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ABSTRACT 

Four types of cable drawn farming systems, a single engine system, a double engine 

system, a perimeter system, and a double implement system, were analyzed to determine 

which was best suited for Arizona. The systems were compared in terms of relative cost, 

reliability/simplicity and field capacity. Field capacity computation variables were 

implement width, implement speed, tower travel speed, implement carrier travel speed, and 

implement rotation time. 

The analysis showed the single engine system was the least expensive, simplest 

system with a field capacity identical to that of the double engine system, eight percent 

lower than the double implement system, and approximately thirteen percent higher than the 

perimeter system. Based on these results, the single implement system was judged superior 

to the others. The parameters affecting single implement system performance were then 

examined to optimize performance. The evaluation yielded a recommendation that the 

system be designed to have a tower speed of 48 fl/min, and a rotation time of 7.5 seconds. 

A positioning system for the mobile truss of a cable drawn fanning system was also 

developed and tested. The system used a linear move urigation system's above ground cable 

guidance system for steering, a wicket positioning system for stopping the machine at the 

indexing locations, and a wire-alignment system to control inner tower aligimient. The 

system was tested over a length of 280 fl using a five tower, 575 ft long, linear move 

irrigation system. 
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It was found that the above ground cable guidance system provided ±0.5 ft steering 

accuracy, the wicket positioning system controlled the power unit and end tower position 

within ±0.2 ft of the target destination, and that the wire alignment system controlled mner 

tower position within ±0.3 ft of the target destination. Statistical analysis of the test results 

showed the probability of position error being controlled to within ±0.4 ft and ±0.8 ft to be 

at die 99.7% and 99.99% confidence levels, respectively. 
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INTRODUCTION 

1.1 Project Overview 

With the advent of the industrial revolution came the development of the farm tractor. 

Since then, the tractor has foimd worldwide acceptance and use in farm mechanization 

systems. The tractor as a mobile power unit that offers many advantages, but also presents 

several disadvantages. Two major disadvantages include low efSciency in transmitting 

power by tractive means, and soil compaction from wheel trafBc (Lepori et al., 1986). Other 

disadvantages include dependence on weather for good traction, and the reqviirement of a 

skilled operator for efBcient performance. 

An alternative system that would alleviate, or at least greatly reduce, the problems 

associated with tractor-based farming is cable drawn farming. The system, shown 

schematically in Figure 1.1, includes a power unit which pulls the implement across the field 

by cable, and a mobile truss which supports the cable and guides the implement carrier. This 

type of system offers several advantages over a tractor based system, including improved 

power transmission efficiency and reduced soil compaction. Despite these advantages, cable 

drawn farming systems are not used in Arizona. One of the main reasons is that a system has 

not yet been designed for use in Arizona. Another reason is the lack of an economical, 

reliable method for indexing and positioning the system in the field. The purpose of this 

research was to address these shortcomings. 
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Figure 1.1 Schematic drawing of a cable drawn farming system. 

1.2. Disadvantages of a Tractor-based Farming System 

1.2.1 Tractive Efficiency 

Most vehicles propel themselves by tractive means. The efficiency of this type of 

locomotion is dependent on the type of vehicle and where it is operated. Performance 

comparisons between vehicles can be made by computing the ratio of the power that does 

useful work, to the power supplied to the wheel (Kline, et al., 1986). For a farm tractor, 

tractive efficiency is low due to the high rolling resistance and low tractive characteristics 

of the tire-soil interface. Many theoretical and experimental studies have shown that the 

maximum tractive efficiency for agricultural vehicles under ideal soil conditions is 

approximately 80% (Wismer and Luth, 1971; Wong, 1978; Gill and VandenBerg, 1967). 
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Tractive efficiencies under normal operating conditions, however, are in the range of 50% 

to 65% (Matthews, 1981). 

Researchers have investigated methods of reducing the tractive effort required for 

tillage operations by way of decreasing implement draft (Gill and VandenBerg, 1967). Some 

of the methods studied include the use of vibrating tools and power take-off powered 

implements such as rotary tillers. Although these systems reduce draft requirements, the 

energy required to operate them equals or exceeds that of conventional systems. 

Consequently, their use in commercial agriculture has been limited. 

1.2.2 Soil Compaction 

Another problem with the farm tractor is that wheel traffic compacts soil. Soil 

compaction adversely affects crop yields by restricting root growth, and by slowing water 

and nutrient diffusion. Experiments by Stone and Rowse (1982) showed that vegetable crop 

yields improved up to 75% in response to the removal of deep soil compaction. Dumas et 

al. (1973) reported that cotton yields from controlled traffic plots were 15% higher than 

yields from conventionally trafficked plots. Deep tilled plots with no traffic yielded 56% 

more cotton than did plots which received conventional tractor and sprayer traffic. Hood and 

Williamson (1988) found that random wheel traffic in Coastal Plains soils caused a 25% to 

35% reduction in yield for cucumbers, and a 46% to 58% reduction for squash. 

Compacted soil also adversely affects the energy required for tillage operations. 

Chamen et al. (1986) recorded a 50% savings in energy due to lower draft requirements 
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when cultivating soil that had not been trafficked, as compared to conventionally trafficked 

plots. Voorhees (1979) conducted experiments on a clay loam soil in southwestern 

Minnesota and measured the effects of various degrees of soil compaction on tillage draft. 

Wheel traffic consisting of 1, 3, or 5 passes was imposed on freshly tilled soil. The largest 

relative increase in draft, 25%, was found to occur from the first pass of the tractor wheel. 

Additional wheel traffic continued to increase draft, but at a much lower rate. After five 

passes, draft requirements were increased by 43%. 

1.2.3 Timeliness of Operations And Operator Error 

Another disadvantage of tractor-based systems is their dependence on good weather 

conditions for optimal traction and timeliness of operation. During wet periods, when field 

operations cannot be completed on time, yields and crop quality can be negatively affected. 

A final limitation of tractor based systems is that they require a skilled operator to maximize 

field capacity and to minimize crop damage. 

1.3 Cable Drawn Farming Systems 

Replacing the tractor with a cable drawn farming system (Figure 1.1) would 

eluninate, or at least greatly reduce, the limitations associated with tractor-based farming. 

These types of systems have been shown to be 32%-120% more efficient at transferring 

power than tractor-based systems (Lepori et al., 1986; Williams et al., 1991). The reason for 

this is that implements are towed by cables, which are 94% - 96% efficient in transmitting 
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power (Avallone and Baumeister, 1987), rather than by a tractor which is limited by a 

tractive efficiency of 50% to 60% (Mathews, 1981). 

Another significant advantage of cable drawn farming systems is that soil compaction 

caused by wheel traffic is virtually eliminated in the planted zone. Soil compaction is 

lindted to the paths traversed by the wheeled supports, a strip about 2 feet wide for each 

tower in cable drawn farming systems that have been developed recently (Lepori et al., 1986; 

Williams et al., 1991; Hsieh, 1994),. A final advantage of these systems is that they can be 

completely automated using computer control. This would eliminate the necessity of, and 

the error associated with, human operation. 
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CHAPTER 2 

PREVIOUS WORK AND PROJECT OBJECTIVES 

2.1 Historic Cable Drawn Fanning Systems 

During the later part of the 19th century, cable drawn farming systems formed the 

predominant mechanical method of tillage used in England (Spence, 1960). Although many 

variations of these steam powered systems were developed, most could be placed into one 

of five categories. 

The first category is the double engine system, which utilized two steam engines 

placed at opposite ends of the field. Attached to each power unit was a cable winching 

system that drew a two-way plow back and forth across the field (Figure 2.1). This type of 

system could pull implements across fields as wide as 600 yards (Spence, 1960). 

Figure 2.1 Fowler's double engine system in action. (From Clarke, 1863). 

The second category of cable farming system was the "single engine and opposite 

headland" design (Figure 2.2). This system was similar to the double engine system, but 
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utilized a single steam engine rather than two. A heavy anchor wagon, placed at the end of 

the field opposite the steam engine, provided a means of cable return through an idler pulley. 

Figure 2.2 Fowler's single engine system in operation. (From Schmidt, 1874). 

In 1855, the first windlass plow was patented by the Fisken brothers. It was one of 

the most complex systems, but did gain some popularity. In the Fisken system, the engine 

remained stationary in a comer of the field, while two movable windlasses placed at opposite 

ends of the field drew the implement back and forth between them with a cable (Figure 2.3). 

A fourth category, known as the "roundabout" system, was developed by William 

Smith of Woolston (Figure 2.4). This system was popular among farmers having small, 

irregular shaped holdings. It utilized a stationary steam engine placed at the comer of the 

field and an endless cable which encircled the field. The cable was driven by a winch located 

near the steam engine. Movable snatch blocks or pulleys were used to hold the cable in place 

at the comers of the field. 
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Figure 2.3 The Fisken system. (Redrawn from Spence, 1960). 

Figure 2.4 Smith's steam cultivator in action. (From MacDonald, 1858) 
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The fifth approach, developed by Coleman and Son, utilized two implements along 

with an engine, an anchor, and a cable. Operation began by setting the two implements on 

opposite sides of the field. Both implements were then pulled to the center of the field, one 

working, the other not working. The direction of pull was then reversed, and the implements 

were returned to their respective starting points, the first not working, and the second 

working. The advantage of the Coleman system was that the working implement was pulled 

directly by the engine. This allowed a lighter cable to be used, and kept cable wear to a 

minimum since an idler pulley was not required. 

Cable fanning reached its peak near the end of World War I, with some 650 systems 

in use. These were used to plow, cultivate, harrow and mole drain about 2 million acres of 

land in 1918 (Bonnett 1975). At least twelve British manufacturers built and exported steam 

engines for cable farming systems, with manufacturers in France, Germany, Russia, and at 

least one in the United States, producing similar equipment. 

The steam powered engines used in these cable systems were heavy and inefficient. 

As lighter and more efficient internal combustion engines were developed, cable drawn 

farming systems were slowly replaced by tractor-based systems. The John Fowler Company, 

for example, built their last steam plowing engine in 1926. 

2.2 Modern Cable Drawn Farming Systems 

Today, the use of cable drawn farming systems is virtually nonexistent. Recently, 

however, research in non-tractive farming systems has increased due to heightened concerns 



28 

about soil compaction and the movement toward energy conservation. This has led to 

several studies involving cable farming systems. 

Crossley and Kilgour (1983) developed and tested a winch powered cultivation 

device for developing countries. A small tractor mounted with a winching device was driven 

ahead of the implement, while cable was drawn out behind it When the end of the cable was 

reached, the tractor was stopped and the implement was winched toward the tractor. 

Crossley and Kilgour determined that the winch was able to impart a draft force three times 

greater than the weight of the tractor, and that the system was 14.3% more fuel efiBcient than 

a tractor used for identical operations. Unfortunately, the system resulted in a low field 

capacity compared to conventional tractor/implement operation. It did, however, illustrate 

a cable drawn farming system's potential for energy savings. 

Lepori et al. (1986) developed and tested a cable towing system they called the 

Alternative Machinery Propulsion System (AMPS). The design is patterned after the single 

engine cable systems of Fowler, with a single power unit and anchor wagon placed on 

opposite ends of the field (Figure 2.5). A mobile truss spans the length of the field, 

connecting the power unit to the anchor. The purpose of the truss is to cany the cable above 

the crop, so that the system can be used for more than soil preparation and planting. Another 

function of the truss is to support the implement carrier which provides a means of lifting, 

lowering and reversing implements without having to disconnect the cable. 

AMPS was foimd to be 32% to 120% more efficient in transmitting power than a 

conventional tractor when operated with a tandem disk (Lepori, 1986). Side forces on the 
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disk, however, caused deviations from a straight line path as great as one implement width, 

or about 8.3 ft. Research is underway to alleviate this guidance problem. 

Figure 2.5 Alternative Machinery Propulsion System (AMPS). (From Lepori, 1986). 

Kline et al. (1986) developed a simulation model for AMPS to study the effects of 

various design parameters on its performance. The authors concluded the following: 

1. Length of AMPS should be at least 295 ft to maximize field efficiency and 

field capacity. 

2. Tandem disk widths for AMPS should be at least 13 ft to minimize energy 

requirements on a per/acre basis. 

3. Reduced indexing and anchoring times significantly increase field efficiency 

and field capacity of AMPS. 

4. Reduced truss increment times have very small effects on the overall 

performance of AMPS (Increment time was defined as the time required to 

move AMPS from one field to another). 
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Shaw et al. (1988) proposed a cable driven system to overcome soil compaction and 

trafiBcability problems on reclaimed mine land in Florida. The system is patterned after John 

Fowler's double engine design, and uses a pair of winch tractors positioned on opposite sides 

of the field to draw implements back and forth between them (Figure 2.6). Cranes moimted 

on the winch tractors lift and then carry the implements during indexing. Shaw et al. (1988) 

suggested that steerable wheels or steerable hitches could be used for implement guidance. 

Figure 2.6 Shaw's double engine plowing system. (From Shaw, 1988). 

Williams et al. (1991) developed an electrically powered, cable drawn farming 

system at California Polytechnic State University. The system uses an electric motor to pull 

implements guided by rails on a ICQ ft truss back and forth (Figure 2.7). A means for 

rotating the implements at the end of each pass is provided by a carriage. Studies showed 

that the system uses up to 79% less energy than a diesel tractor to perform operations such 

as disking. A drawback of the system is that it was designed for experimental purposes, and 

hence is too small for commercial use. 
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Figure 2.7 Truss and cable fanning system. (From Williams et al., 1991). 

Hsieh (1994) proposed development of another type of cable drawn farming system. 

In Hsieh's system the implement follows an elongated circular path around the perimeter of 

the mobile truss, and is guided and partially supported by rails suspended from the truss 

(Figure 2.8). To facilitate continuous implement motion, an automatic cable gripping device 

couples and uncouples the implement carrier from the cable at each headland. Since carrier 

propulsion is supplied by the cable, it is necessary for the carrier to be self propelled as it 

travels along the headland from one side of the truss to the other. 

Support cable 
Support tubing 

Guide wheels 

Cable sheave Cable 

Linear move tower 

Figure 2.8 Hsieh's perimeter system. (From Hsieh, 1994). 
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23 Problems With Modern Cable Drawn Fanning Systems 

Despite recent research efforts and the advantages of cable fanning over tractor based 

fanning, cable systems are not used in Arizona. One reason is that the systems described 

have not been optimally designed for use in Arizona. It is important that the correct type of 

system be selected, since each type of cable drawn farming system offers a different set of 

advantages and disadvantages. This is especially true in Arizona where cropping practices 

are considered unique. 

Another reason these systems have not been adopted is that an economical method 

of indexing and positioning such a system's mobile truss has not been developed. 

Accurately positioning the mobile truss is necessary because it provides the means whereby 

the implements are guided parallel to the rows. Without accurate implement guidance, 

damage to the crop could result. 

A final reason that cable drawn farming systems are not used today is that they are 

a capitally expensive alternative to conventional tractor-based farming. To make cable 

farming economically more attractive to farmers, it was conceived that the components of 

a linear move irrigation machine could be used for the mobile truss framework. Such a 

system could be designed so that the irrigation components of the machine would still be 

functional. Combining the benefits of cable fanning and sprinkler irrigation in one machine 

would make justifying the purchase price of such a device economically much more viable. 
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Objectives 

The objectives of this research were to: 

1. Determine the best cable farming system configuration for Arizona in terms 

of functional performance (field capacity and field efiBciency), reliability and 

cost (operational and capital). 

2. Determine the optimal values of the operational parameters for the system 

selected in objective 1, and compare its field capacity and field efSciency 

with a tractor-based system. 

3. Design and evaluate a control system for indexing and positioning a cable 

drawn farming system's mobile truss. 

4. Design and analyze the main structural components of a cable drawn farming 

system's mobile truss, while utilizing the structure of a linear move irrigation 

system as much as possible in the design. 
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CHAPTERS 

ANALYSIS OF FOUR TYPES OF CABLE DRAWN FARMING SYSTEMS 

3.1 Introduction 

Four cable drawn farming systems were analyzed to determine which was best suited 

for Arizona in terms of performance, cost and reliability. The four systems analyzed were 

a single engine system, a double engine system, a perimeter system, and a double implement 

system. A schematic of each system is shown in Figure 3.1. Although each type of system 

was briefly discussed in the previous chapter, a more detailed description follows. 

S.r- -e Svs:=~ ~g'"e Syste'^ 

-e Syste- Svste^ 

- w'" * '  z  we^  
— • 

cr- -s 

Figure 3.1 Four types of cable drawn farming systems. 
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3.2 Description of Four Types of Cable Farming Systems 

3.2.1 Single Engine System 

The smgle engine system is the simplest system considered. It is comprised of a 

power unit, end tower, mobile truss and implement carrier. The system layout is such that 

the power unit and end tower are positioned at opposite ends of the field, with the mobile 

truss spanning the distance between them. Operation begins by positioning the implement 

carrier at one end of the mobile truss. The implement is then drawn to the opposite end of 

the field using a cable winching unit attached to the power imit. A guide rail suspended 

beneath the mobile truss provides a means of implement guidance. When the implement 

reaches the end of a pass, the implement is raised, and then rotated 180°. If the field 

operation has not been completed, the mobile truss is indexed laterally one implement width 

and the process is repeated. 

One drawback of the single engine system is that conventional linear move irrigation 

tower assemblies are A-shaped and would obstruct the passage of an implement between 

tower wheels. In order to use these tower assemblies, a redesign of their structure would be 

required. Such modification is not required with the perimeter or double implement system 

since the implement travels around the perimeter of the mobile truss. 

Another disadvantage of a single engine system is that it could require an anchoring 

device at the end of the tmss opposite the power unit. The need for such a device depends 

on how the end tower unit is designed, and on the magnitude of the draft forces. 
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3.2.2 Double Engine System 

The double engine system differs from the single engine system in that two power 

units are used, rather than one. Each power unit is equipped with a cable winching system 

so that the implement is always pulled toward a power unit. Because the power units have 

sufficient mass to withstand cable forces, additional anchoring is not required. The other 

components of the system are identical to those of the single engine system. Since the 

implement path and operating sequence for the double engine system are identical to that of 

the single engine system, conventional linear move tower assemblies would also need to be 

redesigned for the double engine system. 

3.2.3 Perimeter System 

A perimeter system is one in which the implement is continuously drawn around the 

outside of the truss by a cable. Such systems can be designed in many different ways, 

however only the design developed by Hsieh (1994) is considered here. In Hsieh's system, 

the implement follows an elongated circular padi prescribed by a guide rail suspended 

beneath the mobile truss. The long sides of the path are parallel to the field rows, while the 

short sides encompass the headland. To avoid contact with the cable sheaves, it is necessary 

to uncouple the implement carrier from the cable along the headland. Other design 

specifications of interest are that the implement propels itself along the headland at a speed 

of 80 ft/min, the guide rails are spaced 40 ft apart, and the system can accommodate 

implements up to 6 rows (20 ft) in width. 
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3.2.4 Double Implement System 

In the double implement system, two implements are utilized instead of one. The 

system is operated by initially positioning the two implements at opposite ends of the field. 

The implements are then pulled toward the field center, with one implement working and the 

other not working. When the implements reach the center of the field, the direction of pull 

is reversed and the implements return to their respective starting points, the first not working, 

the other working. Like the other systems, the implements are guided and partially supported 

by a guide rail suspended beneath the mobile truss. 

3.3 Comparison of Systems 

To determine which of the cable drawn farming systems is best suited for Arizona, 

each system was compared in terms of cost, reliability/simplicity, and field capacity. 

Because accurate quantitative information on system cost and reliability carmot be obtained 

without a very detailed design of each system, a comparative rating system was used. 

Ratings of high, medium or low were given to each system based on the relative comparisons 

discussed in the following sections. 

3.3.1 Cost and Reliability/Simplicity 

3.3.1.1 Single Engine System 

Of the four systems, the single engine system is the simplest, least expensive system 

considered. The double engine system utilizes the same structural components, but is more 
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costly because two engines are required rather one. It also may be less reliable since both 

engines must be functional for the system to be operational. The double implement system 

is also more expensive and complex than the single engine system because it requires the use 

of two implements, two implement carriers, and two guide rails, rather than one of each. The 

special components required by the perimeter system, including a self steered, powered 

implement carrier, an automatic cable gripping device, and two guide rails, make it more 

expensive and more complex than the single engine system. 

It was for these reasons that the single engine system was given a low cost rating as 

compared to the other systems. A reliability/simplicity rating of medium was given because 

although the system is the simplest, it does require the use of a device to rotate the 

implements 180° at the end of each pass, whereas the perimeter and double implement 

systems do not. Another complicating factor of the single engine system is that new tower 

assemblies would need to be designed to allow an implement to pass between the tower 

wheels without obstruction. 

3.3.1.2 Double Engine System 

Like the single engine system, the double engine system utilizes a single guide rail, 

requires a device for rotating implements 180° at the end of each pass, and would require a 

redesign of the linear move's tower assemblies. A significant drawback of the system is the 

cost of the extra power unit. Kline et al. (1986) estimated that a 600 ft long, single engine 

system would cost $109,000 and that adding a second power unit would increase the cost by 
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$65,000. Because this represents a price increase of almost 60%, the double engine system 

was given a high cost rating. The double engine system was given the same medium 

reliability/simplicity rating as the single engine system because, other than the additional 

power unit, it utilizes the same components and operates in an identical manner. 

33.1.3 Perimeter System 

The perimeter system is a complex, expensive system. It requires that a continuous 

rail be suspended twenty feet from the longitudinal axis of the system to allow 6 row (20 ft) 

implements to circumnavigate the tower wheels. This type of arrangement is inherently 

more complex than supporting a single gmde rail directly beneath the irrigation pipe. The 

design also requires more than twice as much rail be used as compared to a single rail 

system. This increases the weight and cost of the system. Other features that add complexity 

and cost include an automatic cable gripping device and a self propelled implement carrier. 

It was for these reasons that the perimeter system was given a low reliability/simplicity rating 

and a high cost rating. 

33.1.4 Double Implement System 

The main advantage of the double implement system is that the implement does not 

need to be rotated at the end of each pass. This is not only simpler, but also more efficient, 

since no time is required for implement rotation. The drawback, of course, is the cost 

associated with maintaining two implement carriers and two implements, instead of one of 
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each. Because implement costs range from $2,000 to $15,000 and several types of 

implements are required for crop production (Wade et al., 1994), the double implement 

system was given a high cost rating. 

The double implement system is not only expensive, it is also complex. In order to 

guide two implements, rail must be suspended twenty feet either side of the longitudinal axis 

of the system to allow 6 row (20 ft) implements to pass by the tower wheels. Such a system 

is inherently more complex than supporting a single guide rail directly beneath the irrigation 

pipe. Another problem with the system is that both implements and implement carriers must 

be functional for the system to be operational. This decreases the reliability of the system. 

Based on these findings, the double implement system was given a high reliability/simplicity 

rating. 

3.3.2 Field Capacity and Field EfRciency 

The other factor used in determining which type of cable drawn farming system was 

best suited for Arizona was functional performance. Agricultural machine performance can 

be evaluated in many different ways, however field capacity and field efficiency were 

selected as the comparison criteria since they affect timeliness and hence cost. The systems 

were compared assvmiing conventional cultural practices for raising Arizona's principal 

crops of cotton, alfalfa, and wheat. These three crops comprised 44%, 22% and 10% of the 

acres harvested in 1993, respectively (Bloyd and Bennet, 1993). No other crop exceeded 6% 

of the acres harvested. The variables investigated were implement width, implement speed. 
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tower travel speed, implement carrier travel speed, and the time required to rotate the 

implements 180°. Variables such as field length, field size and row spacing, also affect 

performance, but were held constant to simplify the comparison. 

33.2.1 Implement Width and Operating Speed 

Values for implement widths and operating speeds were selected as those most 

commonly used to grow cotton, alfalfa, and wheat in Arizona. Although typical cultural 

practices vary firom county to county, the differences were found to be minor (Bloyd and 

Bennet, 1993; Wade et al., 1994). As a result, it was decided that the cultural practices used 

in the county with the largest harvested acreage of each crop would closely represent those 

used throughout the state. 

Implement widths and frequency of use were tallied for each crop using information 

published in Arizona Field Crop Budgets (Wade et al., 1994). In cases where implement 

width was given in numerical dimensions rather than rows, the value was converted to the 

nearest whole value of 40 in. rows. Implements such as disks and plows, whose working 

widths are less than their physical widths, were also converted to the nearest whole value of 

40 in. rows. Typical working speeds for each operation were obtained from ASAE Standard 

D497 (ASAE Standards, 1995). 

The data were combined to form overall frequency distributions for implement width, 

implement speed, and implement width/speed combinations. These frequency totals were 

used to compute the percent of operations performed using a particular implement width. 
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implement speed, and implement width/speed combination. First, the harvested acreages of 

each crop were normalized by dividing the acres harvested for each crop by the total acres 

harvested for all three crops. It was found that cotton acreage represented 58% of the total, 

alfalfa 29% and wheat 13%. Frequency totals for each crop were then multiplied by the 

normalized harvested acreage, and then summed. By dividing this sum by the total for all 

crops, the percent of operations using a particular implement width, implement speed and 

implement width/speed combination was computed. For example, suppose a 4 row 

implement was used 3 times for cotton production, 5 times for alfalfa production and 1 time 

for wheat production. A value of 3.32 would be computed by multiplying the number of 

times the 4 row implement was used by the respective percentage of acres harvested for each 

crop. If the values calculated for 2 and 6 row implements were 5.34 and 3.97 respectively, 

and these were the only implement widths considered, the percentage of operations using a 

4 row implement would be 26.3%, or 3.32, divided by the sum of 3.32, 5.34, and 3.97. 

The analysis showed that approximately 82 % of the operations were performed at 

speeds between 3 to 5 mph, with the most common being at 3 mph (36% of the total) and 

between 4 and 5 mph (46% of the total). Based on these findings, two working speeds were 

selected for the analysis: 3 mph and 4.5 mph. 

Implement widths of 2, 4 and 6 rows were chosen for the analysis, since 

approximately 99% of the operations in Arizona are performed using implements that range 

in width from 2 to 6 rows. Nonstandard implements widths of 1 and 3 rows were also 

investigated to determine if using such implements would improve system performance, and 
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also to gain a better understanding of the effect of implement width on system field capacity, 

and field efficiency. 

3.3.2.2 Tower Speed 

For the purposes of this study, tower speed is defined as the speed at which the 

towers travel when the truss assembly is indexed. Linear move irrigation systems, whose 

truss assemblies were proposed to form the mobile truss fimiework of a cable drawn farming 

system, travel at a speed of 13.5 ft/min (Valmont Industries Inc., 1995). Although such a 

slow travel speed is necessary for irrigation purposes, it would limit a cable drawn farming 

system's field capacity. To facilitate study of a reasonable range of working speeds, tower 

speeds ranging fi:om 12 to 60 ft/min were included in the analysis. 

3.3.2.3 Rotation Time 

Rotation time is defined as the time required to prepare an implement for the next 

pass. The procedures required for this differ for each type of cable drawn farming system. 

For the single and double engine systems, rotation time is defined as the time required to 

raise the implement, rotate it 180°, and then lower it. 

Raising and then lowering the implement was estimated to take 6 seconds. This 

value was obtained by measuring the amount of time required for the three point hitch of a 

John Deere 4230 tractor to raise and then lower a 4 row rip lister. 
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Estimates of the time reqiiired to rotate the implement 180° were based on the 

assumption that the device used to rotate the implement would be similar in design to those 

used to rotate the boom of an excavator. Since an excavator can rotate its boom 180° in 4 

seconds (Caterpillar Inc., 1995), a value of 5 seconds was selected as the minimum time 

required to rotate an implement 180°. Three additional values, 10,15 and 20 seconds were 

also analyzed to gain a better understanding of the effect of rotation time on system 

performance. 

For the perimeter system, rotation time is defined as the time required for the 

implement to be raised, negotiate a U-tum along the headland, and then be lowered. The 

time required to raise and lower was set to the same 6 second value used for the other 

systems. The time required to traverse the headland was determined by dividing the distance 

between the guide rails (40 ft), by the speed of the self propelled implement carrier. Hsieh 

(1994) determined that 80 ft/min was the maximum speed that an implement could travel and 

safely negotiate the comers of the system. Since an implement could safely travel faster 

along the straight portion of the headland, a carrier velocity of 160 ft/min was also examined. 

A third value of 40 ft/min was included in the analysis to gain an understanding of the effect 

a very low carrier velocity would have on system performance. 

For a double implement system, the time required to ready the implements for a 

subsequent pass is simply the time required to raise and lower each implement. Since both 

implements could be raised and lowered at the same time, the rotation time was set at the 

time required to raise and lower a single implement (6 sec). 
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3 J.2.4 Field Size 

Bloyd and Bennet (1993) stated that the average size of an Arizona farm is 500 acres, 

and that the crops are typically grown in 600 foot long rows spaced 40 inches apart. Field 

parameters used in the analysis were set to these values. 

3.3.3 System Field Capacity Comparison - Grapiiical 

Although numerous combinations of parameters could have been analyzed, the 

systems were compared performing those field operations most common in Arizona. These 

operations include implements ranging in width from 2 to 6 rows, while operating at speeds 

of 3.0 mph and 4.5 mph. The other parameters selected for investigation were set to slow, 

medium and fast as defined in Table 3.1. 

Table 3.1 Values considered in the analysis. 

Parameter Required to Rotate Tower Implement 
Values 180° Speed Carrier Speed 

(sec) (ft/min) (ft/min) 

Slow 20 12 40 

Medium 10 36 80 

Fast 0 48 160 

The analysis showed that there was no difference in performance between the single 

and double engine systems. This occurs because the time reqiiired for an index is the same 

for both systems, since the double engine was assxuned to travel at the same rate of speed as 
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the single engine. Because of this anomaly, these two systems are collectively referred to 

as a single implement system in the remainder of this discussion. 

Graphs displaying the field capacity of each system as a fimction of implement width, 

are shown in Figures 3.2 through 3.7. For comparison, the graphs also show the performance 

of a tractor-based system operating at a field efficiency of 80% and with an effective 

implement width equal to that of the cable drawn fanning systems. A field efficiency of 

80% was selected since this is a typical value for tractor-based operations (ASAE Standards, 

1995). 

The plots show that the double implement system provided the highest field capacity, 

followed by the single implement system, then the perimeter system. These results were 

expected. The double implement system has the highest field capacity because it does not 

require that the implement be rotated after each pass. The perimeter system has the lowest 

field capacity, because following each pass the implement must traverse 40 feet across the 

headland and negotiate a U-tum. This process requires more time than simply rotating an 

implement 180°. 

When compared to the tractor-based system operating at 80% field efficiency, the 

cable drawn farming systems performed as well or better when the indexing time was set to 

the fast or medium values, and implement widths were less than 3 rows. In these situations, 

the field efficiency of the cable drawn farming systems exceeded 80%. The double 

implement system had the highest field efficiency, 93%, when operated with a one row 

implement at 4.5 mph and with a fast indexing time. 
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Figure 3.2 Field capacity versus implement width for tractor-based and cable drawn 
farming systems for an implement speed of 3.0 mph and slow index time. 
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Figure 33 Field capacity versus implement width for tractor-based and cable drawn 
farming systems for an implement speed of 3.0 mph and medium index 
time. 
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Figure 3.4 Field capacity versus implement width for tractor-based and cable drawn 
farming systems for an implement speed of 3.0 mph and fast index time. 
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Figure 3.5 Field capacity versus implement width for tractor-based and cable drawn 
farming systems for an implement speed of 4.5 mph and slow index time. 
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Figure 3.6 Field capacity versus implement width for tractor-based and cable drawn 
fanning systems for an implement speed of 4.5 mph and a medium index 
time. 
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Figure 3.7 Field capacity versus implement width for tractor-based and cable drawn 
farming systems for an implement speed of 4.5 mph and fast index time. 
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In those cases when implement width was greater than 4 rows, the tractor-based 

system outperformed all of the cable drawn farming systems. In these situations, field 

efficiency of the cable drawn farming systems was less than 80%. The lowest field 

efficiency, 35.5%, was found for the perimeter system when using a 6 row implement 

operated at 4.5 mph and with a slow indexing time. 

3.3.4 System Field Capacity Comparison - Percent Difference 

Percent differences in field capacity between cable systems were calculated, as well 

as percent differences in field capacity between cable systems and a tractor-based system 

operating at a field efficiency of 80%. The results are shown in Tables 3.2 through 3.7. 

Percent differences were calculated by subtracting the field capacity of System A firom the 

field capacity of System B, then dividing the result by the average of the two values. Thus 

if the difference is positive. System A had a higher field capacity than System B. If the value 

is negative, the reverse is true. 

The tables show that for slow indexing times, the percent difference in field capacity 

among systems was larger than for fast indexing times. This result was expected because 

slow indexing times reduce field capacities, and the differences among systems are more 

pronounced. 

Another conclusion drawn from this analysis was that the percent difference in field 

capacity between systems is not dramatically affected by implement width when all other 

parameters are held constant. Percent difference in field capacity among systems deviated 
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Table 3.2 Differences in field capacity for the single implement, perimeter, double 
implement, and tractor-based systems with parameter values set for slow index time 
and implement speed set to 3.0 mph. 

Implement 
Width 

(Rows) 

Single 
vs 

Double 

Single 
vs 

Perimeter 

Double 
vs 

Perimeter 

Single 
vs 

Tractor 

Double 
vs 

Tractor 

Perimeter 
vs 

Tractor 

1 -12.2% 20.4% 32.4% -5.0% 7.0% -25.6% 

2 -10.6% 18.8% 29.3% -13.1% -3.1% -32.3% 

3 -9.8% 17.2% 26.8% -20.7% -12.0% -38.5% 

4 -8.9% 16.1% 24.9% -28.1% -20.4% -44.8% 

6 -8.1% 14.2% 22.2% -41.1% -34.7% -55.8% 

Average -9.9% 17.3% 27.1% -21.6% -12.7% -39.4% 

*Note - Column headings are labeled as "System A vs System B". If the percent difference value 
shown is positive. System A has a larger field capacity than System B. If the percent difference 
value shown is negative, the System B has a larger field capacity than System B. 

Table 33 Differences in field capacity for the single implement, perimeter, double 
implement, and tractor-based systems with parameter values set for medium index 
time and implement speed set to 3.0 mph. 

Implement 
Width 

(Rows) 

Single 
vs 

Double 

Single 
vs 

Perimeter 

Double 
vs 

Perimeter 

Single 
vs 

Tractor 

Double 
vs 

Tractor 

Perimeter 
vs 

Tractor 

1 -6.5% 12.1% 18.5% 7.7% 14.4% -4.2% 

2 -6.2% 11.5% 17.7% 3.9% 10.3% -7.5% 

3 -6.3% 11.2% 17.4% 0.7% 7.0% -10.5% 

4 -5.9% 10.9% 16.7% -2.3% 3.6% -13.2% 

6 -5.7% 10.2% 15.9% -8.3% -2.9% -18.8% 

Average -6.1% 11.2% 17.3% -2.5% 6.5% -10.8% 

•Note - Column headings are labeled as "System A vs System B". If the percent difference value 
shown is positive. System A has a larger field capacity than System B. If the percent difference 
value shown is negative, the System B has a larger field capacity than System B. 
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Table 3.4 Differences in field capacity for the single implement, perimeter, double 
implement, and tractor-based systems with parameter values set for fast index time 
and implement speed set to 3.0 mph. 

Implement 
Width 

(Rows) 

Single 
vs 

Double 

Single 
vs 

Perimeter 

Double 
vs 

Perimeter 

Single 
vs 

Tractor 

Double 
vs 

Tractor 

Perimeter 
vs 

Tractor 

I -2.7% 6.6% 9.3% 12.4% 15.3% 6.0% 

2 -3.2% 6.2% 9.4% 10.1% 13.5% 4.1% 

3 -3.1% 6.2% 9.3% 7.8% 11.1% 1.7% 

4 -3.4% 6.0% 9.4% 5.7% 9.1% -0.2% 

6 -3.0% 5.9% 8.9% 1.9% 4.9% -4.0% 

Average -3.1% 6.2% 9.3% 7.6% 10.8% 1.5% 

•Note - Column headings are labeled as "System A vs System B". If the percent difference value 
shown is positive. System A has a larger field capacity than System B. If the percent difference 
value shown is negative, the System B has a larger field capacity than System B. 

Table 3.5 Differences in field capacity for the single implement, perimeter, double 
implement, and tractor-based systems with parameter values set for slow index time 
and implement speed set to 4.5 mph. 

Implement 
Widdi 

(Rows) 

Single 
vs 

Double 

Single 
vs 

Perimeter 

Double 
vs 

Perimeter 

Single 
vs 

Tractor 

Double 
vs 

Tractor 

Perimeter 
vs 

Tractor 

1 -16.3% 26.5% 42.3% -14.7% 0.4% -42.0% 

2 -14.4% 23.4% 37.4% -26.0% -13.6% -50.3% 

3 -12.9% 21.2% 33.9% -36.0% -25.4% -58.1% 

4 -11.5% 19.5% 30.9% -45.0% -36.1% -65.1% 

6 -9.8% 16.8% 26.5% -60.4% -53.6% -77.3% 

Average -13.0% 21.5% 34.2% -36.4% -25.7% -58.6% 

•Note - Column headings are labeled as "System A vs System B". If the percent difference value 
shown is positive. System A has a larger field capacity than System B. If the percent difference 
value shown is negative, the System B has a larger field capacity than System B. 
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Table 3.6 Differences in field capacity for the single implement, perimeter, double 
implement, and tractor-based systems with parameter values set for medium index 
time and implement speed set to 4.5 mph. 

Implement 
Width 

(Rows) 

Single 
vs 

Double 

Single 
vs 

Perimeter 

Double 
vs 

Perimeter 

Single 
vs 

Tractor 

Double 
vs 

Tractor 

Perimeter 
vs 

Tractor 

1 -9.1% 16.2% 25.2% 1.0% 10.2% -15.1% 

2 -8.9% 15.4% 24.2% -3.7% 5.1% -19.2% 

3 -8.6% 15.0% 23.5% -8.1% 0.2% -23.4% 

4 -8.1% 14.5% 22.4% -12.3% -4.8% -27.1% 

6 -7.5% 13.3% 20.7% -20.3% -13.6% -34.0% 

Average -8.4% 14.9% 23.2% -8.7% -0.6% -23.8% 

*Note - Column headings are labeled as "System A vs System B". If the percent difference value 
shown is positive. System A has a larger field capacity than System B. If the percent difference 
value shown is negative, the System B has a larger field capacity than System B. 

Table 3.7 Differences in field capacity for the single implement, perimeter, double 
implement, and tractor-based systems with parameter values set for fast index time 
and implement speed set to 4.5 mph. 

Implement 
Width 

(Rows) 

Single 
vs 

Double 

Single 
vs 

Perimeter 

Double 
vs 

Perimeter 

Single 
vs 

Tractor 

Double 
vs 

Tractor 

Perimeter 
vs 

Tractor 

1 -5.0% 9.3% 14.3% 7.4% 12.6% -1.7% 

2 -4.8% 8.6% 13.4% 4.3% 9.2% -4.2% 

3 -4.6% 8.5% 13.1% 1.5% 6.1% -7.0% 

4 -4.4% 8.4% 12.8% -1.3% 3.1% -9.7% 

6 -4.2% 7.9% 12.1% -6.8% -2.8% -14.9% 

Average -4.6% 8.5% 13.1% 1.0% 5.7% -7.5% 

*Note - Column headings are labeled as "System A vs System B". If the percent difference value 
shown is positive. System A has a larger field capacity than System B. If the percent difference 
value shown is negative, the System B has a larger field capacity than System B. 
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less than 8% from average as a function of implement width. Implement width does, 

however, affect cable system field efficiency. As implement width increases, field efficiency 

decreases because a larger percentage of the operational time is required for indexing. This 

is evidenced in the tables by the cable drawn fanning systems' decline in performance as 

compared to the tractor-based system, as implement width increases. 

Field capacity differences between pairs of systems were also compiled for the 

implement width/speed combinations that are most commonly used in Arizona (Table 3.8). 

The table shows that average percent difference between systems does not vary greatly over 

the range of conditions examined. Overall, the single implement system performed about 

8% poorer than the double implement system, and approximately 13% better than the 

perimeter system. The double implement system performed about 21% better than the 

perimeter system. 



55 

Table 3.8 Differences in field capacity between the single implement, perimeter, and 
double implement systems when used for the production of cotton, alfalfa, 
and wheat in Arizona. 

Implement 
Speed 
(mph) 

Implement 
Width 
(rows) 

Percent 
of Total 

Operations' 

Single 
vs 

Double 

Single 
vs 

Perimeter 

Double 
vs 

Perimeter 

3.0 1-6 35.5% -6.4% 11.6% 17.9% 

3.0 4 21.0% -6.1% 11.0% 17.0% 

4.5 1-6 46.0% -8.7% 15.0% 23.5% 

4.5 4 12.4% -8.0% 14.1% 22.0% 

4.5 6 15.5% -7.2% 12.7% 19.8% 

3.0 and 4.5 4 and 6 48.9% -6.9% 12.3% 19.2% 

3.0 and 4.5 1-6 81.5% -7.7% 13.5% 21.1% 

' This column represents the percentage of operations used to raise cotton, alfalfa, and wheat 
in Arizona that utilized a particular implement width and speed combination, or particular 
range of implement widths and speeds. 

*Note - Column headings are labeled as "System A vs System B". If the percent difference 
value shown is positive. System A has a larger field capacity than System B. If the percent 
difference value shown is negative, the System B has a larger field capacity than System B. 

33.5 Conclusions 

Based on the results of the analysis, which are summarized in Table 3.9, it was 

concluded that the single engine system was superior to the other systems. The field capacity 

of the double engine system is identical to that of the single engine system, however it is 

significantly more expensive due to the high cost of the extra power unit. Although the 

double implement system performed best, the cost of maintaining two implements and two 
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implement carriers was judged not to warrant the 8% performance advantage over a single 

engine system. The perimeter system was considered not to be viable because it performed 

13% poorer than the single engine system, and is a more expensive, less reliable system. 

Table 3.9 A comparison of four types of cable drawn farming systems in terms of cost, 
reliability/simplicity and field capacity. 

Type of Cable 
Drawn Fanning System 

Cost Reliability/ 
Simplicity 

Field Capacity 

Single Engine Low Med 

Identical to the Double Engine System's 

13% Higher than the Perimeter System's 

8% Lower than the Double Implement System's 

Double Engine High Med 

Identical to the Single Engine System's 

13% Higher than the Perimeter System's 

8% Lower than the Double Implement System's 

Perimeter High High 

13 % Lower than the Single Engine System's 

13% Lower than the Double Engine System's 

21% Lower than the Double Implement System's 

Double Implement High High 

8 % Higher than the Single Engine System's 

8% Higher than the Double Engine System's 

21% Higher than the Perimeter System's 

3.4 Analysis of a Single Implement System 

Having concluded that the single implement system was superior, an anzdysis was 

conducted to determine the values of the operating parameters that would maximize field 
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capacity, while keeping costs at a minimum. The parameters investigated were tower speed 

and rotation time. 

3.4.1 Effect of Tower Speed 

System field capacity was examined using tower speeds ranging from 12 ft/min to 

60 ft/min with implement width and operating speed set to three different values. Implement 

width/speed combinations selected represented those most commonly used in Arizona which 

are a 6 row implement traveling at 4.5 mph, and 4 row implements traveling at 3.0 mph and 

4.5 mph. 

Graphs showing field capacity as a function of tower speed are presented in Figxires 

3.8 through 3.10. A tractor based system, operating at 80% percent field efficiency, is 
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Figure 3.8 Field capacity versus tower speed for the single engine system for an 
implement speed of 3.0 mph and an implement width of 4 rows. 
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Figure 3.9 Field capacity versus tower speed for the single engine system for an 
implement speed of 4.5 mph and an implement width of 4 rows. 
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Figure 3.10 Field capacity versus tower speed for the single engine system for an 
implement speed of 4.5 mph and an implement width of 6 rows. 



included for comparison purposes. The plots show that as tower speed increases from 12 

ft/min to 60 ft/min, field capacity increases by as much as 56%. The rate of gain, however, 

decreases as tower speed increases implying that there is an asymptotical limit. For all of 

the cases considered, field capacity gains of less than 7% were realized as tower speed 

increased from 36 ft/min to 48 ft/min and gains of less than 5% were realized as tower speed 

increased from 48 ft/min to 60 ft/min. In terms of percent difference in field capacity, the 

single engine system performed from 3% better to 55% worse than the tractor-based system. 

The maximum percent difference in field capacity, 55%, occurred when the system was 

using a 6 row implement at a speed of 4.5 mph and had a tower speed of 12 ft/min. 

Based on these results, it was decided that tower speed should be set to 48 ft/min. 

With a tower speed of 48 ft/min, the single implement system would have a field capacity 

11% lower than that of a tractor-based system on average for the cases considered. 

Increasing tower speed to 60 ft/min would increase power consumption, induce higher 

physical loads on the system, and result in only a marginal 5% gain in field capacity. 

3.4.2 Effect of Rotation Time 

Having set the tower speed to 48 ft/min, the system's performance as a ftmction of 

rotation time was examined. Rotation times used in the analysis ranged from 0 to 20 

seconds, in increments of 5 seconds. Raise/lower time and tower speed were held constant 

at six seconds and 48 ft/min, respectively. 
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The results of the analysis, presented in Figures 3.11 through 3.13, show system field 

capacity as a function of rotation time. A tractor-based system, operating at 80% field 

efficiency, is included in the figures for comparison purposes. For all of the cases 

considered, field capacity decreased at a rate of about 3.5% per 5 second increase in rotation 

time. This is less than a 1% decrease in performance, for each one second increase in 

rotation time. 

In terms of percent differences in field capacity, the single engine system performed 

from 7% better, to 22% poorer, than a tractor-based system. Average percent differences in 

field capacity between the two systems are shown in Table 3.10. For a rotation time of 0 

seconds, the single engine system outperforms the tractor-based system by 0.8%. As rotation 

4.2 

4.1 

3.7-~ 

3.6-
20 

Rotation Time (seconds) 

Single Implement w Tractor (F.E.=80%) 

Figure 3.11 Field capacity versus rotation time for the single engine system for an 
implement speed of 3.0 mph and an implement width of 4 rows. 
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Figure 3.12 Field capacity versus rotation time for the single engine system for an 
implement speed of 4.5 mph and an implement width of 4 rows 
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Figure 3.13 Field capacity versus rotation time for the single engine system for an 
implement speed of 4.5 mph and an implement width of 6 rows. 
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Table 3.10 Average percent difference in field capacity of a single engine cable system 
fi-om a tractor-based system. 

Rotation Time (sees) 0 5 10 15 20 

Difference in 
Field Capacity 

0.8% -2.9% -6.5% -9.9% -13.2% 

time is increased to 20 seconds, the single engine system under performs the tractor-based 

system by 13.2%. 

Based on these results, lower rotation times provide better system performance. A 

high speed rotation device could be designed, however, the cost associated with such a 

device probably would not warrant the small gains in perforaiance. The most practical 

system, one that balances performance, cost and physical constraints, was selected to be one 

for which the rotation time is 7.5 seconds. Such a system could be designed using low cost, 

conventional parts, and offer performance within 6% of a system designed with a rotation 

time of 0 seconds. 

With an implement rotation time of 7.5 seconds, field capacity would only be 5% 

lower than that of a tractor-based system. Realizing that a cable drawn farming system could 

operate autonomously, 24 hours a day given a proper safety system, this lower rate of 

performance was considered acceptable. 
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AUTOMATIC GUIDANCE FOR A CABLE DRAWN FARMING SYSTEM 

4.1 Introduction 

The next objective addressed was the development of a control scheme for 

positioning and indexing the mobile truss of a cable drawn farming system. Accurately 

positioning the mobile truss is necessary because it provides the means for implement 

guidance through a guide rail suspended beneath it. If any of the towers are misaligned, 

damage to the crop could result. 

Commercially available shift hitches are able to accurately follow an established row 

or fiirrow while sliding the implement ±0.8 ft perpendicular to the direction of tractor travel 

(Kocher et al. 1993; Sukup Manufacturing Company, 1995). If such a device were mounted 

on the implement carrier and the implement carrier could precisely track the guide rail, the 

shift-hitch would compensate for ±0.8 ft of mobile truss position error. Because of this 

possibility, the objective became one of developing a control system capable of providing 

tower position accuracy within ±0.8 ft. 

4.2 Automatic Guidance Techniques For Agricultural Machinery 

Automatic guidance techniques for agricultural machinery can be divided into five 

categories: electro-mechanical, optical, radio navigation, ultrasonic, and dead reckoning. 
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The following review discusses some of the research work conducted in these areas and their 

possible application to cable drawn farming system guidance. 

4.2.1 Electro-mechanical Guidance 

A number of electro-mechanical systems for guiding agricultural vehicles have been 

developed over the last several decades. Most of these utilize the crop itself, or a furrow to 

provide steering information. One system, developed by Suggs et al. (1972), used a spring 

loaded feeler to sense the location of tobacco plant stems. The switch provided steering ram 

control to the tractor through activation of an electro-hydraulic valve. When tested under 

normal field conditions, the system provided an accuracy of ± 2 in. 

Richey (1959) devised a similar type of system, but used an electrically operated lead 

screw to move the steering drag-link. Accuracy for this system was reported to be ± 4 in. at 

a tractor speed of 6 mph. Control was lost, however, if a gap in the row of plants longer than 

the length of the feeler was encoimtered. 

Other types of electro-mechanical systems follow a furrow or slot made specifically 

for the purpose. Grovum and Zoerb (1970) developed one system using a pair of sensing 

wheels positioned on either side of a marker furrow. When one of the wheels dropped into 

the furrow, a micro-switch that controlled steering action was activated. The authors claimed 

that the system was stable at tractor speeds up to 4.2 mph. System accuracy, however, was 

not reported. 
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Feeler arm sensors are also used on commercially available shift-hitches for 

implement guidance. When the implement deviates from the row, the sensing arms actuate 

a hydraulic ram that moves the implement back over the crop. Furrow following systems 

are also available for use prior to stand establishment. Both systems provide accuracy of 

better than ±2 in. (Kocher et al., 1993) and are reliable if the plant row is continuous or if the 

furrow is well established (Thacker and Coates, 1996). 

Although furrow guidance is accurate to ±2 in. on a single pass, error accumulation 

over multiple passes can cause system accuracy to decrease to ±2 ft (Sukup Manufacturing 

Company, 1995). This limits its practicality for guidance of a cable drawn farming system 

since permanent reference furrows would need to be established. Another problem with 

feeler and furrow following systems is that they are designed for guidance, not position 

control. The technology is therefore not directly applicable to use with a cable drawn 

farming system. 

Wilden and Blair (1972) tested a system in which the guidance marker was a buried 

nylon cord. During operation, the tractor drew the cord up out of the groimd, passed it 

through a sensing mechanism and then reburied the cord one implement width to the side. 

Tractor steering was accomplished by a hydraulic valve activated by the sensing mechanism. 

Although the system was foimd to be accurate to ± 2 in., a reliable method for cord collecting 

and tensioning was not found. 

Some linear move irrigation machines are guided by a taut wire suspended 28 in. 

above the ground. These systems, known as above ground cable guidance systems, are able 
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to provide reliable guidance with an accuracy of ± I in. (Tillet, 1991) and have been used 

commercially since 1977 (Vahnont Industries Inc, 1996). Due to the high cost of cable 

installation, such systems are economically justifiable only for wide span machinery such 

as gantries and cable farming systems (Tillet, 1991). 

Another electro-mechanical guidance technique that is used in intensive factory 

applications is leader cable guidance. The system is based on detection of the magnetic field 

produced by a buried wire carrying a low frequency signal. The wire, usually buried an inch 

or so below a concrete floor, defines the path the vehicle is to follow. 

Commercially available agricultural uses of leader cable systems include the 

guidance of linear move irrigation machines. In these systems, the wire is typically buried 

18 in. below the surface so that primary tillage operations can be conducted. Although 

accuracy has been reported to be ± 2 in. (Tillet 1991), use of below ground guidance systems 

is not as common as taut wire systems because of the higher cost of installation (Valmont 

Industries Inc, 1996). 

Automatic leader cable guidance systems have also been developed for agricultural 

vehicles. One system, designed by Young et al. (1983), used an antenna movmted on the 

tractor to sense the location of a buried wire carrying a low frequency signal produced by an 

oscillator. Direction and rate of steering were controlled by an on board micro-computer 

linked to the tractor's hydraulic system. Maximum positional error for the system was found 

to be 6.5 in. 
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A similar type of buried wired guidance system was described by Hilton and Hilton 

(1992) for horticultural gantries. Directional control was provided by using differential 

wheel speeds, and by changing wheel angle. Simulation of the automatic steering system 

showed that the controller provided adequate stability between speeds of 1 and 11 mph. 

Field tests, however, were not conducted. 

Although leader cable guidance is a proven technology, it is less accurate and costs 

$15,000 more than taut-wire guidance (Valmont Industries Inc, 1996). Another problem 

with leader cable technology is that it is a guidance, not a positioning, technology. To use 

leader cables for positioning a cable drawn fanning system, wires would need to be laid out 

one implement width apart over the entire width of the field. This would be economically 

difficult to justify, since the price of leader cable installation is approximately $1.50 per foot 

(Valmont Industries Inc, 1996). 

4.2.2 Optical Guidance 

4.2.2.1 Lasers 

Lasers can be used in several ways to guide vehicles. The simplest is a fixed beam 

or plane projected in the direction of travel from the headland. Lawson (1985) described a 

commercially available system in which a tractor was guided by a laser projected from a 

remote-controlled mobile beacon. At the end of each pass, the remote-controlled beacon was 

indexed one implement width. Although this system is accurate, it requires a line of sight 

free of obstruction. 
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A common use of laser guidance in agriculture is by drainage machinery (Studebaker, 

1971). Such machines use a horizontal plane to accurately lay pipe. Although these systems 

are accurate, they provide guidance in only one dimension and are therefore not suitable for 

controlling cable drawn fanning system position. Two systems could possibly be used, but 

this would increase cost and complexity. 

To date, a laser based system for accurately positioning vehicles over large distances 

has not been developed (Junkins, 1994). The difBculty lies in being able to accurately record 

the orientation of the laser beam when it strikes the receiving target. Despite this drawback, 

several laser scaiming systems for automatic guidance of agricultural vehicles have been 

developed. Phene et al. (1980) tested a laser scaiming system for multi-span linear move 

irrigation machines. The objective was to control tower movement so that the machine 

would advance down the field at a constant rate. A rotating laser transmitter, mounted on 

the main tower, was used to establish a vertical reference plane perpendicular to the desired 

direction of travel. Tower movement was controlled by laser receivers mounted on each 

tower. 

Although Phene's system was designed to operate at a ground speed of only 1.6 

ft/min, alignment problems were still experienced. The difficulties were attributed to 

instability of the laser transmitter as it moved. Attempts to dampen the vibration by 

modifying the mounting arrangement yielded marginal success. 

Tsumuara et al. (1982) proposed a vehicle positioning system that used a scaiming 

laser, comer cubes, and laser receivers. A laser, mounted either on the vehicle or at a fixed 
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reference point, swept a beam across the work area. By recording the rotational position of 

the laser beam when the receiving targets were detected, the position and heading of the 

vehicle was determined using trigonometry. A test of the system showed that an accuracy 

of ± 2 in. could be obtained. The range however, was only 53 ft. 

A similar laser scanning system was developed by Mizrach et al. (1987) for 

positioning the cable drawn farming system developed by Lepori et al. (1986). Field tests 

showed positioning errors of more than 2%, at a distance of 229 ft. This level of accuracy 

is insufficient for cable drawn farming purposes. The authors suggested that performance 

could be improved if a more precise laser and motor controller were used. 

Shmulevich et al. (1989) continued Mizrach et al.'s (1987) work and developed a 

control system using a split laser beam directed by two rotating mirrors positioned several 

meters apart. By knowing the distance between the two mirrors, and the angles at which the 

beam struck the target, the location of the target could be calculated. The system was tested 

in an indoor laboratory, and calculated position predictions were compared to measured 

values. An uncertainty analysis was then conducted to determine the influence of different 

angular resolutions on measurement accuracy. It was concluded that an error of less than 6 

in. over a 1300x1300 ft area could be realized if an angular encoder with a resolution of 

0.0001 radians were used. Field scale trials of such a system were not conducted, however, 

leaving their claims unproven. 
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4.2.2.2 Infrared Methods 

Infrared range finders are able to determine distances within ±0.125 in. over short 

ranges. Unfortunately, the error increases to more than three feet when the range is 0.5 miles 

or greater (Spectra-Physics, 1995). BCirk and Krause (1976) used infrared sensors to detect 

crop location and control the position of a swather. Steering actuation was provided by a 1/8 

HP motor attached to the steering wheel. The system was capable of following the crop edge 

at speeds of up to 7.5 mph, with an accuracy of ±0.3 ft. 

Harries and Ambler (1981) developed a guidance system using an infrared ranging 

and triangulation technique in conjimction with furrow following and dead reckoning. They 

used the phase difference between the output of an infrared emitting diode and its reflection 

from reflective posts on the headland to determine distance. Although the system was 

accurate to within ± 4 in., the range was only 66 ft. This is not sufficient for controlling a 

cable drawn farming system. 

4.2.23 Machine Vision 

With recent advances in computer technology, computer analysis of video images has 

become a potentially viable method of obtaining guidance information. Attempts have been 

made to apply image recognition techniques to a number of situations, including agricultural 

vehicle guidance. Tian and Chancellor (1995) developed a machine vision-based guidance 

system for the controlled trafBc gantry discussed in Section 2.2. The system utilized a video 

camera mounted on the gantry to view a strip of colored tape positioned on the soil surface. 



71 

Red squares placed at 6 in. intervals on the tape were used for position reference. Although 

accuracy claims of better than 0.25 in. in both X and Y directions were made, no mention of 

travel speed, cost or length of the test run was included in the discussion. Thus, practicality 

of this system for field use could not be determined. 

In another machine vision system, Gerrish et al. (1986) used images firom a camera 

to determine the path of a tractor in an onion field. The system was capable of determining 

tractor position within ± 1.75 in., and tractor heading to within ±0.3°. Although some 

image processing routines took several seconds to run, the authors projected that vehicle path 

could be determined fi-om a ragged but well-defined edge within one second. Field tests to 

verify this claim, however, were not conducted. 

4.2.3 Radio Navigation 

Using radio waves for guidance purposes is an attractive alternative, since radio 

waves are able to travel long distances without decay. A receiver moimted on a vehicle 

allows position fixes to be obtained with respect to a few conveniently located beacons. 

Such systems are commonly used by aircraft and marine vessels for navigation, but accuracy 

is limited to 328 ft (Tillet, 1991). 

Smaller scale systems for locating vehicles have been developed and marketed. 

Searcy et al. (1990) evaluated one such system for determining the path of a combine. The 

system utilized a master transmitter on the combine, and two reflectors on the field boundary. 

Errors in location fix between 3.3 ft and 6.6 ft were observed, exceeding the tolerance limit 
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of ±0.8 ft set for the cable drawn farming system. Micromet Corp. (1995) developed a 

similar system for $60,000, and claimed an accuracy of ±2 in. Additional research and 

commercialization plans were canceled, however, when price reductions in Global 

Positioning Systems (GPS) were armounced. 

GPS are potentially very accurate, but at present, component prices are high. Position 

is determined using signals emitted from satellites. The Department of Defense scrambles 

the signals for security purposes, resulting in a civilian position fix accuracy of 300 ft 

(Novatel Communications Ltd, 1995). Because signal distortion does not vary significantly 

over distance, the accuracy of the system can be improved to ± 8 in. by calculating the 

difference in position between two receivers. The drawback of a differential GPS is that each 

receiver costs as much as $5,000. Less expensive differential and non differential GPS are 

also commercially available, however, their accuracy is lower than the ±0.8 ft required for 

the cable drawn farming system. 

Predicting that the price of GPS components will drop in the near ftiture, Mononen 

et al. (1995) developed an autonomous control system for a 1.5 ton tracked vehicle. The 

system utilized real time kinematic GPS positioning and gyros to provide control. Although 

navigation accuracy of ± 2 in. was consistently achieved, component prices prohibited 

commercialization of the product. 
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4.2.4 Ultrasonic 

Ultrasonic devices for measuring distance are commercially available at reasonable 

cost. Distance is calculated from the time it takes a pulse of ultrasonic energy to reach a 

target, and then be reflected back to the source. Determining the time accurately enough to 

be suitable for measuring distances less than 12 in., however, is difficult (Morris, 1988). In 

general, sensor range is 12 in. to 30 ft, with measurement resolution being ±0.5%. 

Despite this drawback, control techniques using ultrasound have been examined. 

Patterson et ai. (1985) developed an ultrasonic system to control the position of a transplanter 

by detecting the location of a row of plants. The reported accuracy was 1.6 ft, over a travel 

distance of 131 ft. Bonicelli and Monod (1987) used an ultrasonic system for absolute 

positioning of a self-propelled plowing robot. The robot carried a rotating ultrasonic beam 

that was detected by four tetrahedric beacons placed on the field borders. Using triangulation 

to determine position, an accuracy of 3.3 ft was achieved over a maximum distance of 1000 

ft. 

4.2.5 Dead Reckoning 

Most dead reckoning systems estimate relative vehicle position by recording the 

rotation of its wheels and its steering angles. This method can be satisfactory on smooth 

concrete factory floors (Komatsu and Nakano, 1987), however, on agricultural soils wheel 

slip limits system accuracy. 
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Bucklier (1995) found that in order to maintain an accuracy of ±1 ft, absolute 

position fixes had to be given every 350 fl. This agrees with a measuring wheel 

manufacturer's claim of 0.2% accuracy (Meter Man, 1995). 

Another device used for dead reckoning is the gyro compass. Although commonly 

used for navigation purposes on aircraft and boats, gyros are too expensive for most 

agricultural applications (Shmulevich et al., 1989). 

4.2.6 Summary 

A summary of the automatic guidance techniques discussed is presented in Table 4.1. 

It was foimd that electro-mechanical methods of sensing plants, flurows and wires provide 

reliable, accurate control and are currently used in several commercial agricultural 

applications. Laser-based control systems, although potentially very accurate, are expensive, 

require a line of sight free of obstructions and present eye hazards. To date, their utilization 

in commercial agriculture has been limited to one dimensional control. Machine vision is 

also potentially accurate and reliable, but further research is required to derive higher speed 

control algorithms and to overcome hardware costs. Radio navigation provides a sufficient 

level of accuracy, but current component prices prohibit agricultural commercialization. 

Ultrasonic and dead reckoning systems are not sufficiently accurate for automatic guidance 

of agricultural vehicles. 
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Table 4.1 Summary of automatic guidance techniques for agricultural vehicles. 

Guidance 
technique 

System 
accuracy 
(typical) 

Reliability 
for agricultural 

vehicle guidance 

Approximate 
cost for 

500 acre field 

Possible 
agricultural 
applications 

Electro-mechanical 

Plant Sensing ± 2 in. 

Furrow Sensing ± 2 in. 

Stretched Wire ± 1 in. 
Sensing 

Buried Wire ± 2 in. 
Sensing 

Dependent on 
continuous 
plant row 

Quite reliable 

Quite reliable 

Quite reliable 

< S5,000 Cultivating, guidance along a 
straight line 

< $3,000 Straight line after manual 
first pass 

$4,000 Where features already exist 
or where the cost of wire 
installation is acceptable 

S19,000 Same as stretched wire 
sensing 

Optical 

Fixed Beam 
Laser 

Rotating 
Laser Beam 

Infra-Red 

Machine Vision 

Radio Navigation 

GPS 

Triangulation 

Ultrasonic 

Dead Reckoning 

± 0.04 in. 

± 6 in. 

± 4 in. 

<± 1.75 in. 

± 4 in. 

± inches 

± 0.5% of 
range 

±  1 g y r o  

Very reliable 
(based on drainage 

machinery) 

Proven for one 
dimensional control 

Not proven 

Not proven 

Very good 

Not proven 

Reliable for 
good reflecting 

surface 

Good 

S5,000 Straight Line Guidance 

> S15,000 Capable of guiding all 
movement 

> S6,000 As a supplement to systems 
needing absolute position 
information 

> S5.000 Wide potential in following 
continuous features 

>$ 10,000 Wide potential as a 
supplement to systems 
needing absolute position 
information 

560,000 Capable of guiding all 
movement 

S1.500 Guidance along a straight line 
path 

$7,500 Supplement to absolute 
location and electro
mechanical sensing 
techniques 
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4.2.7 Conclusions 

Despite the widespread research that has been conducted on various automatic 

guidance techniques, only electro-mechanical guidance systems are commonly used in 

agriculture today. The other techniques which have been discussed have not been proven 

technically feasible, are not economically viable, or both. Rather than work with one of the 

technologies whose applicability in agriculture is still uncertain, it was decided that an 

electro-mechanical system would be used for guiding the cable drawn farming system. Of 

the electro-mechanical guidance techniques discussed, the taut cable guidance system 

currently used to control linear move irrigation machines seemed to offer the most promise. 

This system is commercially available, and provides steering accuracy within ± 1 in. (Tillet, 

1991). Although not designed for indexing or positioning, such a system was studied to see 

if it could provide control sufficient for cable drawn farming system purposes. 
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CONTROL DEVELOPMENT FOR A CABLE DRAWN FARMING SYSTEM 

5.1 Description of a Linear Move Irrigation System 

A linear move irrigation system is composed of a series of spans, each consisting of 

a tower assembly, irrigation pipe and truss supports (Figure 5.1 and Figure 5.2). The system 

is steered along a path parallel to the irrigation canal using an above ground cable guidance 

system (Figure 5.3). The guidance system is comprised of a cable suspended 28 inches 

above the ground, and a pair of steering quills (cylindrical PVC tubes) mounted on the front 

and rear of the power unit. The quills straddle the guidance cable so that when cart direction 

deviates from the path defined by the cable one set of steering quills is forced "open", while 

the other set "closes". Sufficient deviation forces the quills to close far enough to activate 

a micro-switch which in turn initiates a steering command. 

The system is steered by momentarily stopping one end of the truss assembly, while 

the other end advances. This causes the system to rotate about the stopped tower steering 

it either toward the guide wire, or away from it. Steering control is provided by a percent 

timer in the control box which either runs the power unit's drive motors 20% of the time that 

the end tower's (tower furthest from the power unit) drive motors run, or vice-versa, 

depending on the steering action required. 

If the system deviates too far off course, the steering quills are displaced sufficiently 

to cause a second micro-switch to be activated. This signal initiates a system shutdown. A 
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Figure 5.1 Model 9880 Valley linear move irrigation system. 
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Figure 5.2 Tower assembly and free floating alignment system. 
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Figure 53 Power unit and above ground cable guidance assembly. 

shutdown is also initiated if either pair of steering quills is not positioned over the guidance 

wire. Such a situation would occur if the guide wire was broken or knocked to the ground. 

Inner tower alignment for the multi-jointed truss is controlled by a free floating 

alignment system consisting of a control box mounted on each tower, and a pair of triangular 

shaped t-bars connected to one another by taught cables (Figure 5.2). When a tower moves 

out of line with respect to an adjacent tower, tension in the cables causes the t-bars to rotate. 

This rotation is sensed by a linkage housed in the control box and used to control motor 

action. When the angle between adjacent towers is sufiBciently smaller than 180" (one tower 

is at least 1 ft ahead of an adjacent tower), a micro-switch in the control box is closed and 

the span is moved in a direction that will reduce the magnitude of misaligimient. A second 
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micro-switch initiates a system shutdown when the alignment between any two towers 

exceeds a preset limit. 

Under normal start up conditions, the towers are in approximate alignment, and the 

power unit is positioned with the steering quills centered over the guidance cable. To begin 

operation, a timer on the control panel is set to the percentage of time during a 60-second 

cycle that the user wants the system to run. Upon receipt of this run signal, the two towers 

controlled by the percent timer, namely the power unit and end tower, begin to advance down 

the field. As they move ahead of the stationary inner towers, the misalignment is sensed by 

the free floating alignment system. Once there is sufScient misalignment, the motors on the 

inner towers are activated, causing them to move. Since the inner towers advance only when 

there is misalignment, they travel at a higher rate of speed than the end towers. This allows 

them to keep up with the end towers. 

5.2 Field Test of a Linear Move Irrigation Control System 

During the spring of 1995, a Valley Rainger Model 9880 linear move irrigation 

system was erected at the University of Arizona's Bioresources Research Facility in Tucson. 

This was done to obtain a better understanding of how the unit was constructed, and to 

facilitate performance evaluation of the unit's control system. 

Four sections of the original mile long system were set up. Two sections measured 

125 ft in length, while the other two spanned 162 ft. The total length of the system is 574 



81 

ft, which was considered representative of the 600 ft length chosen for the cable drawn 

farming system. 

An operational test of the machine was conducted for an outbound and a return pass 

over a length of 280 ft. For the test, the machine was initially positioned with all of the 

towers within ±0.1 ft of the reference baseline. The system's power unit was then started and 

stopped every 20 feet - a distance equivalent to the width of a 6 row implement. When the 

system was stopped, the distance each tower motor had moved from the baseline was 

recorded using a 200 foot long tape measure. 

Numerical results of the outbound and return passes are displayed in Table 5.1 and 

Table 5.2 respectively. Graphical results are presented in Figure 5.4 and Figure 5.5, with the 

tower locations being represented by an "X", and dashed Unes indicating the target location. 

This test showed that tower position was controlled to within ±2 ft of the target location 70% 

of time, and that the average deviation error for the test was 1.9 ft. The maximum deviation, 

however, was 6.5 ft during the outbound pass, and 21.3 ft during the return pass. 

For those positions at which the misalignment exceeded 2 ft, it was observed that the 

power unit had veered from the straight line path defined by the guidance cable. When this 

happened, the system steered itself back on course by advancing the power unit ahead of the 

end tower, or the end tower ahead of the power unit. A good illustration of this is shown in 

Figure 5.5 for the target distance of 286 ft. Here, the power unit was too close to the guide 

wire, and advanced nearly 60 ft before the end tower moved a significant distance. During 



Table 5.1 Difference between tower and target location for the outbound pass. 

Distance Power Tower Tower Tower End 
from Unit 1 2 3 4 

Baseline 
(ft) (ft) (ft) (ft) (ft) (ft) 

46 0.0 0.0 0.1 0.0 0.1 

66 0.0 -1.4 -3.1 -5.1 -6.5 

86 0.0 -0.3 -0.6 1 o
 

0.0 

106 0.0 -0.6 -1.9 -3.0 -3.2 

126 0.0 0.0 0.0 -1.5 -2.6 

146 0.0 0.5 1.0 1.3 2.4 

166 0.0 0.0 -0.8 -0.7 -0.3 

186 0.0 -0.1 0.6 0.1 0.6 

206 0.0 -0.9 -2.1 -3.3 -3.7 

226 0.0 0.0 -0.5 -1.3 -0.9 

246 0.0 1.0 2.2 3.3 3.9 

266 0.0 -1.4 -3.5 -6.0 -7.3 

286 0.0 -0.5 0.1 -0.3 -O.I 

306 0.0 0.5 0.3 0.1 0.3 

Max. 0.0 1.0 2.2 3.3 3.9 

Min. 0.0 -1.4 -3.5 -6.0 -7.3 

Avg. 0.0 -0.2 -0.6 -1.2 -1.2 



Table 5.2 Difference between tower and target location for the return pass. 

Distance 
from 

Baseline 
(ft) 

Power 
Unit 

(ft) 

Tower 
1 

(ft) 

Tower 
2 

(ft) 

Tower 
3 

(ft) 

End 
4 

(ft) 

306 0.0 0.5 0.3 0.1 0.1 

286 0.0 -5.4 -9.3 -15.7 -21.3 

266 0.0 -1.0 -1.3 -2.8 -3.3 

246 0.0 3.3 6.7 10.4 14.8 

226 0.0 -3.3 -0.3 -1.7 -2.4 

206 0.0 1.7 2.9 2.6 4.0 

186 0.0 0.1 0.0 -1.4 -2.4 

166 0.0 0.3 1.0 -0.1 -0.1 

146 0.0 0.6 0.7 0.5 -0.1 

126 0.0 0.8 1.0 1.4 1.5 

106 0.0 0.4 -0.1 0.4 0.9 

86 0.0 0.3 0.0 0.2 0.0 

66 0.0 0.1 -0.2 -0.4 -0.0 

46 0.0 -0.5 -0.4 -1.1 -1.7 

26 0.0 0.2 -0.2 -1.5 -2.2 

Max. 0.0 3.3 6.7 10.4 14.8 

Min. 0.0 -5.4 -9.3 -15.8 -21.3 

Avg. 0.0 -0.2 0.0 -0.7 -0.9 
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Figure 5.4 Positioning test of a linear move control system - outbound pass. 
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Figure 5.5 Positioning test of a linear move control system - return pass. 
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this period of time, however, the free floating alignment system kept the iimer three towers 

in a nearly straight line between the power unit and end tower. 

Based on this test, it was concluded that accurate alignment could not be maintained 

by simply stopping just one end of the multi-jointed truss at a specific target location. 

Rather, both ends of the system had to be controlled. To accomplish this, a wicket 

positioning system was developed and tested. 

5.3 Wicket Positioning System 

The wicket positioning system utilized a series of u-shaped markers (wickets) placed 

upside down in the ground, one implement width apart, and two coil spring wobble lever 

micro-switches (Figure 5.6). One of the micro-switches was attached to the power unit, and 

the other to the end tower. Each micro-switch was wired so that when it encountered a 

wicket, the tower assembly to which it was attached, stopped. This system was thought to 

be feasible for commercial operation since its cost is low, and placing the wickets on the 

headland would not interfere with cropping procedures. 

A test of the wicket positioning system was conducted for an outbound and return 

pass over a length of280 ft. The positioning wickets for the power unit and end tower were 

placed 20 ft apart, a distance equivalent to the width of a 6 row implement. 

Over the course of the test, the power unit deviated less than 0.5 ft from the guidance 

cable. Based on these results, steering was considered to be stable and sufficiently accurate 

for commercial use. There was concern, however, as to whether or not this would remain 
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Figure 5.6 Wicket positioning system. 

true if the system were used when the indexing distance was shorter. Field tests addressing 

this concern are discussed in Section 5.4. 

The results of the wicket test, in terms of positioning control, are summarized in 

Table 5.3. Position error of the two end towers was reduced to 0.4 ft on the outbound pass, 

and to 0.6 ft on the return pass. Although these results were much improved over the 

previous trial, higher accuracy was expected. Investigation of the outbound test results 

revealed that with the exception of two measurements, the end towers stopped within 0.2 ft 

of the target location. The wicket placement for these two locations was remeasured and this 

was found to be the error source. 

During the return pass, the individual measurement errors were also very consistent, 

but the average position difference was -0.3 ft for the power unit, and -0.4 ft for the end 

tower. As compared to an average position difference of 0.0 ft for both towers during the 



87 

outbound pass, these results were much poorer (Note: Position differences were assigned 

positive and negative values depending on whether the tower was ahead or behind the target 

location). 

The difference between the outbound and return passes was due to the momentum 

of the end tower assemblies. When the tower motor turned off, the tower assembly 

continued to roll about 0.2 ft in the direction of travel before stopping. Since this 

phenomenon occurred in both directions of travel, the difference in average position 

placement between the outbound and return passes was about 0.4 ft. 

Table 5.3 Tower position error for the wicket positioning system. 

Outbound Pass 

Position 
Difference 

Power 
Unit 
(ft) 

Tower 
I 

(ft) 

Tower 
2 

(ft) 

Tower 
3 

(ft) 

End 
Tower 

(ft) 

Max. 0.4 1.5 3.1 2.7 0.2 

Min. -0.2 0.4 0.8 -0.2 -0.2 

Avg. 0.0 0.8 1.4 0.7 0.0 

Return Pass 

Position 
Difference 

Power 
Unit 
(ft) 

Tower 
1 

(ft) 

Tower 
2 

(ft) 

Tower 
3 

(ft) 

End 
Tower 

(ft) 

Max. -0.3 -0.9 -0.8 -1.4 -0.3 

Min. -0.6 -2.3 -2.7 -3.6 -0.5 

Avg. -0.3 -1.5 -1.6 -2.0 -0.4 
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To improve the performance of the system, it was concluded that a wider wicket 

should be used, so that the tower motor would be turned off before the actual target position 

was reached. This would then allow the tower assembly to roll into place after the micro-

switch was activated. Since the average difference between the outbound and return passes 

was approximately 0.4 ft for both the power unit and the end tower, the widths of the top of 

the wickets were increased to 0.4 ft by welding a steel plate to the top of each. 

The wicket test also showed that the free floating alignment system controlled inner 

tower aligimient to within ±3.6 ft. Although this was significantly better than the iimer tower 

position error of 15.8 ft obtained in the first experiment, it still exceeded the error tolerance 

of ± 0.8 ft. The test also showed that the inner towers tended to overshoot the target 

destination by about 1 ft on the outbound pass, and consistently undershot the target 

destination by about 1.5 ft on the return pass (Table 5.3). The average position difference 

between the outbound and return passes was therefore about 2.5 ft. 

About 0.4 ft of this difference can be explained by the momentum which caused the 

towers to continue to roll after the drive motors were shut off The remaining error is 

thought to be from losses in precision due to friction, cable stretch, and the use of imprecise 

parts such as the micro-switches. 

A calculation was made to examine the potential performance of the system if the 

overshoot problem could be eliminated. This was done by subtracting the tower position 

error from the average overshoot error for each tower. The results, summarized in Table 5.4, 

show that in general the maximum error that could be attributed to the free floating 
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alignment system was iess than one foot. It was then theorized that the amoimt of overshoot 

could be significantly reduced if two micro-switches were used instead of one. One switch 

would be used for outbound control, and the second for return control. 

Table 5.4 Theoretical position differences calculated between the tower assemblies and the 
target location without overshoot. 

Outbound Pass 

Position 
Difference 

Power 
Unit 
(ft) 

Tower 
1 

(ft) 

Tower 
2 

(ft) 

Tower 
3 

(ft) 

End 
Tower 

(ft) 

Max. 0.4 0.7 1.7 2.0 0.2 

Min. -0.1 -0.4 -0.6 -0.9 -0.1 

Return Pass 

Position 
Difference 

Power 
Unit 
(ft) 

Tower 
1 

(ft) 

Tower 
2 

(ft) 

Tower 
3 

(ft) 

End 
Tower 

(ft) 

Max. 0.4 0.6 0.8 0.6 0.1 

Min. -0.3 -0.8 -1.1 -1.6 -0.1 

5.4 Control Test Using Wider Wickets and Two Micro-switches 

System performance using 0.4 ft wide wickets and two micro-switches was 

determined over a length of280 ft For this test, wickets were placed 6.7 ft apart so that the 

steering stability of the guidance system could be verified for an index distance of a two row 

implement. Steering was found to be both stable and accurate, since the power unit deviated 
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less than 0.5 ft from the guidance cable. Thus, it was concluded that steering accuracy and 

stability could be maintained, even with an index distance as short as 6.7 ft. 

The test also showed that the wider wickets provided end tower positioning within 

±0.3 ft of the target destination (Table 5.5). Although this result was below the error 

tolerance of ±0.8 ft, better results were expected. Wicket placement was ultimately found 

to be the source of the error. 

Table 5.5 Tower position error using 5 in. wide wickets and two micro-switches. 

Position 
Difference 

Power 
Unit 
(ft) 

Tower 
1 

(ft) 

Tower 
2 

(ft) 

Tower 
3 

(ft) 

End 
Tower 

(ft) 

Max. 0.1 0.7 1.4 1.6 0.1 

Min. -0.2 -1.2 -1.3 -1.4 -0.2 

Avg. -0.1 -0.1 0.3 -0.4 0.0 

As compared to the previous experiment, control of the iimer three towers was 

significantly improved. The average position error was reduced from more than one foot, 

to less than 0.4 ft, and the maximum absolute position error decreased from 3.6 ft to less than 

1.6 ft (Table 5.5). The absolute error, however, still exceeded the error tolerance level of 0.8 

ft by a factor of two. 

An investigation into possible sources of error showed that the sensitivity of the 

micro-switches used to control motor action could be the problem. Micro-switch sensitivity 

is measured by differential travel and this is defined as the distance the activating plunger 
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must travel to turn a switch off, after it has been turned on. The micro-switches in the free 

floating alignment system had a differential travel of about 0.030 in. Commercially available 

precision micro-switches are available that have differential travels of less than 0.001 in. To 

determine if increasing micro-SAvitch sensitivity would improve system performance to an 

acceptable level, precision micro-switches were installed. 

5.5 Control Test Using Precision Micro-switches 

Performance of the system with correctly positioned wickets and precision micro-

switches was determined over a run length of280 fl. Forty-three measurements were taken, 

with the wickets positioned at 6.7 fl intervals. The results, simimarized in Table 5.6, show 

that the wicket positioning system controlled the power unit and end tower to within ±0.2 

fl of the target location. In those locations where the maximum error was found, it was 

observed that the grovind on which the power unit and end tower had traveled was not level. 

This caused the system to stop short of the target destination when traveling uphill, and past 

the target when traveling downhill. Rocks or large dirt clods in the system's path also caused 

a similar problem. Solutions to these sources of error were not considered since they would 

be encountered under normal field conditions. Furthermore, the maximum error of ± 0.2 fl 

was well within the tolerance limit of ± 0.8 fl. 

Using the precision micro-switches the free floating alignment system was able to 

control irmer tower alignment to within ±1.0 fl of the target destination (Table 5.6). 

Although this was better than the maximum position error of 1.6 fl found in the previous 
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experiment, it exceeded the required tolerance of 0.8 ft. In searching for sources of error it 

was noted that the inner three towers stopped in a consistent pattern, with the second tower 

advancing furthest, followed by the first tower and then the third tower. This observation 

is confirmed by noting the average tower positions given in Table 5.6; -0.2 ft for Tower 1, 

0.0 ft for Tower 2 and -0.5 ft for Tower 3. Based on these results, it was concluded that the 

firee floating alignment system was not properly adjusted. 

Table 5.6 Tower position error using precision micro-switches. 

Position 
Difference 

Power 
Unit 
(ft) 

Tower 
1 

(ft) 

Tower 
2 

(ft) 

Tower 
3 

(ft) 

End 
Tower 

(ft) 

Max. 0.2 0.4 0.7 0.0 0.2 

Min. -0.1 -0.9 -0.7 -1.0 -0.2 

Avg. -0.1 -0.2 0.0 -0.5 0.0 

A calculation was made to examine the potential performance of the system if it were 

adjusted so that average tower deviation was zero. This was done by subtracting the tower 

position error from the average position error for each tower. The results, presented in Table 

5.7, show that maximum absolute positioning error given such a situation would be less than 

0.7 ft for all three inner towers. Thus, the free floating alignment system was considered 

capable of providing the ±0.8 ft accuracy required. 
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Table 5.7 Difference between tower position error and average position error. 

Position 
Difference 

Power 
Unit 
(ft) 

Tower 
I 

(ft) 

Tower 
2 

(ft) 

Tower 
3 

(ft) 

End 
Tower 

(ft) 

Max. 0.3 0.6 0.7 0.5 0.2 

Min. 0.0 -0.7 -0.7 -0.5 -0.2 

5.6 Control Test Using Longer Control Lever Arms 

One method considered for improving the accuracy of the iimer tower control system 

was increasing the sensitivity of the micro-switch activating mechanism. This four-bar 

mechanism is comprised of a pair of t-bars that pivot about a common axis, and two links 

as shown in Figures 5.7a and 5.7b. Each t-bar is attached to a different tower assembly so 

the mechanism effectively monitors the angular misaligiunent between adjacent tower 

assemblies. The mechanism is designed so that as the magnitude of misaligiunent increases, 

the distance between a cam attached to output link (r3) and the run tower micro-switch 

decreases. When cam displacement is sufficiently large, the run tower micro-switch is 

activated and the tower assembly moves in a direction that will reduce the magnitude of 

misaligiunent. 

An analysis of this four-bar mechanism showed that if the length of the input link rl 

were doubled and then rotated, the angular rotation of the cam attached to output link r3 

would also double. Since this would increase the throw of the cam by a factor of two and 
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Figure 5.7a Components of the four-bar mechanism that triggers the tower run switch. 

Figure 5.7b Identification of the four-bar mechanism. 
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theoretically double the mechanism's sensitivity, input lever arms twice the length of the 

original arms were installed. The system was then tested over a length of 280 ft, with the 

wickets placed 6.7 ft apart. 

The test results, summarized in Table 5.8, showed that the maximum error for the 

inner three towers exceeded 2.0 ft. Compared to the previous trial, in which the maximum 

error was 1.0 ft, the system performed much poorer. This was not expected, since longer 

lever arms theoretically should have reduced the error by a factor of two. 

Table 5.8 Tower position error using longer lever arms. 

Position 
Difference 

Power 
Unit 
(ft) 

Tower 
1 

(ft) 

Tower 
2 

(ft) 

Tower 
3 

(ft) 

End 
Tower 

(ft) 

Max. 0.2 1.6 1.1 2.1 0.1 

Min. -0.2 -0.4 -1.2 -0.4 -0.2 

Avg. -0.0 0.4 -0.1 0.5 0.0 

Increasing the length of the input lever arm also effectively increased the input torque 

required to rotate the assembly. A complicating factor was a tensioning spring that serves 

as a safety device by pulling the cam away from the run tower micro-switch (5.7a) when one 

of the four-bar linkage members fails. The stiffiiess of the spring was such that moving the 

input link manually was difficult. Since it was thought that this spring resistance was 

limiting the system's sensitivity and since an alternative safety device could be designed, the 

spring was removed and the system was retested. 
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Although performance subsequently improved to a maximum error of less than 0.8 

ft (Table 5.9), better results were expected since the system's sensitivity had effectively been 

doubled as compared to the experiment where the maximum recorded error was 1.0 ft. 

Further investigation showed that the input link was still difficult to move by hand, even 

though the tensioning spring had been removed. It was reasoned that the longer lever arms 

had increased the mechanism's sensitivity to friction forces, which in turn had reduced its 

overall effectiveness. 

Table 5.9 Tower position error using longer lever arms and with the tensioning spring 
removed. 

Position 
Difference 

Power 
Unit 
(ft) 

Tower 
1 

(ft) 

Tower 
2 

(ft) 

Tower 
3 

(ft) 

End 
Tower 

(ft) 

Max. 0.2 0.8 0.7 0.5 0.1 

Min. -0.2 -0.7 -0.7 -0.7 -0.2 

Avg. -0.0 0.1 0.0 0.1 0.0 

Although the system provided control accuracy within the ± 0.8 ft limit sought, some 

problems still existed. The first was that it took about three hours to adjust the system so that 

the inner towers would stop at the target destinations. This adjustment process was time 

consuming because the position of each tower is controlled by the relative position of the 

towers adjacent to it. Thus, when the mechanism controlling the position of one tower is 

adjusted, it also affects the position control of the other towers. 
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This problem is compounded by the fact that it must be done twice, once for each 

micro-switch. Since the total adjustment time would take more than six hours, and hence 

limit the system's practicality, the concept of utilizing a single micro-switch was examined. 

Previous test results showed that if the system was adjusted for outboimd tower alignment 

control, the momentum of the inner towers would cause them to overshoot the target 

destination on the return trip. The proposition then became one of running the power unit 

and end tower forward until they had stopped at their retum target locations, and then 

reversing the direction of travel for the inner towers. This would put the inner towers closer 

to the target destination, since they had stopped past the target location. The sequence of 

operations was called the Forward/Reverse Alignment Procedure (FRAP), and was tested 

over a length of280 ft, with the wickets for positioning the power unit and end tower placed 

6.7 ft apart. 

During the test, the times required to index the truss and to implement the FRAP 

were recorded. The average time for indexing was found to be 36 seconds, while the average 

time to implement the FRAP was 4 seconds. Using FRAP would therefore increase indexing 

time by about 10%, and substantially decrease field efficiency. One way to overcome this 

would be to execute the alignment procedure and rotate the implement simultaneously. This 

solution is feasible since FRAP requires that only the inner towers be moved. Implement 

rotation, which would take place at the power unit or end tower, would therefore not be 

affected. 
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The position errors for the towers using FRAP are presented in Table 5.10. These 

show a maximum deviation of 1.0 ft. This slightly exceeds the error tolerance of ± 0.8 ft, 

and is greater than the maximum deviation of 0.8 ft found in the previous experiment. 

Table 5.10 Tower position error for the Forward/Reverse Aligimient Procedure. 

Position 
Difference 

Power 
Unit 
(ft) 

Tower 
1 

(ft) 

Tower 
2 

(ft) 

Tower 
3 

(ft) 

End 
Tower 

(ft) 

Max. 0.2 0.8 0.6 0.8 0.2 

Min. -0.2 -1.0 -0.7 -0.8 -0.1 

Avg. -0.1 -0.1 0.0 0.0 0.0 

Since no adjustments had been made to the control assemblies, it was not known why 

the system had performed more poorly using FRAP. One possible explanation was that 

insufScient data were taken during the previous experiment to determine the true maximum 

error. This led to the conclusion that a better way of analyzing the results might be to 

determine how accurately the system could resolve the relative angle between adjacent spans, 

and then calculate the maximum tower deviation. 

By knowing tower position and span length, the relative angle between adjacent 

spans was calculated trigonometrically. The results are shown in Table 5.11 for the 

outbound and return passes of the system when equipped with the longer lever arms. Even 

though die control system performed better on the outbound pass than on the return pass, the 

maximum relative angle observed between adjacent spans for both directions was 0.61 °. 
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Outbound Pass 

Relative Joint at Joint at Joint at 
Angle Tower 1 Tower 2 Tower 3 

(deg) (deg) (deg) 

0.43 0.50 0.25 

-0.61 -0.35 -0.40 

-0.07 0£4 -0.03 

Return Pass 

Relative Joint at Joint at Joint at 
Angle Tower 1 Tower 2 Tower 3 

(deg) (deg) (deg) 

Max. 0.52 0.54 0.35 

Min. -0.61 -0.32 -0.40 

Avg. 0.01 0.02 -0.10 

Using the maximum relative angle between adjacent spans, the maximum tower 

deviation was calculated by modeling the mobile truss as a rigid five bar linkage. Figure 

5.8a shows this model, where: 

rl - represents the span connecting the power unit and tower 1 

r2 - represents the span connecting tower I and tower 2 

r3 - represents the span connecting tower 2 and tower 3 

r4 - represents the span connecting tower 3 and the end tower 

r5 - is a vector connecting the power unit and the end tower 

©1 - represents the relative angle at tower 1 

©2 - represents the relative angle at tower 2 

Max. 

Min. 

Avg. 
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©3 - represents the relative angle at tower 3 

h - represents the distance between tower 2 and a line connecting the power 
unit and end tower. 

From this diagram, it became apparent that for any given ability to resolve the angle 

between adjacent spans, tower 2 would always exhibit the maximum deviation. It was also 

apparent that the maximum deviation for tower 2 would occur when the angle between 

adjacent spans on either side of this tower were equal. If ©I, ©2, and ©3 were of equal 

value, to increase the deflection of tower 2 the angle at one of the joints would have to 

increase. This could not happen, however, since the maximum allowable angle between 

spans had already been reached. 

To provide a better explanation, consider the following example. In Figure 5.8b, h 

could be increased by holding rl in place and rotating r2 such that ©1 decreases. Since this 

would increase the distance between tower 2 and the end tower, r3 and r4 would have to be 

aligned straighter for continuity between joints to be maintained. This would result in a 

smaller ©3, but an increased ©2. 

By setting ©1,02, and ©3 to equal values, and knowing the length of each vector, 

the maximum deviation of tower 2 can be calculated trigonometrically. When the three 

angles were set to the maximum value of 0.61° found in the field tests, the maximmn 

possible deviation was determined to be 3 ft. To control tower aligiunent within the accepted 

±0.8 ft, the system's resolution would need to be improved by a factor of three, to ±0.17°. 

It was considered doubtful that the system could provide this level of accuracy, since control 

system precision is limited by cable stretch, fiiction, and imperfect mechanical parts. 
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Figure 5.8a Five bar linkage representation of a linear move irrigation system. 

^ G vv e ^ - o G w e ̂  

Figure 5.8b Linkage movement necessary to increase the distance h between tower 2 
and a line connecting the power unit and end tower. 
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One solution considered was the use of an optical encoder to sense the relative angle 

between adjacent towers. Commercially available optical encoders are capable of measuring 

angles to within 0.07° and provide output that is easily handled by a computer or a 

programmable linear controller (Servo Systems Co., 1995). Using computer control would 

be advantageous because the control algorithm could easily be reprogrammed to meet the 

needs of an individual farmer. One problem with an optical encoder based control system 

is that maintenance and repair problems would require technical skills beyond those of the 

average farmer. Another problem with an angle measuring system is that because the 

required accuracy is so high, complications arising from 'limit cycling' could surface. 

Although solutions to overcome limit cycling could be developed (Ousterhout, 1996), they 

would add complexity to the system. Unfortunately, it caimot be known whether such 

solutions are feasible or even necessary until a system is built and tested. A final problem 

with using the relative angle between spans for control is that the spans do not freely rotate 

about one another. When one span assembly moves ahead of an adjacent span, the towers 

supporting the spans resist the rotation and the irrigation pipe deflects, rather than rotates. 

Despite the advantages of using optical encoders for control, simple solutions to 

overcome their problems were not found and the concept of using the relative angle between 

spans for control was abandoned. Also, since none of the control methods discussed in 

Chapter 4 were considered directly applicable, a different control technique was developed, 

analyzed, and tested. 
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DEVELOPMENT OF THE WmE ALIGNMENT SYSTEM 

6.1 System Description 

The control technique developed to control the position of the inner towers was called 

the wire alignment system. Its development was based on the ability of the wicket 

positioning system to reliably and acciorately position the power unit and end tower in the 

field. By coimecting a wire between the two end towers, a reference for the inner towers was 

established. A sensor, mounted on each iimer tower, was then used to determine the distance 

fi:om the wire and to control motor action. 

The system was constructed by first suspending a 574 foot long, 3/32 in. diameter 

stranded wire cable between the power unit and the end tower. A tumbuckle and spring 

assembly, attached to both ends of the wire, provided wire tension. The proper amoimt of 

tension, 400 lbs, was determined by dividing the wire's breaking strength by the 

recommended factor of safety of 2.5 (Martensen Enterprises Inc., 1995; Samset, 1985). 

Control boxes, mounted on each of the inner towers (Figure 6.1), housed the sensing 

mechanism, which consisted of a 1/8 in. thick flat lever attached to the wire. The lever was 

firee to pivot about a mounting bolt, so that if the tower was positioned behind the wire, the 

lever would be forced to rotate counter clockwise (Figure 6.2). If the tower was positioned 

ahead of the v^e, the lever would be forced to rotate clockwise. An electro-optical vane 

type micro-switch detected the lever's orientation. Its signal controlled wheel drive motor 
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action such that if the tower were ahead of the wire, the tower motor was stopped, and if it 

were behind the wire, the motor was started. An assembly drawing of the control box 

components is provided in Figure 6.3. 

Figure 6.1 Location of a tower control box and the alignment wire. 

Figure 6.2 Tower control box components. 
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Figure 6.3 Tower control box assembly drawing. 

w 

6.2 Effect of External Forces on The Deflection of The Wire 

One concem with the wire system was that due to its length, even small forces acting 

on it could cause a significant amount of deflection and thereby limit its accuracy. For this 

reason, non-contacting photo-electric switches were selected as the sensing mechanisms, 

rather than cheaper lever actuated micro-switches which require 0.25 to 0.55 lbs of force for 
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actuation (W. W. Grainger Inc., 1994). The model chosen, a Micro-Switch photo-electric 

vane sensor # FE8V, is a self contained unit designed for rugged environments (Micro-

Switch, Honeywell Inc., 1994). 

Another force that was of concern was wind drag on the wire. If wind were blowing 

at an angle to the longitudinal axis of the wire, the wire would bow and effectively displace 

the target location. Fortunately, in most agricultural regions of Arizona, strong winds are not 

prevalent. In a wind speed study conducted at seven University of Arizona agricultural 

centers across Arizona, Brown et ai. (1995) found that the average hourly wind speed ranged 

from 4.5 mph to 7.8 mph. A cumulative analysis showed that the average hourly wind speed 

was below 9.0 mph 75 % of the time, and only occasionally exceeded 22.4 mph (Brown et 

al, 1995). 

The effect of a 9.0 mph and 22.4 mph wind on the deflection of the wire was 

calculated by modeling the wire as an infinitely long cylinder in an air stream. For such an 

object, the drag force per unit length is (Incropera and De Witt, 1985) 

where 

Fd = the drag force, lbs/ft 

Cq = the dimensionless drag coefficient 

D = the cylinder diameter, ft 

p = the fluid density, slugs/ft^ 

V = the free stream velocity, ft/sec 
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The dimensionless drag coefficient, Cq, depends on the Reynolds number which is 

defined as 

where 

V = kinematic viscosity, ft/s-

Using the kinematic viscosity of air at 80° F (1.71x10"^ ft/s") and a diameter of 3/32 

in., Reynolds numbers for free stream velocities of 9.0 mph and 22.4 mph were calculated 

to be 600 and 1500. Corresponding drag coefficients were determined using Figure 7.8 of 

Incropera and De Witt (1985) and found to be 1.0 and 0.9. Using these values in Equation 

6.1, the drag force per unit length on the wire was calculated to be 1.68x10"^ lb/ft for a 9.0 

mph wind, and 8.50x10"^ lb/ft for a 22.4 mph wind. The fluid density used in these 

calculations was that of air at 88° F (2.25x10'^ slug/ft^). 

The deflection of the wire due these wind loads was then calculated using (Samset, 

1985) 

f ^ = - ^ ( L - x )  6 . 3  
2 H 

where 

f, = deflection of the rope at position x, ft 

q = applied load, lbs/ft 

x = distance from support to the applied load, ft 
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L = length of the wire, ft 

H = wire tension, lbs 

From the formula, it is apparent that the maximum deflection occurs at the middle 

of the span, when x=L/2. Since the length of the wire was 574 ft, the value of x was set to 

287 ft. Using this value, and a wire tension of 400 lbs, the maximum deflection was 

determined to be 0.17 ft for a wind speed of 9.0 mph, and 0.87 ft for a wind speed of 22.4 

mph. Considering that the positioning accuracy required is ±0.8 ft, a wire deflection of 0.17 

ft is acceptable if the system is able to provide a position accuracy within ±0.63 ft. Such a 

system would be feasible in Arizona since 75% of the time the average hourly wind speed 

is less than 9.0 mph. Use of the system, however, would not be feasible in areas where 

sustained high winds are common. 

63 Field Testing of Wire Alignment System 

6.3.1 Initial Test 

The adjusting process for this system took only fifteen minutes, as compared to over 

three hours for the firee floating alignment system. The reason for this difference was that 

with the wire alignment system, each tower is controlled independently, rather than by its 

position relative to the other towers. 

Functional performance of the system was determined over a run length of 133 ft, 

with the wickets placed 6.67 ft apart. During the first test, it was observed that as the towers 

began to move, the wire would start to swing back and forth like a pendulum. Occasionally 
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the amplitude of the swing would be great enough to trigger the micro-switch and start a 

tower motor. When this happened, the towers overshot the target destination. 

This phenomena is illustrated by the test results shown in Table 6.1. The table shows 

that the positive position errors are much larger in magnitude than the negative position 

errors (a positive position error means the tower stopped past the target destination, while 

a negative position error means that the tower stopped behind the target destination). The 

largest negative position error was only 0.4 ft, while two of the three towers had positive 

position errors greater than 1.2 ft. 

Table 6.1 Tower position error using the wire alignment system. 

Position 
Difference 

Power 
Unit 
(ft) 

Tower 
1 

(ft) 

Tower 
2 

(ft) 

Tower 
3 

(ft) 

End 
Tower 

(ft) 

Max. 0.1 0.5 1.2 1.4 0.1 

Min. -0.1 -0.2 -0.1 -0.4 -0.1 

Avg. -0.1 0.1 0.3 -0.1 0.0 

A consequence of the inner three towers overshooting the target destination was that 

it caused the wire to be pulled ahead of the target destination. This had the effect of 

increasing the error for the middle iimer tower. To explain this phenomena, consider a 

scenario in which the two outermost towers had stopped ahead of the target destination. 

Their position would cause the alignment wire to be pulled ahead of the target destination. 
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A lagging middle tower would then overshoot this erroneous target location and result in an 

even larger position error. 

The average position errors shown in Table 6.1 confirm this theory. The middle 

tower had an average position error of 0.3 ft, while the outer towers had average position 

errors of 0.1 ft. The table also shows that the maximum position error recorded, 1.4 ft, 

exceeded the allowable error of ±0.8 ft. 

To improve system performance, it was thought that a technique similar to the 

Forward/Reverse Alignment Procedure (Section 5.6) could be used. The procedure involved 

running the towers forward until the towers stopped at the target destination. Since the inner 

three towers would then likely be positioned past the target, reversing the direction of travel 

for these towers would put them closer to the desired destination. Unfortunately, if the 

system were adjusted for forward, rather than reverse travel, the momentum of the towers 

would carry them past the target destination. The result would be that the direction of travel 

would have to reverse again to forward for accurate positioning. Due to the sequence of 

operations required, the technique was given the name Forward/Reverse/Forward Alignment 

Procedure (FRPAP). Although somewhat complicated, FRFAP was thought to be a viable 

technique because it was observed that the wire would normally stop swinging in a short 

amount of time, and therefore would allow FRPAP to be executed quickly. 
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6J.2 Field Tests Using FRFAP 

The perfonnance of the system using FRFAP was tested over a length of280 ft, with 

the wickets placed 6.67 ft apart. During the test, the times required to index the truss and to 

implement FRFAP were recorded. The average time for indexing was found to be 37 

seconds, while the average time to implement FRFAP was 6 seconds. Using FRFAP would 

therefore increase indexing time by about 16%, and substantially decrease the field 

efiBciency. One way to overcome this problem would be to execute FRFAP and rotate the 

implement simxiltaneously. This solution is feasible since FRFAP requires that only the 

inner towers be moved. Implement rotation, which would take place at the power unit or 

end tower, would therefore not be affected. Also, the time required to rotate the implement, 

estimated in Section 3.4.3.2 to be 7.5 seconds, is longer than the six seconds required to 

reposition the iimer towers. 

Using FRFAP improved the wire aligrmient system's performance. The maximum 

error decreased from 1.4 ft, to less than 0.6 ft (Table 6.2). Although wire swing amplitude 

was drastically reduced, it was not eliminated. As a result. Tower 1 and Tower 2 overshot 

the target destination by an average of +0.2 ft. 

Another positioning accuracy problem discovered during the test was that 

occasionally a tower would keep moving even when the electro-optical switch had turned 

off Investigation of this phenomenon led to the discovery of a capacitor in the circuit which 

activates a relay which in turn controls the tower motor relay. The capacitor's purpose is to 

inhibit tower "jumping" caused by limit cycling by not allowing the tower drive motors to 
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turn on and off immediately (Valmont Industries Inc., 1996). Because tower jumping is not 

a problem on shorter spans, and since accurate control could not be obtained with the 

capacitor in the circuit, it was disconnected for the subsequent experiment. It should be 

noted that without the capacitor in the circuit, limit cycling could return and cause the life 

of the tower motor and tower motor relay to be shortened. The effect was not investigated, 

however, because these components have a 6 year, 7000 hour warranty (Valmont Industries 

Inc., 1996) and component failure was thought not to be likely within the time frame allotted 

for this study. It is recommended, however, that prior to commercialization of this system, 

a study be conducted to verify component durability and to ensure that limit cycling, a 

problem which may not surface until after substantial testing, is clearly not an issue. 

Table 6.2 Tower position error using the wire alignment system and FRFAP. 

Position 
Difference 

Power 
Unit 
(ft) 

Tower 
1 

(ft) 

Tower 
2 

(ft) 

Tower 
3 

(ft) 

End 
Tower 

(ft) 

Max. 0.1 0.6 0.6 0.26 0.1 

Min. -0.1 -0.1 0.0 -0.3 -0.1 

Avg. -0.0 0.2 0.2 -0.0 0.0 

6.3.3 Field Test With Capacitors Removed 

Having removed the capacitors, the system was tested over the same length of run 

as in the previous experiment. After making only a few measurements, it became apparent 

that swinging of the wire caused the inner towers to routinely overshoot the target destination 
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by more than one foot. Since this exceeded the error tolerance of ±0.8 ft, the system was 

retested, this time using FRFAP. 

The results were excellent, with all of the towers controlled to within ±0.2 ft of their 

target destination (Table 6.3). For more than 50% of the measurements, tower position error 

was within ±0.1 ft. This is reflected in the low standard deviation recorded, 0.1 ft. Tower 

alignment control was considered more than adequate, since the design tolerance was ±0.8 

ft. 

The system was ftirther tested by making a return pass over the same plot. Since the 

direction of travel had been reversed, FRFAP was modified to run the towers in reverse until 

tower motion ceased, and then forward to align the towers. The procedure was called the 

Modified FRFAP. 

Table 6.3 Tower position error using the wire alignment system and FRFAP with the 
capacitor removed. 

Position 
Difference 

Power 
Unit 
(ft) 

Tower 
1 

(ft) 

Tower 
2 

(ft) 

Tower 
3 

(ft) 

End 
Tower 

(ft) 

Max. 0.2 0.2 0.2 0.1 0.1 

Min. -0.1 -0.2 -0.2 -0.2 -0.1 

Avg. -0.0 -0.1 0.0 -0.1 0.0 

Std. 0.1 0.1 0.1 0.1 0.0 

A local radio station, ICNST-790 AM (1995), reported that on the day of the test 10-

15 mph winds with gusts of up to 25 mph were blowing directly opposite the direction of 
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travel at a weather station located within five miles of the test site. It was observed that the 

wind caused the alignment wire to bow, effectively displacing the target location for the 

inner towers. The result was that the mner towers stopped short of the target destination. 

This finding is evidenced in Table 6.4 by the average position difference errors being 

negative for the iimer towers (Note: Position differences were assigned positive and negative 

values depending on whether the tower stopped ahead of or behind the target location). The 

maximum error, however, was only 0.3 ft, and tower position was controlled to within ±0.1 

ft approximately 50% of the time. 

Table 6.4 Tower position error for the return pass using the wire aligrmient system and a 
modified FRFAP with the capacitor removed. 

Position 
Difference 

Power 
Unit 
(ft) 

Tower 
1 

(ft) 

Tower 
2 

(ft) 

Tower 
3 

(ft) 

End 
Tower 

(ft) 

Max. 0.2 0.1 0.2 0.1 0.2 

Min. -0.0 -0.2 -0.3 -0.3 -0.2 

Avg. -0.1 -0.1 -0.1 -0.1 0.0 

Std. 0.1 0.1 0.1 0.1 0.1 

6.4 Statistical Analysis of Test Results 

During the outbound and return passes, a total of 86 measurements were made. A 

concern was whether or not a sufficient number of measurements were taken to establish 

maximum error. Rather than conducting ftirther tests, a statistical analysis of the data was 

performed to determine the probabalistic characteristics of the error. First, the Kohnogorov-
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Smimov goodness-of-fit test was used to verify, at a 5% significance level, that the data error 

was normally distributed (Ang and Tang, 1975). Normal probability tables were then used 

to determine that the probability of the position being controlled to within ±0.4 ft and ±0.8 

ft were 99.7% and 99.99%, respectively (Table 6.5). Considering these results, and that the 

error tolerance had been set at ±0.8 ft, it was concluded that the wire alignment and marker 

positioning systems could provide reliable and accurate control for a cable farming system. 

Table 6.5 Probability of the tower position error being within ±0.4 ft and within ±0.8 ft 
using the normal model. 

Outbound Pass 

Probability 
Interval 

Power 
Unit 

Tower 
1 

Tower 
2 

Tower 
3 

End 
Tower 

P(-0.4<x^0.4) 1.0000 0.9975 0.9997 1.0000 1.0000 

P(-0.8<x^0.8) 1.0000 1.0000 1.0000 1.0000 1.0000 

Return Pass 

Probability 
Interval 

Power 
Unit 

Tower 
1 

Tower 
2 

Tower 
3 

End 
Tower 

P(-0.4<x^0.4) 1.0000 1.0000 0.9972 0.9977 0.9998 

P(-0.8<x^0.8) 1.0000 1.0000 1.0000 1.0000 1.0000 

6.S Control System Design Considerations 

One concern with the wire alignment system is the possibility of having tower 

misalignment such that damage to the multi-jointed truss would occur. Such a scenario is 

possible if one of the tower motors fails, while the other towers advance. To prevent this 
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from happening, a Lockwood tower alignment safety system (Lockwood Corporation, 1995) 

could be used. 

This system is similar to the wire alignment system in that it utilizes a wire connected 

between the power unit and end tower. The wire is supported by a pair of springs mounted 

in a control box on each tower, and is electrically isolated from the control box by a pair of 

insulators (Figure 6.4). The design is such that when one tower moves ahead of the other 

towers, the wire is pulled toward one of the threaded support rods. If tower misalignment 

of more than 1.5 ft occurs, contact between the wire and rod is made. This causes the wire 

to be shorted, which in turn activates a relay and initiates a system shutdown. 

/ 

/ 

\ / 

S 

\ 

/ 

\ 

Figure 6.4 Lockwood wire alignment safety system. 
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6.6 Flow Diagrams For The Control Logic 

The cable guidance, wire alignment, and wicket positioning systems described in the 

previous section were constructed by modifying the circuitry used to control a linear move 

irrigation system. In a cable drawn farming system, it is envisioned that a computer would 

control the cable winching system and the implement carrier. It is logical, then, that this 

computer also be used for tower control. To facilitate programming a control algorithm was 

developed. This algorithm was comprised of two parts, one for controlling the power unit 

and end tower, and the other for controlling the inner three towers. 

The control diagram for the power unit and end tower is shown in Figure 6.5. The 

diagram shows that a counter is used to record the number of wickets that have been 

contacted so that the system can be used with implements of various width. Since it is 

possible that one of the positioning wickets could be missed or knocked down and the towers 

would advance out of control, the controller will invoke a system shutdown if the length of 

time between wicket sensing exceeds the time allotted for an index. 

The time allotted for an Index was calculated by dividing the indexing distance by 

a tower speed of 48 fl/min. For 2,4 and 6 row (80 in., 160 in. and 240 in.) implements, the 

values are 8.3,16.6 and 25.0 seconds respectively. To account for delays arising from wheel 

slippage, the time allotted for each index was increased by 5 seconds. An option that would 

allow the user to choose an indexing distance equal to the width of the field is also provided. 

This option would allow the system to be used for irrigation or to travel the length of the 

field without stopping. 
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Figure 6.5 also shows that when a steering command is issued, a pulse timer records 

the length of time that one of the end towers moves ahead of other end tower. If the elapsed 

time is greater than 48 seconds, but less than the maximum 60 seconds, both end towers are 

advanced. This is necessary to relieve stresses that build up when a turning procedure is 

executed (Valmont Industries Inc., 1996). 

A second control procedure is used for controlling iimer tower alignment. A flow 

diagram of the control logic, which is identical for each tower, is shown in Figure 6.6. The 

Hiagram shows a counter is used to record changes in travel direction. Depending on the 

counter's value, decisions are made about use of FRFAP or the Modified FRFAP. If the 

system uses FRFAP, the direction of travel is reversed twice before an "in position" signal 

is generated. If the system uses the Modified FRFAP, the direction of travel is reversed only 

once. The diagram also shows that a check is made as to whether or not any towers are 

moving. 
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Figure 6.5 Control diagram for the power unit and end tower assemblies. 
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Figure 6.6 Control diagram for an inner tower. 
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CHAPTER? 

DESIGN CONSroERATIONS FOR THE MOBH^E TRUSS 

7.1 Tower Assembly Modification 

One of the objectives of this research project was to utilize the structural components 

of a linear move irrigation system as much as possible in the cable drawn fanning system. 

The "A" frame tower assemblies of typical linear move irrigation machines, however, 

obstruct the passing of an implement between the tower wheels. A solution would be to use 

Valmont Industries Inc.'s inverted U shaped tower assemblies (Valmont Industries Inc., 

1995). Unfortxmately, these towers have wheel spacings of only 105 in., which is too narrow 

to accommodate passage of an implement greater than 3 rows (120 in.) in width. 

It was conceived that these tower assemblies could be utilized, if the length of their 

base beam was increased to 268 in. In this configuration, 36 in. of clearance is provided on 

either side of a 6 row (240 in.) implement (Figure 7.1). All of the other components of 

Valmont's tower assemblies, including the steering linkage used to rotate the wheels 90° 

about their support, could be used unmodified. The steering feature was retained to allow 

the cable drawn farming system to be towed from one field to another when the wheels were 

rotated and aligned with the irrigation pipe. 
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Figure 7.1 Assembly drawing identifying the components of a proposed cable 
farming tower. 

7.2 Implement Carrier Guidance 

Another design consideration was that of implement guidance. Originally, it was 

thought that an I-beam rail would be used to guide the implement. Hsieh (1994) suggested 

using a wide-flange W 6x9 steel I-beam for implement carrier guidance in his perimeter 

system. If this 9 lb/ft beam were used, it would increase the load applied to a 162 ft span by 

1,458 lbs. Since such a span is designed to carry its own weight of 3,960 lbs plus 2,240 lbs 

of water (Vahnont Industries Inc., 1995), adding the beam would increase the applied load 
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by 24%. This would decrease the factor of safety by almost 25%, if it is assumed that the 

safety factor is linearly proportional to the applied load. Although factors of safety used by 

linear move manufacturers are proprietary information (Vahnont Industries Inc., 1996), it is 

doubtful that the linear move truss design could safely support the additional rail weight. 

Rather than utilize a design that is suspect, it is suggested that implement guidance 

be provided by a wire suspended beneath the mobile truss (Figure 7.2). The system would 

use a pair of feelers, mounted on the top of the implement carrier, to sense the location of the 

wire (Figure 7.3). This method of control was reported by Tillet (1991) to have an accuracy 

of ±1 in., which is sufBcient for cable farming purposes. Another benefit of the system is that 

its components, a small diameter wire and its supports, are much lighter than the span itself. 

Over loading the span assembly, which would be a problem with the rail system, would not 

be a concern. 
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Figure 7.2 Side view of a proposed cable farming span assembly. 
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.  \ /  

Figure 7.3 End view of a proposed cable farming tower assembly. 

7.3 Stress Analysis of The Tower Assembly 

Because the tower's base beam had been proposed for lengthening, the structural 

integrity of the tower assembly was analyzed using finite element analysis. It can be seen 

from Figure 7.4, in which the tower components that were analyzed are identified, that the 

truss assembly which supports the irrigation pipe between spans was not included in the 

analysis. The reason for this was that in order to analyze the truss, a 3-D model would be 

required and this would unnecessarily complicate the analysis. A simplified 2-D model will 

not compromise the analysis, since the structure being analyzed is actually weaker than the 

real design. This is true because the truss strengthens the beam by increasing its polar 

moment of inertia. Hence, the predicted factors of safety will be more, not less, 

conservative. 
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To determine the maximxim stresses, the tower assembly was analyzed under 

maximum loading conditions. This occurs when the tower supports a fully filled irrigation 

pipe, and a maximum tractive load is applied. The maximum gravitational load of a span, 

which includes the mass of the irrigation pipe filled with water and the mass of the truss 

network, was found to be 6,200 lbs (Valmont Industries Inc., 1995). The full 6,200 lbs was 

applied to the assembly, equally distributed between the two truss support brackets, since 

each inner tower supports half the weight of two full spans. 
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Figure 7.4 Assembly drawing identifying the components of a proposed cable 
farming tower that were analyzed using finite element analysis. 

The maximum stress induced on the tower assembly due to tractive effort was 

thought to occur when one of the wheels developed maximum traction, while the other wheel 

was fixed in place. Such a scenario would cause the tower to be pulled apart, and intuitively, 
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this would induce more stress on the structure than if both wheels were driving. Also, when 

one of the wheels is fixed in place, the other wheel can be modeled as providing a maximum 

tractive effort. 

The net pull or traction force (P) of the tire was calculated using ASAE Standard 

D497 (ASAE Standards, 1995) 

P = 0 . 7 5 W ( l - e  ^  ) - W  
0.3CIbds /  \ 

1.2W 
+ 0.04 

C l b d  
7.1 

where 

W = djmamic wheel load force normal to the soil surface, lbs 

e = base of the natural logarithm 

CI = effective cone index, Ib/in^ 

b = unloaded tire section width, in. 

d = unloaded overall tire diameter, in. 

s = wheel slip (decimal) 

Equation 7.1 shows that maximum traction occurs when wheel slip and CI are at 

maximum values. Accordingly, a wheel slip value of 100% was used in the calculation. The 

maximimi value of CI for agricultural tires on typical soil surfaces is 200 psi according to 

ASAE Standard D497 (ASAE Standards, 1995). Wheel geometry data were obtained from 

the Farm Tire Handbook (Goodyear, 1992) for the 14.9x24" tower wheels. The value of b 

was found to be 14.9 in., the value of d, 49.8 in. The dynamic wheel load on each tire, W, 

was assimied to be equivalent to the 3,100 lbs static wheel load on each tire. This 
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assumption is valid since little weight transfer from the front tire to the rear tire would occur 

in the scenario modeled. Using these values in equation 7.1 yielded a maximum tractive 

effort force of 2,123 lbs. 

Having defined the geometry and boundary conditions of the problem, a finite 

element analysis of the tower assembly was performed using ANSYS'. The ANSYS model 

consisted of 67, 2-D beam elements, and 63 nodes as shown in Figxire 7.5. All elements 

were modeled as being constructed of A36 steel, which has a yield strength of 36 ksi and a 

Young's modulus of 30x10® psi (Avallone and Baumeister, 1987). Figure 7.6 shows the 

boundary conditions that were applied which were: 

1. Fixing node 21, which represents the left wheel axle, in the x and y 
directions. 

2. Fixing node 62, which represents the right wheel axle, in the y direction 

3. Applying the traction load of 2,123 lbs to node 62. 

4. Applying one half of the gravitational load of 6,200 lbs to node 29, which 
represents the center of the left support bracket. 

5. Applying one half of the gravitational load of 6,200 lbs to node 35, which 
represents the center of the right support bracket. 

Figure 7.7 shows a plot of the predicted nodal displacements, which are exaggerated 

so that the deformed shape can be seen, overlaying a plot of the unloaded model. The 

maximum horizontal displacement, 0.53 in., was calculated to be at node 63 which is just 

ANSYS - A finite element program developed by Swanson Analysis Systems Inc. 
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below the right wheel axle (node 62). The maximum vertical displacement was calculated 

to occur just to the right of the left tower support bracket at node 31, and had a value of -0.28 

in. 

Other results of interest were the predicted maximum bending stresses in each 

element. Because two elements that have different areas can be connected at a conmion 

node, the predicted bending stresses at a common node are sometimes different for each 

element. It is for this reason that the predicted stresses are presented for the two nodes 

defining each element, the left (or lower) node and the right (or upper) node. 

Contour plots showing maximum and minimum bending stress for the left (or lower) 

and right (or upper) nodes of each element are shown in Figure 7.8, through Figure 7.11. 

Locations of where the maximum and minimum stresses occurred are indicated. These 

figures show that the predicted maximum tensile stress of 5,534 psi occurred at two 

locations, on the left tower support leg and on the right tower support leg. The maximum 

predicted compressive stress of5,300 psi occurred near the axle of the left tower support leg. 

A factor of safety of 6.5 for the design was computed by dividing the 36 ksi yield 

strength of A36 steel by the maximum predicted stress of5534 psi. For safe machine design, 

the factor of safety should be greater than 2.0 (Salmon and Johnson, 1980). It was therefore 

concluded that the tower assembly design was acceptable. 
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Figure 7.5 Nodal discretization used in the finite element analysis of a proposed cable farming tower assembly. 
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Figure 7.6 Boundary conditions and applied loads used in the finite element analysis of a proposed cable farming tower 
assembly. 
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Figure 7.7 Predicted displacements for a proposed cable farming tower assembly. The unloaded finite element model (- - -) 
and the deflected model (—) are shown. ui 
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Figure 7.8 Locations of the left (or lower) nodes where the maximum (MX) and minimum (MN) tensile bending stresses 
were predicted in a cable tower assembly by finite element analysis. ^ 
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Figure 7.9 Locations of the right (or upper) nodes where the maximum (MX) and minimum (MN) tensile bending stresses 
were predicted in a cable tower assembly by finite element analysis. U) u> 
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Figure 7.10 Locations of the left (or lower) nodes where the maximum (MX) and minimum (MN) compressive bending 
stresses were predicted in a cable tower assembly by finite element analysis. 
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SUMMARY AND CONCLUSIONS 

Four types of systems were analyzed to determine which was best stiited for 

agricultural production in Arizona. The four systems were a single engine system, a double 

engine system, a perimeter system, and a double implement system. The systems were 

compared in terms of cost, reliability/simplicity and field capacity. Because accurate 

quantitative information on system cost and reliability cannot be obtained without detailed 

design and testing of each system, a comparative rating system of high, medium and low was 

used. Field capacities were computed for various values of implement width, implement 

speed, tower travel speed, implement carrier travel speed, and implement rotation time. 

Results of the analysis showed that the single engine system was the simplest, least 

expensive system, and would have a field capacity identical to that of the double engine 

system, 8 percent lower than the double implement system, and approximately 13 percent 

higher than the perimeter system. Based on these results, the single engine system was 

deemed superior to the others. 

Parameters affecting performance of the single engine system were then investigated 

to establish optimal operating values. Field capacity was found to decrease exponentially 

as tower speed increased. A tower speed of 48 ft/min was selected, since increasing the 

speed to 60 ft/min would result in less than a 5 percent gain in field capacity, and induce 

higher physical loads on the system. 
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The relationship between field capacity and implement rotation time at the end of a 

pass was found to be linear for the single engine system. The rate of change was equivalent 

to a decrease in field capacity of 4 percent, per 5 second increase in rotation time. 

Considering cost and physical constraints, a rotation time of 7.5 seconds was selected. 

A single engine system designed to have a tower speed of 48 ft/min and a rotation 

time of 7.5 seconds was found to have a field capacity 5 percent less than a tractor-based 

system. Since a cable drawn farming system could operate autonomously 24 hours a day, 

with a proper safety system, this lower capacity was considered acceptable. 

A control scheme for positioning and indexing a cable drawn farming system's 

mobile truss was developed. The system utilized a linear move irrigation system's above 

ground cable guidance system for steering, a wicket positioning system for stopping the 

machine at indexing locations, and a wire-alignment system to control inner tower alignment. 

This system was tested over a run length of 280 ft, using a five tower 575 ft long truss 

assembly. It was found that: 

1. The above ground cable guidance system provided ±0.5 ft accuracy. 

2. The wicket positioning system controlled the power unit and end tower position 
within ±0.2 ft of the target destination. 

3. The wire alignment system controlled inner tower position to within ±0.3 ft of the 
target destination. 

4. The probability of any tower's position error being controlled to within ±0.4 ft and 
±0.8 ft was 99.7% and 99.99%, respectively. 
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The final objective addressed was the design and analysis of the structural 

components of a cable drawn farming system's mobile truss. Standard linear move irrigation 

components were selected for all members except the tower assemblies. Because the tower 

base beams had to be lengthened to accommodate implements passing between the tower 

wheels, the components affected by this change were analyzed using finite element analysis. 

The design's factor of safety, 6.5, was deemed acceptable for imattended field operation. 
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