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A REVIEW OF MECHANICAL MOVE 
SPRINKLER IRRIGATION CONTROL 
AND AUTOMATION TECHNOLOGIES 
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ABSTRACT. Electronic sensors, equipment controls, and communication protocols have been developed to meet the grow-
ing interest in using center pivot and lateral move irrigation systems to deliver different irrigation depths to management 
zones based on previous production levels, soil texture, or topography. Onboard and field-distributed sensors can collect 
data necessary for real-time irrigation management decisions and transmit the information directly or through wireless 
networks to the main control panel or base computer. Equipment controls necessary to alter water application depth to 
meet the management criteria for relatively small management zones are now commercially available from irrigation  
system manufacturers and after-market suppliers. Communication systems such as cell phones, satellite radios, and inter-
net-based systems are also available and allow the operator to query the main control panel or base computer from any 
location at any time. Selection of the communications system for remote access depends on local and regional topography 
and cost relative to other methods. Recent developments in the center pivot sprinkler industry have led to contractual rela-
tionships between after-market suppliers and irrigation system manufacturers that should support further development of 
technologies necessary to improve the management of water, nutrient and pesticide applications. Although the primary  
focus of this article is center pivot sprinkler irrigation, much of the discussion could also apply to lateral move sprinkler 
irrigation systems. 

Keywords. Center pivot sprinkler, Distributed sensor networks, Site-specific irrigation, Variable rate irrigation, Wireless 
communication. 

gricultural fields are variable in terms of crop 
production for many reasons, including topo-
graphic relief, changes in soil texture, tillage 
and compaction, fertility differences, and local-

ized pest distributions. The effects of different sources of 
variability on management can be additive and interrelated. 
Fortunately, recent advances in communications and mi-
croprocessors have enabled the general implementation of 
site-specific water applications by self-propelled center 
pivot and lateral move sprinkler irrigation systems. 

The design of an irrigation system suitable for varying 
water application spatially based on a series of data inputs 

can be complex because of the need to address and inte-
grate constraints imposed by the field site, irrigation system 
capabilities, and producer management. The field site con-
straints may be the most difficult to address because they 
may be numerous and may be exhibited in varying extents 
from year-to-year. Often, the underlying cause of crop per-
formance variation is not fully understood. Extreme field-
to-field variability further compounds selection of appro-
priate irrigation system capabilities required to achieve the 
desired objective. The general management philosophy and 
operational preferences of the owner/operator must also be 
addressed through the use of decision support systems 
(DSS). These issues are discussed in detail by Buchleiter 
et al. (2000), Evans et al. (2000), Sadler et al. (2000), Perry 
et al. (2004), Sadler et al. (2005), and McCarthy et al. 
(2010). McCarthy et al. (2010) developed a predictive-
adaptive control model (VARIwise) for site-specific  
irrigation water application of cotton using a center pivot 
sprinkler, concluding that although the framework accom-
modated a range of system control strategies, further work 
was necessary for using data with a range of spatial and 
temporal scales. 

Decision support systems should provide a holistic and 
robust approach to irrigated crop management. After the  
irrigator defines the decision criteria and management 
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guidelines to be used within the field, DSS must implement 
the approach through software and microprocessor-based 
control systems. Results of geo-referenced grid sampling of 
soils, yield maps, and other precision agriculture tools can 
be major components in defining rules for these manage-
ment systems. These “rules” are used as the basis for analy-
sis and interpreting data from real-time data networks, 
remote sensing, irrigation monitoring systems, agronomic, 
and other information used to provide direction and imple-
ment basic commands. Decision support systems can also 
include instructions for chemigation (e.g., nitrogen fertiliz-
er or pesticides) and provide alerts (e.g., insects, diseases) 
to the grower based on output from established models  
using real-time environmental data. In essence, DSS pro-
vide more management flexibility by implementing near 
term, routine commands to direct irrigation schedules and 
other basic operations, which frees the irrigator to concen-
trate on other management activities. 

Successful DSS will require the integration of various 
sensor systems (on the irrigation system and within the 
field), irrigation system hardware and controllers to manage 
sprinkler application and hydraulics, accurate determination 
of field position (e.g., GPS), and ample computer pro-
cessing speed and power. The maximum benefits will be 
derived when DSS respond to actual crop conditions. Crop 
conditions can be estimated from field-based or remotely-
sensed plant measurements (e.g., crop canopy temperature), 
or inferred from soil water measurements or crop evapo-
transpiration estimates. Ideally, the most robust monitoring 
system will be an integration of multiple approaches. 

General, broad-based, and easily modified software for 
managing these DSS for a multitude of crops, climatic con-
ditions, topography, and soil textures are not currently 
available from manufacturers, government agencies, or 
consultants. Development and updating of management 
maps for these irrigation systems based on soils, soil water 
sensors, yield, or water availability is a highly specialized 
process that is currently done only once a year or less. 
However, widespread implementation will require user-
friendly data input capabilities that allow management 
maps to be adjusted much more frequently. 

The objectives of this article are to provide a general 
discussion of the progression of sprinkler control and moni-
toring technologies to include: wireless sensor networks 
and communication protocols; available sensors and data 
management schemes; remote access for irrigation systems; 
their network and communication requirements; available 
sensors and data management schemes; and the current  
status of commercially available monitoring and control  
systems. 

SPRINKLER CONTROL OPTIONS 
Mechanically-moved sprinkler irrigation systems, such 

as center pivot sprinklers and lateral move sprinklers, in 
current usage have a wide range of drive technologies (e.g., 
water, electric, and oil hydraulic motors). These irrigation 
systems often operate on fields having both variable topog-
raphy and soil textures. In-field soil variability issues such 

as low water holding capacity or low infiltration rates pre-
sent significant challenges to managers in decisions about 
how much water to apply to various areas of the field. Each 
of these factors represents a reason for using some sort of 
monitor/controller to manage water applications based  
upon need. Precision application, variable rate irrigation, 
and site-specific irrigation are terms developed to describe 
water application devices with the goal of maximizing the 
economic and/or environmental value of the water applied 
via a moving irrigation system. 

Probably, the earliest center pivot sprinkler control was 
the methodology to alter the water application depth by 
mechanical adjustment of the speed of lateral travel. Addi-
tional early developments provided a very limited set of 
controls to turn end guns on and off and to stop the center 
pivot sprinkler operation based on field position or comple-
tion of the irrigation cycle (e.g., edge-of-field stops and 
stop-in-slot controls). The development of programmable 
control panels allowed the speed of sprinkler travel to be 
adjusted multiple times during an irrigation event. This  
approach was often used by producers when portions of the 
field were planted to a different crop, but these control pan-
els generally lacked the flexibility necessary to supply  
water at rates required to meet the management objectives 
of relatively small field areas with irregular-shaped bound-
aries. In the past few years, some companies have begun 
marketing control panels with an option to change irriga-
tion system pivot travel speed in very small increments 
ranging from <1° to 10° as the lateral rotates around the 
field. This tactic effectively changes application depths in 
each defined radial sector of the field, and generally no  
additional hardware is needed. This technique is commonly 
referred to as speed or sector control, but could also be  
referred to as variable depth irrigation. Nevertheless, field 
variability seldom occurs in long, narrow pie-slice shaped 
parcels (fig. 1) and because the sprinkler packages apply 
the same depth along the entire lateral length, adjusting 
speed of rotation may not provide a sufficient level of water 
application control. 

A number of methods have been under development to 
address varying application depths along the moving lat-
eral. A variable flow sprinkler was developed for control-
ling irrigation water application by King and Kincaid 
(2004) at Kimberly, Idaho. The variable flow sprinkler uses 
a mechanically-activated pin to alter the nozzle orifice area 
which adjusts the sprinkler flow rate over the range of 35% 
to 100% of its design flow rate based on operating pressure. 
The pin was controlled using either electric or hydraulic  
actuators. The main concern with this approach is that the 
wetted pattern and water droplet size distribution of the 
sprinkler changed with flow rate which created water appli-
cation uniformity issues due to a change in sprinkler pattern 
overlap. 

Changes in water application depth can also be accom-
plished by using a series of on-off time cycles or “pulsing” 
individual or groups of sprinklers (Karmeli and Peri, 1974). 
Management of the on-off time of sprinklers can be used to 
manage the time-averaged water application rate. Later  
efforts in Washington State involved equipping a center 
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nonproprietary wireless mesh networking standard, which 
allows longer life with smaller batteries, and the direct-
sequence spread spectrum mesh networking provides high 
reliability. Bluetooth is a faster but more expensive stand-
ard than ZigBee and uses spread spectrum modulation 
technology called frequency hopping to avoid interference 
and ensure data integrity. ZigBee has lower power needs 
than Bluetooth, but it also transmits effectively over less 
distance (e.g., 30 m). Enhanced Bluetooth transmitters are 
available that can transmit up to 1 km. 

Bluetooth wireless technology has been adapted in sens-
ing and control of agricultural systems (Lee et al., 2002; 
Oksanen et al., 2004; Zhang, 2004; Kim et al., 2008; Kim 
and Evans, 2009). Zhang (2004) evaluated Bluetooth radio 
in different agricultural environments, power consumption 
levels, and data transmission rates. He observed 1.4 m as an 
optimal radio height for maximum 44-m radio range and 
reported limitations of significant signal loss after 8 h of 
continuous battery operation and 2 to 3 s of transmission la-
tency with the increase of communication range. Oksanen 
et al. (2004) used a PDA with Bluetooth to connect a GPS 
receiver for their open, generic, and configurable automa-
tion platform for agricultural machinery. Lee et al. (2002) 
explored an application of Bluetooth wireless data transpor-
tation of moisture content of harvested silage and reported 
a limitation of 10-m short range. However, the limitations 
of Bluetooth applications in agricultural systems can be 
solved or minimized by system design optimization. The 
power shortage can be solved by using solar power that  
recharges the battery. The radio range and transmission la-
tency can also be extensively improved by using an up-
graded power class and antenna. These same techniques 
can be applied to Zigbee-based systems. 

Drawbacks in using wireless sensors and wireless sensor 
networks include provision for ample bandwidth, existing 
inefficiencies in routing protocols, electromagnetic inter-
ference, interference by vegetation, radio range, sensor bat-
tery life (Zhang, 2004), and synchronous data collection 
(Dowla, 2006). An immediate limiting factor in self-
powered wireless sensor network (WSN) operation is bat-
tery life, which can be addressed to some degree by  
decreasing the duty cycle of the sensor nodes, which is typ-
ically a significant method for improving battery longevity 
(Hebel, 2006). Power needs are often mitigated by using 
solar panels. Other identified challenges specific to WSNs 
and agriculture include interference with radio propagation 
due to crop canopy height (Goense and Thelen, 2005). Sig-
nal obstruction issues relating to crop height and in-field 
equipment are inherently reduced when the moving sprin-
kler is used as the sensor platform; but infield sensors  
require manual adjustment above crop canopy. 

In row crop production systems, the need to install and 
retrieve the sensors, data loggers, and radio transmission 
equipment from each measurement site on an annual basis 
requires trained labor to ensure the equipment is handled, 
installed and removed properly. Few producers possess the 
knowledge base necessary and rarely hire personnel who 
could perform these tasks reliably. Consequently, future 
developments in wireless technology will need to include 
the semi-permanent and below-ground installation of  

sensors and transmission equipment. The addition of this 
requirement will require the development of WSNs with 
extended communication range (both in air and in soil) and 
battery life sufficient to limit the replacement frequency to 
the level required to gain acceptance by center pivot  
managers. 

SENSORS AND INTEGRATED DATA 

MANAGEMENT SCHEMES 
One of the earliest and basic uses of sensors on a center 

pivot for management purposes was to determine alignment 
and lateral position. Until recently, control systems based 
on the digital angle resolver typically had an accuracy of 
±0.5° to 1.5° of the first tower position. Peters and Evett 
(2005) found that resolver-determined position errors could 
be as great as 5° or over 30 m on a 390-m system. Conse-
quently, many center pivot sprinkler manufacturers now 
employ a Wide-Area Augmentation System (WAAS) ena-
bled GPS antenna option to identify the position of the end 
tower to an accuracy of less than 3 m. With the WAAS en-
abled GPS antenna, accuracy of the outside tower position 
of less than 1 m can often be obtained because the long du-
ration start-stop cycles of the system allow further buffer-
ing of GPS errors. The net effect of being able to accurately 
determine the lateral location is that management zone size 
can be reduced without increasing the potential for a mis-
application of water, nutrients, or pesticides. 

Recent innovations in communication technologies 
combined with advances in internet technologies offer tre-
mendous opportunities for development and application of 
real-time management systems for agriculture (Beckwith 
et al., 2004; Camilli et al., 2007; Liang et al., 2007; Coates 
and Delwiche, 2008; Kim et al., 2007, 2008; Pierce and  
Elliot, 2008; Vellidis et al., 2008). It is anticipated that DSS 
will increasingly rely on WSNs for real-time, automated 
recording of micro-meteorological instrumentation, or other 
sensors that are strategically distributed to provide continu-
ous feedback of field conditions to center pivot control 
panels and field managers. Sensors mounted on the irriga-
tion lateral also can be used to provide real-time feedback 
for decision support as the system moves across a field  
(Peters and Evett, 2008; O’Shaughnessy and Evett, 2010). 
Field-based data may also be integrated with various  
remotely sensed data to help differentiate between biotic 
and abiotic stresses. 

Integrated data sources and networks provide needed  
information to recalibrate and check various simulation 
model parameters for on-the-go irrigation scheduling and 
adjustments (Andrade-Sanchez et al., 2007; Kim et al., 
2007, 2008; Kim and Evans 2009; O’Shaughnessy and 
Evett, 2010). Integration of these technologies into DSS 
can help determine when, where, and how much water to 
apply in real time, enabling implementation of advanced 
water conservation measures that can simultaneously  
address economic viability, crop production with limited 
water supplies, energy conservation, and enhanced envi-
ronmental benefits. 
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Satellite and aerial imagery, GIS mapping services, and 
GPS are becoming commonplace throughout the agricul-
tural industry around the world. Remotely sensed  
information can be photometric (visible), thermal, or multi-
spectral and can be acquired by aircraft and satellites in a 
variety of formats and resolutions. Multispectral data can 
be used to enhance water and energy conservation by help-
ing to determine the causes of the non-uniform crop  
appearance and yield (Gowda et al., 2008, Hornbuckle et 
al., 2009). Advanced pattern-recognition software and other 
tools for multispectral or other remotely sensed data can be 
used to detect many problems in agriculture. However, two 
barriers to the widespread adoption and use of these inte-
grated technologies are the present cost of these services 
and the difficulty for producers to understand and use the 
output in a timely manner. The timeliness of this type of  
information is critical to producers because it is much bet-
ter for their farm profitability if they can make adjustments 
as the problems develop, not after the fact. New analysis 
tools and interpretation aids as part of comprehensive DSS 
are needed for producers to take full advantage of these 
technologies. 

Spectral and thermal ground-based remote sensors 
mounted on mechanical-move irrigation systems are capa-
ble of providing information to farmers in a timelier man-
ner than aircraft or satellite sources. Infrared thermocouple 
thermometers mounted on a moving lateral can provide  
radiometric temperature measurements of in-field crop 
canopies. Software to control mechanical-move sprinkler 
systems has been integrated with this plant-feedback  
information and the Time-Temperature-Threshold (TTT) 
algorithm, patented as the Biologically Identified Optimal 
Temperature Interactive Console (BIOTIC) for managing 
irrigation by the USDA under Patent No. 5539637 
(BIOTIC, Upchurch et al., 1996). Briefly, the TTT tech-
nique can be described as comparing the accumulated time 
that the crop canopy temperature is greater than a crop-
specific temperature threshold with a specified critical time 
developed for a well-watered crop in the same region. The 
TTT technique has been used in automatic irrigation sched-
uling and control of plant water use efficiency for corn in 
drip irrigated plots, and soybean and cotton in LEPA irri-
gated plots (Evett et al., 1996, 2006; Lamm and Aiken, 
2008; Peters and Evett, 2008; O’Shaughnessy and Evett, 
2010). Peters and Evett (2004, 2007) demonstrated that  
remote canopy temperatures could be predicted from a  
contemporaneous reference temperature and a pre-dawn 
temperature measurement. Infrared canopy temperature 
measurements made from a mechanical-move sprinkler 
system can then be used to develop spatial and temporal 
temperature maps that correspond to in-field water stress 
levels of crops. 

Many electromagnetic soil water sensors based on soil 
bulk dielectric permittivity are available (Evett et al., 2010) 
and can be incorporated into DSS for center pivot sprinkler 
irrigation systems. Many resistance-based sensors  
(commonly referred to as gypsum blocks or granular matrix 
sensors) are also available and could also be used with 
DSS. Recent discussions of these types of sensors, their  
 

accuracy and suitability for specific conditions have been 
provided by Evett et al. (2010) and Chávez et al. (2011). 

Integration of information collected at varying frequen-
cies and spatial scales into DSS will be necessary to utilize 
all sources of information available for making improved 
irrigation management decisions. The VARIwise model  
developed by McCarthy et al. (2010) is a recent example of 
how data collected from a variety of sources can be incor-
porated into a DSS to manage center pivot water applica-
tions. The Smart Crop system developed by Mahan et al. 
(2010) is a recent commercial example of an in-field wire-
less system for canopy temperature monitoring. Further  
development of this kind of management tool will be criti-
cal to the commercialization of DSS in the future. 

REMOTE COMMUNICATIONS WITH 

IRRIGATION SYSTEMS 
Recent developments in the center pivot sprinkler indus-

try have resulted in contractual arrangements with develop-
ers of after-market control and monitoring systems.  
Categorical services provided include monitoring, control, 
communication systems for remote access, and data collec-
tion and reports to help summarize irrigation system  
performance, water and chemical applications, and ancil-
lary data (table 1). Of the five major manufacturers of  
center pivot and lateral move systems, all provide remote 
monitoring and control of position, speed of travel, water 
“on or off “ status, programmable stop and restart by posi-
tion, and auxiliary components. The number of type of aux-
iliary control items differs by manufacturer. The benefits of 
remote monitoring for farmers are that they save time and 
fuel from driving out to fields where the irrigation systems 
are operating as expected. 

All of the manufacturers provide guidance systems and 
some level of SS-VRI management (listed as maximum 
center pivot points and sprinkler application zones under 
the category of control). Manufacturers also have the tech-
nical expertise on staff to provide the necessary equipment 
for remote system access. Communication via cell phone 
allows a farmer to monitor multiple center pivots from any 
location, while RF communication and web-based posting 
provide the advantage of data overview and may help in 
making long-term decisions. Successful implementation of 
advanced automation for mechanically-moved systems will 
depend on the integration of real-time automated data col-
lection and hardware control capabilities. Prices for the 
equipment vary among manufacturers and according to the 
amount of upgrades needed to satisfy the unique needs of 
each farmer and the amount of variability in each field. 
Frequently, this equipment and services can be retrofitted 
onto existing pivot systems, in addition to being purchased 
for new installations. 

CONCLUSIONS 
Electronic sensors, equipment controls, and communica-

tion protocols have been developed to meet the growing  
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interest in SS-VRI using center pivot and lateral move 
sprinkler irrigation systems. Onboard and field-distributed 
sensors can collect data necessary for real-time irrigation 
management decisions and transmit the information to the 
main control panel or base computer. However, the need for 
semi-permanent soil water monitoring sites suitable for row 
crop production systems has only recently been initiated 
and will be necessary to gain widespread acceptance. Man-
ufacturers of center pivot and lateral move systems have 
long recognized the advantages of remote communication 
for system monitoring and control. The major manufactur-
ers offer communication systems such as cell phones, satel-

lite radios, and internet based systems that allow a manager 
to query the main control panel or base computer from any 
location at any time. This technology is largely mature and 
available to assist managers with operational management 
decisions by remote monitoring. Equipment necessary to 
alter water application depth to meet the management crite-
ria for specific and relatively small management zones is 
now commercially available from irrigation system manu-
facturers and after-market suppliers that should support  
further development of site-specific application of water, 
nutrients and pesticides. However, DSS for automatic con-
trol of center pivots are largely not commercially available 
to irrigation managers. In addition, with the availability of 
SS-VRI systems for center pivots comes the need of criteria 
for locating data acquisition systems in the field. Alteration 
of the water application depth based on defined manage-
ment zones will change the soil water balance during the 
growing season. Managers of SS-VRI systems will need 
criteria for deciding whether and when the water manage-
ment zone map needs to be changed, and remote access and 
monitoring of irrigation systems will play a vital role in the 
commercialization of SS-VRI management. 
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Table 1. Monitor, control, communication and data reporting  
capability of center pivot sprinkler control panels.

 Center Pivot Sprinkler Manufacturer 
 Pierce Reinke T-L Valmont Zimmatic

Monitors 
Position in field and travel 

direction 
Speed of travel 
Wet or dry operation 
Pipeline pressure 
Pump status 
Auxiliary components[a] 
Stop-in-slot and auto restart 
Wind speed 

 
Y 
 

Y 
Y 
Y 
Y 

Y(4) 
Y 
Y 

 
Y 
 

Y 
Y 
Y 
Y 

Y(7) 
Y 
Y 

 
Y 
 

Y 
Y 
Y 
Y 

Y(2) 
Y 
N 

 
Y 
 

Y 
Y 
Y 
Y 

Y(6) 
Y 
Y 

 
Y 
 

Y 
Y 
Y 
Y 

Y(5) 
Y 
Y 

Controls 
Start and stop 
Speed of travel 
Auto restart and auto reverse 
End gun operation 
High and low pressure 

shutdown 
High and low voltage 

shutdown[b] 
System stall shutdown 
Auxiliary components[a] 
System guidance[c] 
Maximum control points per 

circle[d] 

Sprinkler application 
zones[e] 

 
Y 
Y 
Y 
Y 
Y 
 

N/Y 
 

Y 
Y(4) 

Y 
180 

 
8 

 
Y 
Y 
Y 
Y 
Y 
 

N/Y 
 

Y 
Y(7) 

Y 
3600 

 
2 

 
Y 
Y 
Y 
Y 
Y 
 

N/Y 
 

Y 
Y(2) 

Y 
180 

 
3 

 
Y 
Y 
Y 
Y 
Y 
 

Y/Y 
 

Y 
Y(6) 

Y 
180 

 
30 

 
Y 
Y 
Y 
Y 
Y 
 

Y/Y 
 

Y 
Y(5) 

Y 
180 

 
No Limit 

Remote Communications 
Cell phone 
Radio 
Computer base station 
Subscription required 

 
Y 
Y 
Y 
Y 

 
Y 
Y 
Y 
Y 

 
Y 
Y 
Y 
Y 

 
Y 
Y 
Y 
Y 

 
Y 
Y 
Y 
Y 

Data Collection and Reports 
Soil water content 
Precipitation per season 
Application date and depth 
Irrigation events per season 
Chemical application rate 

Chemical application per 
season 

System position by date 

 
Y 
Y 
Y 
Y 
N 
N 
 

Y 

 
Y 
Y 
Y 
Y 
N 
N 
 

Y 

 
Y 
Y 
Y 
Y 
N 
N 
 

Y 

 
Y 
Y 
Y 
Y 
N 
N 
 

Y 

 
N 
Y 
Y 
Y 
Y 
Y 
 

Y 
[a]  Y(7) indicates that up to seven auxiliary components (injection pumps, 

endguns, etc.) can be controlled by the panel. 
[b]  N/Y indicates no automatic shutdown for high voltage is provided but 

the panel does provide automatic shutdown for low voltage. 
[c]  System guidance provided by above ground cable, below ground 

cable, furrow, or GPS. 
[d]  Number of positions in a single revolution where speed of travel and 

other set points may be changed. 
[e]  Number of sprinkler application zones along the irrigation lateral 

length where water application depth can be changed. 



 

396  APPLIED ENGINEERING IN AGRICULTURE 

Coates, R. W., and M. J. Delwiche. 2008. Site-specific water and 
chemical application by wireless valve controller network. 
ASABE Paper No. 084483. St. Joseph, Mich.: ASABE. 

Dowla, F. 2006. Handbook of RF and Wireless Technologies. 
Burlington, Mass.: Elsevier Science. 

Evans, R. G., G. W. Buchleiter, E. J. Sadler, B. A. King, and G. B. 
Harting. 2000. Controls for precision irrigation with self-
propelled systems. In Proc. 4th Decennial Nat’l Irrigation 
Symp., 322-331. eds. R. G. Evans, B. L. Benham, and T. P. 
Trooieneds. St. Joseph, Mich.: ASABE. 

Evans, R. G., S. Han, S. M. Schneider, and M. W. Kroeger. 1996. 
Precision center pivot irrigation for efficient use of water and 
nitrogen. In Proc 3rd International Conf. on Precision Agric., 
75-84. P. C. Roberts, R. H. Rust, and W. E. Larsen, eds. ASA-
CSSA. 

Evans, R. G., and G. B. Harting. 1999. Precision irrigation with 
center pivot systems on potatoes. In Proc. ASCE 1999 
International Water Resources Engineering Conf. R. Walton 
and R. E. Nece, eds. Reston, Va.: ASCE. 

Evett, S. R., Howell, T. A., Schneider, A. D., Upchurch, D. R., and 
D. F. Wanjura. 1996. Canopy temperature based automatic 
irrigation control. In: Proc. International Conf. 
Evapotranspiration and Irrigation Scheduling, 207-213. C. R. 
Camp, E. J. Sadler, and R. E. Yoder, eds. St. Joseph, Mich.: 
ASABE.         

Evett, S. R., R. T. Peters, and T. A. Howell. 2006. Controlling 
water use efficiency with irrigation automation: Cases from 
drip and center pivot irrigation of corn and soybean. In Proc. 
28th Annual Southern Conservation Systems Conf., 57-66.  R. 
C. Schwartz, R.L. Baumhardt, J.M.. Bell eds.  Amarillo, TX: 
USDA-ARS Conservation and Production Research 
Laboratory. 

Evett, S. R., R. C. Schwartz, R. J. Lascano, and M. G. Pelletier. 
2010. In-soil and down-hole soil water sensors: Characteristics 
for irrigation management. In Proc. 5th Decennial National 
Irrigation Conf.  M. Dukes, ed.   St. Joseph, Mich.: ASABE. 

Goense, D., and J. Thelen. 2005. Wireless sensor networks for 
precise Phytophthora decision support. ASABE Paper No. 
053099. St Joseph, Mich.: ASABE. 

Gowda, P. H., J. L. Chávez, P. D. Colaizzi, S. R. Evett, T. A. 
Howell, and J. A. Tolk. 2008. ET mapping for agricultural 
water management: Present status and challenges. Irrig. Sci. 
26(3): 223-237. 

Hebel, M. A. 2006. Meeting wide-area agricultural data 
acquisition and control challenges through Zigbee wireless 
network technology. In Proc. International Conf. Computers in 
Agric. and Natural Resources, 234-239. St. Joseph, Mich.: 
ASABE.     

Hornbuckle, J., N. Car, E. Christen, T. Stein, and B. Williamson. 
2009. IrriSatSMS: Irrigation water management by satellite 
and SMS—A utilisation framework. CSIRO Land and Water 
Science Report No. 04/09. Griffith, NSW, Australia: CSIRO. 

IEEE802.15.1.  2005. Part 15.1: Wireless Medium Access Control 
(MAC) and Physical Layer (PHY) Specifications for Wireless 
Personal Area Networks (WPANs(tm)). New York, N.Y. : 
IEEE.  Available at: http://standards.ieee.org/getieee802/ 
download/802.15.1-2005_part1.pdf. Accessed 24 July 2011.    

IEEE802.15.4. 2007. Specific requirements Part 15.4: Wireless 
Medium Access Control (MAC) and Physical Layer (PHY) 
Specifications for Low-Rate Wireless Personal Area Networks 
(WPANs). Amendment 1: Add Alternate PHYs. New York, 
N.Y. : IEEE. Available at: http://standards.ieee.org/getieee802/ 
download/802.15.4a-2007.pdf. Accessed 24 July 2011. 

Karmeli, D., and G. Peri. 1974. Basic principles of pulse 
irrigation. J. Irrig. Drainage Eng. 100(IR3): 309-319. 

 

Kim, Y., and R. G. Evans. 2009. Software design for wireless 
sensor-based site-specific irrigation. Computers and 
Electronics Agric. 66(2): 159-165. 

Kim, Y., R. G. Evans, and W. M. Iversen. 2007. Decision support 
and monitoring for wireless sensor-based site-specific 
sprinkler irrigation. ASABE Paper No. 073078. St. Joseph, 
Mich.: ASABE. 

Kim, Y., R. G. Evans, and W. M. Iversen. 2008. Remote sensing 
and control of an irrigation system using a wireless sensor 
network. IEEE Trans. Instrumentation Measurement 57(7): 
1379-1387. 

King, B. A., and D. C. Kincaid. 2004. A variable flow rate 
sprinkler for site-specific irrigation management. Applied Eng. 
in Agric. 20(6): 765-770. 

King, B. A. and L. R. Wall. 1998. Supervisory control and data 
acquisition system for site-specific center pivot irrigation. 
Applied Eng. in Agric. 14(2): 135-144. 

King, B. A., R. W. Wall, and L. R. Wall. 2000. Supervisory control 
and data acquisition system for closed-loop center pivot 
irrigation. ASABE Paper No. 002020. St. Joseph, Mich.: 
ASABE. 

Lamm, F. R., and R. M. Aiken. 2008. Comparison of temperature-
time threshold and ET-based irrigation scheduling for corn 
production. ASABE Paper No. 084202. St. Joseph, Mich.: 
ASABE. 

Lee, W. S., T. F. Burks, and J. K. Schueller. 2002. Silage yield 
monitoring system. ASABE Paper No. 021165. St. Joseph, 
Mich.: ASABE. 

Liang, Q., D. Yuan, Y. Wang, and H. H. Chen. 2007. A cross-layer 
transmission scheduling scheme for wireless sensor networks. 
Computer Comm. 30(14-15): 2987-2994. 

Lyle, W. M., and J. P. Bordovsky. 1981. Low energy precision 
application (LEPA) irrigation system. Trans. ASABE 26(5): 
1241-1245. 

Mahan, J. R., W. Conaty, J. Neilsen, P. Payton, and S. B. Cox. 
2010. Field performance in agricultural settings of a wireless 
temperature monitoring system based on a low-cost infrared 
sensor. Computers and Electronics Agric.71(2): 176-181. 

McCarthy, A. C., N. H. Hancock, and S. R. Raine. 2010. 
VARIwise: A general-purpose adaptive control simulation 
framework for spatially and temporally varied irrigation and 
sub-field scale. Computers and Electronics Agric. 70(1): 117-128. 

Miranda, F. R., R. Yoder and J. B. Wilkerson. 2003. A site-specific 
irrigation control system. ASABE Paper No. 031129. St. 
Joseph, Mich.: ASABE. 

Oksanen, T., M. Ohman, M. Miettinen, and A. Visala. 2004. Open 
configurable control system for precision farming. ASABE 
Paper No. 041004. St. Joseph, Mich.: ASABE. 

O’Shaughnessy, S. A., and S. R. Evett. 2010. Developing wireless 
sensor networks for monitoring crop canopy temperature using 
a moving sprinkler system as a platform. Applied Eng. in 
Agric. 26(2):331-341. 

Perry, C. D., M. D. Dukes, and K. A. Harrison. 2004. Effects of 
variable-rate sprinkler cycling on irrigation uniformity. 
ASABE Paper No. 041117. St. Joseph, Mich.: ASABE. 

Peters, R. T., and S. R. Evett. 2004. Modeling diurnal canopy 
temperature dynamics using one-time-of-day measurements 
and a reference temperature curve. Agron. J. 96(6): 1553-1561. 

Peters, R. T., and S. R. Evett. 2005. Using low-cost GPS receivers 
for determining field position of mechanical irrigation systems. 
Applied Eng. in Agric. 21(5):841-845. 

Peters, R. T., and S. R. Evett. 2007. Spatial and temporal analysis 
of crop stress using multiple canopy temperature maps created 
with an array of center-pivot-mounted infrared thermometers. 
Trans. ASABE 50(3): 919-927. 

 



28(3): 389-397   397 

Peters, T. R., and S. R. Evett. 2008. Automation of a center pivot 
using the temperature-time threshold method of irrigation 
scheduling. J. Irrig. Drainage Engr. 134(1): 286-291. 

Pierce, F. J., and T. V. Elliott. 2008. Regional and on-farm 
wireless sensor networks for agricultural systems in eastern 
Washington. Computers and Electronics Agric. 61(1): 32-43. 

Roth, R. L., and B. R. Gardner. 1989. Modified self-moving 
irrigation system for water-nitrogen crop production studies. 
ASABE Paper No. 890502. St. Joseph, Mich.: ASABE. 

Sadler, E. J., R. G. Evans, K. C. Stone, and C. R. Camp. 2005. 
Opportunities for conservation with precision irrigation. J. Soil 
and Water Cons. 60(6): 371-379. 

Sadler, E. J., R. G. Evans, G. W. Buchleiter, B. A. King, and C. R. 
Camp. 2000. Site-specific irrigation - management and control. 
In Proc. 4th Decennial Nat’l Irrigation Symp., 304-315. R. G. 
Evans, B. L. Benham, and T. P. Trooien, eds. St. Joseph, 
Mich.: ASABE. 

 
 

Shock, C. C., R. J. David, C. A. Shock, and C.A. Kimberling. 
1999. Innovative, automatic, low-cost reading of Watermark 
soil moisture sensors. In Proc. 1999 Irrigation Association 
Technical Conf., 147-152. Falls Church, Va.: Irrigation 
Association. 

Upchurch, D. R., D. F. Wanjura, J. J. Burke, and J. R. Mahan. 
1996. Biologically-Identified Optimal Temperature Interactive 
Console (BIOTIC) for managing irrigation. U.S. Patent No. 
5539637. 

Vellidis, G., M. Tucker, C. Perry, C. Kvien, and C. Bednarz. 2008. 
A real-time wireless smart sensor array for scheduling 
irrigation. Computers and Electronics Agric. 61(1): 44-50. 

Wall, R. W., and B.A. King. 2004. Incorporating plug and play 
technology into measurement and control systems for 
irrigation management. ASABE Paper No. 042189. St. Joseph, 
Mich.: ASABE. 

Zhang, Z. 2004. Investigation of wireless sensor networks for 
precision agriculture. ASABE Paper No. 041154. St. Joseph, 
Mich.: ASABE. 

  



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


