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CHAPTER I
. INTRODUCTION

ﬁéur wheel drive and front wheel -assist agricultural
tractors are popular because they inéreasé field capacity,
operating efficiency and traction under poor working
conditions. On all production four wheel drive tractors,
the front angular velocity (wheel speed) is constant
relative to the rear wheé; speed and designed to produce a
ratio of front wheel speed to rear wheel speed greater than
one. This is,becausé the front tires compact a path for the
rear tires; with‘firmerxsoil to operate on, the rear tires
produce their share 6f‘thruét with less slip. For a range
of soil conditions and dynamic load distribution, the
designed ratio of whéelvspeeds greater than one may be
correct; for a different soil condition or dynamic load
distribution, the rear drive\ﬁight be "pulling" or "pushing"
~the front. This maf reduce operating efficiency resulting
in increased fuel requirement, decreased field capacity,
increased tire wear and increased drive train stress.

An instrumepted four wheel drive tractor was used to
investigate the effecfs of different operating parameters on
tractive performance which included four wheel drive motion

resistance, dynamic traction ratio and tractive efficiency.



The relationships among dynamic load distribution, forward
speed, wheel slip, wheel speed ratio, soil strength and
tractive performance had not been evaluated for a four wheel
drive traction system. Prediction equations had not been
developed for a four wheel drive system. These equations
may be used to determine tractor performance under various
operating conditions and provide information on traction
devices operated in tandem. The equations may also be used
to determine the merits of controlling wheel speed ratio,
dynamic load ratio, or "borrowing" dynamic load from
implements as has been suggested by some authors.

The overall objective of this research was to determine
the relationship among dynamic load distribution, forward
speed, wheel slip, wheel speed ratio, soil strength and
tractive performance under field conditions. The research
also involved evaluating possibkle improvements in the
efficiency of a four wheel drive traction system by
controlling the parameters of wheel speed ratio, dynamic
load ratio or both. This was accomplished by completing the
following specific objectives:

1. Determine relationships among dynamic load
distribution, forward speed, wheel slip, wheel speed ratio,
soil strength as measured by soil cone index and tractive
performance for a four wheel drive traction system.

2. Develop equations to predict four wheel drive
tractive performance and evaluate the tractive performance

improvement by controlling or maintaining dynamic load



distribution, wheel speed ratio, wheel slip and forward
speed for a four wheel drive traction system.

3. Determine the feasibility of an automatic control
system to control wheel speed ratio or dynamic load ratio
and if warranted evaluate it using a computer simulation

model of tractor performance.



CHAPTER II
REVIEW OF LITERATURE
Tractor Use and Trends

Fuel efficiency is a major‘consideraéion in
agricultural production. Wiiliford(and'Smith (1982)
examined fuel requirementé of three cotton production
systemns. Fuei use ranged from 84 to over 120 liters per
hectare. Hauck et al. (1983)/conductéd a tractor use study
of over 130 tractors in North Dakota. Resuits indicated
that on the average, fouf'wheel drive tractors utilized 69
percent more fuel per hoﬁrhthan did two wheel drive
tractors; but this was dffset by a 68 percent\increase in
field capacity. This inCreaéed capacity partially explains
the popularity of fourrwheel drive tractors for agricultural
production along with their ability to operate under adverse
soil conditions.

Bowers (1978) examiﬁed some‘of the advantages and
presented a simple procedure for determining an adequate
match between tractor and implement. According to Bower's
0.86 "rule of ﬁhumb" conversion fadtof, on concrete
approximately 26 percent of the usable engine power is lost
in the transmission and traction drive, on soft soil these

losses may approach 60 percent.



Ohrmann (1979) examined how efficiently Montana farmers
were utilizing four wheel drive tractors. In most cases,
drawbar power utilized during an operation was less than the
estimated available drawbar power. Pull to dynamic load
ratio exhibited some correlation with wheel slip and roughly
followed the prediction equationlpf Wismer and Luth (1974).
According to actual axle, load distributions for the tractors
tested, most tractors Wefe normally operated with dynamic
front axle load slightly above 50 percent‘of total load,
while static load distribution averaged slightly under 60
percent on the front axle.

Buckinéham (1980) states that frsnt wheel assist
tractors have becomeavery common for use in European
agriculture. One reason is the higher fuel prices seen in
Europeyas compared to the United States. Depending on soil
conditions, front wheél ;ssist can normaliy be expected to
show increased drawbar power, decreased fuel consumption and
decreased rear axle torque when compared to a similar
sized two wheel drive tractor. Buckingham (1978) states
that front wheel assist tractors are normally designed to
operate the front wheels 1 fo 3 percent fasterlthaﬁ the
rear, because of this, tire wear and tractor operation on
the highway are significant considérations in front wheel
assist tractors.

Burt and Bailey (1982) examined dynamic load and
inflation pressure effects on tractive efficiency and net

traction. Dynamic load had significant effects while



inflation pressure exhibited.less of an effect on both net
traction and tractive efficiency. Charles (1983) also
examined the effects of load and inflation pressure on tire
performance. Plots of tractive efficiency as a function of
slip were parallel for all five inflation pressures used.
The lowest inflation pressure exhibited tbe bést tractive
efficiency for all three ballast conditions used. The
highest ballast condition exhibited the best tractive
efficiency at all five inflation pressures used.

Lyne et al. (1980) and Lyne et al. (1984) studied
improving tracfive efficiency“ahd oﬁtimizing engine
performance. It was concluded that by controlling inflation
pressure and ballast to maintéin high tractive efficiency,
while controlling gear ratio and engiﬁe speed tb optimize
engine efficiency, a high overall operating efficiency could
be maintained. Ehgine speed and gear ratio were controlled
by the operator'in a‘feedback arrangement. .

Burt et al. (1980)'examined the effects of dynamic load
and wheel speed ratio on a simulated four wheel drive system
for two soil types. It was shown that peak tractive
efficiency oécurred at a wheel)speed/fatio of approximately
1.1. They suggested, that due to the shape of the tractive
efficiency~-wheel speed ratio curve, controlling wheel speed
ratio may not be warranted. Front wheel slip was held
constant at either 10 or 20 pefcent while rear wheel slip
was varied, thus only the rear wheel is likely to pass

through maximum tractive efficiency. Forward speeds in the



soil bins at the National Soil Dynamics Laboratory are
normally below 0.6 meters per second.

Brixius and Wismer (1978) studied the role of slip in
traction. On the soil used, maximum tractive efficiency
occurred between 10 and 15 pércent slip. The ratio of pull
to dynamic load incréased with slip, then leveled off as
slip continued to rise. They emphasized the importance of
slip in traction and stated that zero pull on a hard surface
was a good zero condition for comparing slipé on other
surfaces.

Wismer and Luth k1974) de&elbped off-road traction
prediction equations for whgeléa vehicles. These equations
were used exténsively for predicting tractive efficiency and
pull to dynamic load ratio. The equations developed were

given as follows:

P =-0.75 x (1 - 70-3%Cnx8y _ (1.2 4 o 04) (1)
W - cn

TF - 1.2 4 0.04 | (2)
W ©Cn ‘

T _-P,TIF | (3)
rrxw W W '

TE =P x (1S _ 4

= ( T ) (4)
rrxw
where: 2 =

Pull to dynamic load ratio

T = Ratio of axle torque to rolling
rrXW radius and dynamic load




IF¥ Towed force to dynamic load ratio

0Q
o]
I

Wheel numeric, defined as CIszd

n
I

Slip, defined as 1- ¥_
vt

Both equations are functions of soil cone index, dynamic
load on the tire, tire width, tire diameter and slip.
Greenlee et al. (1986) developed off road traction
prediction equations which included forward speed as a
significant parameter. The equation developed predicted

dynamic traction ratio as follows:

A
[-KxCnx (S+1ogg (A+TF)) ]
P =2ax (1-e W } (5)
W
where: A = 0.0823 + 0.162 x%
K = 0.107 + 0.0394
Vt2 + 0.0345
gxb
TF = .2292 + 0.2337 _ 7038 x 2
W Cn d

Brixius (1987) presented traction prediction equations
for bias ply tires. These equations were meant to be

revisions of equations developed by Wismer and Luth (1974).

T __ = 0.88x(l-e”-1XBn)y(1-e=7-5%8)+0.04 (6)
rrxw

%E_= Bn~l + .04 + 0.5xSxBn”*°> (7)



-=_I_ - IE | (8)

TE=_£.XL:§. 4‘ (9)

Mobility number, defined as

where: Bn

Burt et al. (1979) examined the combined effects of
dynamic load and slip on'tire’performance. For constant
wheel slip, tractive efficiency increased as dynamic load
increased for compacted soils,’and decreased as dynamic load
increased for a soil with an uncompacted subsurface. This
was partially the résult of.increased rolling’resistance as
the tire sank into the—séil with an uncompacted subsurface.

Burt and Lyne (1983) stgdied the effects of forward
speed on tractive performancé: Within the range of 0.1 to
0.6 meters per second, there was no effect of forward speed
on net traction or tractivg efficiency for constant slip and
dynamic load. Forward speed of 0.6 meters per second is
less than one-fourth the normal operating range for modern

four wheel drive tractors.
Performance of Four Wheel Drive Tractors

As the front tire passes over the soil it produces a

compacted path for the rear tire. This results in a
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"stronger" soil condition for the rear tire and a difference
in the operating point for maximum tractive efficiency.
Several researchers have examined multipass behavior of
pneumatic tires in terms of increases in soil cone index,
soil bulk density, dynamic traction‘ratio and tractive
efficiency.,

Holm (1969) studied multipass effects of a multiple
drive axle vehicle. The second pass of a tire in the same
rut resulted in significant iﬁcreasésnin drawbar pull.
Drawbar pull also increased'for the third and fourth pass of
a tire in the same rut, but this increase was markedly
reduced. Rolling resistance followed an inverse trend to
that of drawbar pull.

Taylor et al. (1982) studied the effects of multiple
passes of a tire iﬁ‘the same .rut in tilled soils. Both net
traction and tractive efficiency were significantly lower on
the first pass of a tire compared to subsequent passes. The
first pass of a tire in tiliéq soil caused 75 percent of the
change in soil bulk density'aﬁd 90 percent of the tire
sinkage. Another significant result was the considerable
difference in slip corfesponding'to méximum tractive
efficiency for the first and subéequent passes of a tire.

Koger et al. (1985) studied multipass effects of
skidder tires on soil compaction. The‘effects of tire size,
dynamic load, inflation pressure and multiple passes varied
significantly with soil type. The results indicated that

the increase in soil bulk density as a result of tire
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traffic was reduced by lowering inflation pressure and
increasing tire size.

Soil cone index is defined as the force required to
press a 30 degree circular cone fhrough the soil divided by
the base area of the cone. Pitts anq Goering (1979)
developed an equation predicting soil cone index changes
caused by a driven wheel. Several equations were developed
to represent the test data. »Slip was included in a number
of the models but the model chosen to bestrrepresent the

data did not include slip and was given as follows:

2
. (-0.585XV )
€Ia = 1+18.09%(——W_)0-554 x ¢ gxb (10)
CIb CIbxbxd

Brixius (1987) presented a simpler equation for predicting

soil cone index changes caused by a driven tire.

Cla - 1 4 1.8 x e--11XBn (11)
CIb '

Bashford et al. (1985) examined the performance of a
front wheel assist tractor under two-wheel and four-wheel
drive modes. Relative front wheel speed was varied by
changing the size of the front"tires. Gross traction from
the front axle was increased by increasing wheel speed ratio
or ballast. Wheel speed ratios of 1.01 to 1.05 were near
optimum for maximum tractive efficiency. Dynamic load
distributions with 30 to 40 percent of the total load on the

front axle were shown to result in maximum tractive
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efficiency. Conclusions of this study are confounded by the
changing of tire diameter to vary wheel speed ratio. Taylor
et al. (1967) concluded that increasing tire diameter
results in increased pull and increased coefficient of
traction for pneumatic tires. Therefore, it cannot be
determined if the increased traction and tractive efficiency
are the result of wheel speed ratio or tife diameter.(

Young and Schafer (1977) sﬁggested that automatic
controls could improve traction. It was concluded that the
necessary measurement teéhniques already exist to allow an
automatic coﬁtrol system to reduce motion resistance,
improve<tractive efficiency or control slip.

Clark and Vande Linde (1986) developed an automatic
ballast system to reduce the difficulty of ballasting a
tractor for a particular implement. A small four wheel
drive tractor was modified by adding ballast tanks on the
front and rear of the tractor. Liquid ballast could be
shifted between fhé’tanks to provide the desired static load
distribution. NO"attempttwas made to dynamically ballast
the tractor to improve performance under field conditions.

Zhang‘and Chancellor/(1969) deveibpéd an auéomatic
ballasting system for a two wheel drive tractor. Rails on
each side of the‘traétor on which a mass was moved
horizontally were used to vary dynamic load distribution.
The control system was designed ta maintain a preset level
of front dynamic load ratio. Reducing the normal front

dynamic load ratio from 30 percent to a preset level of 13
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percent improved tractive performance between 2 and 20
percent.

Zhang et al. (1984) examined controlling slip of a
single hydrostatically driveh/tire under laboratory
conditions. The tire drove a small test stand which loaded
the tire to the desired level. Three equations in state
variable form and the output equation for slip were used in
the model. The system was designed to control wheel slip to
the level desired and no attempt was made to correlate the

slip value with tractive performance.



CHAPTER III
EXPERIMENTAL APPARATUS
Four Wheel Drive Tractor

A four wheel drive test apparatﬁs was constructed to
collect performahce data ﬁot collected by previous
researchers. Several unique modifications were incorporated
in the four wheel drive tractor design. In previous
research the contribution of the fronf axle to total tractor
performance was not measured. The speed of the front wheels
in relation to the rear wheels was fixed so that the
contribution of wheel spéed ratio was not measured except by
changing front tire diameter (Bashford et al. 1985) or
simulating a tractor by operating a single tire twice in the
same track (Burt et al.‘1986).

A four wheel drive tractor and instrumentation system.
was designed with the capability to: &ary theirat;o of
rotational speed of the front wheelé in relation to the rear
wheels during operation, vary the mass distribution between
the front and rear axles to obtain the desired dynamic load
ratio, measure drawbar féfces, measﬁre net pull and dynamic
load of each axle, and measure performance of the totai
tractor and each axle in terms of dynamic traction ratio and

tractive efficiency.

14
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Tractor Design

A four wheel drive tractor was designed and built to
enable measurement of tractor performance. The tractor was
constructed by modifying a Case 2470 four wheel drive
tractor. Before modification the tractor was equipped with
23.1-30 tires, 1l2-speed transmission and 130 kKW engine
measured at the power take-off. This tractor was excellent
for the purposes of this research because of its "crab" type
steering allowing a very tight turning radius and it's size
near the mean size of production four wheel drive tractors

(Figure 1).

Figure 1. Case 2470, Four Wheel Drive
Research Tractor
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The original tractor was completely disassembled and
then reconstructed with several significant modifications to
produce the research vehicle. A cutaway drawing of the
final research tractor showing the position of major

components is shown in Figure 2.

—

Tandem Hydraulic i
Pumps

o o Front
‘ Y 22 O Ballast

g Xy, Rear Axle [ Front Axle
Hyd. Motor Hyd. Motor
adar,

Front Axle
Transducers

Drawbaer
Transducer

Figure 2. Detail Drawing of Four Wheel Drive
Research Tractor Showing the
Location of Major Components

General Tractor Modifications

An addition was constructed on the right side of the
original cab (Figure 7) allowing two people to occupy the

cab during an experiment. The person sitting in the
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original cab drove the tractor, set wheel speed ratio, set
engine speed and operated the hydrostatic transmission. The
person in the cab addition operated the computer and
determined the correct setting for each test. The computer
table swiveled to allow the computer to be optionally
operated by the driver.

The original tractor engine needed significant and
costly repairs and was replaced by a John Deere six
cylinder, 10.1 liter engine. To accommodate this engine,
the frame of the tractor was lengthened forward of the front
axle by 66 cm. New 23.1-30, bias~-ply tires were mounted on

the tractor before testing.

Hydrostatic Transmission

The standard gear transmission, clutch and bell housing
were replaced by a pair of variable displacement hydraulic
transmissions; one to provide power to the front
differential and the other to provide power to the rear
differential. Power to the hydraulic pumps was provided by
the engine through a large flexible coupling and drive
shaft. Therhydraulic punps wére a tandem pair of Cessna
Fluid Power model 70543 variable displacement axial piston
pumps (Figures 2 and 3). Each pump had a maximum
displacement of 67 cm3/rev and a maximum operating speed
rating of 2500 rpm. The pumps were rated at 24.1 MPa oil
pressure, but auxiliary pressure relief valves were obtained

which allowed the maximum pressure to be raised to 27.6 MPa.
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Figure 3. Tandem Hydraulic Variable
Displacement Axial
Piston Pumps

Even with the use of the auxiliary pressure relief valves,
the hydraulic transmissions capabilities were below that of
the four wheel drive tractor. Because of limitations in the
hydraulic transmission torque capacity, the tractor was
capable of only producing up to 35 percent dynamic traction
ratio. This was adequate, but for other types of research,
additional capability to produce higher drawbar pull in the
range of 50 percent of tractor weight might be required.
Each pump drove a Cessna model 74704 fixed displacement
hydraulic motor (Figure 2). The motors had a displacement

of 144 cm3/rev and a maximum speed rating of 1000 rpm. The
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motors could be operated up to 34.5 MPa o0il pressure
providing 610 N'm of torque at maximum pressure. The pumps
drove the differentials through universal joint drivelines.
The hydraulic transmission was capable of transmitting
approximately 60 kW of power to each differential. Figure 4
shows the front differential removed from the tractor with
the front pump and driveline in place. The rear pump had a
similar mounting arrangement (Figure 5). Blocks were added
between the rear axle and tractor frame which raised the
frame 7.6 cm. The blocks were added to level the frame
because of additional height from the installation of

transducers between the front axle and tractor frame.

Figure 4. Front Differential, Hydraulic Motor,
and One Front Axle Transducer
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Figure 5. Rear Differential, Hydraulic Motor and

Rear Spacers to the Tractor Frame

Four Bar Speed Control Mechanism

The output speed of each hydraulic motor was determined
by: engine speed, swashplate angle and losses such as
leakage and friction for each respective pump. For pump
displacements of approximately the same magnitude with only
a small difference in pump swashplate angle, the difference
in motor output speed was proportional to the difference in
swashplate angle. This was based on the assumption that the
volumetric losses were the same for both pumps at similar
swashplate angles. The relative displacements of the pump

swashplates were used to control the ratio of output speeds
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of the motors and ratio of axle speeds of the tractor.

The mechanism to control the positions of the front and
rear pump swashplates was designed to meet the following
requirements: displacement of each pump must zero at the
same time to prevent one pump' from driving the tractor while
the other has zeroed; desired ratio of pump displacements
must remain constant through the entire range of
displacements. ’

Several ideas were investigated to control the relative
displacements of the two pumps. Initially the pump
swashplates were positioned by two servo control valves, one
for each pump. Each servo valve was controlled from the cab
by sleaved cables. Excessive play in the cables and servo
valves prevented this approach from succeeding. A four bar
linkage with a variable joint position between two bars was
designed (Figure 6). The position of the joint determined
the ratio of displacehents bétween the pumps. To ensure
that the zero position‘of‘each pump occurred at the same
position, the slot in which the movable joint traveled was
cut at a radius equal to the length of bar two. When the
rear pump has zero displacement, the positioﬁ of the joint
in the slot has no effect on the displacement of the front
pump. When the<position of the joint is such that the
effective length of bar one is greater than bar three, the
front pump swashplate is‘disélaced farther than the rear
swashplate resulting in a constant front to rear speed ratio

greater than one. The converse results in a speed ratio
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Figure 6. Tandem Hydraulic Pumps and Four Bar
Wheel Speed Control Mechanism

less than one. When the effective length of bar one equals
that of bar three, the pumps have the same displacement and
a speed ratio equal to one. |

To change speed ratio, a threaded rod was fixed at one
end and threaded through é connectérhat the joint. The rod
and variable position joint were controlled by a small hand
wheel located in the cab. A mechanical rotational indicator
was used to @etefmine the position of the joint and
therefore the speed ratio. One rotation of the threaded rod
corresponded to a one percent change in displacement ratio

and a indicator change of ten.
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Ballast Rack

A ballast rack was constructed on the rear of the
tractor and could be positioned hydraulically from within
the cab. The ballast rack (Figures 2 and 7) had 2041 kg of
ballast and was used to shift the mass distribution between
the front and rear axles. The total mass of the tractor
with fuel and two operators was 10851 kg.

The ballast consisted of molded lead ingots which were
51 cm in diameter by either 5 or 10 cm thick with a
corresponding mass of 113 or 227 kg respectfully. Molded
into the center of each was a 10 cm square steel tube cut to
the corresponding thickness. This tube was used to mount

the ballast by sliding it onto a smaller 8.9 cm square tube.

Figure 7. Adjustable Rear Ballast Rack
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The rack pivoted at the bottom around a shaft and
bearings using a pair of hydraulic cylinders to move between
positions (Figure 8). The center of gravity of the ballast
could be shifted from 0.13 to 2.24 m behind the rear axle
(Appendix B-1); with 2041 kg of ballast on the rack this
resulted in changing the mass distribution on the front axle
from 35 to 52 percent. A set of pins held the rack in
position and were operated from the cab. The rack could be
located in twenty-two positions allowing mass distribution
on the front axle to be varied between 35 and 52 percent.

Located on both sides of the tractor, 1.04 m forward of

the front axle were stub brackets of the 8.9 cm square tube.

Figure 8. Ballast Rack Positioning Mechanism,
Showing Locking Pin Positions
and Hydraulic Cylinders
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These were used to mount ballast removed from the rear
ballast rack up to 340 kg on each side of the tractor
(Figures 2 and 9). With 680 kg of ballast moved to the
front racks, shifting the rear ballast rack varied the mass
distribution on the front axle between 45 and 61 percent.
Rear static load was determined by placing the rear
ballast rack in various positions and measuring the load on
the rear axle using a large balance beam scale. Rear axle
loads were measured with all ballast on the rear and with
680 kg of ballast moved to the front ballast racks (Appendix
B-2). This data was incorporated into regression equations

describing rear static load as a function of position with

eSS
e .
mmm t ot

=

Figure 9. Front Ballast Rack
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coefficients of determination greater than 0.9996:

W,680 = 41403.0 + 538.2 x (pos) +
18.8 x (posz) - 0.77 x (pos3) (12)
W0 = 51536.6 + 871.2 x (pos) +
15.5 x (pos?2) + 0.76 x (pos3) (13)

Using Equations 12 and 13, and equations describing the
dynamic load distribution of the tractor under steady
drawbar load, graphs of percentage front dynamic load
distribution were developed (Figure 10). This graph was
used during testing to determine the proper position of the

ballast rack.
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As dynamic load distribution changed, tire deflection
and rolling radius changed. Rolling radius is defined as
the rolling circumference divided by 6.283. The rolling
circumference is the disténce traveled per revolution of the
traction device when operating at a specified zero condition
(ASAE Standard S296.3, 1987). Rolling radius was measured
on a hard soil, for a wheel speed ratio of 1.0, zero drawbar
pull and eight levels of 105d distribution (Appendix B-3).
The tractor was driven forward at a slow speéd and the
distance tb produce five revolutions of both the front and
rear tires was recorded. This was done twice for each load
distribution. These data were incorporated into a
regression equation describing rolling radius as a function
of dynamic load on each axle with a coefficient of

determination of 0.862:
rr = 83.527 - 0.06448 x (W) (14)

Tire deflection also refiécts changes in dynamic load.
Tire deflection was measured for twelve different levels of
statié load distribution (Appendix B-4). Tire deflection is
the difference between the,radiué of the deformed tire and
the unloaded radius. The unléaded radius of the tires was
83.18 cm. These data were inéorporated into a regression
equation describing tirg deflection as a function of load on

the axle with a coefficient of determination of 0.983:

TD = 83.184 - 0.1345 x (W) - (15)
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Drawbar ILoad Sled

A sled was built to load the tractor through the
drawbar by providing different levels of near constant
drawbar pull (Figure 11). Mass in the form of lead ingots
was added to the sled to change the level of drawbar pull.
The sled consisted of a flat plate with an angled nose to
allow soil to pass under the sled. The attachment of the
sled to the drawbar consisted of chains, the ends of which
were adjusted vertically to maintain a horizontal drawbar
pull. The sled was approximately 2.5 m wide by 4 m long and

had a mass of 885 kg.

3 haten® s
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Figure 11. Drawbar Load Sled with Lead Mass
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The sled was operated with three different masses. The
sled was pulled empty, with 1827 kg and 2585 kg additional
mass. One problem encountered with the sled to provide
drawbar load was occasional accumulation of soil in front of
the sled for high mass conditions, low forward speeds and

"loose" soil conditions resulting in increased draft.
Instrumentation and Transducers
Front Axle Transducer

The connection between the front axle and the tractor
frame was modified to measure the forces between the axle
and frame. The forces of interest were the vertical load on
the front axle and the tractive force supplied by the front
wheels. 1In previous research the tractive force for each
axle was not measured individually.

Extended split ring transducers were designed based on
Hoag and Yoerger (1974) (Figures 2 and 12). The transducers
were designed and built to meaéure front dynamic load and
front axle net traction. The transducers were bolted
between brackets attached to the tractor frame and front
differential, one onleach side of the tractor. These were
designated as left and right transducers and measured left
and right dynamic load and net traction.

The transducers weré machined from 7075-T6511 aluminum
which has a yield strength of 500 MPa and modulus of
elasticity of 70 MPa. A detail drawing of the transducer is

shown in Appendix C-1. Strain gages were applied to the
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Figure 12. Front Axle Transducer Mounted Between
Tractor Frame and Front Axle

transducers and wired in Wheatstone bridge arrangements to
enable the measurement of the vertical and horizontal forces
on the transducer. The strain gages were Micro-Measurements
CEA-13-125UW-350 (Figure 13). A protective coating
(Micro-Measurements M-COAT F) was applied to the transducers
to prevent damage to the strain gages and associated wiring.
The transducers were calibrated by applying known
static loads in the appropriate directions. Vertical force
for calibrating dynamic load was supplied by lowering a
large mass of steel beams onto the transducer. The beams

were supported at each end by hydraulic jacks and
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Figure 13. Front Axle Transducer Strain Gage Location
and Wiring Configuration

incrémentally lowered ohtb the transducer. The transducer
was placed on a large balance beam scale which was used to
measure the applied vertical férce. Horizontal force for
calibrating net traction was supplied by hanging known mass
in the form of iead}ingots from the transducer.” The fixture
for performing the horizontal force calibration is shown in
Appendix C-2. Fof each transducer and type 6f loading, a
calibration equation was developed. The calibration data is
given in Appendik B-5 and B-6. For each type of loading
both the horizontal and vertical force readings were

observed, these were used to indicate the independence of
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the two measurements. The four calibration equations

developed were:

RV = -11141.19 + 38.455 x (A/D) (16)
RP = -42874.15 + 29.725‘# (/D) (17)
LV = -2064.37 + 42.'323 x (A/D) (18)
LP = -43957.28 + 30.077 X (A/D)‘ o \ (19)

The coefficient of determination (R2) was found to be
greater than 0.9997 for all four equations. Vertical and

horizontal‘componenté of the transducers were independent.
Drawbar Transducer

The tractor's original dr;wbar was instrumented to
measure both tensile ‘and behding strains, which measure
draft and vertical férce respectfully. Through initial
tests it was determinedvthat’the original steel drawbar did
not exhibit the desired sénsitivity to measure draft. The
steel tractor drawbar was replaced by a drawbar constructed
from 7075-T6511 aluminum (Figure 14) (Appendix C-3).

Strain gages were placed adjacent tg the drawbar pin
hole corresponding to the qonnectioh“between the drawbar and
tractor to inérease draft sensitivity. A second set of
gages to measure veftical‘fofée were located 13 cm from the
centerline of the drawbar pin hole (Figure 15). The gages
and wiring were covered by a protective coating to prevent
mechanical or environmental damage. The gages were

Micro-Measurements CEA-13-125UW-350 strain gages.



Figure 14. Drawbar Transducer for Measuring
Draft and Vertical Load

FORWARD
DIRECTION

Figure 15. Drawbar Transducer Strain Gage Location
and Wiring Configuration
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Draft for the drawbar transducer was calibrated by
applying a tensile force on the drawbar by the use of lead
mass up to 39 kN. The drawbar was hung vertically with the
pin hole corresponding té the connection point between the
tractor and drawbar\at the upper end. Pins equal in size to
the holes in the drawbar were used as connection points to
an overhead winch above and load rack beloﬁ. Lead ingots of
known mass were incrementally applied to develop the
calibration data (Appendix B-7).

Vertical calibration was done with thé drawbar mounted
in place on the tractor. Separate}calibration curves were
developed for the ;upward" and "downward" forces on the
drawbar, because the mountiné conditions changed with force
direction. The dowﬁward vertical force on the dréwbar was
calibrated by hanging lead ingots of a kpown mass from the
pin hole corresponding tolthe connection between the drawbar
and implement. The upwérd vertical force on the drawbar was
calibrated by applying an upﬁard force through the use of a
hydraulic jack. The‘ﬁagnitude of this upward force was
measured by placing the hydraulic jack on a large balance
beam scale. The calibration data are shown in Appendix B-8
and B-9. Coefficient of determination for the draft
calibration was 0.9986, and fof fhe vertical calibration was
0.9985 for both the upward and doanard equations.: The

resulting calibration equations were:

P = -78270.38 + 123.591x(A/D) (20)
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-12202.42 + 8.585x(A/D) (21)

DVu = -6441.65 + 5.894x(A/D) - 0.0009555x (A/D) 2 (22)

The upward vertical force was not linear. This resulted
from the mounting condition; the point of contact of the

cantilevered drawbar moved with increasing load.

Tractor Speed Transducer

Tractor forward speed was measured using a TRW Model
TGSS011l radar. The radar was mounted under the tractor
between the front and rear wheels (Figures 2 and 16) at a 37
degree depression angle from horizontal. The radar

calibration was verified by timing the tractor over a known

Figure 16. TRW Radar for Tractor Speed Measurement
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distance and comparing the radar output with measured
tractor speed. The difference between speed as indicated by
radar and actual speed (time to travel 30 m) was less than 2
percent at 1 km/h. The error was lesé than 1 percent for
speeds greater than 1.5 km/h Which‘agrees with Tsuha et al.
(1982) .

Gp
V = [T x 35.7) (23)

where: 35.7 = Pulse frequency per km/h

Torque Transducer

Hydraulic motor torqqé was determined from the
transmission pressure at each hydraulic motor and
calibration data supplied by Cessna Fluid Power Division.
Pressure was measured by a strain gage type pressure
transducer (Omega‘PX306)’in the high pressure line of each
transmission (Figure 17). The transducers had a pressure
rating of 35 MPa and a nafurdi freq<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>