests to
evaluate the effects of wheel ballasting on a tractor's power output. They
established a dynamic rear axle load as the optimum value and used as the
reference point throughout their tests. They concluded that power delivered

by the tractor increased as the rear axle load approached its optimum value
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but the rate of increase decreased when the axle load was at 70% or more of
its optimum value.

Burt and Bailey (1982) reported on efforts to optimize tractive
efficiency while holding net traction constant. They varied the static load
on a 20.8-R38 radial tire throughout the range recommended by the Tire
and Rim Association. They also varied the inflation pressure using 28, 55,
83, and 110 kPa. They compared the tractive efficiency at both 10 and 20%
slip. Results showed that tractive efficiency can be optimized by selecting
the appropriate levels of dynamic load and inflation pressure. The relative
difference in tractive efficiency between optimum and minimum was in the
range of 6 to 10%, depending upon soil conditions.

Burt et al. (1983) conducted a similar study under field conditions at
the University of Natal, Republic of South Africa. These tests were run at
four levels of inflation pressure at each of four levels of dynamic load. Net
traction was held at 10 kN for each operating condition. Results showed
that the difference in tractive efficiency between the maximum and the
minimum was dependent upon soil condition and tire construction (radial
or bias). The observed difference (i.e. maximum - minimum) ranged from
10 to 21%. They also reported that the maximum tractive efficiency did not
necessarily occur at the minimum level of slip.

Lyne and Burt (1987) developed a computerized system for
determining the dynamic load and inflation pressure for optimum tractive
efficiency under dynamic conditions and within the ranges recommended
by Tire and Rim Association. They affirmed that the tractive efficiency can
be optimized by selecting the proper values of dynamic load and inflation
pressure. The difference between the optimum and minimum tractive

efficiency depended upon the net traction demanded, the soil type, and the
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goil condition. Under some operating conditions, they achieved a 30%

increase in tractive efficiency by selecting the dynamic load and inflation

pressure for optimum efficiency.

Papers comparing 2WD, 4WD, and/or FWA tractors often discuss
tests with each tractor at different front-to-rear (f/r) ballast ratios or
dynamic loads. Although these studies are not necessarily aimed at

optimization of performance, they offer some information along these lines.

2.2.1 Soil bin tests of multiple wheel passes
Some attempts to predict performance of 4WD tractors have been

made using multiple passes of single wheels. Burt et al. (1980) used
continuously changing dynamic loads during first and second passes of a
drive wheel over the same track in a soil bin as a means of evaluating
possible tandem wheel drives. They found only limited opportunities for
optimization of f/r load ratios in firm soil but slightly better opportunities in
looser soils. In a later study (Bailey & Burt, 1981) the advantages of some
form of tandem drive over single wheel or dual wheel drives were shown.
However, since the second passes of the wheel were not linked
mechanically to the first, no possibility for dynamic f/r interactions existed
in these studies, thus the results have limited application to the present

problem.
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2.2.2 Performance of 2WD vs 4WD tractors

Introduction of the 4WD tractor led to numerous comparisons which
generally showed an advantage of the 4WD over 2WD under various
conditions. For example, Rackham & Blight (1985) conducted an extensive
review of published papers about the advantage of the 4WD tractors over
2WD. They concluded that on a firm, flat surface, 4WD offers very little
advantage; but as soil conditions become progressively softer so the
usefulness of 4WD increases. Clark (1984) reviewed several papers
comparing the performance of various 2WD and 4WD tractors, then
conducted experiments with a 4WD tractor in the 2WD and 4WD modes
(unfortunately with the same ballast ratio). Nevertheless these results also
confirm that drawbar pull and ground speed were greatly improved (e.g. 60
to 125%) in the 4WD mode, along with a 25% to 57% reduction in fuel use per
hectare. Although TE was not calculated directly, it can be presumed to
have been higher in the 4WD mode. One important point in these and other
results is that different operating speeds may affect the relationships
between unevenness of the ground, variations in pull resistance, and the

oscillation and/or deformation frequencies of the tractor-implement system.

2.2.3 Performance of 2WD vs FWA tractors

The possible advantages of FWA tractors over conventional 2WD
tractors have also been studied by several researchers. Bashford (1984)
presented the results of comparative tests with different drawbar loads on a
FWA tractor operated in the 2WD mode and FWA mode based on the power
loss due to slip and motion resistance. He concluded that, for the tractor

operating in the FWA mode, slip power loss is relatively independent of
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ballast distribution. However, with the tractor operating in the 2WD mode,
ballast distribution is very important. On the other hand, the power losses
due to motion resistance as related to vehicle traction ratio are reiatively
independent of drive mode and ballast distribution.

Bashford (1984) again studied the effects of two static (ballasted) load
ratios (f/r = 41/59 & 26/74) on the performance of an FWA tractor operating
in the 2WD and FWA modes, pulling only a rear drawbar load consisting of
another tractor. Tests were performed on two different soil conditions in a
wheat stubble field, one a moderately firm soil condition with the field only
disked, and a looser soil condition following plowing and disking of the
same field. Different ratios of drawbar pull to gross tractor load (Vehicle
Traction Ratios, or VTR) were generated by driving the tractor in different
gears at different engine speeds. The results are summarized below and in
this summary his parameter called Axle Power Loss will be expressed as a
percentage of Total Axle Power (TAP).

Power loss due to Motion Resistance (MR) as a percentage of TAP
was essentially independent of the drive modes and load ratios, but was
different on the two soil conditions. For the firm soil condition it accounted
for approximately 40% of TAP at VTR = 0.1 (these values estimated from
Figures 1 & 2 of Bashford, 1984). It decreased substantially as VTR
increased, but began to level off asymptotically toward a value of
approximately 22% of TAP as VIR approached 0.25. On the looser soil MR
accounted for 48% of TAP at VTR = 0.1, and likewise declined and began to
level off toward a value of approximately 22% of TAP as VTR approached
0.32.

Power loss due to slip as a percentage of TAP was affected by the
drive modes and by ballast ratio in the 2WD mode, but not by ballast ratio in
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the FWA mode. With the tractor in the FWA mode, slip accounted for
approximately 6% of TAP on both the firm and looser soil, and increased
almost linearly toward approximately 19% of TAP on the firm soil and 24%
of TAP on the loose soil at VTR = 0.35. With the tractor in the 2WD mode
and with a ballast ratio of 26/74 slip began at values of approximately 7 and
8% of TAP and increased to 20 and 28% of TAP on the firm and loose soils,
respectively. Although the values of slip in the 2WD mode were higher
than the corresponding slip when front wheels were powered, the slopes of
the increase in slip with VTR were similar. However, with a ballast ratio of
41/59 in the 2WD mode, slip increased more steeply from 8% of TAP at VTR
= 0.1 to 21% at VIR = 0.3 on the firm soil, and curved non-linearly from 11%
to more than 35% as VTR passed 0.25.

Power converted to Drawbar Pull (DP) as a percentage of TAP (i.e.
Tractive Efficiency) was highest in the FWA mode at all values of VTR and
was independent of ballast ratio. In the firm soil it formed a broad convex
curve from approximately 61% at VTR = 0.1, to a maximum of
approximately 68% of TAP at VTR = 0.27, then declined to 64% at VTR =
0.35. In the 2WD mode with a ballast ratio of 26/74 on firm soil the DP curve
had values uniformly 4% lower than those of the FWA mode for all VTR
values. Changing the ballast ratio to 41/59 on firm soil lowered the initial
value of DP to 52% of TAP at VTR = 0.1, with the maximum DP of 58%
occurred at VTR = 0.22, and caused a steeper decline of DP to 54% while
VTR increased from 0.22 to 0.29. The looser soil condition lowered the VTR
values of all of these curves to maxima of 60%, 56%, and 48% respectively.

This study did not address the issue of dynamic loading. The total
static load was maintained at 5105 Kg, however one is left to assume that

the towed load (i.e. a second tractor) did not add significant static vertical
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load. No information is given about the rear hitch configuration, thus it is
not possible to estimate how much the dynamic load ratio differed from the
static ratio over the different values of VITR. Regardless of these
considerations, the results of this study appear to be somewhat in conflict
with the earlier study by Woerman & Bashford (1983) and that of Mueller &
Freer (1986), discussed below.

Kucera et al. (1985) obtained results which appear to conﬂiét with
other studies of 2WD and FWA tractor performance, especially with respect
to fuel efficiency per hectare. They concluded that when each was operated
at its respective optimal ballast ratio, the 2WD could equal or surpass the
FWA tractor. They also reviewed a number of papers with a wide range of
conflicting results, but cautioned that in many cases the two types were not
optimally configured. While these 2WD vs FWA comparisons do not bear
directly on the present study, they do point out the general lack of a
systematic way of setting, measuring and/or calculating tractor
configurations.

Shell et al. (1986) also compared what they believed were optimally
balanced 2WD and FWA tractors, and reached the opposite conclusion from
Kucera et al. (1985), namely that fuel efficiency of the FWA was better at all
pull levels tested in three soil types.

Mueller and Freer (1986) presented test comparisons of FWA versus
conventional 2WD CASE-IH tractors. They reported that the FWA tractors
were superior to their 2WD counterparts in pulling performance. An issue
emphasized in that paper was the importance of the proper weight ratio on
FWA tractors and the critical nature of weight ratio to the measured

performance.
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Babacz et al. (1986) conducted an extensive series of tests with an
instrumented FWA tractor to determine the ballast distribution that led to
the highest tractive efficiency for operation in the 2WD and FWA models. A
subsequent step was to compare tractor performance in these two modes
when operating at optimum ballast distribution. Relative performance
reported for operation in good, intermediate, and poor tractive conditions
showed that the optimum ballast distribution for the FWA mode required
60-64% of the tractor static weight on the rear axle, a result which was in
agreement with what other researchers had found. Felsenstein et al.
(1987) continued tests similar to those reported by Babacz et al. They
concluded that the FWA mode with optimum ballast generally
outperformed the 2WD mode. However, the optimization curve is relatively

flat compared to that of 2WD tractors.

Murillo-Soto & Smith (1977, 1978) used a 1:10.9 scale 4WD model in a
soil box with sand or clay loam to establish that front to rear (f/r) static load
ratio (i.e. ballast ratio), drawbar vertical position (which affected dynamic
weight transfer), and different f/r wheel peripheral velocities could affect
tractive efficiency. They adjusted the ballast ratio and effective drawbar
height and used an equation established in their 1977 paper to calculate
absolute dynamic weight transfer. The dynamic f/r load ratios were not
measured and are difficult to calculate from their published data since the
absolute total weight of the model was not given.

The primary result of their study was that tractive efficiency

increased as angular velocity of the axle supporting the larger dynamic
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load was increased. Since the front and rear tires of this test model were
equal in size, the actual f/r ballast ratios and hitch positions for this model
would not likely apply directly to a FWA tractor with its smaller front
wheels. This same problem of comparing results from one tire size to
another occurs in many of the studies discussed below.

Another important observation was that even under ideal conditions
(i.e. 1:1 f/r ratios of load and of angular axle velocities on dry sand) weight
transfer was about 5% lower than theoretical predictions. This discrepancy
increased as the ratios of loads and angular velocities deviated from 1.0,
and was attributed to shaking and vibration (i.e. angular acceleration of the
tractor), front-to-rear oscillations in slippage (i.e. "push-pull" effect), and
desynchronization of the tire lugs. This is suggestive that in addition to
optimizing the sum of slippage and motion resistance, optimal static load
distributions and hitch configurations may improve TE by minimizing
these oscillatory power losses.

Erickson & Larsen (1983) also focused on the problems of oscillations
in f/r load ratios and/or power ratios, and the associated variations in TE
under field conditions. Heavy draft loads increased the oscillation
problems, which became unmanageable under conditions of turning. They
did not confirm the "push-pull" effect suggested by the soil bin model
studies of Murillo-Soto & Smith (1977, 1978), but do confirm that power
losses from oscillatory motion may greatly reduce performance below
theoretical predictions under real operating conditions.

In many other studies only static ballasting was considered, for
example Shell et al. (1986) used fuel efficiency during field tests to
determine some relationships between total mass (three levels) and ballast

ratios (three levels) in an FWA tractor on three soil types. Their results are
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suggestive that some of the discrepancies in published optimal ballast
ratios resulted because the ratios used were not properly matched to the
total mass.

Woerman & Bashford (1983) presented TE data for an FWA tractor
[assuming a rear drawbar load] showing an optimal f/r dynamic load ratio
of about 40/60 and optimal f/r wheel peripheral velocity ratio of about 1.03.
TE was improved, and differences in the various tractor configurations
were minimized (i.e. the optimization curves were flattened) when the
tractor was operated at a speed of about 8 km/h as compared to 4-5 km/h.
This resulted because of a substantial decrease in slip accompanied by a
smaller relative increase in rolling resistance.

Mueller & Freer (1986) used a mechanical front drive (MFD) tractor
(i.e. Case-IH 3594) with an unspecified rear drawbar load. They found that
some ballast ratios resulted in slightly lower amounts of rear wheel slip
than others over a range of drawbar pulls (see Table 2.1). The differences

were more noticeable on the firm soil (i.e alfalfa sod).

Table 2.1 - Rear wheel slippage summarized from tests
"CTT436S" and "CTT436T" of Mueller & Freer, 1986

Soil condition F/R Axle Load Ratio
DP range (1bs)

25/75 30/70 40/60 45/55
Alfalfa sod 16.8 16.7 13.9 15.7
4700 -10300
Tilled soil 11.9 11.0 12.5 129

2900 - 11300




Summarizing the above sample studies it is clear that many factors
interact to determine the performance of an FWA tractor. These include
soil and tire properties, total mass, static ballast, dynamic loading, tractor
speed, possibly front-to-rear oscillations, and possibly angular momentum.
One approach to dealing simultaneously with these interactions in real
time is with computer controlled adjustments of various parts of the
tractor-implement system.

Smith & Khalid (1982) attempted to minimize oscillations in weight
transfer in two scale models (i.e. 1/10.9 and 1/5.7) fitted with computer
controlled hitch systems whose vertical position was adjusted in real time
in response to signals from torque transducers on the front and rear axles.
While these systems did respond as planned by optimizing the f/r division of
power, they concluded (primarily on the basis of other published studies)
that this adjustment would not increase TE, but may reduce uneven wear
on the drive system.

Dodd et al. (1986) attempted to optimize rear wheel load in a 2WD
tractor using a computer controlled 3-point hitch in which the height of the
upper link position was adjusted hydraulically. Proper angles of the hitch
configuration were maintained by sliding the upper hitch point through an
angled slot which approximated the effect of adjusting the upper link
length. The effect of this adjustment was to alter the virtual hitch point in
response to signals from appropriate load transducers [described in
Reynolds et al. (1982)] and a mathematical model which included
instantaneous calculations of cone index and optimal loading to improve

TE. Field studies indicated that the hitch responded as expected, but actual
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field evaluation for improved tractor performance had not been completed.
These authors also mention another study of an automated hitch
adjustment system for 4WD tractors [i.e."McNab (1982)"], but failed to cite
the publication reference. Cowell & Herbert (1988) used a variable-length
upper link to improve the depth control of a fully mounted implement.
However, they did not address the effects of three-point hitch geometry on

tractor's dynamic behavior.

2.5 Summary

Past researchers have focused on several factors which affect tractive
efficiency such as soil types, tire characteristics and inflation pressures,
static ballasting ratios, rear hitch configurations, and the resulting
dynamic loading. Many of these observations were made in the course of
studies designed to compare the tractive efficiency of 2WD with 4WD and/or
FWA tractors. An overview of these studies results in several impressions.

First, it is clear that hitch configurations and ballast ratios affect the
performance (including TE) of 2WD tractors, but considerably less so for
4WD and FWA tractors. Indeed, in optimization studies of 4WD and FWA
tractors the range between the highest and lowest values of TE were only a
few percent, whereas there were greater differences for a given 2WD
tractor.

Second, in comparison tests where each type of tractor was optimally
configured the differences in TE between 2WD and 4WD or FWA tractors
were a few percent smaller. Note, that a 4WD or FWA tractor may have
greater value to the user beyond that of moderately better TE because of

added advantages in plowing speed, implement pulling capacity, or other
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characteristics relevant to a particular type of farming operation. However,
it does forewarn that the opportunity for optimization of TE by hitch
configurations and/or ballasting in FWA tractors may be limited.

Finally, since none of the publications dealt with combined front and

rear hitches and implements on FWA tractors, a number of questions
remain open, for example:

1) How do the combined front and rear hitches affect dynamic
loading, TE, handling, and other performance characteristics of
FWA tractors in comparison to those with a rear hitch and
implement only?

2) Is the range of opportunity for optimization of a given FWA tractor
with front and rear equipment greater than, the same as, or less
than the same tractor with rear equipment only?

If one finds that there is good opportunity for optimization then:

3) How should the front and rear hitches be configured in general,
and how would this vary with different types of implements, soils
and other factors?

4) How should the tractor be ballasted for optimal TE with front and
rear hitches, and with different implements?

The remaining chapters of this dissertation will address some steps

intended to answer these questions, and hopefully provide the means of

achieving the best performance from this new type of agricultural tool.



3. GOALS, OBJECTIVES, CONSTRAINTS AND ASSUMPTIONS

3.1 Goals

The general goals of this research are to develop theoretical and

experimental means to:

1) Determine the extent to which the performance, especially tractive
efficiency (TE), of an FWA tractor with front and rear hitches can
be improved by adjusting hitch configurations, ballast ratios, or
other properties of the tractor implement system as outlined in
section 2.5.

2) Provide a basis for attaining whatever optimization is possible.

3.2 Objectives

The primary objectives necessary to accomplish the above goals are:

1) Develop a mathematical model of an FWA tractor with both front
and rear, three-point hitches. This model, would utilize static
dimensions and properties of the tractor and hitch system, along
with dynamic forces and movements of system components during
field operation, to calculate those parameters, such as dynamic
loads and wheel slippage that are necessary to evaluate
performance, e.g. tractive efficiency (TE).

2) Develop the instrumentation, data acquisition system and software

necessary to obtain the measurement data from field tests, and to
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develop the software necessary to evaluate that data utilizing the
model from the first objective.

3) Conduct sufficient field tests to determine if the model and
measured parameters are adequate to analyze and predict
performance for this type of tractor system.

4) If the third objective is favorable, then the model and field
measurements will be used to evaluate the potential opportunities
for optimization in this type of tractor system and make specific
recommendations for experiments, modifications, or other

developments to achieve these ends.

3.3 Constraints

Several things constrainted the development of this simulation model
in order to maintain the compatibility of the tractor and implements and to
maintain safe working conditions. The constraints were:

1) The simulated geometry of rear three-point hitch had to be
compatible with the ASAE standard for the implements. At
present ASAE standards have not been published for front hitch
geometry, thus in this study the manufacturer's dimensions were
used as a starting point.

2) The dimensions of the simulated rear implement's mast had to
follow the specification of the ASAE standard. The front
implement's mast dimensions have also not been standardized by
ASAE; thus, in this study the front mast dimensions were set the

same as the rear.
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3) The simulated hitching geometry had to promote soil penetration
for the implements.

4) The hitching geometry had to promote stability at working depth
without excessive penetration.

5) The arrangement of ballast could not violate the working safety
code.

6) The addition of ballast could not cause load beyond the tire
specification.

7) The tractor's weight distribution on both axles, with the addition of
ballast, could not exceed the maximum permissible load, either in
static or in dynamic situation.

8) The tractor's total weight with ballast could not exceed the
specification of Roll Over Protection Structure (ROPS).

3.4 Assumptions

Several assumptions simplified the design procedure and simulation

model:

1) The implement's working depth was assumed constant after it
reached the steady state, regardless of the field conditions.

2) The irregularity on the soil surface was assumed to be negligible.
However, the field inclination was not ignored.

3) The upper link point on the mast of the front implement was an
oval shaped slot which permitted relative motion between the link
pin and the mast. Before the implement reached the working
steady state, the upper link was in tension. The link pin was

assumed to be at one end of the slot (Figure 3.1). However, it was
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assumed that when the front implement reached working steady
state, the link pin moved to the opposite position (Figure 3.2). With
a proper adjustment of the front three-point hitch and implement,
the front upper link should not experience any load.

4) The rolling radii of tractor wheels were measured with
implements in the raised position. The rolling radii while the
implement was actually working are likely to be slightly smaller.
However, this difference was assumed to be negligible.

5) The difference of rolling radius caused by the field topography was
considered to be negligible.

6) The center of gravity of each wheel ballast was assumed to be at the
center of the wheel.

7) The front axle load was considered to be distributed equally to both
wheels. The difference caused by the in-furrow travel was
considered to be negligible. ‘

8) The tractor was assumed to be advancing at constant ground speed
when it reached the working steady state.

9) Gibson and Biller (1974) verified how the fuel and hydraulic fluids
affect the location of the center-of-gravity of the tractor. They
concluded that these effects were negligible. Their assumption
was used in this research.

10) The weight of the data acquisition system and the tractor operator
was included in the total tractor weight. However, the weight
difference between different operators was considered to be

negligible.
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Figure 3.1 - Position of upper link pin at the front
three-point hitch before the implement
reaches steady working state.

N

Figure 3.2 - Position of upper link pin at the front
three-point hitch after the implement
reaches steady working state.
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11) The components of the data acquisition system were spread inside
the tractor cab, with the majority of its weight located behind the
rear axle. The position of the operator seat could be adjusted to fit
the operator's body dimension and driving habit; however, the
position was always over or before the rear axle. Thus, it was
assumed that the total weight of the data acquisition system and
operator acted directly on the rear axle.



4. MATHEMATIC MODEL

4.1 Kinematical analysis

The geometries of front and rear three-point hitches must be
designed so that they could provide conditions for an implement's
penetration, working stability, and in-field manipulation along with
optimal performance. The following model is designed to predict
theoretically how hitch geometry will affect these parameters, and to serve

as a means of evaluating data from field experiments and optimization

tests.

The reference position used through this dissertation was the
position in which the tractor operator sits on the seat and faces toward the
front of the tractor. In this case, the right-hand side was referred to the
operator's right-hand side and the same rule to the left-hand side.

The tractor's transverse angle was defined as positive when it was
counter-clockwise at the reference position. The tractor's pitch angle

(longitudinal) was defined as positive when the tractor is going uphill.

The angle of any given link (i.e. upper or lower, front or rear) relative
to the ground is considered positive if the hitch point of the link is higher

than the link point. The angle between a vertical reference line drawn

29
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through the lower link point and a line drawn from the lower link point to
the upper point is positive if the latter line slopes away from the vertical line
toward the tractor center. Likewise, the angle of the main longitudinal axis
of an implement relative to the ground is positive if the end of the axis away
from the hitch point is higher than the hitch point.

Note, in the various figures that follow (with the tractor facing left),
these conventions have the effect that positive angles will be oriented
clockwise in the rear hitch system, but will be oriented counterclockwise in

the front hitch system.

4.1.3 Mechanism for the rear three-point hitch

There are three working positions for the three-point hitch which
deserve special consideration when designing its geometry. The first
position is that in which the implement is lifted for transportation (Figure
4.1). In this position, the distance between the hitch point and the soil
surface (RHH) must provide sufficient clearance for the implement so that
the tractor can maneuver in the field. The second position is that in which
the implement merely touches the soil surface (Figure 4.2). In this
position, the implement frame angle (¢;) must be positive in order to
promote a penetration force into the soil. The third position is that when
the implement reaches steady working state (Figure 4.3). In this position,
the frame mus<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>