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Introduction

The recent attention and focus on treating the spatial variability within cropland along with development of the global positioning system (GPS) has spawned a new area of technology now known as precision agriculture.   Essentially, the driving element of precision agriculture is the rapid development of capabilities such as variable-rate technology (VRT) that are outpacing the agronomics of crop production.  In the popular press the term "farming by the square foot" is tossed around as if this is reality rather than a goal.  Admittedly, the technology exists!  From a practical perspective the cost of technology that might enable a producer to "farm by the square foot" is beyond their reach.

A reality check reveals that from a practical perspective, control of inputs is still governed by implement or boom width.  That is to say that control can be achieved parallel to the direction of travel, but not perpendicular.

Next, a careful look at the market place reveals systems that are assembled from numerous components to achieve and end result -- a result that differs between crops being produced as well as the geographic location of production.  Today, application platforms are as varied as the end users who purchase this equipment.  And in many cases the capabilities of this equipment are tailored to the specific applications of the purchaser.

The problem -- can a compliment of components be assembled into a complete system that achieves the desired end-result?  For those end-users buying multiple units, industry may be willing to assemble components and test for the desired outcomes.  On the other side is an end-user segment that will make well-informed decision given the extent of available data, and then live with the outcome.  Unfortunately, many end users may not know the true capabilities of the systems they have assembled, and in a worst case situation, may not be able to tune the application equipment to achieve optimal performance.  Further, do they ever really appreciate the limitations of these systems?

Industry standards may provide an attractive alternative to the status quo.  Manufacturers strive to build customer base and expand market share.  An essential part of this process is making certain that first time buyers are content with their purchases so that they come back for repeat business.  The problem that arises is when they encounter problems that cannot be resolved without additional expense and frustration.  These problems are amplified when customers are forced to assemble a compliment of components from numerous sources to achieve a specific outcome.  When the outcome is not achieved, as may be the case with VRT application, what caused the problem?  Was it the latency or accuracy of the GPS receiver?  Was it software logic?  Was it the controller response?  Was it the response of the flow-regulating valve?  Was it a problem with mass or material flow in the delivery system?  Or, was it a combination of these factors?  Industry standards for testing and reporting the component performance may provide the key to quickly diagnosing and resolving system performance problems.  Perhaps more critical is the need of standards that help to minimize system performance problems prior to purchase.

The intent of this manuscript is three-fold.  First, a review of existing standards is presented to establish a benchmark for current practices.  Next, VRT systems are overviewed to characterize and where possible quantify system performance.  The final step is to present a framework for development of additional industry standards, or the revision of existing standards, that will address unmet needs with respect to product performance testing and the reporting of these results.

Recent Developments

Recent research efforts in the area of modeling variable-rate controller response for liquid delivery systems include work by Steward and Humburg (2000) and Kunavut, et al. (2000).  Perhaps the most comprehensive study conduct to date on variable-rate control of pesticide application via direct injection is reported by Steward and Humburg (2000).  The authors developed a mathematical model to describe variable-rate application via changes in both carrier and direct injection flow rates.  To a large extent they determined that speed of response was limited by flow-rate sampling times and system stability.  System performance was described for fixed-rate application with variations in ground speed.  The resulting model may prove useful for describing rates changes for VRT direct-injection.  Kunavut, et al. (2000) reported on the development and performance modeling of a pinch valve to control the delivery rate from individual spray nozzles.  They investigated the control of this valve in both open and closed-loop modes, and concluded the technology offer potential for incorporation into VRT systems.  Perhaps most impressive was the speed of response of these valve for controlling nozzle pressure.

Han, et al. (2001) reported on the development spray nozzles controlled by pulse-width modulation (PWM).  They tested this system on a commercial system and found application errors ranging from -15% to 12% when using PWM to control the application of nitrogen.  Tian and Zheng (2000) reported on the nozzle patters for modulated (PWM) controlled vales.  The coefficient of variation (CV) for the nozzle distribution patterns varied from 0 to 6.43 for the range of ground speed and percent duty cycles investigated.  The wide-angle fan nozzles exhibited less variation.    

Recent efforts to characterize controller response for the application of granular materials are more limited.  Fiala and Oberti (1999) investigated the response of a commercially available rate controller for use on a centrifugal (spinner) spreader.  They found significant variation in application errors as a function of fertilizer materials (prilled urea versus blended fertilizer).  The tests were conducted under stationary conditions, at constant application rates, and with variations in ground speed.                      

Existing Standards (ASAE)

A search of the ASAE electronic database revealed three standards that have potential applicability to performance testing of VRT application equipment.  One common characteristic of each of these standards is the implied assumption that all test are to be conducted at fixed application rates.  Not withstanding this common element, many of procedures outlined in these standard, with slight modification, are applicable to assessing product delivery from VRT systems.

Granular Products

ASAE S341.3 FEB99 - Procedure for Measuring Distribution Uniformity and Calibrating Granular Broadcast Spreaders.

This standard was developed with the intent of providing a uniform method to determine and report performance data from spreaders designed to apply granular materials on top of the ground.  Specifically, these procedures make it possible to compare and contrast spreader, and distribution patterns.  Further the standard is applicable to centrifugal and pendulum spreaders, is partially applicable to drop spreaders.  The standard is not intended for use with pneumatic granular applicators.  The major components of this standard include specification of test conditions (spreader to be tested, configuration, product to be tested - size distribution, shape and surface roughness), test procedures (weather, terrain and surface condition; collection devices, application rate determination, spread pattern test, uniformity of distribution, and effective spread width), and method of reporting results (description of spreader, test results).  Each component assumes that application is to be conducted a fixed application rates with no changes in applicator settings during a test run.

ASAE EP371.1 JAN01 - Procedure for Calibrating Granular Applicators

This engineering practice standard is intended as a guide for those who calibrate granular applicators, prepare calibration instructions, or develop calibration-training programs.  Further, this standard is applicable to gravity flow and positive displacement applicators used for directed and banded application in row crops.  Components of this standard include determination of application rates, and calibration procedures (equipment and chemical requirements, and test procedures).  As with S341.3, all test data is to be collected under constant application-rate conditions.

Wet Products

ASAE EP367.2 JAN01 - Guide for Preparing Field Sprayer Calibration

This engineering practice standard was developed to encourage practices that improve the uniformity, accuracy and safety of spray applications.   Parts of this standard pertain specifically to single nozzle calibration while other parts extend to an entire boom for broadcast, band or row applications.  And while the focus is on boom-type sprayers, many elements can be extended to boomless and air-carrier sprayers for broadcast applications.  Elements specific to this engineering practice include equipment specifications, safety procedures, sprayer settings, calculations, and calibration procedures.  Again, as with EP 371.1 and S341.3, all test procedures are to be performed at fixed application rates.     

VRT System Description

Essentially, most VRT systems are comprised of similar components.  Prior to the advent of precision agriculture, the focus of most sprayer control systems was to compensate for changes in ground speed during fixed-rate application.  The justification for this effort was the thought that ground speed must remain for constant flow systems if a constant rate of spray material was deposited on the field.  If however the driver did not maintain a constant speed, then the carrier flow-rate must be changed to accommodate for these fluctuations.  And in fact many studies were conducted (Gebhardt, et al., 1974; and Vidrine, et al., 1975) during this time period to justify the addition of feedback rate control systems to agricultural sprayers.  Among the factors cited were velocity variations during headland turns, and ground speed variations resulting from operating machinery on grades.

Central to the early rate control systems were some sort of feedback ground speed sensing.  Based on this velocity reading a flow valve could be adjusted to compensate for the flow rate of spray material by altering the pressure available at the spray nozzle.  These systems became known as "pressure control" systems.  Producers adopted rate control systems to compensate for application errors associate with variations in ground speed.  

The next major leap for this technology came when GPS was introduced.  With the addition of an RS-232 serial communications port to the rate controller it was now possible to send rates from a laptop computer to the rate controller.  With mapping software packages, coordinates from the GPS receiver could be used to locate the position of the applicator within the field.  In turn an application rate from the "prescription map" could be transferred to the controller via a data serial link.  With GPS, mapping and communications capabilities, VRT application became possible -- thereby enabling the "site-specific" treatment unique locations within a field.  End users purchased components and software from third party vendors to complete the system.

Over time the possible permutations and combinations of these component compliments has continued to grow.  And to facilitate communications between these individual components a network communications standard has evolved.  Today, many manufacturers are turning to the Controller Area Network (CAN) as the default communications standard.   And as one might expect, this communications protocol continues to change and evolve at a rapid pace (Stone and Zachos,1993).

Figure 1. presents a generic diagrammatic representation of a control system applicable to granular and liquid VRT application equipment.  Common to most systems is the sensing of both ground speed and material or product flow rate.  If material flow rate are not sensed directly, then they are inferred from shaft speed or system pressure.  Wheel speed sensing was accomplished using magnetic pick-ups.  Many manufacturers moved towards the adoption for ground speed radar to avoid the errors associated with wheel slip. GPS initially provided location coordinates (longitude and latitude) for map-based tracking of the applicator position.   Increasingly, GPS data provides the primary source of ground speed inputs to newer controllers.  In general all systems provide a user interface for tracking application progress, errors, as well as supporting the reconfiguration of the system.
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Figure 1.  Generic variable-rate application system.

VRT System Performance Considerations

VRT system performance has been document by numerous researchers.  Specifically, and for the purposes of this manuscript two approaches will be reviewed, one for granular application of materials (Fulton, et al., 2000a,b) and the second case will highlight VRT application via the direct injection of chemical concentrate into the carrier ahead of the spray boom (Qiu, et al., 1998).  In either event, substantial differences exist when comparing the prescription maps to the “actual” application.  The question to be addressed is what causes these differences?  Is it the rate of response of the controller, or transport delays within boom?  A categorization of the magnitude and nature of these application errors will serve to delineate the limits and applicability of modifications to existing standards, or the development of new standards.

Qui, et al. (1998) presented a study looking at the applicability of direct injection for the purpose of accomplishing VRT application.  Of interest in this study was the quality of variable-rater herbicide application.  Specifically, was it possible to apply herbicides consistent with a variable-rate map?  The limiting factor in this system was determined to be transport delays from the point of chemical inject to the nozzles at the spray boom.  This delay was significant enough to cause a zone of rate change across the boom of nearly 70 m, meaning that to achieve a rate change at every nozzle on the boom (27 total) required an in-field travel distance of 70 m.  Utilizing software correction and re-plumbing of the sprayer to reduce transport delays (smaller diameter hoses, shorter hose lengths, direct injection point moved closer to the spray boom) reduced the total length of the transition zone to less that 10 m (Fig. 2).  The latter treatment, while not ideal, does improve the accuracy of application to within an acceptable zone.  With direct injection the transport delays in the boom proved to be more problematic than controller response.  In this case specification of controller response has little bearing on the quality of VRT application.
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Figure 2.  Transport delay for rate changes at the nozzle for a 

direct-injection, boom sprayer.

Moving to the granular application example presented by Fulton, et al. (2001a), controller response plays a significant role in degradation of VRT application quality.  Figure 3 depicts the rate change from the granular applicator.  In this case the total rate change takes place within approximately 45 m of travel.   Unfortunately this rate change occurs over a length nearly equivalent to the management grid size.  To improve application accuracy a 4 to 5 second look-ahead feature would need to be employed.  A further investigation of the applicator revealed the motorized control valve selected to meter oil flow to the apron change conveyor motor was the limiting factor (Fig. 4).  Not withstanding the controls system response, Fulton, et al. (2001a,b) found that it was difficult to determine the actual application rate given the variation in distribution patterns inherent with spinner (centrifugal) spreaders (Fig. 5).  For granular application with a spinner spreader it is a combination of controller response and the lack of distribution uniformity that both contribute to application error.


Figure 3.  Application distribution for a step change in application

rate on a spinner (centrifugal) fertilizer applicator.

Figure 4.  Control system response to a step change in desired application rate.


Figure 5.  “As applied” distribution of fertilizer (grid) superimposed 

over prescription map.

From this treatment of application accuracy it is important to differentiate between the three primary sources of VRT application errors; 1) controller response, 2) transport delays, and 3) distribution patterns.  Standards developed for application to VRT assessment must distinguish between these sources of error.

Framework for VRT Standards Development 

With the technological advances that have enabled the treatment of agricultural fields on a spatial basis, the opportunities for mistakes or misuse of this technology must be considered.  Industry standards applied to the testing and reporting of performance data in a common format should:

1. Enable component manufacturers to report the performance parameters to system integrators to enhance system performance;
2. Help potential customers to understand what they are, or are not, buying – thereby reducing confusion in the marketplace; and 

3. Enable software developers to tailor code to characteristics of applicator control system.

Development VRT standards should be divided along the lines of controller response versus product distribution.  Lacking at this point in time is a set of acceptable procedures for assessing controller response.   To address product distribution, and specifically the delay of product delivery inherent in some application systems, it recommended that ASAE Standards S341.3 FEB99 - Procedure for Measuring Distribution Uniformity and Calibrating Granular Broadcast Spreaders and EP367.2 JAN01 - Guide for Preparing Field Sprayer Calibration be revised to include procedures for assessing the quality of application for rate changes.

Specific recommendations for essential elements of new rate controller test standard are as follows:

1. Rate controller system components should be specified such that the compliment of system components to be tested is representative of typical field applications of this equipment.
2. Procedures and practices to evaluate the performance of the control system should be developed to facilitate laboratory testing.  These practices must insure that loads on control components are similar in magnitude to those encountered under field conditions (shaft loads for hydraulic and stepper motors for granular meeting devices and system operating pressures for liquid application systems).

3. Sensor quality and frequency of data acquisition for sensing the controlled variable (e.g. shaft speed, system pressure, or flow rate) should be specified to insure adequate performance data of acceptable precision and accuracy.

4. A test regiment should be developed to assess controller response for both single and multiple product systems.  

5. A test regiment should be developed to assess controller steady-sate error over a range of fixed application rates.

6. A test regiment should be developed to assess control system stability, steady-state error and transient error for the following conditions: 

a. Application rate profiles that might be encounter in actual field application situations (e.g. ramp and step) as illustrated in Fig. 6.

b. Application rate profiles that assess the frequency response of the control system over a typical range of frequencies encounter in field application situations (e.g. sinusoidal).

c. Disturbances to other sensed input variables used necessary for feedback control (e.g. ground speed). 

7. A standard format for reporting performance characteristics of the rate controller for the test conditions above, and for noting any unique environmental conditions encountered during testing.

Figure 6.  Example rate profile for performance assessment of VRT controllers.
Modifications of existing test standards are warranted for specification of product distribution along with material transport delays that affect the final application distribution.  The direct injection and spinner spreader examples presented early in this manuscript provides the justification for the following recommendations:

1. Provisions should be added to ASAE Standard S341.3 for assessment of changes in distribution patterns that coincide with rate changes for granular materials.  One approach may include specification of a two-dimensional array of collection pans to capture rate change events (Fig. 7). 

2. Provisions should be added to ASAE Standard S341.3 for assessment and specification of transport delays from the location of granular product metering to the application device (e.g. spinners or air-boom distributors).
3. Provisions should be added to ASAE Standard ASAE EP367.2 for assessment and specification of transport delays from the location of product metering (e.g. point of direct injection) to the application device (e.g. spray nozzles).  These procedures are applicable to those systems where chemical concentrates are metered into the carrier stream.  These procedures would not be applicable to tank mix application equipment.

Figure 7.  Two –dimensional pan collection grid for assessing application

distribution for VRT.
Summary

Technological developments in the area of precision agriculture have provided an opportunity to exploit the spatial variability that exists within agricultural fields. To this end manufacturers have responded with the development of variable-rate technology (VRT) controllers.  As service providers continue to refine the management resolution strategies, it is essential for the end user to understand the performance characteristics of rate control systems assembled from various control components.  The focus of this manuscript was a review of existing standards within ASAE that have a bearing VRT; suggested a framework for the development of a new standard for characterizing and reporting the performance of rate control systems; and the revision of existing standards for evaluation of transport delays and application pattern shifts.  Assuming that industry accepts the standards activities proposed within this manuscript, benefits that will accrue to industry should: 1) enable component manufacturers to report the performance parameters to system integrators to enhance system performance; 2) help potential customers to understand what they are buying; and 3) enable software developers to tailor code to characteristics of applicator system components.
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		25		27.019		14.2		41.22						0		7.089		4.0006		-10.619		0		7.089		4.0006		10.619		0

		26		37.638		14.2		51.84						10.619		17.708		14.6196		0		10.619		17.708		14.6196		0		2.67

		27		58.91		14.2		73.11						31.891		38.98		35.8916		21.272		31.891		38.98		35.8916		21.272		5.03

				773.2528										43.7398		235.1428		151.756		-242.9732		365.4058		384.8484		369.4064		439.7388
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Test Data

		Auger Test

		Step change from 50 to 80 at speed 8 mph

		0.25		50		50		1

		0.5		50		50		2

		0.75		50		50		3

		1		50		50		4

		1.25		50		50		5

		1.5		50		50		6

		1.75		50		50		7

		2		50		50		8

		2.25		50		50		9

		2.5		50		50		10

		2.75		50		50		11

		3		50		50		12

		3.25		50		50		13

		3.5		50		50		14

		3.75		50		50		15

		4		52		50		16

		4.25		50		50		17

		4.5		50		50		18

		4.75		50		50		19

		5		50		50		20

		5.25		50		80		21

		5.5		50		80		22

		5.75		50		80		23

		6		50		80		24

		6.25		50		80		25

		6.5		50		80		26

		6.75		50		80		27

		7		50		80		28

		7.25		50		80		29

		7.5		50		80		30

		7.75		51		80		31

		8		59		80		32

		8.25		71		80		33

		8.5		89		80		34

		8.75		89		80		35

		9		89		80		36

		9.25		77		80		37

		9.5		82		80		38

		9.75		79		80		39

		10		79		80		40

		10.25		79		80		41

		10.5		81		80		42

		10.75		81		80		43

		11		81		80		44

		11.25		81		80		45

		11.5		81		80		46

		11.75		81		80		47

		12		80		80		48

		12.25		80		80		49

		12.5		79		80		50

		12.75		80		80		51

		13		80		80		52

		13.25		80		80		53

		13.5		80		80		54

		13.75		80		80		55

		14		82		80		56

		14.25		80		80		57

		14.5		80		80		58

		14.75		81		80		59

		15		79		80		60

		15.25		80		80		61

		15.5		80		80		62

		15.75		80		80		63

		16		80		80		64

		16.25		80		80		65

		16.5		80		80		66

		16.75		80		80		67

		17		79		80		68

		17.25		80		80		69

		17.5		80		80		70

		17.75		80		80		71

		18		82		50		72

		18.25		80		50		73

		18.5		80		50		74

		18.75		81		50		75

		19		80		50		76

		19.25		80		50		77

		19.5		76		50		78

		19.75		69		50		79

		20		62		50		80

		20.25		54		50		81

		20.5		52		50		82

		20.75		51		50		83

		21		51		50		84

		21.25		51		50		85

		21.5		51		50		86

		21.75		51		50		87

		22		51		50		88

		22.25		50		50		89

		22.5		50		50		90

		22.75		50		50		91

		23		50		50		92

		23.25		50		50		93

		23.5		51		50		94

		23.75		50		50		95

		24		50		50		96

		24.25		51		50		97

		24.5		50		50		98

		24.75		50		50		99

		25		50		50		100

		25.25		50		50		101

		25.5		50		50		102

		25.75		49		50		103

		26		50		50		104

		26.25		50		50		105

		26.5		50		50		106

		26.75		52		50		107

		27		51		50		108

		27.25		50		50		109

		27.5		50		50		110

		27.75		50		50		111

		28		50		50		112

		28.25		50		50		113

		28.5		49		50		114

		28.75		50		50		115

		29		50		50		116

		29.25		50		50		117

		29.5		50		50		118

		29.75		50		50		119

		30		50		50		120
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