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ABSTRACT

An automatic control system was designed to regulate trickle 
irrigation of citrus. The system used an instrumented evaporation pan 
and an instrumented tensiometer as inputs to a controller. Evaporation 

from the pan was used to make an estimate of the consumptive use of the 
citrus trees. When the soil moisture tension was at the desired level 
the controller would allow flow through the trickle system to st^isfy 
this estimate. Soil moisture tens ions above or below the desired level 
would result in irrigation above or below the consumptive use estimate 

respectively.
The construction of the controller and the instrumented inputs 

required extensive use of digital logic. Digital circuitry suitable 

for use in a field situation was found for this application.

The operation of the control system was tested in a plot of 
Valencia orange trees near Tacna, Arizona. The automatic control system 

used a trickle irrigation systein previously installed in this grove.

A separate water supply allowed operation independent of irrigation in 

other areas of the grove.

Minor hardware problems limited the length of time during which 
the complete system was fully operational. The data available show that 

the control system does perform as designed.



CHAPTER 1

INTRODUCTION

In the past few years the level of interest in trickle irriga
tion has increased significantly. Much work has been done in the 

design of trickle systems to be used in citrus irrigation. Although 
many different types of trickle systems have been proposed or are pres
ently in use, they all have certain common characteristics. These 
include pressurized delivery systems, low flow rates as compared to 

other possible irrigation systems, and extended periods of operation. 
This requires that any proposed control system be able to control the 

flow rates from the pressurized systems at any and all times. This is 

in contrast to the demands made by other irrigation systems which may 

have higher flow rates on a less frequent basis.
The design of a control system for trickle irrigation is simpli

fied by the low flow rates and the pressurized delivery systems.
Solenoid valves provide an easy way of directing the flow. Similarly 

the pressure system can easily be brought on line in response to a 

demand from the controller through appropriate interfaces. Therefore, 
the mechanical aspects of controlling the flow are not particularly dif

ficult.
Providing a method to make the decisions related to flow control 

proves to be more of a problem. One must decide when and how long to



run the trickle system during any given period. This requires that one 
know something about the needs of the crop under irrigation.

The consumptive use of the crop under consideration becomes very 

important when it is desired to irrigate with high water use efficiency. 
In the case of citrus in Arizona the consumptive use is typically found 
by the methods shown in Erie, Harris, and French (1965). Problems occur 
in adjusting the consumptive use to the local conditions at the site 

under consideration. These adjustments will be discussed in a later 
section.

Most trickle systems presently use simple timers to control the 
length of irrigation during a given period. This means that a change in 
the length of the irrigation period would result only in response to
external manipulation of the timer. No provision has been made for the

environment to influence the length of irrigation.
A more desirable controller would be one which would respond to

certain observed parameters from which the actual water need would be 

estimated. Rather than rely on a single input or a single type of input 

for controlling irrigation, it was decided to study several possible 
inputs and choose those which could reasonably be used by a controller 

to estimate the water need.
The final goal is to design, construct, and test a control 

system which would be able to use selected inputs in a way which would 

allow the amount of water applied to match the consumptive use as 

closely as desired.



CHAPTER 2

THEORY

The design of a controller to regulate the irrigation of citrus 
is complicated by a number of factors. The actual consumptive use of 
citrus is not known to a high degree of precision. This means that de

termination of how much water a tree will use during any given period 
is very hard to estimate. This is further complicated by the fact that 
any estimate is typically based on the observations taken at a specific 
location with a specific variety of flood irrigated citrus on a specific 
spacing at some level of maturity. Some of the variables such as tem

perature and latitude can be used to find certain corrections (Erie, 

Harris, and French 1965) but others such as spacing and maturity are 
not easily handled. The effect of different irrigation methods on con
sumptive use is also difficult to determine.

The typical method used to determine consumptive use of orange 

trees in Arizona is by use of the curves found in Erie, Harris, and 
French (1965). The basis of this method is data taken from mature navel 
orange, trees near Phoenix, Arizona. Studies had previously been done on 

consumptive use of citrus by several investigators including Harris, 
Kinnison, and Albert (1936) and Hilgeman and Van Horn (1954). These 

studies used soil moisture depletion to indicate the rate of evapotrans
piration. As stated by Hilgeman et al. (1969) concerning the previous 

studies, data were not taken which measured tree response to varying



soil water supply. Neither were any relationships established relating 
the observed evapotranspiration to climatic conditions. Hilgeman et 

al. (1969) also pointed out the difficulties in obtaining transpiration 
measurements from large mature trees. The use of lysimeters would be 
helpful5 buf establishing large mature trees in lysimete?s would require 
many years of preliminary work. Other methods of observing transpira
tion such as enclosing the observed tree and monitoring changes in water 
content of the air moving through the enclosure require a correction for 

the enclosure as well as a significant amount of equipment in the field.

This shows that the data from Erie, Harris, and French (1965) 

have certain shortcomings but still give a starting point. Although 
the magnitude of the consumptive use is somewhat uncertain the basic 
shape of the curve from Erie, Harris, and French (1965) is quite useful. 
The seasonal variation in cornsumptive use is an important factor to use 
in evaluating the suitability of various environmental observations for 

making Consumptive use estimates. In a field situation it is almost 
certain that a controller which is attempting to match consumptive use 

on a real time basis will require monitoring of one or more environ
mental factors to estimate consumptive use. The task of finding an 

environmental parameter which will be useful in predicting consumptive 

use is complicated by the fact that it must also be reasonably easy to 

measure.
To start the search for potential variables one might first 

look at the equations commonly used to predict consumptive use. A 
report prepared by the American Society of Civil Engineers, Irrigation



and Drainage Division (1973) discusses the various commonly used methods 
for estimating consumptive use and points out some of the problem areas. 
The variables used include temperature, solar radiation, wind velocity, 
humidity, and evaporation. To use these variables in the estimation of 

evapotranspiration, one must integrate or average each one being used 
over a period comparable to the period over which the estimate is to 
be valid. This would require a number-.of measurements to determine 

the average except in the case of.evaporation.and possibly wind 

velocity.
Evaporation as observed by an evaporation pan is automatically 

accumulated as a lowering of the water level. Measuring this loss of 
water over the desired period gives the necessary integration over a 
certain time period. The effects of wind, temperature, humidity, and 

solar radiation are also integrated by the evaporation pan. ^he wind 
could also be used in a similar fashion by using a device which re-, 
cords wind run rather than measuring wind velocity..

In a report prepared by the American Society of Civil Engineers, 
Irrigation and Drainage Division (1973) the discussion concerning the 

choice of method for estimating evapotranspiration reveals that no 
single method is best for all conditions. The value of local or re

gional calibration of any chosen method becomes an important factor.

Many methods would consistently overpredict or underpredict the evapo
transpiration, but their degree of consistency in a given locality 
pointed out their value.



To evaluate the suitability of a parameter in predicting the 
evapotranspiration a graph showing the parameter's variation with time 

as well as the variation of consumptive use with time can be con
structed. In our case temperature and evaporation were compared to the 
consumptive use for navel oranges as estimated by Erie, Harris, and 
French (1965). The data for temperature and evaporation were taken 
from the climatological records for the 1954-1960 period at the Uni

versity of Arizona Citrus Branch Station, Tempe (U. S. Department of 
Commerce, Weather Bureau, Substation History, Arizona 1954-1960). The 

average monthly temperature and evaporation over this seven year period
were then compared with the data from Erie, Harris, and French (1965)
and displayed in Table 1. Both temperature and evaporation appear to 
peak earlier than consumptive use with the evaporation maximum occurring 
nearly one month before the peak in consumptive use.

A linear fit was made to the relationship between temperature 
and consumptive use. Similarly the coefficients were found, for the re
lationship between evaporation and consumptive use. The following 

equations express these results:

Ett = 0.1 (T) - 3.5 (1)

E = 0.4 (E) + 0.6 (2)te

in which Ett is the estimated monthly evapotranspiration in inches,

using monthly average temperature T in °F as the independent 

variable;
Ete is the estimated monthly evapotransp irat ion in inches
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Table 1. Actual and Estimated Consumptive Use of Navel Oranges..

T
Month F

E Et 
inches/month inches/month

E E
inches/month inches/month

Jan 51.0 1.72 1.4 1.6 1.3
Feb 53.8 2.98 1.8 1.9 1.8
Mar 59.2 5.63 2.2 2.4 2.8

Apr 66.5 8.08 2.8 3.1 3.8

May 74.0 10.42 3.6 3.9 4.8

Jun 83.5 11.66 4.6 4.9 5.3

Jul 88.3 11.59 5.3 5.3 5.2

Aug 86.5 9.77 5.3 511 4.5
Sep 82.3 8.57 4.6 4.7 4.0

Oct 71.3 5.14 3.6 3.6 2.6

Nov • 58.4 . 2.68 2.5 2.3 1.7

Dec 52.9 1.77 1.4 1.8 1.3

Total 80.01 39.1 40.6 39.1

Note; Average monthly temperature and average monthly pan 
evaporation are calculated from data taken at the University of Arizona 
Citrus Branch Station, Tempe, Arizona, for the period 1954 through 1960 
(U. S. Dept, of Commerce, Weather Bureau, Substation History, Arizona, 
1954-1960). T = average monthly temperature; E = average monthly pan 
evaporation; Et — consumptive use from Erie, Harris, and French (1965); 
Eft = estimated consumptive use from temperature; Ete = estimated 
consumptive use from evaporation.



using the observed monthly pan evaporation E in inches as 
the independent variable.

The results of using these relationships are shown in Table 1 and 
Figure 1.

Although it would be desirable to have the peaks coincide, the 
fact that temperature and especially evaporation tend to lead consump
tive use may be helpful. Hilgeman and Sharp (1970) discuss the response 
of Valencia orange trees to various irrigation programs. The data 
presented revealed that a program which provides ample soil water in the
Spring followed by moderate water stress after July resulted in high
yields, high soluble solids present in the fruit, and less vegetative 

growth when compared to trees not experiencing water stress. This

seems to show that moderate water stress after fruit set may be accept
able.

Although the evapotranspiration may be predicted by other 
variables, the lack of a good data base over an extended period limits 

the analysis of the suitability of these variables. Examples include 
incoming solar radiation, net radiation, and wind information. This 
kind of data is taken but not at the density in space or time needed 

for a thorough analysis. Also as shown in a report prepared by the - 

American Society of Civil Engineers, Irrigation and Drainage Division 
(1973) most methods using these variables use them in combination with 
others. To keep the concept of the controller within reasonable limits 

combination methods were not considered.
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Figure 1. Actual and Estimated Consumptive Use of Navel Oranges.

Et = consumptive use from Erie, Harris, and French (1965). 
Ett = estimated consumptive use from temperature.
Ete = estimated consumptive use from evaporation.
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As is evident from Table 1 and Figure 1, the estimates of con

sumptive use do have periods in which there is overpredict ion or 
underprediction. Over a period of weeks or even months, use of these 

consumptive use estimates could create an undesirable soil moisture 
situation. The trees growing under these conditions would be expected 
to show the symptoms of water stress if under-irrigated. Over
irrigation would be more difficult to detect in the short term by 
observing tree symptoms.

The potential does exist for using certain observations of the 
trees themselves for controlling irrigation. Hilgeman and Sharp (1970) 
mention the variation in fruit growth observed under different irriga

tion schedules. Water stress does reduce or even stop fruit growth, 

but trees can adapt to water stress. This makes the fruit measurement 
technique somewhat less reliable than might be needed. Measurements of 
the water stress in the leaves could be measured by use of a pressure 
bomb, but this is a destructive procedure which limits its usefulness.

Another possible tree parameter which could be measured is trunk 
growth. A dendrograph to monitor changes in trunk diameter has been 

used on citrus by Hilgeman (1963). The instrument used by Hilgeman was 

designed by Fritts and Fritts (1955). Data presented by Hilgeman (1963) 
show a large diurnal variation superimposed on the growth curve. The 
daily shrinkage and the daily gain in diameter are dependent on both 
climatic factors and soil moisture conditions. The effects of each 

individual factor are sometimes difficult to find, but analysis of the
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curves of each environmental factor along with the trunk diameter curve 
allows the effects of the factors to be separated.

Since the desire is to provide a suitable environment for the 

citrus tree, a direct or indirect measure of soil moisture would be a 
likely input to the controller. There are many ways in which this 
problem could be approached. The Requirements are that a continuous 
reliable measure of soil moisture be available for the controller's use. 

This also requires that the measurejnent be taken in situ. These con

ditions lead to some type of serisor Semipermanently installed below the 
soil surface capable of reporting the soil moisture conditions at any 

time.
The types of sensor which could be used for this task include 

tensiometers, moisture blocks, nuclear techniques, and possibly other 

indirect methods. Each of these groups has certain characteristics that 
suit them to a particular task. The actual needs of the particular 
problem and the materials available will make a choice possible.

The major classes of potential variables for use by a controller 

in efficiently providing for the water needs of citrus trees have been 

considered. Some of the advantages and disadvantages found for these 

variables have been pointed out. The ease of measuring these variables 
and the reliability and repeatability of the measurements obtained have 

not been discussed here, but will be considered in the next section.



CHAPTER 3

SYSTEM DESIGN AM) CONSTRUCTION

Selection of inputs is an important first step in designing a 
complete control system. The local environment must be monitored before 
decisions can be made which attempt to control or modify the local 

environment.

Input Selection and Construction

An input is chosen to predict, estimate, or observe a factor 

used to determine the quantity of irrigation water needed. How well the 
input does this job was the primary consideration in input selection. 
Ease of measurement was also an important factor in the determination of 
which inputs would be used as inputs to the controller. The decision to 
use more than one input for the controller required that the investment 
in making any single parameter measurement be kept within limits.

The ease of measurement factor included the degree of complexity 

necessary at the sensor as well as the amount of processing needed at 

the controller. Also included were considerations of the calibration 

necessary before the input could be used. The long term stability of 

the device or method used was also an important factor.

Consideration was also given to the past and present use of the 

potential inputs in similar applications. Inputs with a proven history 

in service would be more likely to be chosen. This results from the
12
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need.to have a data base to use in the design of the input devices and 
the controller. The range and variability of a given input should be 
known before the design work can be finalized.

Evaporation Pan
An evaporation pan was chosen tp be the input based on climatic 

factors. The reasons for this choice were numerous. The evaporation 
pan automatically integrates over the desired period. It also responds 

to the same climatic factors influencing evapotranspiration and in the 

desired direction as shown in Table 1 and Figure 1. The fact that 
evaporation pan measurements had been made in the past at the field site 
to be used was another important factor.

Direct or indirect methods could be used to measure the amount 
of water lost from the evaporation pan. It is possible to use a linear 
encoder and a float to measure the water level depression during a 
certain period. Finding such a device proved to be quite difficult. 

Linear encoders which have the capacity to measure a displacement of 
approximately one inch are not commonly used. Those which would have 

the necessary range were very expensive and quite delicate. A suitable 
device for this task could not be found»

Time was selected as the indirect indication of the quantity of 
water needed to fill the evaporation pan. This requires having a method 
which will fill the pan to some reference level at a uniform rate. The 

factors which determine how well this method will work are the uniform , 

mity of the flow rate, the accuracy of the timing method, and the 
repeatability of the reference level determination. The flow rate
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determination can be handled by choosing the correct combination of 
orifices and pressure. The timing can be made as precise as is found 
to be necessary. Construction of the reference level detector must be 
based on the repeatability needs of the measurement.

The reference level detector uses a float to sense the position 
of the water level in the evaporation pan, A small plastic vial served 

as the float. Water level stability for the float was provided by a 
length of 3/4 inch PVC pipe which enclosed the float. A small orifice 
at the bottom of the pipe allowed a stabilized water level to be present 
inside the pipe. A plastic tube attached to the top of the float 
allowed sensing of the float position to be done well above the water 
level. This was done to protect the components used to sense the float 
position. Figure 2 shows the reference level detector installed in the 

evaporation pan.
The actual sensing of the float position was done optically. A 

light emitting diode on one side, of the path of the plastic tube is the 
light source. The light detector on the Other side is a phototransis

tor. As the water level rises the plastic tube on the float interrupts 
this light path. The reference level is reached when the plastic tube 
stops approximately half of the light passing between the light emitting 

diode and the phototransistor.
The output of the phototransistor is examined by a comparator.

A comparator is an integrated circuit Which allows comparison of two 

input signals. The output of the phototransistor is compared with a 
reference signal set to the half signal level of the phototransistor.



Figure 2. Evaporation Pan, Reference Level Detector, and Flow Control Emitters.
In
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When the signal from the phototransistof passes through its halfway 

point, the output of the comparator goes from one extreme fo the other. 

The output of the comparator is then fed to a transistor which can 
handle the current needed to send the reference level signal to the 
controller. Connections for the signal line, power,, and ground are 

provided by a three pin polarized connector at the water level detector. 
The electronic components, except for the sensor and detector, 

were mounted on a small circuit board inside a metal enclosure at the 
top of the reference level detector. Figure B.1 in Appendix B shows 
the major elements of the reference level detector.

Instrumented Tensiometer
Soil moisture was chosen to be the input related to the water 

stress being experienced by the citrus trees. The reasons for this 
choice were discussed in a previous section. The list of possible 
sensors for this task included only those sensors capable of continuous 
monitoring of soil moisture. Cost considerations and history in service 
requirements left only resistance blocks and tensiometers on the list. 
The high soil moisture conditions typically found in irrigated citrus 

and the high salinity irrigation water used at the experiment site made 

resistance blocks a poor choice.
The choice of a tensiometer as the device to measure soil mois

ture tension was partially based on its past performance in similar 

situations. Tensiometers work well in the low soil water tensions 

typically found in trickle irrigated citrus groves. In addition.
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tensiometers are readily available and easily installed. They have 
been used in automatic control systems in California with some success 
(Pooley 1973).

The tensiometer observation or reading must be converted to a 
signal that the controller can process. This conversion could be per
formed by a pressure transducer sensitive to negative pressures,
Bianchi and Tovey (1968) discuss the use of pressure transducers on 
tensiometers. Zero drift and gain drift in the pressure transducer are 

problems common to pressure transducers. Some of this drift is simply 
a function of time, but a major part of the drift is due to temperature 
changes. Attempts have been made to include temperature compensation, 
but most pressure transducers still have problems in working over a 

large range of temperatures. The high cost of a pressure transducer 
suitable for tensiometer use is also a problem. .

The device actually used was a conventional soil tensiometer 

gage. The mechanical operation of the gage was not disturbed. Sensors 

were installed to detect the position of the gage pointer. The optical
sensing technique used in the reference level sensor was also used here.

% ' .Five light emitting diodes were located in the metal disk below
the gage pointer with the spacing between diodes equal to five centi
bars. The location of these diodes was opposite the 10 to 30 centibar 
portion of the scale to avoid disruption of the normal visual readings 

in this range. A wedge of aluminum foil was attached to the gage 

pointer to block one diode at 10 centibars, two diodes at 15 centibars.
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three diodes at 20 centibars, four diodes at 25 centibars, and five 
diodes at 30 centibars.

Paired with these five light emitting diodes were five photo- 
transistors which were placed in the clear plastic gage cover. The 

positions of these phototransistors were immediately opposite the light 
emitting diodes. This arrangement. allowed the position of"the foil 
Wedge to be detected by inspection of the signals from the photo- 1 
transistors (see Figure B.2 in Appendix B).

The number of signal lines necessary between the tensiometer 
gage and the controller would be five if each phototrans is tor signal 
were brought back separately. This was avoided by coding the infor

mation in binary fashion at the tensiometer. Only three lines were 
needed to transmit the available information. The signal lines have 

the relative values of one, two, and four. Coding was arranged such 
that two represented a tension of 10 centibars, three represented 15 

centibars, four represented 20 centibars, five represented 25 centibars, 
and six represented 30 centibars or greater. Zero represented less than 

10 centibars.
The logic operations necessary at the tensiometer for the binary 

coding were ideally suited to the digital logic functions available in 
integrated circuit form. The particular type or family suited to this 

task was complementary metal oxide semiconductor or CMOS. The high 
noise immunity, low power consumption, and relatively slow speeds found 

in CMOS are ideal for control Uses. Slow speeds refer to operations 
taking place in fractions of a microsecond while fast digital operations
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may require only a few nanoseconds. The needs here are well within the 
capabilities of CMOS. Supplying power to CMOS is simplified by its 3 to 
15 volt operating range.

Perforated circuit board with holes on 0.1 inch centers served 
as mounting surface for all components. Connections on this board were 
made with wire wrap techniques. Wire wrap does not require soldering.
A special tool wraps wire around square pins to make the connection.
The sharp bend around the corners of the square pin gives good metal to 
metal contact. This technique also allows changes to be made in the 
wiring without unsoldering connections. The unwrapping can be done as 
easily as the wrapping.

The modified gage and the circuit board were placed in a small 
aluminum chassis box. One end of this box was modified to allow the 
male threads of the gage.to protrude out of the box. A small access 
cover was provided to allow visual inspection of the gage without com
plete disassembly of the box. Connections to the instrumented 
tensiometer were provided by a five pin polarized connector which 

handled power, ground, and the three signal lines. Figure 3 shows the 
instrumented tensiometer after installation.

Controller Design and Construction 
The problem facing the controller is proper control of water 

delivery to the citrus trees. When dealing with a pressurized trickle 

system a reasonable assumption would be that flow is constant so long as 

pressure remains constant. This makes the indirect measurement of water 
quantity possible simply by measuring the length of time the system was



«

0^8
Figure 3. Instrumented Tensiometer,



pressurized« Since the other experiments at the experiment site use 24 
hour cycle times> this controller was also designed around a 24 hour 
cycle. Maintenance and monitoring would be simplified by keeping in 
phase with the other experiments.

A method of counting time is necessary before the length of 

irrigation can be controlled. The 24 hour period must be divided finely 

enough to regulate irrigation periods from a few hours to nearly 24 
hours. A counter for time keeping would heed a capacity equal to or 
greater than the number of divisions necessary for a 24 hour period.

One hundred was chosen as the size of the counter to give adequate but 
not excessive time resolution. This choice gave a time resolution of 

approximately 15 minutes.
The pulses used to increment this counter are derived from a . 

conventional 110v AC clock motor. Other methods could have been used, 
but the simplicity and low cost of the clock motor could not be ignored. 
A plexiglass disk replaced the minute hand on this clock motor. Four 
opaque areas on the plexiglass disk blocked the light passing from a 
light emitting diode to a phototransistor. The light emitting diode 
behind the plexiglass disk and the phototransistor in front of the disk 
served to convert the four opaque areas into pulses 15 minutes apart. 

These pulses as observed by the phototransistor were used to increment 
the counter. After 96 pulses or 24 hours the counter is reset to start 
the next day with a zero count. This counter becomes the time counter 

for the controller.
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The three output signals from the tensiometer and the single 

output signal from the reference level detector were used to drive light 
emitting diodes at the controller. This.arrangement required four 
phototransistors to sense these signals individually. The signal from 
the reference level detector was sensed directly, but the three signals 
from the tensiometer were subjected to optical coding. A plexiglass 
disk on the second hand shaft of the clock motor was located between the 

light emitting diodes and the phototransistors used at the controller 
for the tensiometer signals. The lack of electrical continuity from 

the input sensors through the controller along the signal lines gives 
some electrical isolation between the controller, the reference level 
detector, and the instrumented tensiometer. This electrical isolation 

reduces problems that may occur with noise pickup along long signal 
lines. It also can reduce the amount of damage that could be done by 

Voltage spikes introduced into the system. Problems with ground loops 

are also reduced.
Painting certain areas of the disk allowed only short pulses of 

light to pass through the plexiglass. The number of transparent areas 
available for the three light emitting diode and phototransistor pairs 
varied directly with the relative value assigned to the associated 
tensiometer signal line. Four transparent areas were given to the four 
signal, two areas to the two signal, and one area to the one signal.
This arrangement allowed each rotation of the second hand plexiglass 

disk to generate optical pulses equal in number to the combined binary 

value of the three signal lines from the tensiometer. These pulses are



detected by the phototransistors and used to advance the irrigation 

counter when permitted by the reference level detector and the time 
counter.

The same signals which control the operation of the irrigation 
counter also control a solenoid valve through a relay. Water flow to 
the evaporation pan passes through this solenoid valve. Filling of the 
evaporation pan occurs only when the irrigation counter is allowed to 

advance.
The binary coded number from the instrumented tensiometer is 

equal to the pulse rate (pulses/minute) used to advance the irrigation 
counter. This pulse rate is allowed to advance the irrigation counter 
until the pan is filled, or one hour has passed, or the irrigation 

counter has reached a count of 95.
Irrigation is requested whenever the count in the irrigation 

counter is greater than the count in the time counter. No irrigation 

occurs whenever the count in the time counter is greater than or equal 
to the count in the irrigation counter. A comparator in the controller 

performs this task and drives a relay which directly controls a pump 

motor starter.
The rest of the circuitry in the controller is used only for 

displaying the status of the controller. Two seven segment light 
emitting diode displays are used to examine the contents of the time 

counter or the irrigation counter. In addition the binary coded number 
being sent to the controller by the tensiometer can be displayed. A
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provision for testing the displays is also provided. Push button 

switches are provided for selection of the desired display function.
The construction techniques used in the assembly of the con-. <« 

troller included wire wrap methods previously discussed. The circuitry 
and related hardware were all installed in a covered aluminum chassis 
box. Manual advancing of the time counter can be performed by using 
the conventional setting knob provided at the rear of the clock motor. 
Figures B.3 and B.4 in Appendix B show the layout of the controller.

The circuitry in the controller and the two inputs are supplied 
by an adjustable DC power supply set at 12 volts. The maximum current 
required is 150 milliamperes. Protection is provided against accidental 
use of wrong polarity power. To insure that momentary power inter
ruptions do not disturb the counters a battery is provided to carry 

these circuits for short periods when the external 12 volt supply is 
inoperative. The clock motor is supplied 110 VAC through a connector 
on the side of the controller.

System Operation 

The major variables in the control system are flow rate to the 

evaporation pan and flow rate to the trickle emitters at the citrus 
trees. Usually the flow rate to the trees is fixed by the number and 

type of emitters installed. A small variation in flow rate may result 

if the operating pressure is changed, but the range Of flow rates 

available by this method is quite small.
Flow rate to the evaporation pan partially determines the length 

of irrigation which will result from a certain amount of evaporation.
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Low flow rates to the pan result in long irrigation periods while high 
flow rates result in short irrigation periods. Signals from the tensi- 
ometer will act as a multiplier. If the soil moisture tension is 20 
centibars the length of irrigation in hours will equal the number of 
minutes required to replace the evaporation. Low soil moisture tension 
results in shorter irrigation periods and high soil moisture tension 
results in longer irrigation periods. The relationship between soil 

moisture tension, time required to refill the evaporation pan, and 

irrigation time is expressed by:
Irrigation period (in hours) w (Time required to fill pan, in

minutes) X (Tensiometer factor)

The tensiometer factor is given by:
Tensiometer factor = 1 + fObserved Tension - 20l 1

L 5 J 4
where the quantity in brackets is an integer and has the potential 

values of -2, -1, 0, 1, 2, 3. The tension is in centibars.
A static water source for the pump is a requirement. A method 

to detect the presence of water in the static Water source is needed to 
prevent running the pump when water is not available. Pump damage could 
occur if water was not present while the pump was funning. Use of a 

water level detector in the static water source insures that the pump 

will not run during periods when water is unavailable. A commercially 
manufactured unit was in use at the experimental site. An additional 

circuit on the existing Water level detector system was installed for 

the exclusive use of this experiment.
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The controller uses the water level detector to control its 

clock motor. This arrangement insures that the controller will advance 

the time counter and/or the irrigation counter only when water is 

available. Water must be available for the controller to continue its 

normal operation.

The major elements of the system are shown in Figure 4. Signal 

flow and water flow between the elements are also indicated.
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CHAPTER 4

INSTALLATION AT TACNA

The trees being irrigated by use of the controller are located
. >  ' ■ ‘ at the Desert Valencia Ranch near Tacna, Arizona, These trees are in

cluded in the experimental area being used by The University of Arizona 
to evaluate methods of converting mature citrus groves to more efficient 
methods of irrigation. A group of trees east of the control building 
was chosen to be specifically under the controller’s influence. This 
block included 24 trees on a 22 x 16 foot spacing. All were Valencia 
orange trees of Campbell Nuclear budwood on Rough Lemon rootstock. The 

size of the block was 64 x 132 feet with the long dimension being in the 
east-west direction (see Figure 5).

The trickle irrigation system installed in this group of trees 
was designed to apply approximately six gallons of water per tree per 

hour with some control of this rate allowed by varying the pressure.
Five or six emitters were used at each tree to provide this flow. The 
system was in use prior to installation of the controller discussed 
here, but was provided with a separate pressure system at the time the 

controller was installed.
The controller was installed in conjunction with a pump, evapo

ration pan, and instrumented tensiometer. Two elapsed time clocks were
• *7

incorporated into the system to allow observation of the length of the 

irrigation period and the length of time needed to fill the evaporation

as
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pan. The pump was provided to allow this controller to operate .inde
pendently of the other pressurized system also located in the control 
building (see Figure 6).

At certain times it may be desired to provide for irrigation in 

addition to that requested by the controller. This could occur if 
availability of water was a problem at an earlier time and catch-up was 

desired, or if rainfall had occurred and irrigation was desired for 
salt management purposes. It also is possible that irrigation had to 
be stopped for some reason such as repair of water delivery problems.

To allow for manual override of the controller, two switches 

were installed at the pump motor starter switch to allow for stopping 

or starting the pump independent of the controller's status. Stopping 
the system by this method allows the controller to resume the irrigation 
once the system is turned on again. This allows corrective, action to 
be taken during the irrigation period without disturbing the operation 

of the controller.
The physical locations of the various components in the system 

are shown in Figure 5. The position of the various components inside 
the building was dictated by the location of the pump. In the case of 

the tensiometer a tree near the middle of the plot was selected and 
the depth of the installation Was chosen to be 18 inches. The distance 

from an emitter to the instrumented tensiometer was approximately two 

feet with the location of the tensiometer being just inside the drip 

line of the tree. In addition, three non-instrumented tensiometers



Figure 6. Power Supply, Controller, Elapsed Time Clocks, and Pump Motor Starter Switch.
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were installed in a similar fashion on another side of the same tree to 
observe the soil moisture tensions at 12, 18, and 36 inches»

The evaporation pan was located on a ridge near the main canal 
approximately 50 feet from the test site. It was a four foot diameter 
unpainted metal pan mounted on a 4 inch platform to allow airflow 

underneath the pan. A fence was constructed around the pan to discour
age removal of water by wildlife. The rate of water flow into the pan 
was controlled by trickle emitters installed at the pan as shown in 
Figure 2.

Calculation of the desired rate of water flow into the evapo

ration pan was based on the size of the pan, the estimated daily depth 

loss of water from the pan, and the length.of time needed to deliver the 

required water to the citrus trees. The controller will request irri
gation for a period of hours equal in number to the number of minutes • 

required to fill the evaporation pan. This is true only when the 
instrumented tensiometer is observing soil moisture tension of 20 centi

bars.
Mr6 Robert Roth (personal communication, March 1975) stated 

that the depth of water applied to the orange trees in the Tacna exper
iment was 72 inches per year. This depth of water should supply the 
consumptive use of the trees and allow a 20% leaching fraction. Con- 

version of this depth to a volume requirement per tree per day gives
43.4 gallons per tree per day. This assumes that the 72 inches of 
water would have been applied to the entire area of the orange grove.
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The total depth of evaporation expected from the evaporation 

pan in one year is approximately 100 inches. This is close to the 103 
inches of observed evaporation at the Yuma Citrus Station during 1975 
(U. So Department of Commerce, NOAA, NWS Substation History, Arizona 

1975).
Approximately seven hours would be required to deliver the 43.4 

gallons at a flow rate of 6 gallons per hour. This means that the pari 

should require seven minutes to fill on an average day. The average 
daily evaporation would be 0.27 inches. Filling a four foot diameter 
pan to a depth of 0.27 inches in 7 minutes would require a flow rate of

18.5 gallons per hour.
The actual installation at Tacna uses trickle emitters to give 

a flow rate of 22.4 gallons per hour. This higher flow rate was rieeded 
to overcome the high soil moisture conditions initially encountered at 
the experiment site. Ittcreasing the flow rate will reduce the length 
of irrigation and hasten the return to lower soil moisture conditions.



CHAPTER 5

SIGNAL FLOW AND COMPONENT UTILIZATION

This section describes in detail the signal flow throughout the 

system and within elements of the system. The components used to direct 

this signal flow are also discussed. Appendix A describes the compo
nents used in the system. Appendix B shows the location of the 

components within the system. Appendix C shows the component inter
connections as well as signal distribution. The List of Symbols defines 
the nature of a signal.

Reference Level Detector 

The light emitting diode D1 illuminates phototransistor Q1 until 
the float rises to interrupt this light path. As long as Q1 is illumi
nated current passes through resistor R2 keeping pin 4 of the quad 
comparator LM339 low. When the light is no longer available current no 
longer passes through R2 and pin 4 goes high. This changes the state 
of the output of the comparator and also the state of transistor Q2. 

Resistors R3, r4s and R5 serve to generate the reference level needed 

for the quad comparator. R6 gives positive feedback to the comparator 
inputs which reduces oscillation about the reference level. R7 and R8 

provide and limit the current necessary to drive transistor Q2 which 
drives the signal line to the controller. Power, signal, and ground '

34
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pass through connector block CBl. The signal passing from the reference 
level detector to the controller is designated EPL (see Figures B.l and 

C.l).
Instrumented Tens iometer Gage

The five light emitting diodes D2 through D6 illiminate the 

five phototransistors Q3 through Q7 until the foil wedge interrupts the 
light path between the light emitting diode-phototransistor pairs.
When the light path is unbroken the current passing through the resis

tors RIO through R14 insure that the inputs to the 74C04 hex inverter 

in location A1 will be high and the outputs low. Similarly, with the 

light paths interrupted the outputs of the 74C04 in location A1 will be 
high. The 74C86 quad exclusive OR gate in location Bl checks to see 
where the edge of the foil is located. When one phototransistor indi

cates an unbroken light path and an adjacent phototransistor indicates 
a broken light path the foil wedge is located between these two photo
transistors. The quad exclusive OR gate cheeks for this condition 

between the five phototransistors. Binary coding of the OR gate outputs 

is handled by the 4025 triple 3-input NOR gate in location B2. All 
light paths unbroken are given output values of zero. As tension rises 
Q7 is blocked first and the binary coding results in an output value of 
two. The output value increases one for each additional broken light 

path until the value of six is reachen when all light paths are broken.

The 74C04 hex inverter in location A2 is used to invert the 

three outputs of the triple 3-input NOR gates. R16, R17, and R18 limit 
the current passing from the outputs of the 74C04 hex inverter in
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location A2 to Q8, Q9, and Q10, the line driver transistors. Pin 6. 
from the triple 3-input NOR gate delivers the binary 4 signal, pin 9 

delivers the binary 2 signal, and pin 10 delivers the binary 1 line.
The three driver transistors, Q8, Q9, and Q10, drive the 4, 2, and 1 
binary signal lines to the controller. The binary signal 4 to the 
controller is designated TN4. Similarly the 2 signal is designated TN2 
and the 1 signal TNI. Component carriers CC1 and CC2 are used to mount 
the transistors and resistors. Connector CB2 provides terminations at 
the instrumented tensiometer for power, ground, and the three signal 

lines (see Figures B.2 and C.2).

Controller
The three signal lines from the tensiometer and the single 

signal line from the reference level detector all drive light emitting 

diodes at the controller. Signals TN4, TN2, TNI, and EPL drive D7,

D8, D9, and Dll respectively. Current for these light emitting diodes 

is provided through R22, R24, R26, and R30. Detection of the light 
pulses generated by the second hand plexiglass disk rotating in front of 

D7, D8, and D9 is done by the phototransistors Q13, Q14, and Q15.
Current to these transistors is provided by R23, R25, and R27. These 

three signals are received by three sections of the EM339 quad comparat

or in location A2. A reference signal for the entire quad comparator is 

provided by R32 and R33. The current necessary for the output of the 

comparator sections is provided by resistors R35, R37, and R39. R34,

R36, and R38 provide the positive feedback needed to reduce oscillations 
in the quad comparator sections. The pulsed signal generated by the
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comparator section associated with TN4 is designated TP4= Similarly 
TP2 is associated with TN2 and TP1 with TNI. After TPl, TP2, and TP4 

are inverted by three sections of the hex Schmitt trigger in location 

F4, they are summed by one section of the 4025 triple 3-input NOR gate. 
The output of this NOR section on pin 10 is a series of pulses with 
the pulse rate (pulses/minute) being equal to the number represented by 
the binary equivalent of signals TN4S TN2, and TNI. This output is fed 
to pin 5 of the 74C20 in location Al.

The EPL signal is detected directly by phototransistor Q17. R31
provides the current for Q17 and Cl provides some filtering of the ;

signal detected by Q17. The output of Q17 is sent to one section of 
the 74C20 dual 4-input NAND gate in location F3. Two of the inputs of 
this section are supplied with +12 volts. The last input of this 
Section is high whenever the count in the irrigation counter is less 
than 95. This operation is handled by the other 4-input NAND section of 

the 74C20 in location F3. The lines E80, E10, E4, and El from the irri
gation counter are summed by the NAND section to give a low output on 

pin 6 of location F3 when 95 is reached in the irrigation counter. This 

arrangement insures that pin 8 of F3 can be low only when the irrigation 

counter is at a count of less than 95 and the signal EPL is not drawing 

current through Dll. The NAND output on pin 8 of location F3 is invert
ed by one section of the 74C14 hex Schmitt trigger in location F4. The 
output of this hex Schmitt trigger section on pin 8 of location F3 is 

fed directly to pin 4 of the. 74C20 dual 4-input NAND located in Al and 
to pin 5 of the 74C08 quad 2-input AND in location E4.
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Two sections of the 4025 triple 3-input NOR in location A4 are 

used to examine the contents of the time counter. The signals from the 
time counter, T80, T40, T20, TIO, T8, and T4, are the inputs to the two 
NOR sections. As long as all the inputs to these two NOR sections are 

low the outputs on pin 6 and pin 9 of location A4 will be high. These 
two outputs can be high only when the time counter is at a count of 
three or less.

The conditions which allow the pulses from pin 10 of the NOR 

section in location A4 to pass through the 4-input NAND gate in location 
A1 are that the time counter be a a count of three or less, the irriga
tion counter be at a count of 95 or less, and the EPL signal not be 

drawing current through Dll. If these conditions are satisfied a series 
of pulses will appear at pin 6 of the 4-input NAND gate in Al. This 
pulse signal, designated EPP, drives the irrigation counter as long as 

the above conditions are met. The pulse rate is determined by signals 
TN4, TN2, and TNI. The same status of the counters and the EPL signal 

is required to generate a high output on pin 6 of the AND gate in loca
tion E4. The signal from pin 6 of location E4 is designated EPR.

Signal EPR drives a relay which controls a solenoid valve. This valve 
controls water flow to the evaporation pan. Only when signal EPR is 

high is the solenoid valve opened. This insures that flow to the evap
oration pan will not occur unless the irrigation counter is being 
advanced.

The pulses used to advance the time counter are generated by 

the minute hand disk rotating between DIO and Q16. The light pulses
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detected by Q16 cause current to flow through R26. A single section of 
the LM339 quad comparator in location A2 is used to receive the output 
of Q16. The reference signal is generated by R32 and R33 as before.
R40 provides positive feedback for reducing oscillations and R41 pro
vides output current. Two sections of the hex Schmitt inverter in 
location F4 are used to filter the time pulses from pin 2 of the LM339, 
C2 determines the degree of filtering performed. The outputs of these 
two hex Schmitt trigger sections are used in the time counter operation. 

The signal used to advance the time counter is 4H while 4H is used as a 
partial requirement for clearing the counter. Signal 4H is simply the 
inverse of signal 4H (see Figure B.3 in Appendix B and Figure C.3 in 

Appendix C).
The two counters in the controller are constructed from decade 

counter integrated circuits. Two 74C90 decade counter integrated cir
cuits are tied in series to give a single counter with a two decade 
capacity. The 74C90 decade counters in locations B1 and B2 make up the 

irrigation counter. This counter is advanced by the pulses from signal 
EPF. The 74C90 decade counter in location B2 is the low order decade 

of the irrigation counter. Overflow from the low order decade feeds 

the high order decade counter in location Bl. The output lines from 

the 74C90 decade counters are in binary coded decimal form. This means 
that the signal on pin 12 of the 74C90 in location B2 has a value of 

one, pin 9 a value, of two, pin 8 a value of four, and pin 11 a value of 
eight. The output lines from the high order decade counter in location 
Bl have values of 10, 20, 40, 80, and 90. Each output line from the



40
irrigation counter is designated by the letter "E" and the numerical 
value of the signals.

The time counter uses the 74090 decade counters in locations B3 
, ■ '' 

and B4o Signal 4H feeds the low order decade counter in location B4.
Overflow from this counter feeds the high order decade counter in loca
tion B3. The numerical value of the signal preceded by the letter "T" 
is used to designate each of the output lines from the time counter.
Four of these output lines are used to generate one of the signals used 
to clear the counters. T80, T10, T4, and T2 are used as inputs to a
section of the 74C20 dual 4-input NAM) gate in location Al. The output 

on pin 8 of this 4-input HAND gate is connected to pin 2 of each 74C90 
decade counter. This insures that each of the decade counters will be 

cleared when the time counter reaches a count of 96.
The 74C85 digital comparators in locations A3 and Cl examine 

each of the output lines from the irrigation counter and the time 

counter. The 74C85 in location A3 does the comparison of the low order 
decade counters, and the 74C85 in location Cl does the high order com
parison. The two comparators are connected in series to give three 

outputs on pins 12, 13, and 3 of location Cl. The T C, E signal on pin 

12 is high whenever the irrigation counter is at a higher count than the 

tiine counter, t = E on pin 3 is high when the two counters are at an 
equal count. T E on pin 13 is high when the time counter is at a 
higher count than the irrigation counter. The signal T < E is used to 

drive the relay controlling the pump. This insures that the pump can
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run only when the irrigation counter is at a higher count that the time 
counter (see Figure B.3 in Appendix B and Figure C.4 in Appendix G).

The relays in the controller are used to switch the AC signals 

necessary to start the pump motor and control the solenoid valve. The 
EPR signal drives transistor Qll through the current limiting resistor
R18. Current passes through the relay coil of relay RL1 and resistor

. - * • ^
R19 whenever Qll is driven by signal EPR. This closes the contacts of 
RL1 to give continuity between terminals TS1 and TS2 of the terminal 
strip TS. FS1 is a fuse used to protect the relay contacts of ELI.
Relay EL2 is controlled by the signal T "C E. R20, Q12, R21, and FS2
are used to control and protect RL2 as was done for ELI. Continuity will

'
will be present between TS3 and TS4 whenever the signal T <. E is high. 
Relay ELI is used to control the solenoid valve. The pump motor is 

controlled by EL2. (See Figures B.3 and B.4 in Appendix B and Figure 

C.5 in Appendix C.)
The display functions use the output signals from each of the 

74C90 decade counters and three signals from the signal receiver cir

cuitry. The four low decade output lines from the irrigation counter 
and the time counter are used as inputs to the 4011 quad 2-input NAND 
gates in locations D2 and D4 respectively. Switch signals SS4 and SS3 

supply the other input of each NAND section for locations D2 and D4 

respectively. The outputs of the NAND gates in locations D2 and D4 will 
be the inverse of the applied signals from the decade counters whenever 

switch signals SS4 and SS3 are high. Another 4011 quad 2-input NAND 

gate in location D3 receives the outputs from the NAND gates in loca
tions D2 and D4. If signal SS3 is high the outputs of the NAND sections



in location D3 will be the same as the time counter inputs to the NAND 
gates in location D4. The outputs of the NAND gates in location D3 
will be the same as the irrigation counter inputs to the NAND gates in 

location D4 whenever signal SS4 is high. A 4025 triple 3-input NOR 
gate in location El receives the pulsed signals TP4, TP2, and TP1.
These signals are pulsed inversions of the signals from the instrumented 
tensiometer. Whenever signal SS2 is low the outputs of the three NOR 
sections in location El will be pulsed equivalents of.the three signal 

lines, from the tensiometer. Three sections of the 4030 exclusive OR 
gate in location D1 are used to combine the three lower order outputs
from the NAND gates in location D3 With the three NOR outputs of loca

tion El.
The 74048 display decoder and driver in location E3 has four 

data input lines. The binary coded decimal number presented over these 
lines is selected by signals SS2, SS3, and SS4. All data inputs to the 

74048 will be low if signal SS2 is low and signals SS3 and SS4 are high. 
A low signal SS2 will present signals TP4, TP2, and TP1 to the 74048 

display decoder and driver in location E3. A high signal SS3 presents
T8, T4, T2, and Tl. E8, E4, E2, and El are presented by a high signal

SS4. The 74048 display decoder and driver decodes the binary coded 

decimal number presented to its inputs and drives a seven segment dis
play to create the digit representing the numerical value of the binary 

coded decimal number. Each segment of the dispaly has a letter identi

fier. Pins 9 through 15 of the 74048 provide the signals to the 
display. The signals to the display are designated by identifiers DS1A 

through DS1G. DS1 indicates that the signal is used for the low order
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display, and the letter indicates which segment is to be associated with 

the signal. Signal SS5 is used to stop the display function when it is 
not needed. All segments of the seven segment display can; be turned on 
by signal SSI. Inoperative segments can easily be found by this method. 
(See Figures B.3 and B.4 in Appendix B and Figure 0.6 in Appendix C.)

The method used to display the contents of the high order decade 
of the irrigation counter and the time counter is the same as used for 

the low order decade. The tensiometer signals did not require a high 

order display. This allowed the elimination of the NOR gates and the 
exclusive OR gates. Signal designations are the same except for the 
insertion of a factor of ten to indicate which signals belong to the 
high Order decade. (See Figure 0.7 in Appendix C.)

The displays and the resistors needed to limit the current flow 
are mounted on the dispaly board (see Figures B.3 and B.4 in Appendix 

B). A resistor is provided for each individual segment. Seven segment 

display DS1 is used for the high order digit and DS2 is used for the low
order digit (see Figure 0.7 in Appendix 0).

The switches needed at the controller for operation of the dis
plays are shown in Figure B.4 of Appendix B. SI through S4 are
momentary contact push button switches. S5 is a toggle switch. Resis

tors R56 through R60 provide the necessary current limiting. The 
signals generated by switches SI through S5 are designated SSI through

SS5. SSI and SS4 are normally low while SS2 and SS3 are normally high. 

SS5 is high when the displays are operating (see Figure 0.9 in Appendix 

0).
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The DC power distribution is divided into two major groups.

The E BUSS delivers DC power to the sensors and to all the light 
emitting diodes in the controller. Relay coil current is also supplied 
by the E BUSS. The L BUSS supplies only the counters and the other 

integrated circuits in the controller.
Battery BTl supplies current to the L BUSS when the +12 volts 

are not available at the input. Diode D12 prevents current flow to the 
E BUSS from the battery. Diode D13 prevents current flow through the 

battery when 12 volts are being supplied. Power supply filtering is 
provided by C3. Limited protection against use of the wrong polarity 
power is provided by D14. High current capability in the power supply 

used could destroy D14 (see Figure C.10 in Appendix C).

The distribution of the AC power is shown in Figure C.11 of Ap
pendix C. AC power must first pass through the water level detector. 
CM1, the clock motor in the controller, will run whenever the water 
level detector is providing AC power. The relay closures available at 
the terminal strip TS are used to control the pump motor starter and 
solenoid valve. Elapsed time clock THE keeps track of the length of 
time required to fill the evaporation pan. The length of the irrigation 
period is monitored by elapsed time clock TM1. Transformer TR1 stops 

the IIOV AC down to the 24v AC required by the solenoid valve.

Cab1ing Information

A three conductor cable is used between connectors CB1 and CB3. 
Connectors on this cable match CB1 and CB3. Conductor 1 (nearest the 

triangular side of the connector) carries the ground; conductor 2
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carries +12 VDC; and conductor 3 carries signal EPL. Connectors CB2 
and CB4 are brought together electrically by a five conductor cable. 

Conductors 1 and 2 provide a ground and +12 VDC. Conductors 3, 4, and 
5 carry signals TN4, TM2, and TNI, respectively.

Cost of Control System 
The approximate cost of materials for the controller and the 

two inputs was one hundred dollars ($100.00). Slightly more than half 

of this amount was spent on electronic components. Connectors, switches, 
enclosures, and miscellaneous hardware accounted for the rest of the 

cost. The cost of machining certain parts required for this project 

is not included in the $100.00.
Procurement of the materials in larger volumes could reduce the 

unit cost of the items by at least 50%. Production techniques could 
reduce the hardware requirements by 40%. A total material cost for the 
controller and its inputs of less than $50.00 would be a reasonable 

goal.



CHAPTER 6 

DISCUSSION AND CONCLUSIONS 

Discuss ion
The installation at Taqna required checking the operation of 

each element of the system before data could be taken. A field check 
at the Campbell Avenue Farm in Tucson was performed on the controller 
and its sensors before the system was assembled at Tacna. Checkout of 
the assembled system continued at Tacna. Field modifications were made 
to improve the operation of the system or to correct previously un

noticed problems.

Hardware Evaluation and Modifications
The operation of the control system in the field revealed only 

one electronic problem with the controller. Additional noise suppres
sion was necessary in the circuitry receiving the signal from the 
reference level detector. This was provided by capacitor Cl in the 

controller.
Inputs to the controller performed as designed. The selection 

of a proper orifice size at the reference level detector was important 
for proper determination of the reference level at the evaporation pan. 

Small orifices would be prone to plugging while large orifices did not 

properly dampen water level disturbances.
46
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The desire to have some irrigation occur when soil moisture 

tensions are less than 10 centibars was expressed by some members of 
the Tacna group. This was satisfied by a modification to the instru
mented tensiometer. The signal from the phototransistof associated 
with a 10 centibar tension was disabled. After this modification ten

sions of 10 centibars of less would result in the same output signals 
from the instrumented tens iometer.

System Operation
The control System was in continuous operation from June 9, 1976 

through June 16, 1976. Data from the official evaporation pan in a 
nearby orange grove were obtained for this period as shown in Table 2. 
The official pan is read daily by grove, management personnel. The ob

servations of the control system were taken by Tacna personnel. Time 

required to fill the evaporation pan and length of irrigation were ob*- 

tained directly from the elapsed time clocks. The total amount of water 
applied is measured by a water meter in the irrigation system. Dividing 
this amount by the number of trees (24) gives the amount applied per 

tree.
The flow rate to the evaporation pan was measured at 0.38 

gallons per minute. A four foot diameter pan requires 7.85 gallons for 

each inch of depth. . This shows that the time required to fill the pan 
during this 9 day period added 5,5 inches to the control system pan, 
more than twice the amount needed for the official pan. The exposure of 

the control system pan to the wind is probably the major reason for the 
large difference. Shading of the official pan by the orange trees near
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Table 2. Observations of Control System Performance.

Official Time required Instrumented Water
Daily Pan to fill sys- Length of Tensiometer Applied per

Date Evaporation tern pan (in Irrigation Reading tree (in
1976 (in inches) minutes) (in hours) (centibars) gallons)

June 8 .33 13.8 7.75 4 55.7
Jun e 9 .30 15.7 8.00 5 54,6
June 10 .30 11.5 6.50 5 44.4
June 11 .22 15.6 8.50 4 56.7
June 12 .11 N.R. N.R. N.R.

June 13 .42 N.R. N.R. N.R.

June 14 .29 34.1 18.25 6 137.0

June 15 .29 N.R. N.R. N.R.

June 16 .29 24.5 13.00 6 92.5

Total 2.55 115.2 62.0 440.9
1 N.R. = No readings taken. The next observation includes the data for
the unobserved period.
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sunrise and sunset may also contribute to the large difference. The 

variability in the data from the control system pan may also be due to 
a wind effect.

Table 2 shows that application of approximately 50 gallons of 
water per tree per day resulted in nearly constant tensions below 10 
centibars. This application rate is below the 60 gallons per tree per 
day needed to satisfy the adjusted consumptive use and a 20% leaching 
fraction. The lack of change in the soil moisture tension may indicate 

that the 60 gallon figure is an overestimate for this period.
After these initial observations were made, the flow rate to 

the pan was increased to 0.48 gallons per minute and the flow to the 
trees was reduced to 6.8 gallons per tree per hour. These changes 
should decrease the length of irrigation for a given depth of pan evapo
ration. A program of evaluation under operational conditions will be 
required to calibrate the controller for appropriate irrigation duration 

to meet the consumptive use needs of the crop irrigated.

Conclusions
Use of digital logic to control field operations is possible 

despite the need to locate control instrumentation in a rather harsh 

environment. The operation of the system shows that the techniques 

used function well under field conditions. Optical sensing of mechani
cal movement or position avoided the contact problems often encountered 

in the field.
The use of evaporation pan data and tensiometer data as inputs 

to control irrigation needs further evaluation. Determination of a pan
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constant required extended periods of observation„ Locating the pan in 
the orange grove may give a better indication of the actual conditions 

to which the trees are exposed. The shading effects and the micro
climate changes due to irrigation practices are more troublesome when 
located in the orange grove itself. Using the tensiometer data as an 
indicator of over irrigation or under irrigation avoids the problems 
associated with, using only tenslometers for irrigation scheduling.
More tenslometers would be needed to determine the Conditions through

out the irrigated area.
Further work should be done in determining the consumptive use 

of citrus. Designing an irrigation system to apply only the water 

needed is difficult when the water need is not established. The rela

tionships between consumptive use and climatic factors should also be 
explored. Relating only the seasonal trends is probably too simplistic.



APPENDIX A

PARTS LIST

Parts needed to complete this project are listed in this Ap

pendix. The location of the part within the system is included along 
with the description when practical.

51



52
Parts List: Integrated Circuits
Type Number Function Location
74C04 Hex Inverter Tensiometer (Al)
74C04 Hex Inverter Tensiometer (A2)
74C08 Quad 2-input NAH) gate Controller (E4)
74C14 Hex Schmitt Trigger Controller (F4)
74C20 Dual 4-input HAND gate Controller (Al)

74C 20 " " " (F3)
. 74C48 BCD-to-7 Segment Decoder Controller (E2)

74C48 " " " (E3)
74C85 4-Bit Magnitude Comparator Controller (A3)

74C85 " " " (Cl)
74C86 Quad 2-input Exclusive Tensiometer (Bl)

OR gate
74C90 4-Bit Decade Counter Controller (Bl)

74C90 " " . " (B2)

74C90 " " ” (B3)
74C90 " " " (B4)
CD4011 Quad 2-input NAND gate Controller (C2)

CD4011 " " " (C3)
CD4011 " " " (C4)

CD4011 " " " (D2)

CD4011 " " " (D3)
CD4011 " " " (D4)
CD4025 Triple 3-input NOR gate Controller (A4)
CD4025 ti n Tensiometer (B2)
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Parts List: Integrated Circuits (continued) 

Type Number Function _____ Location

CD4025
CD4030

LM339

LM339

Triple 3-input NOR gate
Quad 2-input Exclusive 

OR gate

Controller (El) 
Controller (Dl)

Controller (A2)
Reference Level Detector
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Parts List« Transistors
Transistor Number Type Number Location

Ql
Q2
Q3
Q4

Q5
Q6

Q7
Q8
Q9
Q10

Qll
Q12
Q13

Q14

Q15
Q16

Q17

T1L78
2N4401
T1L78

2N4401

2N4401

T1L78

Reference Level Detector 
Reference Level Detector 
Tensiometer

Tensiometer (Cl) 

(Cl) 
(Cl)

Controller
11

Controller
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Parts List: Diodes
Diode Number Type Number Location

D1
D2
D3

D4

D5
D6
D7
D8
D9
DIO

Dll

D12

D13

014

T1L32

IN914 or 
equivalent

Reference Level Detector 
Tensiometer

Controller

Controller



Parts List: Resistors*
Resistor Number Value Location,

Rl 470 Reference Level Detector

R2 ' 47K " " "
R3 47K " " "

R4 3K " " ''
R5 47K " " "

R6 ZOOK " " "

R7 ' 3K " " ' "
R8 470 " " "
R9 330 Tensiometer (01).

RIO 47k " (Cl)

Rll " " (Cl)
R12 " " (C2)
R13 " " (C2)
R14 " " (C2)
R15 20K " (Cl)

R16 " " (Cl)

R17 " " (Cl)
R18 11 Controller

R19 470 Controller
R20 20K Controller
R21 470 Controller

R22 470 Controller

R23 47K Controller
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List of Parts: Resistors* 
Resistor Number

(continued)
Value Location

R24 470 Controller

R25 47K Controller

R26 470 Controller

R27 47K Controller

R28 470 Controller

R29 47K Controller

R30 470 Controller

R31 47K Controller

R32 47K Controller

R33 47K Controller

R34 200K Controller

R35 100K Controller

R36 200K Controller

R37 100K Controller

R38 200K Controller

R39 10 OK Controller

R40 200K Controller

R41 . 100K Controller

R42 2K Controller Display Board

R43 ii ii If If

R44 ti 1! II It

R45 n If II If

it II II II
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Parts List: Resistors* (continued) 
Resistor Number . Value Location

R47
R48

R49
R50

R51

R52
R53
R54
R55

R56

R57
R58

R59
R60

2K

20K

Controller Board

Controller (B4) 

(D4) 

(C4) 

(E4)

* All resistors are 1/4 watt, 10% tolerance or better.



Parts List: Capacitors
Capacitor Number_____ Value Location

Cl .1 «f Controller
C2 .1 uf Controller (F4)
C3 220 uf Controller
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Parts List: Miscellaneous Parts
Part Number Description__________  Location
CB1 3 Pin Molex Connector Reference Level Detector
CB2 5 Pin Molex Connector Tensiometer
CBS 3 Pin Molex Connector Controller
CB4 5 Pin Molex Connector "

CC1 Component Carrier for Tensiometer (01)
discrete components

CC2 " " " (C2)
CM1 110 VAC Clock Motor Controller

DS1 MAN 3 7-Segment Display ”

DS2 " " "
ESI Fuse Holder "

FS2 " " "
J1 Bananna Plug Jack "

J2 " " "
J3 Single AC receptacle "

J4 Single AC outlet "
ELI SPDT 6 VDC Relay "

RL2 " " ”
51 SPST Push Button Switch . "
5 2  ii ii ii ii

22 ii ii ii ii

54 " " " ”

55 SPDT Toggle Switch "
TS Terminal Strip._ "



APPENDIX B

PHYSICAL LAYOUT DIAGRAMS

Appendix B contains figures showing the physical layout of the 
Reference Level Detector, the Instrumented Tensiometer Gage, and the 

Controller. Component locations are also indicated on these figures. 
The location of an integrated circuit is determined by a row column 
method. Rows are indicated by letters on the figures. The columns are 
determined by counting from left to right. This row column method is 
used in Figures B.2 and B.3.
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APPENDIX C 

CIRCUIT DIAGRAMS

All circuits used in this project are shown in this Appendix.
The diagrams necessary for the reference level detector and the instru
mented tensiometer fit on single sheets. It was necessary to divide the 
controller diagrams into functional groups which could be displayed on 
a single sheet. External connections between elements are also shown 

here.
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Figure C.3. Time Reference and Input Receiver Electronics.
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LIST OF SYMBOLS

Symbol 1 Description

DS1A Signal to segment A of lower order digit display DS2

DS1B 91 1* B ii ii

DS1G V 99 C it it

DS1D 91 99 P ii ii

DS1E 19 99 E ii ii

DS1F 99 99 F 99 99

DS1G 19 99 G 99 99

DS10A Signal to segment A of higher order digit display DS1

DS10B 99 " B 99 99

DSIOC 99 it C 99 99

DS10D 19 n B 99 99

DSIOE 99 it E 99 99

DS10F 19 ii F 99 99

DSIOG 99 it G 99 99

E Observed monthly pan evaporation (in inches)

El "1" signal, from irrigation counter

E2 i * 2 " ii 99

E4 "4" ii 99

E8 " 8 " ii 99

E10 "10" ii 99

E20 "20" 99
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Symbol Description
E40 "4011 signal from irrigation counter
Eso "80" " ii

E Buss DC power route for all external sensors and discrete
components within the controller

EPL Signal from the reference level detector at the evapo
ration pan

EPR Signal controlling the operation of relay ELI and the
solenoid valve

E Estimate of monthly consumptive use (in inches) basedte on observed monthly pan evaporation (in inches)

Ett Estimate of monthly consumptive use (iii inches) based
oil average monthly temperature (in F)

L Buss DC power route for the integrated circuits in the
controller

551 Signal from switch 1 used for display test
552 " " 2 tension display
553 it ii 3 time counter display

554 " " 4 irrigation counter dis
play

555 " " 5 turning the displays off
oT Average monthly temperature in F

11 "1" signal from the time counter
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Symbol Description
T80 "80" signal from the time counter
T < E ' Signal indicating that the contents of the time

counter are less than the contents of the evaporation 
counter

T = E . Signal indicating that the contents of the time counter
equals the contents of the irrigation counter

T > E Signal indicating that the contents of the time counter
are greater that the contents of the evaporation 
counter

TNI "1" signal from tensiometer
TN2 "2" " "
TN4 "4" " "

TP1 Pulsed equivalent of signal TNI
TP2 " " " TN2
TP4 " n ii

4H Pulsed signal which advances the time counter by one
every 15 minutes

4H Inverse of 4H used as a partial requirement for 
clearing the counters
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