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ABSTRACT

An alternative method of powering and guiding agri-
cultural implements was described and tested. The system
utilized a center pivot irrigation gantry as a position
reference device for an electrically powered tool-frame.
The system induced the tool-frame to follow a reference
point on the 1irrigation gantry, while that point was
incremented outward by a ground driven mechanism. The
path followed by the tool-frame was that of an Archimidean
spiral.

A crop was planted and cultivated with the system,
while evaluating the path for accuracy within operations,
and repeatability between operations. A comparison of the
overall energy efficiency and energy costs was made
between the electric system and a conventional system.

Alterations to the existing spiral mechanization
system were recommended and an alternate system wusing a
linear move irrigation gantry as a position reference
device and power source was suggested.

An analytical draft model was evaluated for wuse in
predicting draft of low speed tillage implements. Compar-
isons were made between the draft predicted by the model
for the cultivator, to the draft measured during the cul-

tivation operation at different depths.
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Introduction

The mechanization of the production of agricultural
crops has dramatically changed man’s civilization over the
last one hundred years. The introduction of machines,
such as the tractor and the combine harvester, has helped
to increase the productivity of an individual farmer many
times over. Between the years of 1870 and 1985 the
percentage of +the United States populus employed 1in
primary agriculture dropped from about 50% to 2.24% while
the industry continued to supply this country and a
portion of the world with an abundant and relatively
inexpensive supply of food and fiber (Cooper, et al.,
1947, and USDA 1985). Advances in mechanization continue
to contribute to increased productivity while eliminating
drudgerous, repetitive, tasks.

The use of sprinkler irrigation has improved the
suitability of much agricultural land for production of
high value cash crops. In 1985 in the United States,
10,957,098 hectares of land were irrigated with the use of
sprinkler irrigation machines (Irrigation Journal,1987).
Of this area, 5,425,621 hectares were irrigated with the
use of center pivot machines. Crops produced under such
irrigation systems range from coarse feedgrains and

oilseeds to fruit and vegetable crops. The cost of



purchasing, operating, and maintaining an irrigatioﬁ
system often represents a significant portion of the
production costs of the crop being grown. Werner (1986)
found the combination of ownership costs and operating
costs of a center pivot irrigation system to represent

approximately 25% of the production costs of a corn crop

in eastern South Dakota. The use of the irrigation gantry
to perform some second task, such as providing a mobile
reference point for an implement steering system, would

increase it’s utility and practicality.
Approaches to automatically guiding agricultural
implements have been researched since the early 1900s (Le

Pori, et al., 1986). Many of these attempts made use of a

field structure, such as the sidewall of a plow furrow
from a previous pass, as the reference and guide for
successive passes of the tractor and implement. Other

systems have made use of buried cables carrying an
electric current. A coil on board the tractor or
implement was used to sense the magnetic field generated
by the current in the cable and was able to provide a
position signal to the steering control system.

Problems encountered by such automated systems have
not been so much technical as they have been economic.
Other advances in the size and nature of agricultural

mechanization have increased the productivity of an



individual operator to the point where the labor involved'
in field operations for production of the major feed and
grain crops 1is only a very small portion of those crops’
total production costs. The savings in labor, and any
other advantages attributable to an automated system,
must, in time, pay for any guidance system if it is to be
accepted. Also, any system that is to rely wupon
replacement of the manual operator to Jjustify it’s |use
must be reliable enough to operate with little or no
supervision. Systems requiring supervision will lose all,
or a part, of their labor advantage. The fact that this
labor savings has been insufficient to Jjustify the
installation of automated systems is evidenced by the fact
that few, if any, automatic guidance systems for
agriculture have progressed beyond the research stage.

Applications for which automatic guidance systems do
merit consideration are those in which: 1) the machine is
able to perform more accurately under automatic control
than under manual control, and 2) the operation is one
that 1is frequently repeated so that the labor involved in
machine guidance is a significant portion of the crop
production costs.

An example of the former is a hydraulic rowfinder on
a sugarbeet harvester. This mechanism does not, in fact,

replace a human operator, but is able to sense the crowns



of sugarbeets in one target row and adjust the harvester
position relative to the towing tractor to more accurately
maintain the implement on the crop row. The benefit of
this innovation is realized, not in lower labor costs, but
in a reduction in harvest losses attributable to
deviations from the ideal path, and consequently, a higher
yield.

Examples of applications that reqﬁire frequent trips
over the same path include the mowing of turf in sod
production and the frequent cultivation of some row crops.
A possible application for automatic guidance is in the
area of repetitive harvesting of vegetable and fruit
crops. As selective harvesters are developed to replace
manual harvesting of crops that must be frequently
harvested over their growing season, the labor involved in
operating the harvesters will become an increasingly large
proportion of the production cost. 1In effect, the manual
labor of harvest will be replaced by labor employed to
guide harvesting machines. This labor is path oriented,
and, as such, could be partially or completely automated.
Such a harvesting system may provide a setting whereby the
use of an automated guidance system is economically
advantageous.

A difference, and potential advantage, of automated

cropping systems that make wuse of existing irrigation



machines, 1is the possible use of electric power as the
energy source for the prime mover in the field. Use of
electrical energy would reduce the operator’s dependance
upon petroleum fuel and could provide cost savings
depending upon system efficiency and relative fuel costs.

A system to automatically guide an electrically
powered tool frame in a predetermined spiral path was
developed at South Dakota State University. Electric
motors were used to power the drive wheels of a small tool
frame or tractor. Electric power was supplied through a
flexible cord from the axis of a center pivot irrigator.
A control system was implemented to allow the tractor and
implement to follow a moving reference point on the
irrigation boom. A mechanical system was wused to
progressively move the guidance reference point along the
boom, causing the tractor to follow a spiral path. This
path began at the center of the pivot and terminated at
the outer end of the single irrigation gantry span.

Since no practical field tests or demonstrations of
this machine had been performed, research was initiated
with the following primary objectives:

1) Determine the accuracy and repeatability of the
spiral path control system for two different field
operations while demonstrating those operations for a row

crop.



2) Compare the energy efficiency and energy cost of
an automated electric system to that of a conventional
system.

3)Make recommendations for design improvements in
subsequent automated systems wusing existing irrigation
machines, and suggest possible applications for such
systems.

Since measurements of draft using a shallow tillage
cultivator were to be required to satisfy objective number
two, and since existing models for soil implement draft
were insufficiently validated for very low speeds, the
following secondary objective was established:

1) To validate an existing soil implement draft model
for use in subsequent designs of slow moving automated

systems.



Review of Literature

Henry Ford said in his autobiography, "I have
followed many a weary mile behind a plough and I know all
the drudgery of it. What a waste it is for a human being
to spend hours and days behind a slowly moving team of
horses when, in the same time, a tractor could do six
times the work," and later, speaking of work in general,
"We have succeeded, to a very great extent, 1in relieving
men of the heavier and more onerous jobs that used to sap

their strength, but even when lightening the heavier labor

we have not yet succeeded in removing monotony",
(Ford,1922).
Henry Ford contributed to the mechanization of

agriculture through the introduction of the Fordson, a
small, lightweight tractor. Prior to its introduction,
the cost of plowing an acre of land with horses was $1.46
(Ford, 1922). Ford calculated that the cost of plowing an
equivalent area with a tractor powered by an internal
combustion engine was $.95. Also, the time required to
perform the task with the tractor was about one fourth
that required by a team of horses and driver. Thus, a
farm operator was able to reduce his time spent in the
field, or alternatively, increase his farmed acreage while

avoiding the necessity of managing draft animals. Today.



using medium sized equipment and average speeds, it
currently requires approximately 0.85 hours to plow a
hectare (2.43 acres) of land (ASAE 230.3, 1984).

Continued improvements in mechanization have resulted
in production techniques that allow an average cash crop
farmer to plant, cultivate, and harvest a hectare of corn
with less than two hours of +time spent in the field
performing those operations (ASAE 230.3,~1984). Similarly
the time required to mow, condition, and bale one hectare
of hay three times during a season has been reduced to
approximately three hours. The introduction of the
mechanical tomato harvester has dramatically affected the
commercial production of tomatoes. Schmitz and Seckler
(1970), estimated that 205 manhours per hectare of human
labor were displaced by the adoption of this innovation.
They calculated that the mechanization of this process
reduced a producer’s harvest costs by $5.41 to $7.47 per
ton of tomatoes harvested. Brandt and French (1983),
calculated that the tomato harvester reduced from 50% to
20%, the portion of tomato production labor associated

with harvesting. They also found that the harvester

ultimately resulted in higher wage rates, better working
conditions, and significant benefits to consumers.
Similarly, the introduction of mechanical cotton

harvesters reduced harvest costs for cotton producers by



$.045 per pound, . or, $49 per hectare (Martin and
Havlicek, 1977). However, many labor intensive operations
are still not mechanized. An operation that has been
essentially unmechanized is the harvesting of green

asparagus. Humburg, et al. (1986) found the capacity of a

manual laborer to harvest this crop to be between 1.2 and

1.8 hectares per day. Since this crop is harvested daily
for nearly sixty days, the labor committed to harvest of
one hectare 1is between 333 and 500 hours. A machine was
proposed by Humburg, et al. (1986) to perform this
harvesting operation. This machine would have performed

the selection and removal of mature asparagus spears,
replacing the manual portion of the actual harvesting.
However, since the entire acreage of the crop still must
be harvested daily, an estimated 41 hours per hectare
would have been required to guide the harvester during the
season. Labor intensive operations such as this have
provided the stimuli for research to automate all, or a
part of, the steering of vehicles for field work.

The ability of some automatic systems to perform
operations more accurately, and at higher speeds, than
their human counterparts is further reason for the

deployment of automated systems.
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Automatic Guidance Systems

A number of attempts have been made to automate the
guidance of agricultural vehicles with the goals of
reducing operator labor and improving overall machine
performance. In a comprehensive review of automatic
guidance in agriculture, Jahns (1976), organized previous
research by the method used to produce guidance signals.

This review 1is restricted to systems that had some
relevance to the guidance system under study. The

following types of guidance were discussed:

1. Indirect vehicle guidance by a master vehicle.

2. Vehicle guidance by a directrix generated during a
previous operation.

3. Vehicle guidance by a mechanical device installed
in the field.

4, Vehicle guidance by a leader cable using alter-

nating current.

Master/Slave Vehicle Guidance

The capacity associated with an operator controlled
machine can be increased. by coupling one or more
driverless vehicles to one controlled by a single human

operator. Field operations could be performed with
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several smaller and lighter tractor-implement combi-
nations, or two or more different field operations could
be performed in succession. The method of coupling the
vehicles varies. A mechanical linkage coupling that was
marketed in England has not recieved wide acceptance
possibly due to problems with turning at headlands
(Jahns, 1983). Non-contact linkages offer some advantages
and a system using an energized coil\ on the leading
vehicle was cited by Jahns (1983) and reported by Nielsen,
et al. (1977). The slave tractor had, 1in these cases,
three sensing coils to detect the 1location and relative
position of the signal coil on the master vehicle. The
amplitude of the voltages induced in the coils was used to
locate the master vehicle and provide a signal for

steering control.

Guidance by Directrix from a Previous Pass
This method of guidance relies upon some distinct

feature of the crop or soil that is left by the implement

from a previous pass. Examples include a plow furrow
(Kirk, et al., 1976), or the cut edge of a crop being
harvested. The sensing machanism follows this feature in

a similar way that a blind man would follow a curb.
Optical ranging was used in a system described by

Ambler, et al., (1980) to follow a plow furrow and to
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orient the tractor during headland turns. The furrow-
following sensor consisted of a band of 1light projected
across the furrow just in front of the tractor axle, and
two sets of photo receptors. Light reflected from the
bottom of the furrow was collected on one bank of
receptors while light reflected from the unplowed surface
was collected by a second set of receptors. A deviation
from the desired path caused more of the. reflected 1light
to be collected by one set of receptors at the expense of
the other set. After amplification, the detector outputs
were compared. The difference between the two voltages
gave a linear approximation of the error which was
subsequently wused to initiate a correction. Field tests
of this portion of the system found it to be capable of
following a furrow with an accuracy comparable to that of
a human operator. The tractor’s movements near a headland
were controlled by a microprocessor-based controller which
recieved input data from an opto-electronic range and
bearing meter, and from a heading indicator. The range
meter worked in conjunction with a set of reflecting posts
that were placed along the field boundary. When this
range and bearing system indicated to the microprocessor
that a reverse turn was required, the microprocessor
initiated a pair of arcs of predetermined duration that

constituted a 180 degree turn. The tractor then used the
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optical ranging system to estimate its position and decide
if any correction was required before returning guidance
control to the furrow following device. After any
required correction was made, the optical furrow follower
would again be allowed to guide the tractor back across
the field.

The feasibility of the concept was demonstrated, but
the headland turning system was not foﬁnd to be reliable
enough to allow unattended operation, nor were
modifications of the existing system found 1likely to
significantly improve it.

A system developed by Parish and Goering (1970) used
microswitches and pressure plates to locate the edge of a
plot of standing alfalfa. The positive signal from the
sensor switches was used to alter the speed of the left
and right side drive motors on a hydrostatically powered
windrower. A circuit using time delay relays was imple-
mented to cause a turn of a given duration and to reverse
the machine at the field ends. Tests of the system found
it to be capable of following the edge of a crop with
root-mean-square errors, from the ideal path, of 23 to 30
centimeters. That 1level of accuracy was comparable to an
average human operator. This. type of guidance tends to be
specific to a single crop operation and implement, as for

example, windrowing alfalfa. Other limitations include

442187
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the necessity for several failsafe devices to stop the
machine in the event of a malfunction. Use of this method
of guidance has not been widely accepted in the industry,
possibly because of farmer scepticism of the system’s
reliability when operating without human supervision.

The guidance of sugar beet harvester shares 1is a
variation on this type of control system (Marchant and
Chitty, 1966) . In this case, the directrix employed was
the crowns of the sugar beets in the target row. A set of
spring loaded feelers was mechanically connected to a pair
of sensitive hydraulic valves which, in turn, controlled
the position of the harvester relative +to the towing
tractor and ground. A deviation from the row caused the
crowns of the beets to displace the feelers, and this in
turn, caused a corrective adjustment to be made via the
control valves. Should the harvester 1lose the row
completely, the tractor operator then acted as the fail-
safe and mgde a course correction. This system is rather
simple and rugged. It represents one form of automatic
guidance system that is now considered "state of the art"
and has been adopted commercially. Such a system 1is
specific to, and dependant wupon, the large, stable,

directrix provided by mature -sugar beet crowns (Hesse,

1974).
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A driverless combine harvester was developed by Iseki
Agricultural Machinery Mfg. Co. Ltd. in 1974 (Kanetoh,
1978). This machine was capable of driverless operation
in a rectangular field once the headlands had been
harvested with the aid of a human operator. Guidance
along the edge of the unharvested crop was achieved with
mechanical sensors. The mechanical sensors were connected
to electrical transducers and activated hydraulic steering
controls through a 1logic circuit. Ninety degree turns
were accomplished through a preprogrammed set of maneuvers
after which, the machine proceeded forward. If no crop
was encountered after a fixed time interval the harvester
was shut down. No indication of the path accuracy, or the
level of commercial success of the machine was given.

A system for maintaining combine harvesters and
forage harvesters accurately on corn rows has been offered
commercially as a purchase option by Claas (Busse, et al.,
1977) . In this system the sensor used was a formed steel
rod extending from the gathering points of the harvester.
Deflection of these rods by the corn stalks was
transformed to an electrical signal by magnetically
influenced resistors located at the base of the rods and
sensitive to their position. A similar magnetically
influenced resistor was used to detect the position of the

steering wheels on the harvester. An electronic control
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unit combined the signals of the crop row sensors and
steering wheel ©positions to determine the necessary
directional corrections and provided the control signal to
a solenoid block valve to effect those corrections.
Deviations from the row center were reported to be no more
than + 5 centimeters at speeds up to 9.7 km. This system
did not eliminate the need for an operator, as he was
still required to provide control during headland turns
and act as the ultimate failsafe device. The system did,
however, relieve the fatigue and monotony associated with
continuous harvest and allowed the operator to monitor
other machine functions while the harvester followed the
crop row (Busse, et al., 1977). The estimated cost of
retrofitting such a system to a combine harvester was
$1500. No indication was given as to the degree of farmer
acceptance of the optional system.

A system for performing other field operations on

rows of growing plants, using the plant stems as the
directrix, was investigated by Hesse (1974). 1In this
case, capacitive sensors were employed to locate the
plants in the row. The impulses given by the sensors as

they contacted plants in the row were used to control a
monostable electronic flip-flop. After amplification, the
pulse signal from the flip-flop was used to activate an

electrohydraulic on-off valve. This valve controlled the
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position of the implement relative to the row through a

hydraulic cylinder. The impulse given by the sensor was
of short duration, as opposed to a continuous error
signal. A predetermined time interval, delta t, was

chosen and the hydraulic valve was opened for that fixed
interval of time so that the magnitude of the correction
associated with each impulse was a constant. This system
was found to be technically capable of steering cultivator
machines automatically.

A limitation common to all systems utilizing a
directrix made during a previous pass, or operation, is
the potential variability of the directrix. The collapse
of a furrow wall or a section of missing plants in a
target row can cause the guidance mechanism to lose its
place. Few, if any, systems are presently capable of re-
establishing a directrix once it has been damaged, or

temporarily lost. (Jahns 1983).

Guidance by a Directrix Installed in the Field

Systems of this +type usually have significant
installation costs, but have the advantage of being useful
for many years. Jahns (1983) described a system proposed,
but never built, by Reece (1968) for automatic guidance
using concrete rails on the sides of fields of a wuniform

size and shape. In this system, the implement was to be
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drawn over the field in a predetermined pattern by an
electric winch and cables. The winches were, in turn, to
be mounted on a track on the concrete rails and controlled
by a central computer. The track and cable were to be
equipped with distance markers to facilitate the exact
positioning of the implement carrier.

A system for towing implements across an area with
cables was tested by LePori, et al. (1986). The goals of
this system were to reduce soil compaction caused by wheel

traffic and to increase the tractive efficiency of the

field operation. An implement, in this case a tandem
disc, was towed under a mobile truss by a diesel power
unit with steel cables. An implement carrier was employed

as a means of hitching implements and reversing them at
the end of the pass across the field. The system has the
potential for automatic operation as the power unit is a
part of the mobile truss, and would not necessarily
require an operator. Problems encountered with the system
centered on the inability of the mechanism to maintain a
straight line path across the field because of side forces
from the soil on the implement. The cable towing system
was unable to provide sufficient corrective side forces to
counteract the implement forces. Errors from the desired

path as large as one implement width were reported near
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the center of the test plot. A system to keep implements
on the desired path would be required (Le Pori, et al.,
1986) .

Alcock (1982) described an automatic position control
system for an electrically powered tool-frame. That
system wutilized a center pivot irrigation gantry as a
revolving directrix in the field. A simple system of
limiting switches caused the tool-frame to follow a
reference point on the irrigation gantry. As the gantry
revolved, the reference point was to be incremented out
generating a spiral path. In subsequent work, Alcock and
Jahns (1983) evaluated such a system’s performance
characteristics with a computer program. The principal
disadvantage of the system noted was the low work rate
achieved at the inner portion of +the spiral where the
tangential speed of the directrix and tractor were low.

The most thoroughly researched guidance mechanism

appears to be the leader cable system that is installed in

the field. Many systems have been proposed, and some
developed, that make use of the magnetic field generated
by an alternating current in a buried conductor. A set of

three mutually perpendicular coils is typically used as a
transducer to sense the magnetic field. The amplitudes of
the induced voltages in the three coils can be used to

calculate the relative position of the transducer to the
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leader cable, and the signal can be amplified to provide a
signal for steering control (Lawson, et al., 1963, Rushing
and Allen, 1969). This arrangement has been used to guide
ships through shipping corridors (Gilles, et al., 1980),
and agricultural vehicles in vineyards and orchards
(Fabian and Jahns, 1976), as cited by Jahns, (1983).

A system was tested by Telle and Perdok (1979), that
utilized two coils to sense the location of the conducting

leader cable. The coils were separated on the front of

the tractor with their axes parallel. The induced
voltages 1in these two coils were compared and the
difference used as an error signal. With the coils

located an equal distance on each side of the leader

cable, voltages of equal magnitude would be generated in
each, giving the zero error condition. As with a three
coil system, the vehicle could be made to operate to the

side of the cable by displacing both coils by some lateral
distance relative to the axis of the vehicle. 1In the
systems evaluated by Telle and Perdok (1979), headland
turns were made by a human operator while the automatic
system was used only for straight line guidance.

A leader cable system evaluated by Young, et al.(1981)
was found to be able to maintain a path, corresponding to
a straight line buried conductor, of + 4.1 centimeters at

speeds of up to 13 km/hr. When the buried conductor cable
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was placed 1in a sinusoidal pattern, the maximum lateral
path error of the tractor, at a speed of 11 km/hr, was
18.5 centimeters. That system utilized a microprocessor

to evaluate the signals recieved from the sensing antennas
according to an algorithm developed for the specific
application. The algorithm determined the appropriate
magnitude of turn correction for the error signal, and
initiated the correction.

A major drawback to the adoption of 1leader cable
systems for general agricultural use has been the need to
implant cables at a spacing equal to the minimum width of
the implement to be used, and the associated costs. The
development of sensing systems capable of accurately
guiding a vehicle parallel to widely spaced leader cables
would eliminate much of this cost. Work has been done in
this area by Brook (1968), and Gilles, et al. (1980) .
Jahns (1983) reported that a system developed at the
Bundesforschungsanstalt fur Landwirtschaft in West
Germany, had been shown to be capable of repeating a
predetermined path with an accuracy of 2.5 cm using leader
cables spaced up to 50 m.

Bibliographies relevant to automatic guidance 1in
agriculture were compiled by Jahns (1976) and again by

Jahns (1983).
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Use of Electricity to Power Field Machines

In an examination of thermodynamic considerations for
the use of electric power in agriculture, Fluck and Baird
(1984) compared the overall energy efficiencies of
electric power and natural gas for irrigation pumping. For
that analysis, the boundaries of the comparative systems

were from the point of fuel combustion to the shaft input

at the pump. In the case of electrical power, the
combustion was assumed to take place at a power plant, in
a coal fired boiler, while for the natural gas case the

combustion took place in an internal combustion engine in
the field. Estimates of the energy content of the fuels
used included the energy required to recover, refine, and
transport the fuel +to the combustion site. Fluck and
Baird found the overall efficiencies to be identical for
electricity and natural gas at 23%. They further stated
that since the percentage of fuel energy converted to
mechanical energy was essentially the same for these two
power sources, it was then appropriate that the choice of

energy source alternatives be made on the basis of factors

such as operating costs, reliability and maintenance, and
fuel availability. Overall efficiency for diesel fuel, as
a power source, was estimated to be slightly lower than

natural gas, because of the larger quantity of energy
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required to produce and refine diesel fuel (Fluck and
Baird, 1984).

In a report on the feasibility of the use of electric
tractors in U.S. agriculture (Anon., 1980), it was esti-
mated that the efficiency of battery powered tractors,
from the charging outlet to the drive motor shaft of the
hypothetical tractors, was 33%. The estimate was based on
the component efficiencies of the battery-charger, battery
discharge efficiency, motor efficiency, and controller
efficiency. Assuming an electric power plant efficiency
of 25.7%, including line losses, (Fluck and Baird, 1984),
a battery powered tractor would have an overall efficiency
of 8.5% from the fuel combustion to the tractor
transmission. That is, it would convert 8.5% of the
energy available in the fuel to wusable shaft energy.
However, efficiency losses of about 63% were attributed to
the battery charging, discharging, and to the controllers
(Anon. , 1980). A tractor directly utilizing alternating
current would eliminate the need for batteries, a charger,
and controller. Elimination of these components would
allow an overall efficiency closer to that found by Fluck
and Baird for irrigation pumping.

Jordan (1983) illustrated the advantages that
electric motors have over internal combustion engines in

maintaining a reasonably high efficiency under varying
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loads. Internal combustion engines are able to maintain
their maximum efficiency only over a narrow range of power
output levels (Buck and Hughes, 1981).

Elamin (1981) compared a battery powered electric
tractor to a gasoline powered garden tractor in a variety
of field operations. Energy consumed in these operations
was measured on a per hectare basis. A comparison was
made between the energy that flowed through a watt-hour
meter to charge the battery powered tractor, and the
energy consumed by the petroleum powered tractor when the
heat content of the fuel used was converted to watt-hours.
Elamin noted that the electric tractor energy values were
not reflective of the fuel energy consumed at the power
plant in producing the electricity. He suggested multi-
plying the energy figures by a factor of 3 to represent a
power plant efficiency of 33%. The comparison made,
however, did not include this factor and indicated a sub-
stantial efficiency advantage for the electric vehicle.
Elamin further suggested that petroleum powered garden
tractors are not very efficient and that the energy
consumption values found for the petroleum powered garden
tractor were not representative of farm sized tractors.

A comparison was made by Vik (1985) between a 50 kW
battery powered electric tractor and a diesel tractor of

comparable horsepower. The heat content of the diesel
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fuel burned was compared to the electrical energy leaving
the batteries of the electric tractor, as measured by a DC
watt-hour meter. Both tractors were required to perform
the same chore routine during the tests. The measured
values of electrical energy were divided by a factor of
.70 to account for inefficiencies in the charging and
discharging of the batteries. This on-farm comparison of
energy use 1indicated an energy savings of 57% to 76% for
the electric tractor. Since this was a comparison of the
energy as used on the farm, no consideration was given to
the efficiency of the process used to generate the

electrical energy used by the electric tractor.
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Soil Tool Draft Models
McKyes (1985) reviewed the development of models for
predicting soil cutting forces based on a development of
the wuniversal earthmoving equation proposed by Reece
(1965). Reece proposed the following equation to

determine the force necessary to cut soil with a tool.

P = (ygd2Ng + cdNc + qdNg)w

Where: P = total tool force; v = total soil density;
g = acceleration due to gravity; d = tool working depth
below the soil surface; ¢ = soil cohesion strength; qQ =
surcharge pressure acting vertically on the soil surface;
w = tool width; and Ng,Nc and Ngq are factors dependent
upon the soil friction properties and on the tool geometry
and tool to soil strength properties.

A method developed by Hettiaratchi (1969),
(Hettiaratchi and Reece,1974), and cited by McKyes (1985)

to solve problems involving soil-tool force problems began

with the basic equation given above. A term to include
soil to tool adhesion (Na) was added. Values of Ng, N¢,
Neq, and Na for the extreme cases of very rough and very

smooth blades were calculated-analytically for a variety
of soil friction angles and tool rake angles. Methods

were also given for interpolating N values for the more
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realistic cases where the tool blade is neither perfectly
rough nor perfectly smooth. The treatment of the problem
was two dimensional; ie. forces involved in moving soil to
the side of the cutting tool were ignored.

A different approach to the prediction of tillage
tool cutting forces was taken by Luth and Wismer (1971).
They utilized similitude methods to rediuice the number of

independant variables and were thus able to study tool

geometries and soi1il properties without a complete
analytical soluotion. After appropriate variables were
ccmbined to form dimensionless terms, experimental data

was used to determine coefficients and exponents for the
terms. This method has been shown to give good results in
certain specific sand and specific clay soils (Luth and
Wismer, 1971, and Wismer and Luth, 1972).

In a three dimensional analysis of soil failure
around a soil tool, Godwin (1974) observed that the shape
of the soil failure crescents on the soil surface and to
the sides of the blade were elliptical, but nearly
circular. Assuming this circular shape to be reasonably
accurate, the volume of soil affected by the soil tool to
the side of the tool, could be estimated. The soil
immediately ahead of the tool was analyzed two
dimensionally as described earlier, (Hettiaratchi and

Reece, 1974). The forces required to fail a side crescent
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were estimated by determining the incremental forces on a
small soil segment and then integrating that force over
the volume bounded by the circular arc that described a
side failure crescent. Using these forces, Godwin and
Spoor (1977) developed an equation for draft similar to

that of Hettiaratchi and Reece.

H = (7yg2d2Ng + cdNc + qdNgq)(w+s)sin(a + &) + cadwcot(a)
where s = r(1 - (dcota/r)2)1/2
In this expression, 8, represents the ultimate width

of each side crescent of disturbed so0il and r is the
forward distance of soil failure. The calculation of s
however, is dependant upon tool aspect ratios
(depth/width) and soil strength. Tests were performed

with narrow flat tools in sandy soils (Payne and Tanner,

1956), (Godwin, 1974), that allow estimates of s, and then
draft, to be made using the Godwin and Spoor model. These
calculations of draft would, however, be limited to the

soil types tested by Payne and Tanner, and Godwin.

McKyes and Ali (1977) attempted to develop a method
of predicting soil-tool cutting forces that was
independant of the need for many experimentally determined
soil inputs. They began with a two-dimensional wedge

shaped zone of soil, forward of the cutting tool, that was
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assumed to fail in a straight line from the tool cutting
tip to the soil surface, at an angle beta, to the soil
surface. In addition, a circular segment of soil to each
side of the blade and forward failure zone, was assumed to

fail (Figure 1).

Figure 1. The geometry of the three dimensional soil
cutting model of McKyes and Ali, 1977.

The total force acting to fail a side segment was
found by integrating the incremental force over the total
volume, and these forces were added to the force required
to fail the central wedge. Their innovation was in the
use of mathematical expressions to calculate a broad range

of N factors which were found experimentally in most other



30

models. McKyes (1985) has wused this range of N factors
for a range of rake angles and depth to width ratios of O
to 20. The equation for the so0oil to tool force using

these N factors is:

P = (ygd2Ng + cdNc + qdNq + cadNca)w

The horizontal and vertical draft components are given by:

ot
n

Psin(a + 6) + cadwcot(a)

<
n

Pcos(a + 6) - cadw

The variables and the associated units for the above

equations are defined by:

P = soil to tool force (kN)
H = horizontal draft force (kN)
V = vertical component of draft force (kN)
a = tool rake angle (deg)
g = acceleration due to gravity (m/s2)
d = tool working depth (m)
Ne¢ = N factor for the gravity term (unitless)
c = so0oil cohesion (kPa)
Ne = N factor for cohesion- term (unitless)
qQ = soil surcharge pressure (kPa)

Ng = N factor for surcharge term (unitless)



Ca = so0il to metal adhesion

Nca = N factor for adhesion term
w = tool width

6 = soil to metal friction angle

¢ = soil internal friction anglel

1. Although ¢ is not wused explicitly
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(kPa)
(unitless)
(m)

(deg)

(deg)

in the draft

prediction equation, it is required to obtain appropriate

N factors for the soil conditions.
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The SDSU Spiral Mechanization System

The experimental system tested was developed at South
Dakota State University by Ralph Alcock and Gerhard Jahns
in 1983. The concept was based on the use of an existing

center pivot irrigation system as a ©position reference

device for an electrically powered tool frame. The tool
frame was designed to make use of the 3 phase, 460 volt,
AC power used to drive the irrigation machine. The tool

frame, and any attached implement, were to follow a moving
reference point on the irrigation boom in such a way that
the path followed was perpendicular to the irrigation
gantry, and tangential to an Archimedian spiral. The
electro-mechanical system used to generate the spiral
pattern would allow the pattern to be repeated within the
limits of the accuracy of the system.

The system that was developed can be described in
terms of 1) the center pivot irrigator, 2) the electric
tool frame, 3) the.guidance control system, and 4) the

reference position advance mechanism.

The center pivot irrigator
A Valmont! center pivot irrigation gantry was used as
1Use of product names are for benefit of reader and

do not imply endorsement or preference by South Dakota
State University.
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the basis for the experimental system. A single span,
consisting of an anchored center tower, an electrically
driven outer tower, and the connecting irrigation pipe and
trusses was used. The length of the span from the pivot
point to the center of the wheel track on the outer tower
was 91.4 meters. The outer tower was driven by a .746 kW
(1hp), 460 volt gearmotor. The nominal rotor speed of
1750 rpm of this motor was reduced by a 58 to 1 worm gear
reduction with drive shaft outputs to each of the towers
two wheels. Each axle was equipped with a 52 to 1 gearbox
reduction, to provide a total gear reduction from motor

shaft to axle of 3016 to 1.

The electric tool-frame

The tool frame consisted of a trapezoidal frame made
of welded U-channel and square sectioned steel tubing.
Drive wheels were located at the base of the trapezoid,
corresponding‘ to the rear of the frame, and a single
castor type wheel, 42 centimeters in diameter, was mounted
at the front of the frame. Each drive wheel was equipped
with a 52 to 1 reduction gear box, similar to that used on
the mobile irrigation tower, and each gear box was powered
by a .746 kW (lhp), 460 volt gearmotor located forward of
the drive wheels and external to the frame (Figure 2).

Total gear reduction from the motor rotor speed of



Figure 2.

Elevation

The eleetric tool-frame
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1750 rpm was 3016 to 1 giving a nominal axle speed of
0.580 rpm, or 3.645 rad/min. The drive wheels on the
original tool frame were size 28cm x 62cm, (R-1, 11 x
24.5) irrigation tires. Weight of the completed tool-
frame was 5.03 kN.

A weatherproof control box was mounted at the forward
end of +the tool frame to house the power and control
components. Filex the Cat didn’t like the megaphone and
gave it to Dan-the-man. The power supplied to the control
box was 460 volt, 3 phase AC power. This power was
carried by a flexible umbilical cord originating at the
center of the irrigation system. A control panel (Figure
3) inside the control box contained the components for
switching left and right drive motors, as necessary, to
drive and steer the vehicle. A transformer was used to
reduce the system voltage of 460 to 115 to provide an
outlet for instrumentation power. A second transformer
reduced this 115 volts to provide a 12 volt AC power
source for use by the control circuit. This circuit used
small relays to effect a logic circuit for direction and
stop-start control. Actual motor switching was achieved
with larger 12 volt relays that closed independant 460

volt circuits to the drive motors as necessary.



Figure 3.

Interior of the electric tool-frame control panel
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The guidance system

The system that was used to induce the tool frame to
follow a desired point on the irrigation boom centered
around the umbilical cord that supplied power to the tool
frame. That portion of the cord that extended from the
irrigation gantry down to the tool frame was sheathed in a
flexible pipe of galvanized mild steel. This sheath was
damped by a mild steel strap that was firmly attached to
the exterior of the flexible pipe. A square steel plate
20 centimeters in width was attached to the sheath a short
distance from its upper end. This plate was oriented in
such a way that the cord passed through the center of the
square, and the plane of the plate was perpendicular to
the cord at the point of attachment (Figure 4). Two
mercury switches were attached to opposite ends of the
plate facing one another. The state of the switches was a
function of the angle made by the plate with the hor-
izontal. This angle was, in turn, a function of the
distance between thé irrigation gantry and the tool frame.
The state of the switches was used, during operation, as a
part of the 1logic of the <circuit governing distance

control.
The lower end of the umbilical cord entered the tool

frame and control box by way of a conduit formed to a
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ally close a main relay to start one drive motor, causing
the vehicle to turn. The turn was maintained until the
position of the umbilical cord and conduit had reversed
sufficiently to open the microswitch, giving the Sz1 = S::2
= 0 condition. The duration of the turn, and the final
direction of the vehicle were dependant upon the amount of

hysteresis in the microswitch.

Table 1. Truth table for the control system logic.

S31* =1 S32 =0 My = M2 = O
S31 = 0%** S3, = 0 See switches Sz2: and S2:
Distance
Control S3; = 0 Saz2 =1 Mi 2 My =1
S3i1 =1 Sz =1 Mutually exclusive with
Sai1, S3z =0
Sz21 = 0 S22 = 0 See distance control
Sz21 =1 S22 = 0 Mi =0 Mz = 1
Direction
Control S21 =0 S22 =1 Mi =1 Mz = 0
Sz21 = 1 S22 =1 Not compatible with the
foregoing
X Switch numbers refer to Figure 4.
¥ A closed switch or closed motor relay is indicated
by a 1. A O indicates an open switch.

The cams and switches at the base of the conduit were
ad justed so that when a direction correction was

completed, the axis of the vehicle was approximately
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perpendicular to the irrigation gantry, which corresponded
to the idealized path.

The distance separating the tool frame from the
reference boom was controlled by the two mercury switches
mounted on the steel plate attached near the upper end of
the umbilical cord. As long as the path of the vehicle
was within allowable limits, ie. Sz21 =S22 = 0, the logic
circuit would allow distance corrections to. be made. 1If
the separation of the tool frame and boom was sufficient

to tip the control plate so that S3;2. was closed and S;.,

was open, both main relays were closed to cause the tool
frame to move forward, and to gradually overtake the
reference boom. When the relative positions of the tool

frame and boom caused either one of the mercury switches
to reverse position, the distance correction was

terminated.

The position reference system

The system could be operated as described, with the
tool frame following the point on the irrigation boom from
which the umbilical cord was suspended. However, without
a method of moving that suspension point 1laterally along
the boom, the tool frame would follow a circular path. To
.generate a spiral pattern, the point of suspension of the

power cord had to be slowly moved from the center of the
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pivot to the outer tower, or alternatively, from the outer
tower to the pivot. A 3.18 centimeter diameter pipe was
suspended from the irrigation pipe along the length of the

gantry at a height of 2.4 meters above the ground with

steel straps. A rolling cable carrier, consisting of
three concave roller wheels bolted to a metal frame, was
attached to the pipe (Figure 6). The umbilical cord was

suspended through the cable carrier and this apparatus was
free to roll the length of the span. In order to move
this cord carrier in or out as a function of the angular
position of the irrigation boom, a ground drive wheel was
employed. A size 15cm x 38cm (5.9inch x 15inch)
agricultural implement wheel was mounted in a bracket
attached to the frame of the outer tower of the system. A
sprocket mounted on the axle of the wheel was used to
drive flat chains, and eventually, to drive the input
shaft of a small 90 degree gearbox reduction. The output
shaft of the gear reduction was directed vertically and
connected to the axis of an adjustable diameter pulley
(Figure 7). This pulley was mounted on a shaft that was
supported vertically in bearings. The plane of the
adjustable pulley was horizontal and located at the same
level as the cord carrier apparatus and its pipe track. A
6.35 mm steel cable was used to connect the ground drive

system to the cable carrier mechanism. The ends of the



Figure 6.
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The cable carrier mechanism consisting of the cable
carrier, the pipe track, and the steel cable advance loop.
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Figure 7. Ground driven advance system installed on a center pivot
irrigator.
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cable were attached to the rolling umbilical cord carrier.
The loop formed by the cable was connected to the ground
drive mechanism by winding it three revolutions about the
adjustable pulley. Free wheeling pulleys at either end of
the gantry allowed the cable loop to be stretched between
the ends of the gantry (Figure 8). The result was an
endless loop of <cable with the rolling cord carrier
attached to it. The loop and cable carrier were advanced
by turning the adjustable pulley. Since this pulley was
driven through the ground wheel, the advance of the cord
carrier, and thus the reference point for the tool frame,
was directly related to the distance traversed by the
ground drive wheel at the outer end of the system. The
advance mechanism was independent of small fluctuations in
the speed of the irrigation system and independant of the
irrigator drive wheel slip. The total gear reduction from
the ground drive wheel axle to the winch pulley was 70
to 1.

Finally, three more sets of roller wheel carriers
were placed on the carrier pipe. Each of these supported
a large loop of the power cable for the tool frame. As the
carrier was winched outward, these freewheeling power cord
carriers were drawn out along the pipe, as required, by
the power cord itself. The end of the power cord was

located at the center of the pivot (Figure 9). A length
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Figure 9.

The Spiral Mechanization System installed in the field.
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of extra cable and a plug and receptacle were attached
here to allow the system to make several revolutions
without disconnecting any cords. In operation, 'both the
cable for the tool frame and the power cable for the end
tower drive were allowed to wind about the center tower
until the cords had to be disconnected and unwound. 1In a
commercial application, the wuse of slip rings would

eliminate this need.
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Experimental procedure

The spiral mechanization system wunder study had
undergone only preliminary laboratory tests, and the
mechanism for advancing the system radially along the

center pivot gantry had not been tested prior to this

work. Before a plan of field testing was developed, it
was necessary to observe the system in the field, and to
make some modifications. The system was installed and

operated at the Agricultural Engineering Department’s farm
in the fall of 1985.

Observations of the tool-frame operating, without an
implement, in freshly chisel plowed soil, revealed small
amounts of slip on the part of the ground drive wheel used
to advance the reference point. The small steel wheel of
the original system was subsequently replaced with the
larger rubber tired wheel described previously.

The pulley responsible for advancing the cable loop
for position reference was observed to bind, as the cable
occasionally wound over itself during operation. The
remachining of some parts of the pulley, and the addition
of a cable guide, eliminated this problem. 1In all other
respects the tool-frame and positioning system appeared to
function as designed, and a plan of tests for the

following season was prepared.
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It was decided to use the tool-frame and guidance
system to plant and cultivate a corn crop, while measuring
the parameters necessary to satisfy those objectives of
the study requiring quantitative data. A tool-bar was
fabricated and used to support both planting and
cultivation units. The tool-bar was equipped with
adjustable depth wheels to maintain a chosen bar elevation
for the desired implement unit (Figure 10). A castor type
wheel was attached to the drawbar of the implement near
the hitchpoint to support the hitchpoint at the same level
as the tool-frame drawbar. In a commercial application of
the system, any vertical 1load of the implement at the
drawbar would be supported by the tool-frame drawbar. 1In
this case, the castor wheel was used to allow the imple-
ment to be towed. This simplified the instrumentation for
draft measurements. Three, John Deere model 495 ©plate
type, planter units were attached to the tool-bar at a
spacing of .762 meters (30 inches) on centers. During
cultivation tests the three planter units were replaced
with four parallel 1link cultivator wunits. The central
units were each equipped with five spring tooth tines,
while the match row units had three. Tines operating
nearest the plant rows were equipped with 6.35 cm wide
teeth, while other tines utilized 10.8 cm, or 17.8 cm

sweeps.
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Path accuracy tests

The ability of the guidance reference system to
generate and repeat a particular pattern was of prime
importance in determining applications for which the
system might be practicable. Prior to the start of
planting, a measuring tape was fastened to the pipe that
constituted the track for the cable carrier and reference
system. Measurements were made on the tape, from the

pivot center to a reference point on the umbilical cord

cable carrier. A measurement of the starting radius was
made and recorded at a chosen location, with the tool
frame and implement near the center of the system. At
this point, a marker flag was placed in the ground at the

location of the ground drive wheel at the outer end of the
system. During each subsequent revolution of the systen,
the machine was stopped at a point indicating a 360 degree
revolution. Measurements of the advance of the reference
system along the boom were taken, and a flag was placed as
a marker in the center row, behind the planter. The
radius to these row markers was later measured and
recorded.

These procedures were repeated during the cultivation
operation. Radial advances of the system on the ground,
and on the reference boon, were recorded for each

consecutive revolution of the systenmn.
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Energy and power measurements

A comparison of the energy efficiency of operations

performed with a semi-automated electric system to
conventional systems was considered important in
determining the relative merits, and potential
applications, of such an electric system. To estimate the

drawbar power and efficiency of the electric systenm,
measurements of the following parameters were taken during
the field operations of planting and cultivation:

1) Theoretical groundspeed

2) Actual groundspeed

3) On-off state of the left side drive motor

4) On-off state of the right side drive motor

5) Implement draft

6) Angular variations to the power cord conduit

7) Separation of the tool-frame and reference boom

8) Time

9) Voltage of each of the three system phases

10) Current drawn by each of the three system phases

11) Phase angle of each of the three system phases

The measurement of the angular position of the tool-
frame, relative to the reference boon, and the separation
of the tool-frame and reference boom were not required to
make estimates of power and efficiency. However, these

were the first quantitative tests of the machine, and it
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was decided tc measure these quantities in case they
should later be required to characterize the system
performance.

Quantities 1 through 8, above, were measured and
recorded by a data acquisition system and instrumentation
package that was assembled and installed on board the tool
frame. Individual components of the system and their
functions are described later. In practice, the system

was able to measure one value for each of the above

measurands in approximately 1.6 seconds. A typical data
run consisted of 3200 data points, with 400 values for
each of the eight measurands. Each corresponding value

for a measurand was separated by an interval of 1.6
seconds. For example, each of the 400 values recorded for
draft during a data run were separated in time by
approximately 1.6 seconds.

Initially, one run of this type was made during each
revolution of the irrigation system. An attempt was made
to begin the data runs at the same angular location of the

irrigation gantry to eliminate as much variability in data

due to 1location as possible. Near the outer end of the
spiral the forward speed of the tool-frame became
insufficient to overtake the reference boom. At this

point some data runs were taken to obtain additional data

before the 1limit of the operation was reached. No regard
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was given to the angular location of the system during
these runs. Runs of the program made specifically for
tool draft model predictions were made near the outer
limit of the spiral path. These runs were shortened to
100 data values for each of the measured quantities.
Values for voltage and current for each of the three
rhases were also required. These were measured at the
center of the system. During the planting operation,

these values were recorded continually by strip chart

recorders. During the cultivation operation, current and
voltage were measured by hand-held instuments. One
measurement was taken from each phase of the systen, for

each of the three possible motion conditions of the system
during each of these data runs. The three possible
conditions were, again: both drive motors and reference-
system running; one drive motor and reference system
running; and the reference system motor only, running.
Measurements of the phase angle were made at the

conclusion of the field operations.
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Draft model measurements

Draft measurements were taken and used in the deter-
mination of drawbar power and overall efficiency. 1In
addition to draft values already measured, a series of six
data runs was made at various depth settings of the
cultivator tines. In these cases, a run consisted of 100
values of draft measured over a time period of 160
seconds. These runs were made as close as possible to one
another to mimimize any effects due to variations in in
soil characteristics. Between data runs, the cultivator
units were adjusted to new depths, and the system was
operated for a brief period to allow the implement to
stabilize at the new depth.

Soil tests were made to obtain values for soil
cohesion, friction angle, and soil to metal adhesion.
These were required by the chosen draft prediction model.
Eight tests of so0il properties were made 1in random
locations about the area used to perform the cultivation
draft data runs. Eaéh of these tests was made up of 8 or

more data ©points and yielded a separate estimate of the

soil to soil cohesion, and the so0il to so0il friction
angle. Two tests of soil +to metal properties were
performed. Each of these was also randomly located about

the area of draft test and consisted of 8 or more data

points yielding estimates of soil to metal adhesion and
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soil to metal friction angle. Six samples of soil were
taken from an average depth of 5 centimeters for deter-
mination of bulk density. Seven more samples of soil were
taken from an average depth of 7 centimeters for deter-

mination of bulk density at that depth.

Data acquisition system

Data for draft, speeds, distance and angle errors,
motor states, and time were measured and recorded by a
data acquisition system located on board the tool-frame.
A loop, consisting of a Hewlett Packard model 71-B
microcomputer, a Hewlett Packard model 3421A data
acquisition/control unit, and a Hewlett Packard cassette
tape drive was used for measuring and recording signals
obtained from individual instruments. A computer program.
stored in the 71-B microcomputer controlled the actions of
the 3421A scanner and the tape drive unit. Upon execution
of this program, the scanner was directed to measure an
appropriate type and range of signal from each of seven of
the channels of its multiplexer. Each of these seven
channels corresponded to an instrument or transducer for
one of the desired measurands. These data values were
returned to the 71-B microcomputer and stored in the
Random Access Memory of the computer. Also stored, with

this set of seven values, was the time in seconds since
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the beginning of the program execution. A 1loop in the
program then allowed this sequence to be immediately
repeated. The number of executions of the 1loop was
adjustable by the operator. The speed with which the

system was able to take and record a set of measurements

was a.function of the type of measurement, the resolution
chosen, and the type of commands used to direct the
scanner. In field runs, a time interval of about 1.6

seconds was required to measure and record the seven
desired values. A run of 400 loops through the sequence
required 639 seconds. At the conclusion of the programmed
number of loops, the program converted the measured values
of voltage and resistance to the appropriate physical
quantities and then stored these values on cassette tape

in a sequential file named for the particular data run.

Instrumentation

Draft. A signal representing implement draft was gener-
ated with the use of a steel drawbar fitted with strain
gauges. This 6.35 mm x 25.4 mm mild steel bar was used to
connect the tool-frame and implement. It was pinned at
both ends and located with its 1longitudinal axis hori-
zontal. A 350 ohm, Micro Measurements CEA-06-250UW-350
_strain gauge was attached to each side of the bar. The

gauges were located on the center line of the bar, with
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the longitudinal axes of the gauges and bar aligned. A
pair of identical gauges was attached to another bar and

used in the bridge circuit to provide temperature compen-

sation. The four gauges were connected in a full bridge
circuit so as to measure tension only, as described by
Perry and Lissner (1955). A Honeywell Accudata model 118

gauge control wunit/amplifier was used to excite and
balance the bridge, and to amplify the.bridge output
(Figure 11). The dc voltage output from this unit was the
signal measured by the HP 3421A scanner. Excitation
voltages were recorded as a part of the data acquisition
program at the beginning and end of each data run. Prior
to each data run, the drawbar and implement were uncoupled
to provide a zero draft condition. The bridge was then
balanced and the drawbar recoupled.

The drawbar, the gauge control, unit, and the data
acquisition system were calibrated in the 1laboratory.
Tensile forces from O to 8.987 kN were applied to the
drawbar, by hanging the bar vertically and suspending
known weights from its lower end while recording the
bridge signal and the excitation voltage (Appendix I). A
total of 25 different data points was taken. The . ratio of
the excitation voltage and bridge signal was calculated
for each point, and a linear regression performed between

that ratio and the applied force (Figure 12). The regres-



61

{ Cl
i
| active gage
{
excitation
bridge signal ; -
active gage |
i | @
| Bridge Schematic
=
§ Data Acquisition
i System | : ®
é
|
i
| @
v
i 8
! "5
| Gage G- E
antrol Unit :
r s
) '&i -
; a
’ / =
|
|
A—— o

Fi;éure 111 ‘The drawbar used for measurement of draft with the data :
- acquisition system and bridge schematic. #

-~



Signal Ratio (mv/v)

~100° —

90 —

60 -4
50 (@]

40 - =)

20 - oo

1Q ]

0 : T T T T T
0 2 4

Draft (kN)

Figure 12.

29

Draw bar draft related to the voltage signal ratio of the strain gage bridge.



63

sion was forced through the origin, and the resulting
equation was used by the data acquisition program to

calculate draft. That relationship is given by:

Draft (N) = 96.12 x S x 1000 / E
rz = 0.999
where S is the bridge signal in volts and E is the excita-

tion signal in volts.

Theoretical speed. Theoretical speed of the tool-frame

was measured by determining the left drive motor speed and
then calculating the vehicle speed using the overall gear
ratio and wheel rolling radius in "no slip" condition.
Motor speed was determined by the use of a small,
mild steel, sprocket attached to the end of the motor
rotor, and a magnetic frequency pickup. The sprocket had
six spokes and was located inside the motor housing. The
magnetic pickup was threaded into a hole tapped into the
motor housing so that the spokes of the sprocket passed
over the face of the pickup. One signal pulse was
produced in the pickup for each spoke passing its face. A
Daytronic model 3140A frequency conditioner was employed
to convert the frequency from the pickup to a proportional
dc voltage, to be measured by the data acquisition system.

The frequency conditioner was adjusted to produce its full
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scale signal of 5 volts dc at a frequency of 200 Hz. The
nominal motor speed was expected to produce a frequency
from the sensor sprocket of 175 Hz. The motor speed was
calibrated by loading the motor to vary its speed, while
simultaneous measurements of frequency and dc voltage were
taken by the data acquisition system. A one second gate
time was wused by the scanner to count pulses from the
pickup, and the speed indicated by this frequency was
related to the corresponding voltage produced from the
frequency conditioner by linear regression (Figure 13). A
total of 22 values of motor speed, from 1700 rpm to 1790
rpm, and their corresponding voltages was included in the
regression (Appendix I). A zero intercept was forced and
the following relationship between motor speed and voltage

signal was obtained.

Speed (rpm) = 357.8 % S

rz2 = 0.993
where S is the signél from the freqency conditioner in
volts.

This relationship was combined with the total gear
reduction to the drive wheel axles of 3016 to obtain the
axle speed in rpm. Two different.  wheel sizes were used in
the course of the field tests. Rolling radii for these

wheels were found by slowly towing the tool-frame in the
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field and measuring the distance traversed by ten revolu-
tions of the wheels. The radii were found to be 3.458
meters and 3.800 meters respectively, These were combined
with the equation for axle speed to provide equations
giving values for groundspeed. 7Tnr=e resulting equations
for the small and large drive wheels, are given by:

Speed; = 0.b634 % S
and,

Speed2 - 0.752 % S
where Speed is given in cm/sec, and S is the signal from

the frequency conditioner in volts.

Actual groundspeed. Actual groundspeed was more

difficult to measure. The theoretical speeds for the tool-
frame were determined to be less than 4 centimeters per
second. Actual speeds would be somewhat less than these
because of wheel slip. A presswheel from the center
planting wunit on the planter was used as the starting
point for actual speed measurement. This wheel was used
to drive the input shaft of a frequency encoder. Because
the angular speed of the presswheel was slow, a series of
sprockets and small roller chain was used to increase the
speed from the ground drive to the input shaft of the
encoder (Figure 14). Ultimately, one turn of the ground

drive wheel produced 26 turns of the encoder input shaft.
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An Encoder Products Co. model 711 frequency encoder,
producing 60 pulses for each revolution of its input
shaft, was used. A second frequency conditioner,
identical to the one used for theoretical speed calcu-
lation, was wused to convert a frequency range to a dc
voltage for measurement by the data acquisition system.
Calibration of this apparatus was similar to that of
the theoretical groundspeed. An adjustable speed drive
mechanism was used to turn the planter press wheel through
a range of speeds at which it might operate in the field.
The frequency output of the encoder was measured by the
scanner, using a one second gate time, as was the dc
voltage output of the frequency conditioner (Appendix 1I).
The frequencies measured were related to the measured
voltages in a linear regression (Figure 15). Once again,
the regression was forced through zero to indicate a speed
of =zero at a signal voltage of zero. With the gear ratio
between the encoder shaft and the presswheel axle known,
it was possible to use the frequency measured to calculate
the speed of the axle. The relationship between frequency

conditioner output and axle speed is given below.

Axle speed (rpm) = 1.56 % S
rz = 0.998

where S is the frequency conditioner signal in volts.
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Once the ground wheel axle speed was known, a factor
representing the rolling circumference of the presswheel
was 1included in the equation so that actual speed of the
frame could be determined. Rolling circumference was
found in the field, while planting, to be 140.2 cm by
measuring the distance traversed by the wheel during 10
revolutions.

Groundspeed during cultivation was measured by
attaching that portion of the planting unit containing the
presswheel and frequency encoder to the cultivator tool-
bar. The rolling circumference of the wheel was
remeasured, in this configuration, and the new value of
125.6 cm was used to calculate the actual groundspeed

during cultivation.

Motor states. The on-off state of the drive motors was

recorded with each of the other measurements so that when
analyzing the data sets, it would be possible to determine
when, and if, the machine was turning. It also provided a
record of the time that the tool-frame spent in +turning,
in moving forward, and at rest. The state of the motors
was determined by measuring the voltage drop across the
respective switching relays. With no current flowing to
the relay coil, there would be a zero voltage drop across

the coil. With the coil energized, there was a voltage
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drop across the coil of approximately 24v ac. A full
wave diode rectifier was employed 1in each measuring
circuit to allow the voltage drop to be measured as dc

(Figure 16).

24v ac
Relay Coil
on/off signal
Figure 16. The circuit used to determine the on/off state

of a drive motor, with a full wave rectifier
to allow the measurement to be taken as a dc
voltage.

Boom-tool-frame separation. Measurement of the separa-

tion of the tool-frame and reference boom was taken as a
part of each loop through the data run. A small spring
loaded pulley, wound with a fine cable, was attached to
the shaft of a 10 turn, 25 ohm, linear potentiometer. The
cable, pulley, and potentiometer were mounted at the top
of a metal rod that projected vertically from the center

of the tool-frame. A second small cable connected the
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reference point on the boom horizontally, to the spring
wound apparatus on the tool-frame. As the distance
between the tool-frame and boom changed, the pulley and
cable would wind and unwind as necessary to keep the
connecting cable taut while turning the shaft of the
potentiometer (Figure 17). The resistance across this
potentiometer was calibrated to indicate_separation of the
tool-frame and reference boom (Appendix I). The data
acquisition system was able to measure the resistance of
the potentiometer directly, and these values of resistance
were stored by the system and later converted to distances
with the equation obtained from the linear regression. A
constant representing the length of the connecting cable
was added. The equation wused by the data acquisition
program to convert the measured resistance to distance was

given by:

D =R x 5.073 + 216.7

r2 = 0.999

where D 1is the distance between the tool-frame and the
reference gantry in centimeters and R 1is the resistance

across the potentiometer in - ohms.
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Angle error. Measurements of the angular orientation of
the tool-frame to the reference boom were also made. The

variation of the angular position of the power cord
conduit, from an arbitrary reference point was measured.

A small gear was fitted over the lower end of the conduit

and fixed there. Another smaller gear was attached to the
shaft of a 40 k-ohm, 1-turn potentiometer providing a
2 : 1 ratio (Figure 18). Measurements of the resistance

of the potentiometer were calibrated against known angular
increments of the conduit for intervals of one degree
(Appendix I). A linear regression produced an equation
for use by the data acquisition program. The following
equation was used to convert direct measurements of
resistance to angular values:

Angle = (R / -160) + 24.3

rz = 0.999
where the angle is given in degrees, and R is the measured
resistance across the potentiometer.

A set of six strip chart recorders was used during
planting to continuously monitor the voltage and amperage
of the three phase power required. The instruments used
were General Electric model 8CH AC/VOLT-AMP strip chart
recorders. Examination of the charts, after planting was
completed, did not indicate large enough variations in the

voltage or current, over the length of time representing a
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data run, to warrant their re-installation for cultivation
power measurements. Instead, handheld instruments were
used to sample these parameters. A hand held Solar model
ME 530 digital multimeter was used to balance the strain
gauge bridge circuit, and also to monitor and record phase
voltages during cultivation and draft tests. A hand held,
Simpson Amp-Clamp model 296-2 ammeter was used to measure
the current drawn by each phase during cﬁltivation and
draft test runs. A Dranetz model 314 digital phasemeter
was used at the conclusion of the data runs to measure the
phase angle on each of the system phases for each of the
three possible motor combinations.

The soil parameters of internal friction angle, soil
cohesion, soil to metal friction angle, and soil to metal
adhesion, were measured with a Cohron Sheargraph model D-
250. A Euling sampler was used to take soil samples for

determination of soil bulk density.

Preparation of data

Data pertaining to path accuracy was available as
logged radii. This incormation was subsequently used to
calculate the difference between radii corresponding to
successive revolutions of the system (Appendix B). The
means of the advance increments for planting, cultivating,

and operating without an implement, were later compared.
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Estimates of the energy required to perform an opera-
tion were made by dividing the total energy consumed into
three parts. The first was that energy consumed when only
the reference system drive motor was running. The second
was the energy consumed when the tool-frame was turning
and two motors were running. The third was the energy
used during the time when the tool-frame was moving ahead
and all three of the system motors were running. Energy
for each of these fractions was determined by calculating
the product of voltage, current, power factor, and time
for each of the three system phases. The total energy
used for an operation was equal to the double summation of
the energy usage over the three phases, and the three
motor conditions. (Appendix E).

Overall efficiency of the system was calculated by
dividing the work done by the system into the total energy
expended to complete the operation. Work done was found

as the product of draft and distance traversed by the tool

frame to perform the.operation. Before these calculations
could be made, it was necessary to determine the
appropriate values of voltage, current, time, draft, and

distance for the different phases and motor combinations.
Values representing the voltage between each of the
system phases and ground were obtained from recording

charts at 23 intervals, each representing one-half hour of
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operation. Mean voltages and standard deviations were
calculated from these samples (Appendix D).

Values of current drawn by each phase were also ob-
tained from recorded charts. Currents were recorded for
each of the three operating modes of the system. Differ-
ent levels were obtained for each of the conditions of
straight forward operation, turning, and operation of the
reference system only. Values representing the mean
levels over an interval of 30 to 60 minutes were recorded
for each of the three possible conditions, wherever they
were clearly visible on the charts. These values were
recorded for each phase of the system and means calculated
for each sample. Sample sizes varied from 8 to 11 points
per phase/motor combination because currents were not
always discernable on the chart recordings for all three
levels (Appendix D).

Other information pertinent to the energy
calculations, as well as draft measurements, was contained
in the files created by the data acquisition program on
magnetic tape. Data from these tapes were removed with
the aid of an HP 82169A interface to text files located on
floppy discs. A typical file contained the seven
measurands and the times corresponding to the measurement
loops in separate columns (Table 2). These files were

subsequently loaded into a spreadsheet for manipulation



Table 2.

Sample portion of a data acquisition file.

gantry-tool frame  angle left right theo. actual draft time
separation. error motor motor speed speed
(ca) (degrees)  on/off  on/off (cm/sec) (cm/sec) (N) (seconds)
332.69 1.37 0. 0. .00 .00 559.20 1.63
335.37 7.43 0. 0. .00 .00 554.78 3.22
335.537 7.42 0. 0. .00 .00 548.15 4.82
337.71 7.43 0. 0. .00 .00 561.41 6.41
340.60 7.43 0. 0. .00 .00 546.81 8.01
341.51 7.18 1. 1. 3.45 2.36 851.05 9.61
341,66 6.45 1. 1. 3.38 2.96 900.43 11.21
341.11 6.58 1. 1. 3.39 2.68 843.46 12.80
340.65 6.62 l. 1. 3.39 2.90 810.32 14.40
339.79 6.59 1. 1. 3.39 2.48 736.06 16.00
339.64 6.67 1. 1. 3.39 2.84 670.16 17.59
338.37 6.72 1. 1. 3.39 3.16 660.65 19.19
336.34 1.17 1. 1. 3.39 2.92 736.35 20.79
334.51 7.18 1. 1. 3.39 3.06 686.78 22.39
334.31 7.43 1. 1. 3.39 2.92 658.05 23.99
330.86 8.03 1. 1. 3.39 2.66 803.21 25.59
327.41 8.51 1. 1. 3.39 1.92 687.55 27.18
326.70 7.40 IR 0. 3.39 1.42 797.06 28.78
326.75 6.45 1. 1. 3.39 2.52 908.21 30.38
323.20 1.42 1. 1. 3.39 2.55 861.14 35.17
321.68 7.78 1. 1. 3.45 3.04 746.05 36.76
321.37 8.15 1. 1. 3.39 2.96 732.12 38.36
319.95 8.14 1. 0. 3.39 1.53 589.94 39.96
319.39 6.41 1. 1. 3.39 3.16 549.21 41.56
318.13 6.57 1. 1. 3.39 2.73 607.14 43.15
315.18 7.02 1. 1. 3.39 2.75 742.88 44.75
311.48 7.42 1. 1. 3.39 318 783.90 46.35
310.11 1.78 0. 0. .01 .00 626.35 47.95
309.86 1.17 0. 0. .00 .00 590.33 49.55
312.39 1.78 0. 0. .00 .00 593.11 51.15
313.97 1.78 0. 0. .00 .00 574.67 52.74
315.84 7.78 0. 0. .00 .00 581.68 54,34
319.70 7.42 0. 0. .00 .00 586.87 55.93
321,37 7.42 0. 0. .00 .00 584,95 57.53
325.13 7.43 0. 0. .00 .00 569.10 59.13
326.40 7.43 0. 0. .00 .00 573.23 60.73

79
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and analysis. Each of the dynamic measurands, as recorded
by the data acquisition program, was plotted against time.
These plots were reviewed for anomalies or inconsistencies
before any analysis was done. Typical plots for each of
the measurands from a typical data run are given in
Figures 19 through 22. A summary of these data files is
contained in Appendix F.

Examination of the plots representing actual
groundspeed indicated a number of points at which the
actual groundspeed momentarily exceeded the theoretical
speed. Since this is an unlikely, if not impossible,
situation, the system for measuring actual groundspeed was
reviewed, and some limitations observed. The chain and
sprocket system that was used to increase the speed of the
input shaft of the frequency encoder from the ground drive.
wheel contained a small amount of slack. 1In a steady
state test, as in the laboratory calibration of the
system, this slack in the chains did not affect the system
noticeably. In the field, however, any freedom of motion
in that mechanism tended to produce an intermittent surge

and lag in the speed of the input shaft to the frequency

encoder. The result was an occasional indication of an
actual groundspeed in excess of, . or far below, the theo-
retical groundspeed. The problem was accentuated during

the cultivation operation, when the ground drive wheel was
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no longer connected to the herbicide applicator or to the
planter plate mechanism. It was believed that these
provided a damping effect on the motion of the press wheel
and suppressed surges in the chain drives. As a result of
the surges, the measurements of actual groundspeed were of
questionable reliability on an instantaneous basis. It
was, however, Dbelieved that the mean of the measured
speeds over a data run would be a reliable indicator of
the actual groundspeed during that data run.

Data indicating the separation of the reference boom
and tool-frame contained occasional anomalous spikes.
These data were not, ultimately, required for the analysis
of path accuracy or efficiency calculations, and the
apparent noise was obvious and isolated enough to allow it
to be removed if the data had been needed. No other:
obvious irregularities were observed in the recorded data.

Estimates of the system energy usage and efficiency
required information regarding speed and draft for the
tool- frame in straight 1line operation, as well as
operations that included turn corrections. Also required
were estimates of the portion of the operating time that
the tool-frame spent turning. All of this data was
extracted from the data files created by the data
acquisition system. The on-off state of the left and

right side drive motors was indicated by a one or a =zero
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in the corresponding column of the file (Table 2). A one
indicated the "on" state while a zero indicated the "off"
state. These indicators were used to create two
additional sets of files. The first was a duplicate of
the original files, with the exception that all rows of
data in which both drive motors were indicated to be off
were excluded. The result was a data set in which the
tool-frame was in continuous motion, including turns. A
second alternate type of file was generated by copying the
first duplicate, while excluding rows of data in which the
tool-frame was indicated to be turning. This provided a
data set consisting of continuous straight line motion of
the tool-frame and implement.

Mean values of draft, theoretical speed, and actual

groundspeed were calculated over the full 1length of the

files representing continuous running, inclusive of
turning, for each of the data runs for planting and
cultivating. This procedure was repeated for the files

representing continuous straight line running.

The following procedure was used to determine the
fraction of the running time that was spent turning. The
number of data loops in which the machine was found to be
turning was counted from each of the files representing
continuous running, inclusive of turns. This number was

divided by the total number of loops in the same file.
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The resulting quotient represented the fraction of the
total running time for the tool-frame that was devoted to
turns. This fraction was a function of the radius at
which the tool-frame was operating. Smaller radii
required more frequent turns and a larger portion of total
run time devoted to them. To determine this relationship,
each data run was associated with a pair Qf radii that
were measured along the reference boom. One value was

measured at the start of each run, and one at the

conclusion. The mean of these two radii was associated
with the fraction of time spent +turning, for the
corresponding data run (Appendix C). An exponential curve

was fit to the resulting pairs of data (Figure 23). The
relationship between percentage of time spent turning and

boom radius, for planting, was given by:

Y 55.94%e- 116N

rz = ,983

where Y 1is the percentage of tool-frame run time spent

turning and M is the operating radius in meters. In this
case, r 1is the correlation coefficient for 1n(% time
turning) regressed on M. This relationship allows a

prediction of the turning time if the radius and total

running time are known.
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The following procedure was used to determine the
total tool-frame running time during each of the system’s
revolutions. The distance traversed by the tool-frame
during each of its revolutions was divided by the mean
speed of the tool-frame at that approximate radius. The
path followed by the tool-frame was that of an archimidean

spiral, for which the total arclength is given by:

L =1/2 ¥ k ¥ (6 x (1 + 62)1/2 4 ginh-10)

where L is total arclength in meters, O is the cumulative
angle 1in radians, k is the parameter of the spiral given
by k = a/2, and a is the change in radius in a complete
revolution. In this case, the advance, a, was known from
measurements on the reference boom. From this, k was

calculated. The equation of the spiral was given by

r = k ¥ 6, where r is the spiral radius. Having measured
the starting radius, roe, it was possible to find the
starting angle, O¢, énd the initial arclength. Values for

the lengths of the path for successive revolutions were
found by increasing © by 2w, calculating L, and
subtracting the previous total for arclength. To find the
tool-frame running time for the revolution, the path
‘length corresponding to an individual revolution of the

system was divided by the mean speed corresponding to the
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average radius during the revolution. The average radius
during this segment of the spiral was used, with the
relationship developed earlier, to determine what portion
of the running time was spent turning and what portion was
spent moving forward. Values of arclength, running time,
and percent time spent turning, are given for both
planting and cultivation operations in appendix cC.

The total length of time that the reference system
spent running, and ultimately, the length of time required
to complete an operation, was determined by the speed of
the reference boom and the number of revolutions required
to cover the plot. Measurements of the time required by
the boom to make a complete revolution were taken, and the
interval was found to be 75 minutes per revolution.

Near the end of the planting operation it was appar-
ent that the tool-frame speed was no longer sufficient to
overtake the reference boom as required. To alleviate
this problem, the slightly larger drive wheels of the
reference boom tower were exchanged with the drive wheels
on the tool-frame. This reduced the speed of the
reference system while increasing the speed of the tool
frame. The time required for the reference system to
complete the eleven revolutions was 13.75 hours and 15.11
"hours, respectively, for the large and small wheels. The

former value was used as the reference system run time for
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planting, since that set of wheels was used for nearly the
entire planting operation. The larger value was used as
the reference system run time for cultivation, since that
set of wheels was in place for that operation.

The difference between these times and the summation
of the tool-frame running times, summed over the 11
revolutions, represented the total time that the reference

system ran alone for each operation.

Toperation — Tstraight — Tturning = Trets onl y

Total energy required for an operation by each power

phase was found as the sum of the products of voltage,

current, power factor, and time, for each of the three
possible motor conditions. Once the times for turning,
forward running, and reference system running alone, were

known; it was possible to make energy calculations for the
planting operation and the cultivation operation by using
the appropriate values of voltage and current for the
operation (Table E.1).

Total work produced by the system during an operation
was found as the product of the mean draft for the entire
operation and the total distance  traversed by the tool
frame and implement during the operation. That distance

was found by summing the arclengths for the 11 revolutions
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of the system.

Energy consumption and efficiency of a conventional system

An estimate of the energy consumption and efficiency
of conventional crop operations was used as a comparative
evaluation of the electric tool-frame and spiral
mechanization system. Stephens, et al. (1981) studied
energy requirements for tillage and planting operations.
They found an energy consumption rate of 46 kWh/ha for a
John Deere 4640 diesel tractor and John Deere 7000 Max-

Emerge planter. The combination was operated at a speed of

2.5 m/s while 1loaded with seed, fertilizer, and
insecticide. Planting depth was 2.5 centimeters and the
soil was a silt loam. The planter was an eight row unit
with a row spacing of .762 meters. These parameters were

not unlike those used for the spiral mechanization system
with the exception of the operating speed. Draft measured
for the above field speed was 11 kN. A similar analysis
of a John Deere 830 row crop cultivator found an energy
consumption rate of 45 kWh/ha. The cultivator was

operated at a speed of 7.6 km/hr at a depth of

5 centimeters in a sandy loam. Cultivator gangs contained
five "S" tines, similar to the configuration used by the
electric tool-frame system. Draft force measured was

9 kN.
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Each of these implements would have required 1640
meters of linear operation to cover an area of one
hectare. The product of that distance and the measured
drafts provided an estimate of the energy required at the
drawbar by the operation for one hectare. When this value
was divided 1into the per hectare fuel energy consumption
rate, the result was an overall drawbar energy efficiency
for the operation. This efficiency value was readily
comparable to a similar measurement of efficiency for the
spiral mechanization system.

The measured energy sequestered in a liter of the
diesel fuel used in the Stephens, et al.(1981) study, was
10.84 kWhr, or 39.024 MJ. These values were used in the

calulation of per hectare fuel consumption and per hectare

fuel costs. For consideration of the total energy
required by a system to perform an operation, the per
hectare energy requirements found in the Stephens, et al.

study were divided by .823 to reflect the energy cost of

producing the fuel (Fluck and Baird, 1984).
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Draft model predictions

The draft model of McKyes (1985), was to be tested
against the measured values of draft for the cultivation
operation. The prediction equation for horizontal draft

was given by:

H = Psin(a + 6) + cadwcota
and

P = (ygd2Ng + cdNc + qdNgq + cadNca)w

The values of the soil parameters c,ca,®, and & were
measured with a Cohron sheargraph in the field. Values of
ultimate shear strength were used, as indicated on the
graphs, to estimate cohesion, c, and soil internal
friction angle, @¢. The average value of c and ¢ for the
eight shear tests taken was used for the model. The value
of ¢ found was 42.3 degrees. The cohesion value, c, found
was 7.17 kPa. The average of the values obtained for soil
to metal friction angle, d of 20.8 degrees was used. The

indicated values of soil to metal adhesion were in excess

of the theoretical limit, ¢, for the soil and measuring
instrument. This adhesion value was not in proportion to
the other soil parameters. The adhesion values were

assumed to be erroneous and an alternate estimate of

adhesion was made. A value of adhesion equal to one half
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of the soil cohesion was assumed for the model. This
assumption was used previously by Grisso, et al. (1980),
and had been approximated wunder some circumstances for
cohesive soils by McKyes (1985). Soil density was
measured with a Euling sampler and the mean value of soil
density from 13 samples was used in the draft predictions.

No soil surcharge pressure was present during the
draft tests. As a result, the surcharge term was not
included in the calculation of predicted draft.

Soil tool widths, w, and rake angles, a, were
measured for each of the five tines on one cultivator
gang. The tines were actually sweeps ranging in width
from 6.35 to 17.8 centimeters. The sweeps were curved so
that the rake angle actually increased with depth. The
static rake angle was measured as a chord from the tip of
the tool to a point approximately at the soil surface for
the average operating depth. An increment of five degrees
was added to the measured rake angles to approximate the
true rake angle when the tines were under a draft load and
depressed rearward. The average of the rake angles for
the forward two tines of the gang measured was found to be
36 degrees. This value was applied to all of the forward
tines on the cultivator. The average of the angles for
the rear three tines of the gang was found to be 26

degrees and was applied to all of the rearward tines of
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the implement.

Depths were measured for each of the tines after each
draft data run by scraping away the 1loose soil and
measuring the depth from the undisturbed soil surface to
the bottom of the tine furrows Depths for the tines varied
substantially within each gang, so each tine depth was
recorded for each data run. (Appendix G).

One data run was performed with the cultivator tines
raised just above the soil surface. Since no soil tillage
was performed during this run, the mean value of draft
measured during the run was assumed to represent the
rolling resistance of the cultivator. This value of 0.98
kN was added to the sum of the drafts predicted by the
model for individual tines before comparisoné were made to
the measured cultivator drafts.

Values for the N factors for each of the terms in the
draft prediction equation were obtained from charts
provided by McKyes (1985). Families of N factor curves
were given for different depth to width ratios and a
variety of soil internal friction angles. McKyes’ sets of
curves were compiled for a soil to metal friction angle
assumed to be two thirds that of the so0il internal
friction angle. A set of curves corresponding to an
~internal friction angle of 40 degrees and a soil to metal

friction angle of 26.7 degrees was chosen for this set of
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draft predictions (Appendix H). These were chosen because
they most closely matched the friction angles of 42.3 and
20.8 degrees that were measured for the test soil.

A computer program was written and used to aid in the
repetitive portion of the calculations. A depth to width
ratio was calculated for each soil tool, and this ratio
was combined with the appropriate rake angle to determine
N factors from the McKyes charts. Once the N factors were
known, the draft force for each tine was calculated and
these individual drafts were summed for all of the
implement tines. The rolling resistance of the cultivator
was added to this sum. The resulting value could then be
compared to the draft actually measured for that data run.
This process was repeated for each of the six draft runs
evaluated. A sample calculation of draft for a single

tine is given in appendix G.
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Results and Discussion

Path Accuracy

Results of path related tests can be divided into two
parts. First of all, comparisons were made to determine
if the position reference system was able to generate a
spiral directrix for the tool-frame that was consistent
between the three operations performed. Secondly, compar-
isons were made to determine if the tool-frame performed
consistently relative to the directrix for the three
operations.

The mean values of the radial advance increments for
subsequent revolutions were compared using non paired, two
tailed, Student’s t tests. The mean of the increments
measured along the reference boom during the planting
operation was compared to the mean increment generated
during cultivation. The mean increment for planting was
2.219 meters while the mean for cultivation was
2.264 meters (Table 3). The comparison indicated a
significant (P < >.05) difference in the mean increments
for these operations. The difference between these
increments represented an error in the path during
cultivation that was cummulative with each successive
revolution of the system. The physical interpretation of
~the difference was clear in the field as the cultivator

accumulated enough path error to begin cultivating out the
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corn rows after about four revolutions of the system.
Without any mechanism to re-orient the reference system or
automatically adjust the increment, the tool frame
effectively removed most of +the crop it had earlier

planted.

Table 3. Mean values of radial increments measured on the
reference gantry for planting, cultivation, and operating
without an implement.

Planting cultivation No Implement
Mean increment 2.219 (m) 2.264 2.216
Standard
Deviation 0.044 0.012 0.012

A similar comparison was made between the increment
generated along the boom during planting and one generated

by the system running without an implement attached to the

tool frame. In this case a Student’s t test failed to
show any significant difference between the advance
increments. In fact, the cumulative difference in radius

over eight revolutions was Jjust 5.5 centimeters.

No obvious cause was found for the difference found
between the cultivator increments and the planting incre-
ments, or the lack of the difference between increments
for planting and operation without an implement. Because

the tool frame only follows the reference point on the
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directrix, the demands on the directrix should not change
between the operations. The ground drive wheel and its
soil-to-wheel interface were the most likely sources of
the difference. Change 1in tire pressure or soil
conditions could have changed the effective rolling radius
of this wheel and the result would be a change in the
radial advance increment.

Comparisons were also made between the radial
increments as generated on the ground by the implement

for the three operations performed (Table 4).

Table 4. Mean values of radial advance increments as
measured on the ground for planting, cultivation, and
operation without an implement.

Planting cultivation No Implement
Mean increment 2.275 (m) 2.326 2.293
Standard
Deviation 0.094 0.066 0.050
In these cases, the t test failed to show a difference
between increments for planting and cultivation, and

between planting and operating without an implement.
Again, a 95% 1level of confidence was used with a two
tailed test. In the case of the comparison of planting
and cultivation increments, the inablilty to show a

statistical difference was overshadowed by the fact that
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the tool frame and cultivator accumulated enough error,
relative to the planting path, to cultivate out the crop.
This effective difference was born out when a comparison
was made between cummulative ground radii. The ground
radius after eight revolutions of planting was compared to
an estimate! of the radius after eight r