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PREFACE

This report covers work accomplished prior to December 1975, No
attempt has been made to incorporate succeeding research and analysis.

Funds for the laboratory development and testing of equipment were
supplied principally by the Water Systems Automation Program as part
of ongoing research at the E&R Center. ‘

Reprint of republication of any of this material should give appropriate
credit to the Bureau of Reclamation, U.S. Department of the Interior.
The information contained in this report regarding commercial
products may not be used for advertising ar promotional purposes and
is not to be construed as an endarsement of any product ar firm by the
Bureau of Reclamation. '
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PURPOSE

This study was conducted to design and develop a re-
liable prototype electronic filter level offset (EL-FLO)
ptus RESET analog computer-controller for automatic
downstream control of canal check gates. Data collect-
ed during field tests conducted on the South Gila Canal
near Yuma, Ariz., and on the Corning Canal near Red
Bluff, Calif., are compared with mathematical model
simulation to verify that the mathematical model does
predict hydraulic transients in the canal system with
reasonable accuracy as the resultant prototype EL-FLO
plus RESET controller responds to changes in down-
stream canalside demands.

CONCLUSIONS

The results of the laboratory studies and field tests are:
® A reliable electronic time delay circuit was
developed to supersede the more cumbersome hy-
draulic filter.

¢ A reliable EL-FLO proportional controller using
integrated circuits was developed.

® A RESET controller was developed and added to
the EL-FLO proportional controller feedback path
to eliminate the residual water level offset associ-
ated with proportional control.

& | aboratory simulation tests confirmed that the
prototype EL-FLO plus RESET feedback control
system was designed and constructed as mathemati-
cally modeled.

® Data collected during field tests of the proto-
type EL-FLO plus RESET feedback control system
on the South Gila Canal and the production model
on Corning Canal verified that the mathematical
model predicted with reasonable accuracy the
response characteristics of an operating canal
system as the controller responds to changes in
canalside demands.

® The Corning Canal EL-FLO plus RESET control
system has performed satisfactorily as intended in
the control of a series of radial gates. There are
indications that the control system will have a
high degree of reliability in adjusting the canal flow
to meet turnout demand. Developing a high degree
of reliability combined with a high degree of self-
regulation will accomplish the main objectives of
the development and testing program; that is, the

EL-FLO plus RESET controller will have applica-
tion and be economically justifiable for many exist-
ing and proposed canal systems.

* Further research and development investigations
are needed to establish better methods or proce-
dures to arrive at optimum control parameters for
the various methads of automatic downstream con-
trol of canal check gates.

APPLICATIONS

The proporticnal plus reset mode of control, such as
the EL-FLO plus RESET feedback. control system,
offers a great deal of versatility and flexibility of apera-
tion to automatic flow regulation in canal systems. The
targe and rapid, as well as the small*and slow, changes
of canalside demands can be regulated smoothly by the
proportionai mode of control. Operational stahility is
maintained by the electronic time delay circuit element
between the water level sensor and “real time” analog
computer. The reset mode of control eliminates the
residual water level offset of the proportional made
and maintains a nearly constant water level as flow
demands change. The EL-FLQO plus RESET method of
downstream control provides an automatic responsive
system between the demand and the source of supply.
The controller has the capability to meet the demands
of modern irrigation practice without supervisory inter-
vention. |f the EL-FLO plus RESET controller contin-
ues to demonstrate a high degree of reliability, it will
have application to and be economically justified for
automatic flow regulation of many existing or pro-
posed canal systems serving many distribution laterals
having complex irrigation water delivery schedules.

BACKGROUND

Automatic downstream control of canal check gates is
one approach to upgrading the conventicnal mode of
operation and achieving optimum efficiency of a canal
system. Control of canal check gates frem down-
stream water levels automatically ensures sensible
coupling of canaiside turnout diversions and canal inlet
flow. The application of control theary has made it
possible to select suitable control parameters to elimi-
nate instability inherent in automatic feedback control
systems and to give a high degree of self-regulation, i.e.,
the fastest response to canalside turnout demands and
the recovery of the canal system to a new stéady state
without excessive over-shooting of the water levels.
(1,2, 3]"

1

Numbers in brackets refer to references in the
Bibliography.



Recognizing the potential of the downstream control
concept, the Bureau of Reclamation began an .exiensive
research and development pragram in 1967 with a
research contract with the University of California at

Berkeley. The initial investigation developed a mathe-

matical model for canal system simulation and an
- analytical study for the selection of control para-
meters. [4, 5] From the results of the 1967 program,
four prototype analog proportional controliers known

as the hydraulic filter level offset (HyFLO) method’

were designed, constructed, and field-tested on the
Corning Canal near Red Bluff, Calif., in March 19682.
The field test data confirmed the analytical studies.
[1] A typical HyFLO feedback control system is
shown in figure 1. {All main text figures foliow the
Bibliography.)

The first element of the feedback system, (fig. 1) is a
hydraulic filter that develops the necessary large time
constant {on the order of 2000 seconds). The hydraulic
filter governs the stability of. the control system by
filtering out the critical frequencies of the disturbances
which tend to be amplified by the controlier. The hy-
draulic filter consists of a capillary tube connected
_between the canal {or a normal stilling well) and a sec-
ondary or filter well; see figure 2. The linear resistance
of the laminar flow produced by the capillary tube rep-
resents the resistance (R} and the surface area of the
filter well represents the capacitance () of the analo-
gous electranic RC ciréuit.

A pressure transducer was used during the March 1969
tests as the sensor element to measure the water level
inside the filter well. The pressure transducer arrange-
ment proved to be too delicate for field ‘installation
and prablems with maintaining calibration and proper
operation were experienced during the test period.
Difficulties were also experienced in the control equip-
ment electronic circuitry. The overall equipment per-
formance during the March 1969 field test was not
satisfactory.

With the assistance of the Engineering and Research

Center, & new hydraulic filter (fig. 3) using a float-

operated potentiometer as the sensor element was de-
signed, constructed, and tested in the hydraulic labora-
tary. (6] The problems of the analog controller elec-
tronic circuitry that were experienced during the
March 1989 tests were also resolved. In anticipation

that sediment and biological microorganisms present

in the canal water might plug the 2.4-mm (3/32-in)
inside-diameter capiliary tube, a plastic bag containing
clean water was added to assist in keeping the capillary
tube clean and the hydraulic time delay operating

{fig. 4).2 The delay time constant was not appreciably
changed by the addition of the plastic bag and connect-
ing tube.

In March 1970, the new hydraulic filter and a modified
original HyFLO control chassis (fig. 5) was installed
an the Corning Canal for-autematic regulation of check
No. 1. The new hydraulic filter was installed in the
stilling well immediately upstream of check No. 2. The
equipment was. put into continuous operation. For a
period of 6 months, the performance of the new hy-
draulic filter and the maodified HyFLO controller was
excellent. However, after 6 months, the capillary tube
became plugged as a result of airborne debris such as
dust and insects entering the filter weil through the air
vent and settling down inside the well and becoming
suspended in the water. Dead fly carcasses were the
primary cause of plugging the capillary tube, their size
was greater than the inside diameter of the capillary
tube before they decomposed. Proper screening and
filtering of the air vent may have eliminated further
problems of this kind. ’

The canal check No. 1 gate was operated manually
until the filter well could be removed and cleaned.
During the period of manual operation, high water
levels occurred in the canal. The filter well had only a
160-mm {B-in} free board and during high water levels,
the 125-mm (5-in) diameter float stopped against the

* filter well tap lid and became submerged. Water then

drained into the inside of the float through its top vent
hole causing the float to sink. The filter well was then
remaoved and cleaned. However, the water inside the
float could not be entirely drained even by.the use of a
hypodermic needle. In the process of disassembling
the filter well, the float tape which was made from
brass shim stotk bacame wrinkled and it had stretched
to a point where the hoeles in the tape would not mesh
with pins on the specially constructed 50-mm (2-in)
float pulley. Because of the problems experienced with
the capillary tube plugging, the fleat sinking, and the
float tape becoming easily damaged, it was decided
that an improved design would be required to obtain
better hydraulic filter well longevity. The hydraulic
filter well was not put back into operation. The proto-

" type operation had demonstrated sufficiently that the

present design of the hydraulic filter was cumbersome,

" would require frequent maintenance, and the special

design (not off-the-shelf components) of the float-tape-
pulley would be costly to construct.

* Dimensions and other measures in this report were
recorded in the inch-pound (U.S. customary) system of
units. The reporting of these measures in the Sl metric
systemn is per USBR policy. The English equivalents
given in pare_ntheses are the more exact values.




As a result of these conclusions, a decision was made to
develop a reliable electronic time delay circuit to re-
place the more cumbersome and costiy hydraulic filter
weli. A float-tape-pulley arrangement would still be
required to sense the water level as input 1o an elec-
tronic filter but standard off-the-shelf eguipment
could be used.

The development of the electronic filter began with a
suggested circuit design (fig. 6) furnished by Professor
James A. Harder, Professor of Hydraulic Engineering,
Department of Civil Engineering, University of Cali-
fornia at Berkeley. Professer Harder was the principal

investigator for thé University on the research con-

tracts for investigating automatic downstream contral
of canal check gates sponsored by the Bureau of Recla-
mation, Mid-Pacific Region, which began in 1967 and

_ended in 1969,

The time delay circuit requires large time constants
(R multiplied by C) and typically range from 100 to
4000 seconds. Time constants of this magnitude can be
obtained using electrical elements consisting of a low-
leakage capacitor, a good-quality resistor, a field
effect transistor (FET), and an operational amplifier
with a variable feedback resistor. The electrical circuit
within the dashed area of figure 6 must be packaged in
a hermetically sealed enclosure to shield the electrical
high impedance characteristics from the influence of
environmental humidity.

An electronic time delay circuit was constructed at the
E&R Center with some minor changes to that suggest-
ed by Professor Harder. The first unit was labeled the
“*Model A" (fig. 7) and included an "initialize" feature
that would automatically reset the output of the elec-
tronic filter to the prevailing canal water level after a
power failure in the event that a power failure oc-
curred. Laboratory testing confirmed that the elec-
tronic time delay circuit output reproduced the hy-
draulic filter output using the same input water level
variation. [6] The high impedance portion of the elec-
tronic filter was coated with a layer of silastic resin.
However, labaoratory tests were not canducted at this
time to determine if the silastic. coating was an ade-
quate protection against humidity. The Model A was
sent to the Corning Canal for field tests replacing the
hydraulic filter.

Field tests of the Model A electronic filter were con-
ducted in November 1971 for a pericd of 3 days and
its performance was satisfactory. To continue the tests
for a fonger period on an actual operating canal was
too risky because the process used to hermeticatly seal
and protect the high impedance properties of the elec-
tronic time delay circuit from humidity had not been

verified. Therefore, the electronic filter was returned
to the laboratory for further tests. However, the test
period using actual operating conditions was long
enough to demonstrate that the electronic filter could
replace the hydraulic fitter. The electronic filter would
have to operate continuously for very long pericds
without failure in order to achieve a high degree of
reliability and a low maintenance cost.

Shortly after the return of the Model A electronic
filter, an extensive program was initiated for testing the
filter in simulated canal bank environmental condi-
tions. These tests proved to be very beneficial and
showed the Model A filter was not adequately protect-
ed against high humidity. Rearrangeing the electronic
components and redesign of the “initialize’ circuit
were necessary to isolate the high-impedance circuit
inta one area that could be hermeticaily sealed.

The next step toward the development of a reliable
electronic filter was to construct four electronic filters
using the same electronic circuit design of the Model
A. The electronic components for each filter were
mounted on two BO— by 140-mm (3.16— by 5.5-in)
printed circuit boards {fig.-8). The high—impedance
RC network was placed on one card and encapsulated
with Sylgard® 184 encapsulating resin. The operational
amplifier' network was placed on the other card. These
four electronic filter units underwent extensive “burn-
in” and environmental tests. Each unit was placed in an
environmental chamber {fig. 9) and tested at 65 °C
(150 ° F) with low humidity and at 18 °C {65 °F) with
100 percent humidity. The results of these studies are
detailed in appendixes | and |I.

A comparison can be made between the sizes of the
electronic filter (fig. 9) and the hydraulic filter (fig. 3).
The electronic filter is small and compatible with the
electronic circuits of the analogcontrol chassis.

Thehfirst three units of the electronic filter, after the
laboratory tests were completed, were sent to the
Corning Canal in May 1972 for installation on con-
trollers at the first three check structures. The control
chassis used at check No. 1 was the same chassis (with
modifications already completed) that was used for the
hydraulic filter tests of 1970 and the electronic filter
Model A tests of November 1971. Two additional
chassis of the March 1969 test program were maodified
to correct the defects of the original equipment and
were installed at checks No. 2 and 3.

After June 1972, the analog computer<ontraller be-
came known as the electronic filter level offset {EL-
FLO} method rather than the hydraulic filter leve} off-
set (HyFLO) method because the electronic filter had

3 Trademark Dow Corning



' |
replaced the hydraulic filter element of the feedpack
system.

The EL-FLO controfiers were operated continuously
from June to November of the 1972 irrigation sea-
san. From the beginning of operation, problems with
“cold” solder connections on the old control chassis
began to cause intermittent operations. Although many
of the solder connections were corrected during the
initial startup, the control chassis at check No. 3 had
numerous poor solder connections and it was pessible
to operate the ““Raise’ relay of the gate hoist without
praper input voltage signal. False operation had oc-
curred at night and was contributed to.”cold” solder
connections breaking electrical contact when the
ambient temperature dropped. In attempts to repair
the control chassis at check No. 3, the electronic filter,
unit 2, located at check No. 3 was damaged. Because of
the failure of the electronic filter and the erratic aper-
ation of the check No. 3 controller, the controller was
removed and replaced with the equipment at check No.
4: The replacement allowed check No. 2 to be put back
into automatic operation with an adjusted time con-
stant in the electranic filter unit 3. The check No. 3
controller and unit 2 filter were returned to the E&R
Center laboratory for repair.

Laboratory analysis of the electronic filter unit 2
revealed that poor sclder connections on the RC net-

* work field effect transistor (FET) was the apparent

cause of abnormal operation during the initial startup
period. The control chassis for check No. 3 was com-
pletely reconditioned in the laboratory to correct the
" soider connections. The control chassis for check No. 3

. and the electronic filter unit 2 were returned to the

Corning Canal and put into operation by the end of
June 1972. :

For a period of 3 manths, the three EL-FLO control-
lers performed satisfactorily. However, problems with
poor solder connections began to appear again and as
time went on, they appeared with greater frequency.
Other difficulties .began to occur such as. an open
circuit in an overhead communication wire caused by
the birdshot of a dove hunter and short circuits within
the control ‘chassis. The frequent intermittent oper-
ation of the modified control ¢hassis began to have an
effect on the operation of the Corning Canal system,
Since the irrigation season was nearly over in Novem-
her 1972, the EL-FLQO control system was turned off
for safety reasons. During the 5 months of operation,
the electronic filters performed satisfactorily except
for one instance. An electrical storm one night in Sep-
tember apparently caused a voltage surge on the power
supply and/or the communication channel causing

damage to electrical components in the unit 1 elec-
tronic filter. Protection against voltage surges which are
very destructive to most solid state devices had not
been included in the modification of the original
control chassis. The unit 1 electronic filter was re-
turned to the E&R Center laboratory for repair be-
cause spare equipment was not available at the Corning
Canal for quick replacement. The laboratory discover-
ed that the chopper stabilized operational amplifier
(233J) and the matching ' impedance operational
amplifier (u741) on the electronic filter operational
amplifier card had been damaged. These electrical com-
ponents were replaced and the unit 1 filter was re-
turned to the Corning Canal and put into operation
after about 1 week.

The primary intent of the 1972 prototype tests an the
Corning Canal was to obtain field experience on the
electronic filters. -The original controtlers, although
maodified, were not satisfactory for field operations.
The test program did provide sufficient data to deter-
mine that the electronic filters were suitably designed
for long and continuous field operation. However, it
was evident from the start of the 1972 operations that
the 1969 control chassis had become obsolete and that
a new design incorporating the latest technology in
solid-state circuits and construction on printed circuit
boards was necessary to .achieve better equipment
reliability,

A program to develop a new prototype EL-FLO con-
troller using the electronic filter unit 4 had begun be-
fare the 1972 field test program ended. A decision was.
made to develop a RESET controtler and incorporate
it into the new prototype EL-FLO controller. The
RESET feature would eliminate the residual water level
offset characteristic of the proportional control mode
of the EL-FLO method. The results of the prototype
development program of the EL-FLO plus RESET
controller including laboratory and field testing served
as a basis for designing and writing specifications for
control units to be procured and installed on a perma-
nent basis. Details of the development and testing pro-
gram for the EL-FLO plius RESET controller are de-
cribed in subsequent paragraphs of this report.

The electrical components necessary for a prototype
EL-FLO plus RESET feedback control system were
mounted on 11 printed circuit boards; see figure 10.
The basic control system of the old modified control
chassis for the EL-FLO controlier was used with circuit
design improvements and medium scale integrated
(MS1) circuits were used extensively in the design.
Experiences gained from the Corning Canal field tests
were used to improve the reliability of the controller.




Lightning protection and power line voltage surge
protection were also incorporated into the design of
the new prototype controller. The final prototype
electrical circuit design is as shown on figures 111-3
through I11-6.

The electronic filter cards are those which were devel-
oped as unit 4 during the electronic filter development
and testing program. The RESET control circuit was
designed to provide the extremely long integration per-
iod required (RESET) on the proportional control sig-
nal. The extremely long integration time was acquired
by using a slow speed timing d-¢ motor and varying the
motor speed proportional to the control signal level.
‘The d-c motor shaft turns a multiturn potentiometer to
provide the necessary d-c reset control signal. A chassis
complete with indicating lamps and test panel was con-
structed for the plug-in circuit boards.

The completed EL-FLO plus RESET control chassis
was exposed to high temperatures, 65 °C (150 °F), and
100 pereent humidity at 18 °C (65 °F) inside the envi-
ronmental test chamber. The most significant discovery
made during the environmental tests was the abnormal
aperation of wirewound trimpots in high temeperature
use, near 65 °C. It was cancluded that thermal expan-
sion caused the wiper of the trimpots to expand result-
ing in a sudden change in output. The wirewound trim-
pots were replaced with the cermet metal film type
that have infinite resolution and are unaffected by
thermal expansion, All trimpots and potentiometers
were of the humidity-proof construction. The proto-
. type control chassis performance was excellent when
subjected to similar environmental conditions encoun-
tered on the canal bank.

Laboratory tests (fig. 11) were conducted to verify
that the prototype EL-FLO plus RESET controller
was designed and constructed as mathematically mod-
eled. To accomplish this verification, the water level
sensor of the downstream control chassis was made to
foliow the water surface level of a mathematical model
output simulating a sudden change of downstream
canalside demand. The outputs of the prototype EL-
FLO plus RESET controller were then compared to
equivalent outputs of the mathematical model. Figure
22 illustrates that close agreement achieved between
the EL-FLO plus RESET prototype controller and the
simulated controller in the mathematica! model. There-
fore, the EL-FLO plus RESET method of control was
verified on-the-bench.

Upon completion of the laboratory development and
testing program faor the prototype EL-FLO plus RE-
SET controller, the contral chassis were mounted on a
swing out rack of a standard weatherproof wall mount

cabinet, figure 12. To provide automatic downstream
control of one canal reach {between canal check struc-
tures}, two control cabinets are required, one at the
downstream end and one at the upstream end of the
canal reach being controiled. The downstream cabinet
houses the chassis for the electronic filter, the elec-
tronic filter output signal transmitting equipment, and
the water level sensor assembly. Figure 12b shows how
the water level sensor assembly (using commercially
available water level float-tape-pulley hardware} is
installed. The upstream cabinet houses the chassis for
the EL-FLO plus RESET controller and the electronic
filter output receiving equipment. ’

The EL-FLO controller (fig. 11 and 12) was shipped
to the Yuma Projects Office, Yuma, Ariz., and was in-
stalled on the first reach of the South Gila Canal in
January 1973. The downstream cabinet was installed
inside the canal stilling well instrument shelter located
immediateiy upstream of check No. 2, figure 13a. The
upstream cabinet was installed at the stilling well
located immediately upstream of check No. 1, figures
13h and 14. The control parameters for the EL-FLO
plus RESET contraller were established to control the
check No. 1 from the water level upstream of check
No. 2, a distance of 2768 m {9080 ft). A Colvin con-
troller (fig. 12¢) which is of the set-operate-variable-
rest method of control was installed inside the up-
stream control cabinet, figure 14. The Colvin control-
ler parameters were established to contral the South
Gila Canal headgate fram the water leve! upstream of
check No. 1, a distance of 168 m {550 ft).

The South Gila Canal prototype contral equipment
was put into continuous operation on January 29,
1973. tnitial tests of the EL-FLO plus RESET contral-
ler revealed that the control gains were set tao high
causing excessive overshot. The gains were adjusted
downward to provide a more satisfactory control
response to changes of downstream canal demands.

The control system for check No. 1 and the headgate
perfarmed satisfactorily for 2 months. At this time, the
Colvin controller, an electromechanical device, began
to wear out from continucus operations. In March
1973, the Colvin cantrofler was taken out of service,
reconditioned for better reliability, and then put back
into operation after 3 days elapse time by the Yuma
Projects Office. During an additional 2 months time,
the Colvin controller developed excessive malfunctions
and was thereafter taken out of service permanently
because of the high rate of mechanical failure. The
control parameters of the EL-FLO plus RESET con-
troller were modified to control the South Gila Canal
headgate instead of the Celvin contraller, eliminating
the use of check No. 1.



The EL-FLO plus RESET controller equipment per-
formed without failure during the first 4 months of
field operation and the solid-state electrical circuits
showed excellent stability. The South Gila Cahal prato-
type test was terminated in May 1973 until the EL-
FLO controller parameters could be changed to control
“the headgate.

New control parameters were established for the EL-
FLO plus RESET controlier and the necessary modifi-
cations required to contral the headgate were com-
pleted in the field in August 1973, The EL-FLO plus
RESET controller was put back into continucus oper-
ation controlling the South Gila Canal headgate from
the water fevel Upstream of check No. 2, a distance of
2940 m (9630 ft). The gate at check No. 1 was fully
opened and not used to regulate canal flows.

During the initial operation in August 1973, the con-
trol parameters for the EL-FLO plus RESET controller
had to be decreased in order to reduce the excessive
overshot of the downstream canalside demands. After
the adjustments were made, the control system pro-
vided satisfactory control of the headgate with an
acceptable overshot of -about 16 percent and flow dis-
turbances were attenuated to a steady state without
excessive cycling of the inlet flows. :

Shortly after the control system was put into contin-
uous operation, the water level sensor potentiometer
developed what appeared to be a 'bad spot” on the
winding causing a momentary loss of water. level
signal output. The potentiometer was replaced within
20 minutes elapsed time to prevent possible abnormal
operation of the headgate by the controller.

The potentiometer malfunction was the first signifi-
cant equipment problem that developed during the
prototype testing that could be. related to circuit
design and/or eguipment setection.

An intermittent operation “wiper drop out" occurred
again in September 1973 with the RESET poten-
tiometer. The potentiometer was replaced after 50
minutes elapse. time; however, before replacement,
the malfuncticning had caused abnormal operation of
the headgate on an intermittent basis.

The two potentiometers were operated with an applied
voltage in'the laboratory. Only in one brief instance
could the intermittent operation that had occurred in
the field be duplicated. From all appearances, the po-
tentiometers were functioning normally. The two po-
tentiometers were returned to the manufacturer with
a request to examine the potentiometer internally and

to furnish the E&R Center with the results of the anal-
ysis. The manufacturer reported the following:

No spurigus wiper outputs or loss of wiper contin-
uity could be observed on either unit. Various
attempts were made by changing speed of rotation
application of radial and axial shaft loads, etc., with-
out an indication of malfunction.

Both units were disassembled and an internal inspec-
tion indicated no abnormalities. All contact points
had proper pressure. Elements were clean and
showed little signs of wear,

,The testing of the two potentiometers did not lead 1o a
conclusion as to the exact cause of the apparent wiper
drop-out. It is possible the instrumentation connected
to manitor and record the activity of the canal system
may had affected the operation of the controller. Test
points being monitored were located in critical por-
tions of the electronic circuits and spurious electrical
outputs from the recorders could have caused the erra-
tic operation of the control system. In addition, im-
proper grounding of the instrumentation, when con-
nected to the EL-FLO controller circuit ground, can
produce an effect similar to that experienced.

On September 23, 1973, a serious maifunction of the

~ control system occurred. The receiver unit in the up-

stream control cabinet (fig. 13b) failed internally
causing the input to the EL-FLO plus RESET control-
ler chassis to suddenly change from' a normal control
signal input representing 1.3 m (4.2 ft) of water
depth upstream of check No. 2 to a complete loss of
signal representing zero feet. The contraller, function-
ing normally. proceeded to open the headgate to
supply additional water based on the false input signal
and continued to open the headgate until it reached its
maximum opening. The headgate remained in this
position until manually closed by the ditchrider. With
the headgate opened to maximum position, the flow
into the South Gila Canal increased from about 1 ta
3 m3/s (40 to about 110 #1%/s). The increased flow
was sustained long enough to cause flooding and ex-
tensive damage at the end of the canal 11.4 km (7.1
mi) downstream. A detailed analysis of the defective
receiver unit was made in the laboratary. The results of
this study are inciuded as appendix 1V of this report.

The September 23, 1973 malfunction of the EL-FLO
plus RESET receiver unit ended the prototype test
program on the South Gila Canal. The prototype
equipment did not include an alarm system to notify
operating personnel in the event of eguipment failure.
Further testing of the prototype equipment, if contin-
ued, would have required hiring additional ditchriders




just to patrol the canal to avoid a recurrence of canal
damage resulting from equipment failures.

The program was sufficient to enable the Yuma lrriga-
tion District (the agency responsible far the operation
and maintenance of the South Gila Canal) to under-
stand clearly the benefits they would receive with can-
trollers instalied at all of the canal check structures on
a permanent basis. However, the 5-month duration of
the 1973 prototype test program, together with inter-
ruptions, required maodification of equipment and the
September maifunction which caused damage to the
canal during this period failed to demonstrate suffi-
cient equipment reliability to the District. They fore-
saw the possibility of having considerable maintenance
cost associated with the installation which could easily
negate associated benefits. After discussion, a recom-
mendation was made to defer a permanent installation
of the EL-FLD plus RESET controllers at all the South
Gila Canal check structures until high equipment re-
liability could be achieved.

Plans were underway at the time of the recommenda-
tion to install the EL.-FLO pius RESET controllers and
an alarm system (the same design as proposed for the
South Gila Canal) on the Corning Canal, Central Valley
Project, near Red Bluff, Calif. at 12 check structures.
The results of the 1973 test program served as the basis
for writing specifications (solicitation No. (D)J-33,
451-A) to procure EL-FLO plus RESET cantrol units
(fig. 15) to be installed on the Corning Canal and the
Coalinga Canal on a permanent basis.

The initial instaliation of the procured control units
was made on the first four check structures of the
Corning Canal and put into continuous operation in
May 1974, The initial installation was limited to the
first four check structures because the alarm system
{being procured under separate contract) was not avail-
able. The alarm system could be installed at a |ater date
when the remaining nine control units would be in-
stalled and put into operation.

During the first month of operation, a number of pro-
blems were experienced on the Corning Canal installa-
tion and long-time water outages were being created
because of malfunctions in previously installed equip-
ment. All the problems experienced were caused by the
combination of faulty check gate control relays and
improperly connected control circuits and short cir-
cuits in control wiring of the existing electrical control
equipment. No failure was found to be directly attri-
butable t¢ the EL-FLO plus RESET control system
equipment, Madifications and rehabilitation of existing
equipment prevented the further occurrence of these
problems. The periad of equipment malfunctions did

emphasize the need to correct deficiencies in existing
equipment before automatic equipment can be ex-
pected to operate properly.

Lightning struck the communication channel between
checks No. 1 and 2. Lightning arresters (to be included
with the alarm system) had not yet been instailed. Fail-
ure of the control equipment was very similar to the
failure during the 1972 prototype test program when
an electrical storm occurred in the same locality.
Equipment repairs were easily made in a short time by
simply replacing damaged printed circuit boards with
replacements furnished with the control equipment.
The damaged boards were sent to the E&R Center and
defective components were replaced. The printed cir-
cuit boards were then returned to the Corning Canal to
serve as replacements.

GENERAL THEORY
OF
EL-FLO PLUS RESET

The feedback system of the EL-FLO 'plus RESET
controller has been applied to automatic downstream
control of canal check gates. The downstream control
concept is basically that of a negative feedback rela-
tionship between the water level in the canal reach,
usually measured at the downstream end, and the dis-
charge into the canal reach through a motor-operated
check gate at the upstream end. “Downstream control”’
in this context means that the control of the changes in
canalside demands downstream will progress toward
the head of the canal or to the source of supply. This
control, although contrived through electronic sensors,
real-time analog computer-comparators, and electro-
mechanical gate controls, is like natural control in sub-
critical flow observed in backwater curves, namely, the
contrel is from downstream to upstream.[1]

The signal generated by a change in canalside demand
is transmitted nearly instantaneously from the down-
stream sensor to the upstream check gate. However,
the speed at which the canal reach can respond to the
signal, to satisfy the change of the downstream canal-
side demand, is very slow. The flow response time is
relative to the time required for the change of dis-
charge into the upstream end to traverse the canal
reach and arrive at the downstream end through
transient hydraulic wave action.

Rapid canal response times are necessary 10 ensure
sensible coupling of the canalside turnout diversions
and canal inlet flow. Rapid response times are limited
by canal flow stability consideraticns and practical



water level recovery characteristics. The design pro-
blem is how to achieve the best canal flow response
and meet selected stability criteria. [1]

The elements of the EL-FLO plus RESET feedback
system are shown in figure 16. A technical description
of each element is included in appendix I11.

Figure 17 illustrates the location of each element rel-
ative to the canal reach and adjacent canal reaches.
The first element is the sensor that measures the water
level .in the canal reach at the downstream end. The
water level sensor converts the vertical change of the
water level to rotation of a potentiometer to produce
a voltage signal output, YC. The output signal of the
water level sensor is delayed by the electranic filter to
produce a phase lag between the point of sensing and
filter output. The delay limits the response of the total
flow change within the period of potential oscillation
of the transient hydraulic traveling wave between
check structures, figures 18c and 19c.

Tht_a output signai, YF, of the electronic filter is trans-
mitted to and received at the upstream check gate. The

received YF is the input to the EL-FLO proportional’

controller and is used in solving the equation:
GP=KI1[YT-YE] (1)

where GP is the. desired gate opening of the propor-
tional mode of the feedback system, K'7 is the propor-
tionality factor of the gain constant of the EL-FLO
proportional controller, ¥T is the target value or the
referenced input. The target value is the desired water
level to. be maintained for all steady state flows.

The output signal, GP, of the EL-FLO proportional
controller provides the input signal to the RESET
controller and electronically performs the. following

integration: :
GR = K2 f GP dt (2)
o

where GR is the desired gate opening of the reset mode
of the feedback system, K2 is the proportionality fac-
tor or the gain constant of the RESET controller, and
tis time.

The tatal desired gate position, GD, is represented
mathematically by the foliowing equation:

t
GD=K1[YT-YF] +K2f K1[YT-YF] dr (3)
(4]

of , . GD=GP+GR ()

The output signals of the EL-FLO and RESET contral-
lers, GP and GR, are the inputs to the comparator unit.
The comparator unit sums the two inputs to cbtain the
desired gate position, GO (equation 4), and compares
GD to the actual gate position, GA, to obtain the
error signal, £AG, as follows: :

*AG=GP+GR-GA=GD-GA (5}

where GA has an opposite polarity to GP and GA. The
value of GA is measured by a potentiometer driven by
the check gate hoist shaft. If the error signal *AG is
greater than .the referenced input ar gate movement
dead band, OB, (typically 0.03 m (0.10 ft} of gate
opening}, the comparator unit will energize the raise or
lower relay of the actuator which in turn energizes the
gate motor to raise or lower the gate depending an the
polarity of the comparator unit cutput signal. The gate

" will then raise or lower until the comparator unit dif-

ference or error signal output is zero, at which time the
gate motion stops. The referenced input, DB, of the"
comparator unit is necessary because of the very fast
rate of gate movement relative to the computed desired
gate position. [2]

All measured and computed values of the feedback
control system must be correctly scaled and calibrated
if each element in the feedback path is to perform in
accordance with equations 3 through 5.

The selection of proper control parameters is essential
to the stable operation of the EL-FLO plus RESET
feedback control system and achisving desirable water
tevel response characteristics. Control parameters are
selected to eliminate instability inherent in automatic
feedback control systems and to give a high degree of
self-regulation, namely, the fastest response to the
change of downstream canalside demands with recov-
ery of the canal reach to a new steady state without
excessive overshooting of the inlet flows or fluctuation
of the water levels. THe system must function over a
wide range of canalside demand changes from a rapid
change of 50 percent of designed capacity of a canal
reach to a small change of less than 1 percent. The
response characteristics of the EL-FLO controller

~without RESET will be described first, then with the

RESET control action added, and then a comparison
of control with and without the ‘RESET action will
be made.

Three control parameters used by the EI-FLO control-
ler provide primary control action during the unsteady-
state flow conditions that occur immediately after a
flow change downstream. These three cantrol para-
meters are {1} the electronic filter time constant, 7F,




(2) the water level offset {¥T - ¥F) of equation 1, and
(3} the proportionality factor or gain, KT of equa-
tion 1.

The time constant of the electronic filter provides the
stability of the control system by attenuating the criti-
cal frequencies of water level disturbances that tend to

be amplified by the controller. The selection of the ~

proper time constant is based on considerations of the
hydraulic transient behavior of the apen channel under
study, the desired response of control action for the
system or the amount of damping desired within a
period of potential oscillation, as well as the desired
magnitude of the “offset” from the target value. The
offset (YT - YF), when multiplied by the proportion-
ality factor K7, results in a positioning of the upstream
gate to the proper opening to control the flow into the
canal reach, equation 1. For stability, a decrease in the
sensed depth {modified by the electronic filter) must
produce an increase in flow into the canal reach to
satisfy the requirements of a negative feedback system.

Figure 18 shows the characteristic response of a canal
reach using the EL-FLO method of automatic down-
stream control (proportional mode of control) without
the RESET controller {when K2 of equation 3 is zero).
The response to a turnout of 0.3 m3/s (11 %/} was
plotted from the output of a mathematical model
which simulated the canal reach and the EL-FLO meth-
od of praportional control. Figure 18a shows the
schematic of the canal reach and the water surface pro-
file at time zero. At time 10 minutes, a downstream
canalside " turnout flow was suddenly increased to
0.3 m?/s, figure 18e. Figure 18¢c shows how the change
in the downstream water level, YC, decreased and the
lag or phase shift by the electronic filter, YF.

Figure 18b shows the required gate opening, GO, of
the upstream check gate as computed by the EL-FLO
controller using equation 1. The actual gate opening,
GA, is the result of the comparator unit action using
equation 5 (where reset contrel action, GAR, is zero in
this illustration). A narrow referenced input, D8,
0.009 m {0.03 ft) to the comparator unit was used for
this example to increase the resolution of the com-
puted and actual gate positions at steady-state flow
conditions.

Figure 18d is a graph of the discharge through the up-
stream gate controlling the flow into the canal reach.
This plot is primarily used to measure the success of
the proper selection of the contral parameters men-
tioned above. The ratic of two successive amplitudes,
HA ., shown on the discharge plot can be used to de-
termine the degree of damping or attenuation of the
initial disturbance. At time 80 minutes, figure 18d,

the first amplitude, A7, measured from the base flow
of 0.3 m¥/s is 0.054 m®/s (1.9 f°/s). The second
successive amplitude, A2, is measured at time 200
minutes and is 0.0067 m®/s (0.2 ft3/s). Therefore,
the ratio, & , of the two successive amplitudes of this
example is:

_A2 00057 m’/s _0.2tYs
# A1 0054 m'/s 1.9 ft*fs

=011 (8)

Using figure 21 [5], the damping ratio, 8/w, is 0.70 for
this example. A damping ratic of 0.6 or a successive
amplitude ratio of 0.15 is considered ideal. Thus, in
this example, the canal reach appears slightly over-
damped. The report will show later that the EL-FLO
proportional mode needs to be overdamped because
the RESET control action, when added, reduces the
damping or attenuation of the overall feedback control
system. The percent overshoot can be determined by
using the first amplitude, A7, and dividing it by the
baseflow at the new steady state. The percent over-
shoot, from figure 18d, is:

PERCENT _ 0.08m?/s
OVERSHOOT ~ 03 mijs ¥ 100 =18 percent (7)

A smaller percent overshoot can be achieved if the
gain, K7, is reduced; the offset, ¥'T - YF, is increased;
and the time constant, 7F, is increased. However, the
water level, YC, drawdown at time 60 minutes, figure
18c, will be greater and the recovery time to a new
steady state will take a longer period of time. If a
larger percent overshaot can be tolerated upstream at
the source of supply, then the water level recavery,
figure 18¢, can be faster with less deviation or draw-
down by increasing the gain and decreasing the offset
and time constant.

The performance of the EL-FLO proportional mode of
cantrol can be demonstrated at 275 minutes by using
equation 1 and figure 18. In this illustration, the gain
was set at 3.0. Therefore, the upstream gate opening,
GP, can be computed as follows:

GP=K1(YT-YF)
=30(1.28m-1.25m] =0.09m

=3.0 [4.20 ft- 4.103 ft] =0.29 ft '8)

The upstream gate opening can be computed in this
manner at any selected time and the EL-FLO propor-
tional controller is continuousiy doing this computa-
tion.

The coupling of the downstream canalside demand to
the flow inta the canal reach upstream through the up-
stream check gate has been satisfactorily accomplished.



The downstream-demand of 0.3 m*/s (11:tt°/s) is pro-
portional to the downstream water level offset (Y7 -
YF} of 0.03 m (0.097 ft} and to the upstream gate
opening through the proportional gain. The resultant
gate opening at the new steady state will produce a
flow of 0.3 m¥/s into the canal reach to balance the
quantity being taken out of the canal reach as a down-
stream demand.

The water surface profile of the canal reach at the new
steady-state flow is shown in figure 18f at time 400
minutes. However, the steady-state flow has essentially
been reached at time 120 minutes after the change in
the canalside demand downstream had taken place.
The recovery time is.typical of the response charac-
teristic of the EL-FLO proportional mode of control.

The offset at the new steady-state flow is 0.03 m.
Another way of expressing the offset is in terms of the
steady'state discharge per length of offset or (m¥s)/m
or (ft¥%s)/ft. Per this illustration, the discharge per unit
length of offset is:

0.3ms 3

003m 10 (m>/s) /m or

11 ft¥fs 3

0.097 i 113.4 (ft°/s) /ft {9)

The purpose of the calculation of equation 9 is to elim-
inate the maximum offset in the water level at maxi-
mum designed discharge of the canal reach which in
this example is 3.1 m¥s (1101t¥/s). The maximum off-
set in this example would be about 0.3 m {1 ft). It is
emphasized that the change of discharge is not linear
over the offset distance because the gain of the feed-

the target value to fit the flow conditions of the canal
system during the irrigation season. The two solutions,
increased canal freeboard or manual adjustment by
an operator, to eliminate the potential reduction of
canal capacity and turnout flow capability previously
described would probably be too costly. Greater
canal freeboard and larger-size turnouts would have to
be constructed and would add to the cost of construc-
tion. A canal system that has pump-type turnouts
would probably not be affected by the offset or re-
duced water level at the pump intake but the reduced
flow capacity of the canal system caused by the
offset would still remain a problem.

Therefore, the EL-FLO proportional control method
of automatic downstream control introduces an offset
resulting in reduced canal flow and turncut capacities
unless costly adjustments are made to the normal
design of the canal reach.

The least expensive method for eliminating the limita-
tions of the EL-FLO proportional control method is to
add RESET capability to the feedback control system,
The primary function of a RESET controller is to
eliminate the residual water level offset of the EL-FLO
proportional controller and thereby restore the canal
capability for maximum fiow and designed turnout
capacities. The referenced input target value, for the
EL-FLO plus RESET feedback control system is

_ selected for the depth at the maximum designed dis-

back system is held constant. The example illustrates

two restrictions the proportional mode of control
imposes an operating the canal: (1) the maximum
discharge of the reach cannot be achieved at the 0.3-
meter {1-ft) offset because the reach was designed for
maximum flow at a target depth, Y7, of 1.28 m
(4.20 ft), and {2) the 0.3-meter (1-ft) offset may inter-
fere with proper delivery to gravity-type turnouts if
the loss of head (equal to the offset) on the turnout
gate was not taken into account in the design of the
reach.

One way to eliminate the two problems above is to set
the referenced input to the EL-FLO proportional
controller or the target depth, Y7, to 1.59 m {56.20 ft}
instead of 1.28 m (4.20 ft). However, most canal
reaches are not designed or constructed with suffi-
cient canal freeboard to permit a higher operating
depth. Another way to eliminate these restrictions is
to have a canal operator periodically manually adjust

charge.

In the example, the target value is 1.28 m (4.20 ft) for
a maximum designed flow af 3.1 m ¥s {110 ft/s).

Figure 19 shows the response of the example canal
reach using the EL-FLO plus RESET methaod of auto-
matic downstream control (proportional mode plus
proportional RESET action mode of control}. A turn-
out of 0.3 m%s (11 ft%/s} was made at the downstream
canalside at time 10 minutes starting from zero flow
conditions in the canal reaéh, figures 19a and e.

The most significant change noted with RESET action
is the recovery of the downstrean water level, YC,
{fig. 19¢) to within 0.003 m (0.01 ft) of the target
value, ¥T, of 1.2B m (4.20 ft) at time 140 minutes.
Figure 19b shows the desired gate opening, GD, of
the upstream check gate as computed by the EL-FLO
plus RESET controller using equations 3 and 4. The
actual gate position, GA, is the result of the compara-
tor unit action using equation 5 (in this illustration,
the gain (K2} of the RESET controller is not zero).
Figure 19b also shows a plot of EL-FLO proportion-
al and the RESET action control outputs separately.
If the separate outputs were added (GR + GP), the sum




would be the desired gate opening. Observe that the
EL-FLO proportional controller ocutput {GP}, provides
the primary control response immediately after the
flow change downstream has taken place. As a new
steady-state flow condition develops at target water
depth, the EL-FLO proportional mode control influ-
ence approaches zero and the RESET controller
provides the primary control response.

Figure 19d is the discharge through the upstream gate.
The success of control parameter selection with RE-
SET action can be measured again. The ratio,/{, of two
successive discharge amplitudes is:

_A2_0.023m’s_ 081t
TA1 0.153m’s 541t

=0.148 {10}

Fram figure 21, the damping ratio (&§/cw0) is 0.60. This
value is the desired damping or attenuation of the dis-
turbance that will give the fastest recovery to a new
steady state without excessive cycling of the inlet
flows or deviation of the cana! water levels. The over-
damped feedback system of the EL-FLO controller
without RESET (fig. 18d) has been reduced from a
damping ratio of 0.70 to 060 by adding the RESET
controfler, This example demonstrates that the RESET
control has the tendency of reducing the damping or
attenuation when added and, if precautions are not
taken, it could cause underdamping and result in a
stable feedback control system hecoming unstable,

The percent overshoot of the inlet discharge, figure
19d, is:

PERCENT _0.163 m%/s

OVERSHOOT -~ 0.3 m*/s x 100 = 51 percent (11)

In this illustration, the percent overshoot appears too
high and can be reduced by decreasing the proporticn-
al reset gain (K2) of equation 3. However, the recov-
ery time to eliminate 90 percent of the residual offset
and to achieve a new steady state will be longer. The
percent overshoot has increased from 18 percent
{equation 7} without RESET control action to 51 per-
cent (equation 10) with the RESET contral action.
The additional inlet flow to eliminate the residual
offset is accumulative for each successive canal reach
upstream. The excess flow can become very large if
elimination of the residual offset is to he accomplish-
ed within 2 hours after the initial disturbance has taken
place as shown in figure 19¢. To permit an accumula-
tion of inlet flow at the head of the canal to eliminate
the residual water level offsets in the cana! down-
stream, the source of supply must have the flexihility
to accommodate the larger overshoot of canal flow
demand. if the canal system inlet is a pumping plant,
then the accumulation of canal flows in response tc a

change in canalside demands may require additional
units to be turned on during the period that the canal
water Jevels are recovering to their target valves. The
additional units needed may exceed the capacity of
the pumping plant when the accumulation of inlet
flows occur at higher baseflow conditions. As a result,
the recovery will take longer if required additional

pump capacity is not available.

The selection of the RESET gain (K2} is somewhat
arbitrary. Previous discussion of a fast elimination
of the residual offset inherent to the EL-FLO propor-
tional mode or a large RESET proportional gain
showed undesirable effects can occur at the headworks
of a canal system. However, the gain cannot be too
small because a too long period of adjustment may be
required to eliminate the residual offset. The long pe-
riod would allow the canal level to decrease and reduce
the capacity of gravity-type canal turnouts. The reduc-
tion of canal flow capacity could still be eliminated,
but only after a ilong period of time. Therefore, the se-
lection of the RESET gain is based primarily on how
fast the system should recover. A practical recovery
characteristic for the EL-FLO plus RESET feedback
control system is a 90 percent recovery rate of the re-
sidual offset after about 4 hours from the time of the
initiat disturbance and a damping ratio, §/w, of 0.6
with only one major initial cycle of the inlet flow
(fig. 19d).

The performance of the EL-FLO plus RESET feed-
back control system can be demonstrated at 140 min-
utes by using equation 3 and figure 19. In this illus-
tration, the proportional mode gain {K7) remains the
same as the previous example at 3.0. The RESET gain
{K2) is 0.010 per minute.

The RESET controller provides integration of the EL-
FLO proportional mode output (GP) with respect to
time, figure 19b. In this illustration, the area of 2.67
m min (8.42 ft'min) under the graph of the electronic
filter output (YF) was measured by pianimeter. The
area under the output of the EL-FLO proportional
mode output (GP) is larger by a factor equal to the
proportional gain, or 7.71 m<min {25.26 ft'min).
Therefore, the total upstream desired gate opening can
be computed as follows:

GD =GP +GR
t
GO =K1 (YT - YF) +K’2f K1(YT-YF)dt
0

=3.0(1.280 m— 1.273 m) +
{0.010 min ~ ') {(7.71 m-min)

=0.022m +0.077 m=0.099 m or (12)



=3.0(4.20 ft — 4.176 ft) + 0.010 min~ ' (25.26 ft-min)

=0.072 ft + 0.253 ft = 0.325 1t

The upstream desired gate opening can be computed
in this manner at any selected time. The EL-FLO plus
RESET feedback control system does this computation
continucusly. Note that although the RESET control-
ler is physically eliminating the residual offset of the
canal water level (¥C), the RESET controller is essen-
tially staring this information as the EL-FLO control-
ler output [GP) approaches zero. The stored offset
(YT - YF) can be calculated by taking the integration
of the RESET controller, 7.71 m min (25.26 ft'min},
and multiplying by the ratio of the two controller gains
(K2 divided by K7} at time 140 minutes from figure 19

as follows:
t i
Stored offset=—’g f KT(YT—YF)dt (13)
k1 Jo

-M-(T 71 mmin}=0.026m (14}
3.0
%0010 {26.26 ft*min} = 0.084 ft

This calculation a_md the previous gate position calcula-
tion, equations 12 and 13, are presented to demon-

strate that the EL-FLO plus RESET feedback control -

system functions with a negative feedback characteris-
tic. A relationship coupling the downstream demands
to the inlet flow exists at all times and provides a high
degree of self-regulation requiring virtually no manual
intervention.

The water surface profile of the canal reach at the new
steady-state flow at time 400 minutes is shown in fig-
ure 19f. The steady-state flow, however, had essentially
been reached in about 140 minutes after the down-
stream change in canalside demand. A comparison of
water surface profiles between figures 18f without
RESET action and 19f with RESET action shows that
the head differential across the upstream check gate
would be slightly smaller when the downstream water
level recavers to the target value. The decrease in head
differential accounts for a slightly larger gate opening
requirement, 0.099 m (0.32 ft) (fig. 19b), to that
shown in figure 18b, 0.09 m (0.29 ft}, to produce the
same discharge at steady-state flow.

Figure 20 (a composite of figs. 18 and 19) compares

the characteristic canal reach response between the
EL-FLO proportional plus RESET action versus the
EL-FLO proportional method {without RESET) of
automatic downstream control for the 31.4 md/s
{111 ft?'/s) downstream turnout. The graphs allow

|

direct comparison of the differences with and without
RESET control action.

The elimination of the residual offset with RESET
action can be observed in figure 20c. Nate that the
initial drawdown of the canal reach downstream water
level (YC) is essentially the same for hoth methods of
control. The upstream gate opening is much larger with
RESET action in order to supply additional inlet flow
to recover the downstream water level back to the
target value, Y7. The upstream gate with RESET ac-
tion remains open slightly more than without RESET
action to accommodate the smaller head differential
across the gate, figure 20f.

The discharge through the upstream check gate with
and without the RESET controller is compared in fig-
ure 20d. The main difference illustrated is the larger
overshoot that occurs with RESET control action.
Figure 20d also demonstrates the desirable attenuation

-of the inlet flow and steady-state recovery after only

1.5 cycles. The 1.6 cycles is an important recovery
characteristic if the canal is supplied from a pumping
plant. More cycling would probably require additional
on and off cycles of the pump units, increasing the
pumping plant maintenance cost.

Control parameters must be selected carefully to
achieve a stablé control system and obtain the de-
sired recovery characteristics if all the canal reaches
are equipped with the EL-FL.O plus RESET feedback
control system. The selection must consider the de-
livery capability of canal system inlet facilities,

Information on selection of control parameters for the
proportional mode of control without RESET action
can be found in references 4 and 5. However, the pro-
cedure described in these references is being improved
and the improvement will include a method to select
the gain factor {K2) for the RESET controller. The
method of selection under study requires mathe-
matical model simulation of the system being con-

- trolled and the imposed controller. The mathematical

simulation involves the use of a large digital compu
system such as the E&R Center’'s CYBER 70 comput-
er. It is not known at this time if the proper control
parameter selection for the EL-FLO plus RESET
feedback contro! system can be presented in nomo-
graph form which would be advantageous to designers
who do not have the mathematical model simulation
capability.

Appendix V specifically describes the procedure used
to convert the control parameters {once they have been
selected) into electrical equivalent vaiues that are used
within the EL- FLO plus RESET feedback control sys-
temn equipment.
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LABORATORY VERIFICATION TEST

General

The purpose of the labaratory test was to verify that
the final prototype EL-FLO plus RESET controller
ocperated identically to the mathematical model simu-
lated controller. The control parameters used in the
mathematicat mode!l were converted into equivalent
electronic values and adjusted into final prototype
EL-FLO plus RESET control equipment.

'Laboratorv Simulation

The laboratory test facilities used for the prototype
EL-FLO plus RESET cantrol equipment verification
tests are shown in figure 11. The downstream chassis
which includes the water level sensor, electronic filter,
and the transmitting equipment was placed over a
water tank. The water level inside the tank was
changed manually by manipulating water pressure
inlet and drain valves to follow, as ciosely as possible,
the change in canal water level (YC) predicted by the
mathematical model. The upstream control chassis
which includes the analog computer-camparator cir-
cuits and the receiver unit was placed on an adjacent
table. A simulated canal gate hoist motor drive with a
potentiometer was used to complete the comparator
_unit feedback circuit of the actual gate apening, GA.

Testing of the EL-FLO plus RESET controller in an
open-laopop feedback system was necessary in arder to
analyze the performance of the control equipment as
compared to the mathematical model simulated con-
trol system.

The laboratory verification test program included the
elements of the feedback path as shown in figure 16
with the exception of the canal reach between sensor
and upstream gate. The feedback system was, there-
fore, an open loop. The input was the water level
sensor response to the change in the tank water level.
The tank water level was adjusted according to the
mathematical model prediction of the canal response
to a change in a downstream canalside demand. Devia-
tions of the equipment response could then be exam-
ined and defined with greater accuracy. in the closed-
loop system with the downstream canal reach present,
errors that may be in the control equipment would
be self-compensating and, therefore, would be greatly
reduced or appear not to occur when examining the
total feedback control system.

Lahoratary Verification Test Resuits

The summary of the final prototype EL-FLO plus
RESET control equipment versus the mathematical
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model laboaratory verification test results is shown in
figure 22. The equipment output voltages were con-
verted to feet for plotting in figure 22 with the same
scaling factors (volts per foot) used to develop the
control parameters in electronic equivalences.

The input to the laboratory test system corresponded
to the mathematical model computed canal water
depth, YC, figure 22a. The dashed lines in figure 22
are the mathematical model outputs and the solid lines
with circled data points are the data of the prototype
equipment output collected during the labhoratary
test run lasting for a period of 400 minutes. The upper
graph includes the electronic filter output, YF. At time
260 minutes as the water level was rising, the float
counterweight came to rest on top of the 0.3-m {12-in)
float. The stoppage caused a deviation of the water
level sensor and the electronic filter output until the
counterweight was released at time 324 minutes. The
sensor output immediately returned to the prevailing
water level in the tank and the electronic filter to its
proper output-25 minutes later. Figure 22b is a plot
of the EL-FLO plus RESET cantrol equipment actual
gate opening and the computed gate openings corre-
sponding to equations 1 through 5.

Figure 22a illustrates the close agreement between the
water level sensor and electronic filter output of the
controller and the mathematical model output for
mast of the test run. During the time period, 10 to
about 25 minutes, the water level sensor output
deviated from the mathematical model primarily
because of the difficulty of manually changing the
water level in the tank. During this period, the water
fevel fall indicated by the mathematical model was at
the fastest rate. As mentioned previously, there was a
deviation in the equipment output during the period of
time 260 to 324 minutes when the float counterweight
was resting on top of the 0.30-m (12-in} float.

Figure 22b close agreement of the EL-FLO and RESET
controller to the mathematical model during the first
60 minutes of the test run. After 60 minutes, the pro-
totype equipment of the upstream chassis deviated
from the mathematical model indicating that the
equipment design was in error or the calibration of the
control parameters was incorrect, However, at the end
of the test run (time 400 minutes), all equipment out-
puts were in very close agreement with the mathemat-
ical madel. The greatest deviation between the proto-
type eqguipment and the mathematical model appears
at time 120 minutes.

Summary of Analysis of Laboratory Verification Teast

An analysis of the prototype equipment output condi-
tions was made at time 120 minutes of the test run to



define the differences and possible cause of error as
compared to the mathematical model output at the
same period of time. |t was concluded that the proto-
type equipment was designed and constructed as
represented by the algorithms in the mathematical
mode!. A difference of 26.5 mm {0.0B7 ft) occurred
at time 120 minutes (fig. 22b} between the mathemat-
ical model computed gate position, GD and the proto-

type EL-FLOD plus RESET controller computed out- -

put. The detailed analysis, provided in -appendix VI,
determined that 10.4 mm {0.034 ft), 39 percent, of the
26.5-mm difference was caused by electronic drift
and nonlinearity of the filter and EL-FLO plus RESET
equipment components. Calibration errors contributed

to 14.0 mm (0.046 ft), 53 percent, of the difference.

The remaining 2.1 mm (0.007 ft}), 8 percent, of the
difference is attributed to accumulated errors in
measurements by test voltmeters of the various equip-
ment test points, Therefore, all of the difference be-
tween the mathematical model and the prototype
equipment was identified as errors in drift, calibration,
and measurement and not to incorrect design or
construction.

Table 1 summarizes the outputs of the mathematical
model and the EL-FLO plus RESET prototype equip-
ment of time 120 minutes. The errors caused by cali-
bration and drift are tabulated for each element of the
feedback path and are accumulated from the water
level input to the EL-FLO plus RESET controller
output, GD. :

The prototype equipment operated with reasonable
accuracy. The accumulated errors from the actual
water level to the computed gate position, identified
as drift and nonlinearity of the electronic circuitry,
amounted to —6.1 percent. This magnitude of error is
considered to be within the range of typical analog
control equipment. The —B.1 percent error would not
cause system instability and in a closed-loop negative
feedback system, by definition, would be self-compen-
sating and would be negligible. The errors of calibration
can be easily eliminated by either adjusting the control
parameters of the mathematical model to correspond
to the actual calibration values of the prototype equip-
ment or recalibrate the prototype equipment. Better
agreement between the mathematical model and the
prototype EL-FLQ plus RESET controller in figure 22
would have been achieved by eliminating the calibra-
tion errors.

Figure 22b also shows the actual gate opening, GA,
and the performance of the comparator unit, AG
‘(equation 5). The mathematical model output shows

comparator unit averaged about £18.3 mm (0.06 ft).
A simulated gate hoist mechanism was used in the labo-
ratory verification tests. However, the results of the
prototype equipment actual gate openings in the labo-
ratory provided a good representation of an actual
canal check gate hoist mechanism. It should be noted
{referring to fig. 22) that the operation of the compara-
tor unit, $AG, of the prototype equipment is not as
precise as the mathematical model, particularly the
“off” point when AG is zero. Usually, the prototype
gate hoist mechanism will overrun after the gate haist
motor drive is shut off, particularly when the gate is
in a lowering cycle such as occurred at time 120
minutes.

FIELD VERIFICATION TESTS

~ General

a very precise operation of the comparator unit with a

*AG equal to £16.8 mm (0.066 ft). The prototype
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The purpose of the field tests was to verify that the
mathematical model predicts with reasonable accuracy
the performance of the prototype EL-FLO plus RE-
SET contraller and the hydraulic transients in a canal
system. Field tests were conducted on the first reach
of the South Gila Canal on September 19, 1973, and
on the first five reaches of the Corning Canal on May
14 1o 16, 1974. The collection of field data was not
extensive and consisted primarily of recorded data of
water levels immediately upstream of the check struc-
tures and the actual gate opening using electronic and
mechanical chart recorders. Periodically, staff gage
readings were recorded by operating personnel.

Because -the data collection was minimal (not suffi-
cient in quantity to identify precisely all the necessary
input data to the mathematical model), a detailed
analysis of the difference between the mathematical
model output and the field scale prototype tests will
not be made as was done in the laboratory verification
tests. However, a general discussion on the overall
performance of the prototype equipment compared
1o the mathematical model is presented.

South Gila Canal Prototype Field Test

Figure 23 is a schematic of the first reach of the South
Gila Canal and includes the basic physical design prop-
erties used in the mathematical model. Reference is
also made to appendix V that includes the control
parameters and their electronic equivalences used in
the prototype EL-FLO plus RESET cantroller.

Figure 24 is the electronic chart recordings of the
South Gila Canal prototype field test conducted an
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Table 1. — Summary of the laboratory verification studies of the mathematical modef versus the prototype EL-FLO plus RESET outputs at time 120 minutes

{Refer to fig. 22)

Error Identification

Mathematical Prototype Difference Equip. Accumuiative
Feedback model equpiment between Accum. Calib. Equip. error equipment
path output output outputs error error © error per- error
mm  (Ft) mm  (ft) mm  (ft) mm  {ft) mm  (ft) mm [t} cent mm  (ft) percent
Watar level, 1262.8 (4.143) | 1262.6 {4.142) | —0.3 (—0.001}| —0.0 (—0.000) | —0.3 {(—0.001) 0.0 (0.000}
YC .
Water level sensor, 1262.8 (4.143) | 1262.5 {4.142) | —0.3 (-0.001)| —-0.3 (-0.001) 0.0 {0.000} 0.0 (0.000) 0.0 0.0 (0.000) 0.0
YC
Electronic Filter, 1243.6 (4.080) | 1245.4 (4.086) | +1.8 (+0.006}{ —0.3 (—0.001) 0.0 {0.000) +2.1 (+0.007) | +0.2 | +2.1 (+0.007) +0.2
YF
EL-FLO controller, 109.1 (0.368) 96.9 (0.318) | —12.2 (—0.040) | —6.1 (—0.020) | —-3.4 (—-0.011) | —2.7 (-0.009) | —2.8 | —8.8 (-0.028) -9.1
GP®
RESET contraoller, 87.2 (0.286) 72.8 (0.239) | —14.3 (-0.047) | —3.0 (-0.010)®| —8.5 (—0.028) | —2.1 (—0.007) | —2.9 | —4.3 (—0.014) —5.9
GR
EL-FLO plus RESET, 196.3 (0.644) 169.8 {0.567} | —26.5 (—0.087) | —26.5 (—0.087}| 0.0 (0.000) 0.0 (0.000) 0.0 | —10.4 {(-0.034}-6.1

GD

Includes the transmitter and receiver elements of the feedback path.

1.8 mm (0.006 ft) of the accumulated error is attributed to the calibration errar of the EL-FLO controller, GP.

The accumulated calibration error of the filter and EL-FLO pius RESET controller is 14.0 mm {0.046 fi} and includes the 1.8 mm {0.006 ft) identified

in footnote b.



September 19, 1973, The upper chart {fig. 24a) was re-
corded at the downstream end of the first canal reach
of mile post {M.P.} 1.9 and measured the canal water
level, YC, and the electronic filter output, YF. The
lower chart (fig. 24b) was recorded near the headworks
of the canal (at M. P. 0.14) and measured the actual
headgate opening, G4, and the RESET controller
output, GA. Periodically, the water level and gate
opening staff gages were read and recorded on the
chart paper including the test points electronic values
of the EL-FLO'pIus RESET controller. The electronic
values of the downstream water level (M. P, 1.9} and
the headgate opening (M. P. 0.0) fram figure 24 chart
recordings were converted to linear measure and plot-
ted on figure 25. The graph was made to better define
the prototype test canal response characteristics and
to better compare the mathematical model output.

The test period is 780 minutes or 13 hours and began
and ended with steady-state flow conditions. The
chronological order of events that occurred during the
test period are listed and described as follows:

Time of
the event

; 4
- {minutes)

Description of the Event
0 Beginning of test period (steady-state flow
conditions}). Headgate (M. P. 0.0} opening
at 0.213 m (0.70 ft} discharging 1.16 m*/s
{41 ft3/s). Turnout lateral M. P. 0.5 flow
was zero. Turnoutlateral M. P. 1.9 flow was
0.15 m>/s (5.2 ft*/s) and remained con-
stant throughout the test period. The M. P.
1.9 gate opening was 0.317 m (1.04 f1)
discharging 1.03 m® /s (35.8 f1%/s).

-The check M. P. 1.9 gate apening increased
from 0.317 m {1.04 ft) to 0.378 m {1.24
ft). .
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226 The check M. P. 1.9 gate opening decreased
from 0.378 m (1.24 ft) to 0.344 m (1.13

ft}.

The canalside turnout lateral M. P. 0.6 was

turned on to increase the flow from 0 to
0.35 m'/s (12.8 t1%/s).

262

557 The check M. P. 1.9 gate opening decreased
from 0.344 m (1.13 #t} to 0.256 m {0.84
ft).

780 End of test period (steady-staté flow con-

ditions). Headgate {M. P. 0.0) opening at
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0.229 m (0.75 ft}. Turnout lateral M. P.
0.5 flow was 0.36 m%/s {12.8 ft%/s}. Turn-
out lateral M. P. 1.9 flow was 0.15 m?¥/s
(5.2 ft¥s). The check M. P. 1.9 gate open-
ing was 0.256 m (0.84 ft).

Summary of the South Gila Prototypa Field Test

Figure 25 compares the mathematical model output to
the collected field data for the prototype EL-FLO plus
RESET controller. The comparison illustrates the
mathematical mode! simulated the prototype EL-FLO
plus RESET automatic downstream canal system with
reasonable accuracy.

The first major difference between the mathematical
model and the actual field data occurred at time 262
minutes (fig. 25). A canalside demand was increased
from 0 to 0.36 m*/s (12.8 ft¥/s) at the turnout to lat-
eral M. P. 0.5 at 262 minutes. The mathematical mad-
el, however, simulated the canalside turnout flow in-
crease at the downstream end of the canal reach at
M. P. 1.9. Therefore, the mathematical model did not
shaw a delay of about 13 minutes for the flow change
effect on the canal water level to arrive (time 275
minutes} at the downstream end of the canal reach and
the water level sensor as it occurred in the actual
canal system. The assumed lacation of the outflow in
the mathematical model, being different from the
location of lateral 0.5, may also partially account
for the differences between the mathematical model
output and the collected field data during the remain-
der of the test period.

Better agreement of the mathematical model output to
the field data could have been shown if the water levels
upstream of the canal headgste and downstream of
check gate M. P. 1.9 had been recorded on a con-
tinuous basis. These water levels changed during the
test period but were not recorded; estimations of these
changes were used in the mathematical model. Also,
the values of canalside diversions used in the mathe-
matical model were average discharges and continuous
recording may have shown variations of flow during
the test period. Table 2 is the input data listing used
in the South Gila Canal mathematical mode! verifi-
cation studies and the listing is included for record
purposes. The identification of the input data in table
2 may be found in reference 5.

Corning Canal Prototype Fieid Test

The Corning Canal prototype field test conducted
May 14 to 16, 1974, provided data to verify the
mathematical model of a canal and the EL-FLO plus
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Table 2,—/nput data for the South Gila Canal mathematical mode! verification studies.
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RESET method of control to an operating system
much longer than the South Gila Canal. The Corning
Canal test section included five canal reaches of various
lengths for a total length of 21 km {13.03 mi.}, four
canal check gate structures, and the automatic Corning
Canal pumping plant at the headwaorks. The final
prototype EL-FLO plus RESET contrallers (figs. 15a
and b) were installed at the first four canal check gate
structures. However, the -water level sensor for the
controller at check No. 4 {M. P. 10.65) was located
immediately upstream of check Ne. 5 (M. P. 13.03).
Figure 15c illustrates a typical installation of an EL-
FLO plus RESET controller inside the stilling well
shelter immediately upstream from a canal check gate
structure on the Corning Canal.

The test section used for the May 1974 prototype test
program discussed in this report is the same section of
the Corning Canal used for the field verification tests
conducted in March 1969. The March 1969 test pro-
gram involved a concentrated effort (requiring 20 field
personnel for each test run) to collect all the necessary
field data to confirm the theoretical analyses and to
observe the performance of a field scale applicatian
HyFLO method of control develaped through the
research and development contracts with the Univer-
sity of California. [7] The HyFLQO method is a pro-
portional mode of control and did not include the
RESET mode of control. The March 1969 test runs
and the mathematical model simulation of actual
field contitions provided complete verification of the
mathematical model. {1] )

model simulation studies. Table 4 summarizes the
Corning Canal invert elevation, maximum design depth,
and the water surface elevation upstream of each canal
check gate structure. Table 5§ is a summary .of the es-
timated total canalside demand during the test period.
The flow diversions at canalside turnouts for pools
No. 1 through 5 were estimated based on the steady-
state flow canditions established at the beginning of
the test period. Canalside diversions were thought to
remain constant throughout the ‘test period. However,
close examination of records of the water levels re-

-vealed that minor canalside flow changes had occurred

and these changes were estimated for mathematical
model input data. A better estimate of canalside diver-
sion could have been made by obtaining a copy of the
fiow recorder charts of each turnout flow measuring
device but this action was not considered necessary.

- Table 6 lists the Corning Canal pumping plant and

A concentrated effort to collect field data of the first .

order (as outlined in reference 7) was not made in May
1874 because of the cost involved and because com-
plete verification of the mathematical model was
accomplished in March 1869. It was reasoned that
agreement could be shown between the mathematical
model and an actual aoperating canal system from mini-

mal field data. Fartunately, however, the May 1974 °

_test period lasted 2700 minutes (45 hours}, more
than six times longer than the March 1969 test period
of 6.7 haurs. The May 1974 test period involved two
steady-state flow conditions and three significant flow
changes. The March-1969 test period did not include
steady-state flaws and involved only two major flow
changes for each test run. Therefore, the May 1974
test program provided sufficient data to show the
mathematical model simulated the final prototype
EL-FLO plus RESET control system,.

Figure 26 is the profile of the Corning Canal system
showing the canal check structure locations and the
1est section used for the May 1974 field test program.
Table 3 lists the Corning Canal section properties and
canal: dimensions that" were used in the mathematical
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floating control system properties. The first three
pump units, edch having a discharge capacity of
1.5 m?/s (53 ft 3|/s), are automatically controlled from
the water surface level immediately upstream of check
No. 1 (M. P. 4.55}). Pump units Naos. 1, 2, and 3,each ~
has & water level dead band to start and stop pumping.
When the water level goes below the low limit of a
dead band, the assigned pump unit starts and remains
on until the water level rises above the upper limit of
the dead band, at which time the pump unit shuts off.
The water surface elevation and depth for each dead
band for each af the first three pump units are listed
in tabie 6. The larger units {Nes. 4, 5, and 6,), each
with a capacity of 3.5 m®/s {125 ft%/s), are operated
manually. Unit No. 4 was started and stopped man-
ually during the May 1974 test period at the times
footnoted in table 6 corresponding to the significant
flow changes at the Thomes Creek wasteway gate.
A small adjustment had to be made to the target level
of the floating control system dead bands of the math-
ematic model at time 800 minutes of the test period
ta correspond to the recorded field data. |t was not de-
termined if the calibration of the A35 chart recorder
or the pump controller water level transmitter {both
located immediately upstream of check No. 1) changed
at this time. The time at which each automatic pump-
ing unit {Nos. 1, 2, and 3) started and stopped ({fig.
27a) was determined from the water level recording
upstream . from check No. 1 using the dead bands
listed in table 6.

A continuous record of the water levels upstream and
the gate openings of checks No. 1 through 5 were cb-
tained from A35 type strip chart recorders installed
at each location by field personnel. Periodically, the
water level and gate opening staff gages (located near-
by} were read by field personnel and the time and




Table 3.—Corning Canal section properties.

TABLE OF CANAL SECTION PROPERTIES
CANAL DIMENSIONS
Earth b d H L Minimum
Length i
Sect. ? Bottom | Water | Lining Ezc:fh Earth | . 0 ] Width
No. ‘ .| width | Depth | Height | Lining ana W w
Mi. to Mi. M wiath | P9 [ oepth | i1 Bk | Re. 8K
} o 11a] 22 7.2' _— —_— 3.0 10.20' 16 16’
2 114l | 22 7.2 870 | 86.80' 10 10.20' 12’ 10
3 s.22l1303] 20 6.39' 789 | 51.56' 30 9.39 12' g
4 K330|1729] 16 492 592' | 39.68' 2.58' 7.50' 12 8
aa |i729)izze 16 355 | as55 | 3308 | 185 ] 540| 12 5
5 1735|2106 10 155 455 | 28.20 | 85' 540 12 5
Sect. : HYDRAULIC PROPERTIES
No. A v Q Q r n s
[ 26208| 191 057 500 484 | 0225 |.000098
2 26 1.1 191 | os7? 500 a8a | 0225 |.000098
3 | 2095 .78 049 372 431 | .0225 [.000
4 1271 2.09 | .068 266 335 | 0225 |0002
4 A 82.0 1.58 .039 129 257 | 025 0002
5 | 607 | 1.45 | .033 as | 235 |.025 |.oo002

—w—

Embonkment Caompocted o o —
Embankment

—QOriginal ground surface

& 1 sSECTION IN CUT
s \,

"/‘:SECTION IN FILL
~

Q"/

N ~

; \I-Jompucind Embankment

[T S R e , Or Compactad Earth Lining

L @' ——— b ————+8'4 I {if Directed}

b L -

TYPICAL EARTH SECTIONS NO. 2 THRU NO.5
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Table 4.—Corning Canal - Summary of properties at each check gate

Check ) Upstream invert Upstream Upstream water
gate Mile elevation maximum design depth surface elevation
No. post meters (ft) meters  (ft) meters (ft)
1 455 90.32 (296.33) 2.19 (7.20) ' 92.52 (303.53)
2 6.02 89.92 (295.00) 219 (7.20) 82.11 (302.20)
3 8.08 89.50 (293.64) 2.19 {7.20) 91.70 (300.84)
4 10.65 89.04 (292.11) 1.95 (6.39) 90.98 (298.50)
5 13.03 88.46 (290.23) 1.95 (6.39) 90.41 {296.62)
6 15.09 B7.86 (288.26) 1.50 (4.92) 89.36 (293.18)
7 16.19 B87.44 (286.89) 1.50 (4.92! - 88.94 (291.81)
8 17.29 86.96 (285.30) 1.50 (4.92) 88.46 {290.22)
9 17.79 87.02 (285.49) 1.08 (3.55) 88.10 (289.04)
10 - 18.29 86.72 (284.52) 1.08 (3.8B5) 87.80 (288.07)
11 18.96  B86.22 (282.89) 1.08 (3.565) 87.31 (286.44)
12 19.36 85.94 (281.97) 1.08 (3.65) 87.03 (285‘52).

End of ' )

canal 20.73 85.22 {279.61) 1.08 (3.55) "86.31 (283.186)

readings were noted on the recorder charts during the
test period. The Thomes Creek wasteway gate and

check gate No. 5 were operated manually during the

test. The water level downstream of check No. 5 was
not recorded but should have been because of fluc-
tuations during the test. The downstream water level
fluctuation had a minor effect on the flow through
check No. 5 gate. An estimate was made of the flow
change and entered as a canalside demand in pool
No. 5 for input data to the mathematical model. The
gate opening recorder measured the arc travel distance
of the radial gates, requiring conversion to a vertical
distance opening of the gate. The conversion was ac-
camplished by a graph of are versus vertical distance.
The recorded gate opening staff gage readings which
are read directly to vertical gate opening, in feet, were
used for the vertical distance. The water levels and gate
openings (after being converted to vertical distance}
were plotted to an expanded scale of depth gate open-
ing, and time to better show the correspendence of the
mathematical model simulated flow conditions to the
test flow conditions, figures 27b through k.

The Corning Canal, May 1974, prototype field test
period {time zero) began at 2000 hours on May 14 and
ended at 1700 hours on May 16, 1974. The duration of
the test period was 2700 minutes (45 h). However,
for 12 hours prior to time zero, Thomes Creek check
(M. P. 13.03) gate opening was held at a fixed positian
of 0.12 m (0.4 ft) discharging 0.96 m*/s (34 fi*/s)

downstream. Thus, a steady-state flow condition was
well established at time zero of the test period with a
total canal demand of 2.8 m®/s (88 ft°/s) (refer to
table 5). ‘

The first major flow change occurred at time 610
minutes into the test when the steady flow was 2.6
m?/s (93 ft¥/s). At this time, the Thomes Creek waste-
way gate (M. P. 13.03, adjacent to the Thomes Creek
check No. 5) was apened from zero to 0.21 m (0.68 ft)
to discharge 1.7 m*/s (61 ft%/s) into Thomes Creek river
channel for a total canalside demand of 4.4 m3/s
(154 ft%/s). Discharging water into Thomes Creek was
necessary to create a significant canalside demand for
the field test. Usually, the changes of demand for irri-
gation water during the month of May are small and
would not provide suitable test flow conditions. The
discharge through the Thomes Creek wasteway was es-
timated by using an orifice equation with the measured
head differential {1.22 m {4.0 ft)} across the gate, the
gate width of 244 m (8 ft), and a coefficient of dis-
charge of 0.7. A more accurate estimate of the canal
flow could have been achieved with a current meter
traverse taken immediately upstream of check No. 5.
However, velocity measurements were not taken during
the May 1974 test.

The second major flow change occurred at time 1080
minutes into the test period when the Thomes Creek
wasteway gate was closed to the zero position. At
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Table 5.—Summary of estimated total canalside demand - Corning Canal prototype field tests, May 14-16, 1974

Time Canalside demands Thomes Creek Thomes Creek Total”
of change, Pool No. Wasteway flow . check No. 5 flow demand
minutes 1 2 3 4 5 m¥/s (ft’fs) mfs l{i05)  mis (fs
mifs (fPs)  mis (s miss (P mils (i) mifs (ft*/s)
0 0 {0) 0.42 {15) 0.37 (13) 0.74 (26) 0.28 (10.0) 0 (0) 0.96 {34) 2,77 (98.0)
10 0 {0) 042 (15) 0.37 (13} 0.48 (17) 0.28 (10.0) 0 O 0.96 (34} 2.52 (89.0)
75 a {0) 0.42 (15) 0.37 (13) 0.48 (17) 0.40 (14.0) 0 (o) 0.96 (34) 2.63 (93.0}
110 0 (D) 0.42 (15) 0.37 (13) 0.48 (17) 048 (16.8} 0 (0} 0.96 (34) 2.71 (95.8)
400 0 {0) 042 (15) '0.37 (13) 0.48 (17) 042 (14.7) 0 (O 0.96 (34) 2.65 (93.7)
610 0 {0) 0.42 (15) 0.37 (13} 0.48 (17) 040 (14.0) 1.73 (61} 0.96 (34} 4.36 (154.0)
1080 0 {0) 0.42 (15) 0.37 (13) 0.48 (17) o (0) 0 (0 0.96 (34) 2.24 (79.0)
1105 0 (D) 042 (15) 0.37 (13} 0.48 (17} 0.56 {19.7} 0 (0 0.96 (34) 2.79 (98.7)
1625 0 {0) 042 (15} 0.37 (13} 0.23 (8} 0.56 {19.7) 0 (0 0.96 (34) 2.54 (89.7)
1690 0 {(0) 042 (15) 0.37 (13} 0.48 (17) 0.56 ({19.7} 0 {0) 0.96 (34} 2.79 (98.7)
2048 0 (0) 0.42 (15) 0.37 (13} 0.48 (17) 0.56 (19.7} 1.19 (42) 0.65 (23} 3.67 (129.7}
2600 L {0)] 0.42 (15} 0.37 (13) 0.48 (17) 0.56 (19.7}) 0 (0} 0.65 (23) 2.48 (87.7)

*Date plotted on figure 27a.
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Table 6. — Corning Canal prototype field verification tests - Pumping plaht and floating control system properties, May 14-16, 1974

Unit Existing floating control Mathematical Model
Unit capacity Status Elevation Depth? Ad]. depthP Depth®
No.  m3f (f63/s) m  (ft) m {ft) 0-800 After 0-800 After
’ min 800 min min 800 min
m  (ft) m (ft) m (ft) m (ft)
3 1.50 {53) OFF 9258 (303.75) 2.26 (7.42) 2.22 (7.27) 2.23 (7.32}) 2.20 (7.22) 2.22 (7.27)
2 1.50 (53) OFF ' 9555 (303.65) 2.23 (7.32) 218 (7.17) - 220 (7.22) 217 (7.12) 218 (7.17)
1 1.50 (53) OFF  92.62 (303.65) 220 (7.22)  2.156 (7.07) 2,17 (7.12) 215 (7.07) 2.7 (7.12)
2. 1.50 {53} ON 9249 (303.45) 217 (7.12) 213 (6.99) 215 (7.04) 2.14 (7.02) 2.15 (7.07)
1 1.50 (53) ON 92.46 (303.35) 2.14 (7.021  2.09 (6.87) 2.11 (6.92) 209 (687) 2.11 (6.92)
3 1.50 {563) ON 92.43 (303.25) 2.11 {6.92)  2.07 [6.79) 208 (6.84) 208 (6.82) 2.09 (6.87)
4 3.54 {125) Manual® - - - - - -

2 Depths based on the designed target depth of 2.19 m (7.20 ft} at elevation 92.52 m {303.53 f1)
b Depths adjusted to a target depth of 2.15 m (7.05 ft) for the first 800 minutes and then to 2.16 m (7.10 ft)

after 800 minutes to correspond to the recorded field data for the upstream water level of check No. 1, figure 27b.

¢ Depths used in the mathematical model studies for verification of mathematlcal model versus field data using same target depths as

in footnote b.

9 Unit No. 4 started and stopped manually. Started at 720 minutes, stopped at 1075 minutes, and then started at 2165 minutes.



about time 1250, the second steady-state flow candi-
tion started and continued until the third major flow
change was made at time 2048 minutes into the test.
At 2048 minutes, the Thomes Creek wasteway gate
was opened 0.10 m (0.33 ft) and the Thomes Creek
check gate No. 5 was closed from 0.12 m (04 ft}
to 0.08-m (0.26 f1} for a net increase of canalside de-
mand of 0.88 m®/s {31 ft®/s). The Thomes Creek
wasteway gate was then closed to 2ero position at time
2600 minutes. The test period ended at time 2700
minutes and, thus, there was insufficient time to ob-
serve the effect of the flow change on the entire test
section. The manual operation of the Thomes Creek
wasteway gate and check No. b gate is plotted in figure
27k. The total estimated canalside demand is plotted
in figure 27a.

Summary — May 1974 Field Test

The comparison of the collected field data of the
Corning Canal May 1974 prototype field test and the
output of the mathematical model simulating the canal
test reach, with the same flow conditions, is shown in
figure 27. The black lines are the plotted field data as
discussed in previous paragraphs. The red and green
lines are the plotted outputs from the mathematical
model simulation, representing two different sets of
control parameters for the EL-FLO plus RESET
controllers at checks No. 1 through 4. The plotted red
lines represent the simulated canal response charac-
teristics using the control parameters {(appendix V,
table V-4) that existed in the EL-FLO plus RESET con-
trollers during the May 1974 test. The green lines re-
present a second set of contral parameters {table V-6)
that were adjusted into the EL-FLO plus RESET
controllers for checks No. 1 through 4 after controllers
were put into operation on the remaining Corning
Canal checks No. 5 through 12 downstream. The
secand set of control parameters will be discussed in
detail in subsequent paragraphs.

Of primary interest, however, is the agreement
achieved between the “real’”’ and the “simulated”
operating canal system (black and red lines, respec-
tively). A cursory examination of figures 27a through
k indicates the agreement between the real and the
simulated operating canal system is not close. The mag-
nitude of water level and gate apening amplitudes and
frequency do not always agree point to point through-
out the test period. However, if the comparison is
examined over an extended period of time, there is
a distinct similarity of the overall response character-
istics between the field data and the simulated canal
system. For example, the two steady-state flow candi-
tions (time D to 610 and 1250 to 2050 minutes) have
the same cyclic operation, namely, the amplitude and
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frequency of the water level fluctuation and gate
operation are the same between the real and the sim-
ulated canal, figures 27a and b. The response character-
istics between the real and the simulated canal during
the unsteady-state flow conditions after the three
major flow changes (starting at 610, 1080, and 2048
minutes, respectively) also have similar amplitudes and
frequencies. Of major importance is the comparison of
(1) the first amplitude of the unsteady state which in-
dicates the percent overshoot, (2} the successive
amplitudes which measure the attenuation of the dis-
turbance, and {3) the recovery of the water levels to
the new steady state (refer to the section on General
Theory in this report), all of which are response
characteristics to be examined to determine the success
of the EL-FLQ plus RESET performance. The same re-
sponse characteristics (the overshoot, attenuation, and
recovery) exist between the real and the simulated
canal operation during the unsteady-state flow condi-
tions. The cyclic operation of the Corning Canal pump-
ing plant responding to the control characteristics
also demonstrates the major effects the pumping units
have on the water level and gate operation in the upper
reaches of the Corning Canal.

There were short periods of time when there were sig-
nificant deviations between the field. data and the
mathematical model output, This summary discussion
will not resolve the causes of all deviations between the
real and the simulated canal as was accomplished in the
laboratory verification test analysis. The summary will
illustrate the accuracy of mathematical model simula-
tion of an operating canal system over an extended
period of time using minimal field data for input.
Table 7 is the input data used in the Corning Canal
mathematical model verification studies of the May
1974 prototype field test with the first set of EL-FLO
plus RESET contral parameters (red line plotted out-
put, fig. 27k}. The identification of table 7 may be
found in reference 5. The collection of additional field
data at shorter intervals of time would have provided
hatter input data to the mathematical model and better
agreement could have been obtained on a point by
point basis in figure 27k. The additional field data
should have included a continuous timed record of {1)
the Corning Canal pumping plant operation, {2} all
canalside turnout diversions in the test section, {3) the
water level downstream from the Thomes Creek check
Ne. 5, and (4) current meter traverses for canal flow
measurements at selected points [especially at the end
of the test section),

Although lacking complete field information, analysis
shows the Corning Canal May 1974 prototype test
demonstrated that the mathematical model predicted



Table 7.—/nput data for the Corning Canal mathematical model verification
studies - First control parameter data set. '

1 0 0
5
.026 1000. 40. 168000, 3000
-23889.
-31056.
-41806.
-55716.
-68633.
22.0 2.0 .000098
22.0 2.0 . .000098
22.0 2.0 .000098
20.0 2.0 .0001
20.0 2.0 .0001
16.0 2.0 .0002
7.10 133.0
7.17 81.0
7.05 63.0
6.24 46.0
6.51 34,0
2.77 34.0
6 25 25 - 33 44 59 73 -
715 .728 .75 .791 .828 .86 .918 .98 1.052 1.140 1.248
1.22 0.89 0.39 0.34 10.37
10.0 10.0 13.0 13.0 8.25
0.63 0.31 0.26 0.66 0.0
.000000844 000000300 . 000005087, 0000024570
0.16 0.0 :
1.0 100, 2.0 800. 9.55 7.13
1.0 100, 2.0 1000. 7.70 6.98
1.0 100, 2.0 1300, 4.50  6.18
1.0 100. 2.0 1700. 4.30 6.41
.00330  .00240  .00420  .00470
0.02 0.0 0.8 3.0 .00033
0. 0. 0. 0. 0. 0. 0. 0.
0. 0. 0. 0. 0. 0. 0. 0.
0. 0. 0. 0. 0. 0. . 0. . O
0. 0. 0. 0. 0. 0. 0. 0.
0. 0. 0. 0. 0. 0. 0. 0.
0. 0. 0. 0. 0. 0. 00o0. 15.
0. 0. 0. 0. 0. 0. 0. 0.
0. 0. 0. 0. 0. - 0. 000. 13.
0. 0. 0. 0. 0. 0. 0. 0.
0. 26. 600. 17. 91500, 08. °  101400. 17.
0.0 10. 4500. 14.0 6600. 16.8 24000. 14.7
36600, 75. 64800. 0.0 63000, 19.7 122880. 61.7
0. 0.0 0. 0. 0, 0, O,
0. 0. 0. 0. 2.770.
0. 0. 0. 0. 0.370,
0. 0. 0. 0.220. 0O.
. 0. 0. 0. 0. 0. 0.
2045. 0.0 0. 0. 0. 0. 0.
0. 0. 0. 0. 2770,
0. 0. 0. 0. 0.250.
3000. 0. 0. 0, 0. 0. 0.
0. 0. 0. 8, 0. O.
0. 0. 0. 0, 0. 0O
0. 0. 0. 0. 0. O.
0. 0. 0. 0. 0. 0.

24




. Table 8.—input data for the Corning Canal mathematical model verification
studies - Second control parameter data set.

1 0 1
' 5
.026  1000. 40. 168000. 3000
-23889.
-31056.
-41806.,
-65716.
-68633.
22.0 2.0 .000098
22.0 2.0 .000098
22.0 2.0 .000098
20.0 2.0 .0001
20.0 2.0 0001
16.0 2.0 .0002
7.10 133.0
7.17 81.0
7.05 63.0
6.24 46.0
6.51 34.0
2.77 34.0
6 25 25 33 44 59 73
15,728,758  ,791 .828 .869 ,918 .980 1,052 1.140 1,248
1.22 0.89 0.39 0.34 0.37
10.0 © 10.0 13.0 13.0 8,25
0.63 0.31 0.26 0.66 0.0
.000000844,000000300.000005087,000002457.0
C.16 0.0
1.0 100. 2.0 480. 6.50 7.13
1.0 100. 2.0 730, 5.40 6.98
1.0 100. 2.0 1030. 3.50 6.18
1.0 100, 2.0 950. 4.00 6.41
.00154 .00185 .00286 .00250
0.02 0.0 0.8 3.0 .00033
0. 0. 0. 0. 0. 0. 0. 0.
0. 0. 0. 0. 0. C. 0. 0.
0. 0. 0. 0. c. 0. . 0.
0. 0. 0 0. 0. 0. a. 0.
0 0. 0 0. 0. c. g. 0.
0. 0. 0. 0. c. c. 000, 15.
0. 0. 0. 0. 0. c. 0. 0.
0. 0. 0. 0. C. C. 000. 13.
0. 0. 0. 0. C. c. 0. 0.
0. 26. 600. 17. 91500. 08. 101400, 17.
0.0 10, 4500, 14.0 6600. 16.8 24000, 14.7
36600. 75, 64800. 0.0 69000, 19,7 122880, 61.7
oo, 0.0 O. O, 0. 0. O.
0. 0. 0. 0, 2.770.
0. 0., 0. 0. 0.370.
0. 0. 0. 0.220. Q.
¢g. 0. 0., 0. 0. O.
2045, 0.0 0. 0. 0. 0. O.
. 0. 0. 0. 2.770.
¢. 0. 0. 0, 0,250.
jo00. 0. 0. 0, 0., 0. O,
6. 0. 0. 0, 0. 0.
6. 0. 0. 0. 0. 0.
6. 0. 0. 0. 0. O.
0. 0. 0, ©. 0. 0.
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the overall response characteristics of a ''real’” oper-
ating canal system with reasonable precision. The
mathematical model investigation of the response char-
acteristics of a canal system for various other types of
control methods and/or control parameters and differ-
ent flow conditions can, therefore, be made with a high
degree of confidence.

The confidence achieved was immediately put to use.
Additional mathematical model investigations were
made on the entire canal system to develop control
parameters for the remaining EL-FLO plus RESET
control units to be installed at checks No. 5 thraugh
12. The mathematical model studies revealed the
first set of control parameters, as used in the con-
trollers for the first four check gates (and used during
the May 1974 prototype field test), when applied to
controllers an checks No. § through 12, caused exces-
.sive amplification of the changes of canaiside demands
made in the lower canal reaches (downstream from
check No. B) into the upper reaches. The excessive
amplification of flow change would cause additional
pump units to cycle which is not desirable from an
efficient operation and maintenance standpoint. The
mathematical mode! studies showed that the attenua-
tion of the amplified flow change and the recovery of
the canal to a new steady state would not be altered
by the excessive amplification characteristics. However,
the control parameters of the first four check struc-
tures were reduced to achieve a reduction in the ampli-
fication of the disturbance into the upper reacties and
to prevent unnecessary additional pump unit cycling
during the peak overshoot demand, Table V-6 lists
the second set of control parameters established for
the EL-FLO plus RESET controllers for the entire
“canal system {including checks No. 1 through 4} which
are currently being used on the Corning Canal.

To demonstrate the effects of the reduced control
parameters for the controllers at checks No. 1 through
4, the second set of control parameters (table 8 is the
input data used in the mathematical .model and the
data may be identified using the input format found in
reference 5) were inserted inte the mathematical madel
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that simulated the same May 1974 prototype field test.
The output, plotted on figure 27 as the green lines,
compares the cana! response characteristics to the out-
put of the first set of control parameters {red lines).
The reduction: of the amplification (which is the pri-
mary objective of the second set of control parameters)
of the test flow disturbances at the upper end of the
test reach can best be shown soon after each of the
three major flow changes at times 725, 1200, and 2150
minutes into the test period, figures 27b through g.
The recovery to the new steady state also has dif-
ferent response characteristics, namely, the water leveis
upstream from each check gate recover to the target
levels less rapidly and with smaller transient wave am-
plitude. There is an overall reduction in the amplitude
and. frequency of water level fluctuation and gate oper-
ation cycling throughout the test period using the
second set of cantrol parameters compared to the first
set (green and red lines, respectively}.

The Corning Canal pumping plant operation, figure
27a, remained about the same in this analysis. The
response characteristics at check No.1, figures 27b
and ¢, did not change significantly with the reduced
control parameters (table V-6). Thus, the investigation
confirmed the pumping plant operation at the head-
works of the canal system has a major influence on the
canal response characteristics immediately downstream
and the selection of the associated control parameters
does not.

It was not necessary to conduct additional field tests
to verify the improvement of the amplification charac-
teristics in the upper canal reaches for the second set
of control parameters. The May 1974 prototype field
test verification studies demanstrated that mathemati-
cal model simulation of an operating canal system has
reasonable precision of predicting the overall canal re-
sponse characteristics. Therefore, an improvement of
the EL-FLO plus RESET control system performance
shown by the mathematical model can also be antici-
pated with a high degree of confidence for "‘real”
canal systems. ’
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Figure 1.— HyFLO feedback control system.
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Figure 2.— Schematic of canal and hydraulic filter,
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Water level sensor
§50-mm (2-in) pulley o ;
Potentiometer

9.5-mm (3/8-in) vent

Enclosure for dust or wind proted

Perforater brass shim stock tape

Deck of normal stilling well
Mounting plate

S Tl -, [

—— —— ———

e Y —p—

Well extender and well air vent
=

Filter well top lid

Freeboard 150

oo

Target W.S. lavel

5 150-mm (B-in) inside diameter filter well
125-mm (5-in) diameter water level float inside

e

2.4-mm (3/32-in) inside diameter
capillary tube

Capillary tu‘t:&u, !

Quick drain valve

Figure 3.— New hydraulic filter and water level sensor assembled components. Photo P801-D-79048
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Plastic bag

Connecting tube

Figure 5.— View of the original modified Hy F LO control

Figure 4.— Hydraulic filter well plastic bag for clean water chassis which was used in prototype tests, 1969-72.
supply. Photo P801-D-79050 Photo P801-D-79049
Input
Hermetically sealed enclosure
Gain
+15c\)/ 50 kn 500 kn

———a. Eiltered altput

R, = 500 megohm

C,= | microfarad polystyrene

R,= 10kn (or more -depends on FET type)

Q,= low leakage insuloted gate, field effect transistor (FET)
A = operational amplifier

Time constant range: 1.5 to 5.5 times R, (R, in megohms)
Input range: 0 - 2.0 volts

Figure 6.— Single line diagram of original electronic filter circuit design.
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Controller performance recorder

EL-FLO controller

Model “A” \

1ctrnn|c filter

a?ﬂha _operafen wateplevel sensor

Figure 7.— Model “A* electronic filter field tested in November 1971.
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a. Top view of RC network b. Front view of RC network

Phote P801-D-73152 Photo P801-D-79053

CHOPPER
STABILIZED
AMPLIFIER

ANALOG
DEVICES

>
4

A *
]
c. Top view of operation amplifier network
Photo P801-D-73158
Figure 8.— Electronic filter printed circuit boards.
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a, Sideview of environmental test chamber b. Dverall view of electronic filter laboratory test
Photo P801-D-79055 facilities Photo PB01-D-79058

c. Frontview of the electronic filter inside the d. Rear view of electronic filter inside environmental
environmental test chamber test chamber Photo P801-D-79056

Photo P801-D-79057

Figure 9.— Laboratory environmental test chamber used to simulate canal bank conditions.




PR

E a. Printed circuit boards lacated in the downstream
control chassis

A B By

nacsta iy

Reri i kb M
b. Printed circuit boards located in the upstream control chassis

Figure 10.— Electronic components of the prototype EL-FLO plus RESET analog computer controller mounted on printed
circuit boards. Photo P801-D-79059

CANAL

AUTOMATION §

Figure 11.— Laboratary test facilities used for the EL-FLO plus RESET controller laboratory test program. Photo P801-D-79060
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a. Downstream EL-FLO plus RESET control
chassis mounted an swingaut rack

b. Downstream EL-FLO plus RESET control
chassis with swingout rack in open position.
Note water level sensor pulley arrangement

¢. Upstream EL-FLO plus RESET control
chassis mounted on swingout rack inside
wall mount cabinet. Note the Colvin con-
troller installed in the back of the cabinet

Figure 12.— Prototype EL-FLO plus RESET control chassis mounted inside a wall mount weatherproof cabinet.

Phato P801-D-79061
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Figure 13.— Prototype EL-FLO plus RESET control cabinet installed inside one of the South Gila Canal stilling well instru-
ment shelters. Data recorders are on top of the EL-FLO cabinet. Photo P801-D-79066

Figure 14.— Prototype installation of the EL-FLO plus RESET and the Colvin controllers housed inside the stilling well above
the South Gila Canal check gate No. 1. Photo P801-D-79067
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a. Inside view of weatherproof cabinet with the swingout rack
in the apen position. Note the water level sensor arrangement

b. Front view of the weatherproof cabinet with the
swingout rack in the closed position and the front
panel for the Printed Circuit board racks removed

Figure 15.— Final prototype EL-FLO plus RESET controller and installation on the Corning Canal. Photo P801-D-79064
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¢. Overall view of Check No. 3, a typical radial gate

check structure on the Corning Canal (M. P. 8.08) .
looking downstream Photo P801-D-79068

d. Typical installation of the final prototype EL-FLO
plus RESET Controller in the stilling well shelters
located approximately 30 m (100 ft) upstream of

check No. 3 (M. P. 8.06) on the Corning Canal
Photo P801-D-79069

4
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L
]
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Figure 15.—Final prototype EL-FLO plus RESET controller and installation on the Corning Canal.—Continued
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Figure 16.— EL-FLO plus RESET feedback control systam.
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ov

YT - Torget depth for @=0 = Q{MAX)

NOMENCLATURE

YC - Megsure conol water level
YF — Output of electronic filter

K1 — Gain of proportional EL-FLO method
K2 — Gain of proportionol RESET method

GA — Actual measured gate opening
GP — Computed desired gate opening by EL-FLO
GR - Computed desired gate opening by RESET

YAG - Direction ond amount of gate travel

Fiéure 17.— Block diagram of automatic downstream cantral by the EL-FLOQ plus RESET pratotype equipment.
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Figure 24 — Electronic chart recordings of the South Gila Canal prototype field test. Conducted September 19, 1973.
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Figure 26.—Bottomn grade profile of Corning Canal.
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Appendix 1

ELECTRONIC FILTER AND
EL-FLO PLUS RESET
CONTROL CHASSIS

ENVIRONMENTAL TESTS

Summary

Four electronic filters were constructed in accordance
with figure I1l-4. Each filter was operated at ieast
200 hours in the laboratory. Over 1000 hours of
operation were accumulated on all the units con-
structed. The extensive testing program eliminated
possible “burn-in” failures of the electronic compo-
nents. The laboratary environmental test program
disclosed that all components must have good high
temperature characteristics and the entire high im-
pedance circuit must be perfectly sealed against mois-
ture. Each unit was tested at temperatures of 65°C
{150 °F) and three units were tested at 100 percent
humidity at about 18 °C {65 °F). The filter output will
drift a small amount for temperature variations from
21 to 65 °C (70 to 150 °F). The magnitude of the fil-
ter temperature drift (about *80 mV, or 4 percent full
scale, at 65 °C {150 °F)} will not cause system insta-
bility. The filter output drift at high humidity was
very minor. The small drift experienced {about 4
mV at 100 percent humidity and 18 ° C) demonstrated
that the final humidity protection technique used
(Sylgard! 184 encapsulating resin) was successful.

The final design of the electronic filters and the contral
chassis uses solid-state components that have a high
reliability. The filter was designed to operate continu-
ously for very long periods of time in the “‘canalbank
environment” without maintenance,

High Humidity Tests

't was anticipated that the high impedance circuit of
the electronic filter (within the dashed area of fig. 6
and the components on the RC network card No. 2
of fig.I11-4} must be packaged in a hermetically sealed
enclosure, Humidity tests began with the Model A
electronic filter, figure 7, using a SILASTIC' sealer
coating on the high impedance circuit. The Madel A
was placed inside the environmental chamber (fig. 9).
A fog nozzle that emitted a very fine mist was placed
below the intake haod and a small fan was used to
blow the mist into the chamber creating an environ-
ment of 100 percent humidity in a short period of
time,

' Trademark Dow Corning.
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Figure i{-1a shows an example of one ot the first
humidity test runs made on the Mode! A filter. The

filter £EF /NPUT was held constant. However, a run-

away-filter £F QUTPUT occurred immediately as the
result of not completely coating the entire high im-
pedance ARC network, arranged into one area on the
card for a convenient humidity protection enclosure.

The final electronic filter arranged the necessary high
impedance RC network electrical components onto
one printed circuit card. The entire card was then en-
capsulated with Sylgard 184 encapsulating resin as
shown in figure 8 (a and b). The entire filter unit
(fig. 9¢c and d) was then tested for high humidity
as shown in figure I-1b which is chart recordings of
humidity test No. 2H. The drift of the filter EF OUT-
PUT was —5 millivolts at 100 percent humidity. The
drift of —B millivolts was attributed to a decrease in
temperature from 23 °C (74 °F) at the beginning to
17 °C (63 °F) at the end of the test. Therefore, it was
concluded the arrangement of high impedance com-
ponents on cne card and the use of the Sylgard 184
encapsulating resin provided an excelient hermetically
sealed enclosure for use in high humidity.

Humidity test runs were conducted on the first three
electronic filter units and are summarized in table I-1.
The drift, which is considered to be minor, of the
filter EF OUTPUT ranged from a +13 to —b millivolts
for an average of +4 millivolts and was contributed to
the decrease in temperature as the humidity increased
tao 100 percent. Humidity testing of the fourth unit,
constructed at a later time, was not considered neces-
sary because of the successful test results on the
first three units.

The entire EL-FLO plus RESET control chassis,
figure 12c, without the electronic fifter and the trans-
mitting-receiving equipment was alse tested at 100
percent humidity for 2 hours inside the environmental
chamber. The results showed a very minar drift of the
output at test point TP3, also attributed to a decrease
in temperature. There were no erratic voltage changes
noted at TP3 although condensate formed to a point of
water dripping off the printed circuit cards after 2
hours of 100 percent humidity. All the printed circuit
glass epoxy cards, figure 10, were cleaned and sprayed
with a corrosion and humidity protective coating be-
fore conducting the humidity test on the chassis.

The results of the humidity test program were success-
ful and demanstrated that the final prototype EL-FLO
plus RESET controller should perform satisfactorily
in a high humidity environment on the canalbank.
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Table I-1.—Electronic filter humnidity tests data summary

Test start conditions Test end conditions Test  Net£F
Electronic EF EF EF EF run OUTPUT
Test Date filter Time INPUT, OUTPUT, Temp, Humidity, Time INPUT, OUTPUT. Temp, Humidity, time, drift,
No. Mo /Day/Year unit volts volts °C(°F) percent volts volts *C(°F) percent hours mvV
1H 59-72 2 8:15 1.003 0.998 23 (74.0) 57 10:30 0.985 1.003 17 (62.5) 100 225 +13
am, a.m,
2H* 5-10-72 1 8:25 1.000 1.000 23 (74.0) N/R 10:30 0.996 0.991 17 (62.5) 100 2.00 -5
am. a.m. .
3H 5-16-72 3 8:00 0.995 0.991 23 (77.0) 24 . 10:15 0.995% 0.995 17 (62.5) 160 2.25 +4
am. a.m,

Average Net EF OQUTPUT Drift, +4mV

*Chart recordings for humidity test No. 2H is shown in figure 1-1b.



High Heat Tests

High heat tests using the same environmental chamber
as used in the humidity test program began with the
Model A electronic filter. Early tests showed that
there would be a drift in the filter EF QUTPUT at high
temperatures. An extensive high heat test program on
the four constructed prototype electronic filters began
soon after the Medel A filter heat tests were com-
pleted.

Initial heat tests revealed a significant drift in the
filter EF OUTPUT and was traced ta the circuit of the
reed relay (RC network card Na. 2 on fig. [11-4 and
fig. Ba and b) used to initialize the high impedance
circuit. The first circuit design switched the reed
relay coil to ground in order to energize the coil and
close the relay contact. Under this arrangement, the
15-volt d-c power supply was continuously available
on the other side of the ceil. At high temperatures
(65 °C), the 15-volt potential was leaking through the
reed relay nylon mounting bracket onto the high im-
pedance side of the reed relay contact causing a run-
away drift of the filter EF OUTPUT. Ta prove this
occurrence, the nylon bracket was cut away around the
+15-volt terminal and further heat tests did not have
the runaway drift previously experienced. However,
rather than remove the nylon mounting bracket from
around the terminal, the initializing circuit was re-
designed to switch the 1B-volt d¢ power supply to the
coil instead of the ground side in order to initialize
the filter. Under this arrangement, there would not be
a high potential present that could leak onto the high
impedance circuit.

The next step in the high temperature test program was
to determine if the electronic filter MOSFET (metal
oxide semiconductar field effect transistor) could be
made to operate with zero drift as the temperature
increased by adjusting the drain current, /Jpgg, at the
trim potentiometer P3 on the electronic filter card
No. 1. Figure 1-2 illustrates the temperature drift
characteristics of the constructed electronic filter units
1 through 4 for various temperatures up to 65°C with
various MQOSFET drain currents. Filter unit 2 shows
that the ideal drain current {/pgg) for zero temperature
drift would be 1.3 mA. However, for units 1, 3, and 4,
the zero temperature drift and the ideal drain current
of the MOSFET was considerably different and, in all
cases, exceeded the limits of drain current capabilities
af the circuit. The tests showed that each MOSFET
would have a different ideal drain current for zero
drift characteristics; each would have to be calibrated
to find this value which would be time consuming and
difficult for field calibration. However, the tests
showed that a drain current set at the value for a gate
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to source voltage drop of zero volts; that is, the drain
current adjusted to the /pss value would have tem-
perature drift characteristics that would be acceptable.

The drain current, /pgg. for each filter unit is shown
on figure I-2 as a horizontal line. The maximum filter
EF OUTPUT drift at 656 °C (150 °F) ranged fram +77
to —4 millivolts. The magnitude of temperature drift
within *80 millivolts (4 percent full scale) at 65 °C
{150 °F) is considered to be insignificant and will not
cause system instability. '

Figure 1-3 is the final temperature drift characteristics
of the four electronic filter units at the /pgg drain
current for temperatures up to 65 °C. Filter units 1
and 2 EF QUTPUT drifted in the negative direction
which is an indication that each MOSFET has its own
temperature drift characteristics that would be diffi-
cult to predict. Figure I-4 is the chart recordings of a
typical heat test run, No. 30T, an example of 35 heat
test runs that were conducted to develop the data for
figures 1-2 and 1-3.

Table |-2 summarizes eight heat test runs made on the
four filter units to determing the temperature drift
characteristics with the MOSFET drain current set at
the /pgs value. There is an interesting average drift
to the four filter units EF QUTPUT; at 38 °C (100 °F},
the average drift was zero; at b2 °C (125 °F), the aver-
age drift was +3 millivolts; and at 65 °C (150 °F), the
average was anly +1 millivolt for the four filter units.
Based on this limited sample, it could be assumed the
temperature drift woutd cancel out for multiple elec-
tronic filter installations on a series of canal reaches
and would be a negligible factor in the total system
performance. :

The EL-FLO plus RESET cantrol chassis was sub-
jected to high temperatures. It was discovered in'these
tests that the slider on wire-wound trim potentio-
meters would shift position at high temperatures be-
cause of thermo expansion causing a sudden change in
the contraller output at TP3 {fig. 111-3}). Figure 1-5
illustrates a high temperature drift of a wire-wound
trim potentiometer experienced in the laboratory heat
tests an the control chassis. The wire-wound trim
potentiometers were replaced with a cermet metal-film
type that provides infinite resolution. The cermet-
type trim potentiometers eliminated the chassis output
drift experienced with the wire-wound type under
heat tests. :

An example of a heat test run (No. 35T) conducted on
the final prototype EL-FLO plus RESET control
chassis is shown in figure [-6. The temperature was in-
creased from 20.8 to 60 °C (69.5 to 140 °F) over an



Table 1-2.—Summary of tempefature drift characteristics of electronic
. Filter units 1 through 4 with MOSFET drain current set at 1 sS

. MOSFET
Electronic Heat drain Temperature/drift

filter test current 38 °C (100°F) 52°C {125 °F) 65°C (150 °F)

unit No. Ipss, mV mV mv

mA

1 23T 1.50 -2 +2 +20

1 14T* 1.50 +1 +5 +19

2 24T 0.63 +2 +11 +66

2 1T 0.63 +11 +34 +77

3 25T 0.64 0 -1 -39

3 16T* 0.64 —4 —-13 —44

4 31T 0.64 ~3 -11 —B3

4 307" 0.64 -2 =11 -38

Average drift = 0 +3 +1

*Denotes heat test run data plotted on figure I-2. All other heat test run data plotted

on figure 1-3.

8-hour period. The input to the chassis, the filter
EF OQUTPUT, changed from 1.039 volts at the be-
ginning to 1.035 volts at the end of the test run for a
change of —4 millivoits. The chassis system gain,
A1A2, tor the test run was 10. Therefore, the change
aof —4 millivolts in the chassis input would produce a
change of —40 millivolts in the chassis output TP3. The
lower chart recording of figure |-6 is the chassis output

TP3. The chassis output TP3 changed from —7 milli--

. volts at the beginning to —162 millivolts at the end of
the test run for a change of —155 millivolts. The net

change of TP3 was —115 millivelts after accounting

for the change in the input during the test run.

The temperature drift of the contro! chassis of —115
millivolts, with the temperature changing from 20.8
to B0°C, is considered to be minor. Typically, a 1-volt
change at TP3 will move the check gate 0.03 m (0.10
ft}. Therefore, the temperature drift would cause a
check gate change of about 0.003 m (0.01 ft}. For the
South Gila Canal, the maximum gate opening is 1.28 m
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(4.2 ft) and the temperature drift equivalent of 0.003 m
(0.01 ft) would be 0.3 percent full scale. On the
Corning Canal, the maximum gate opening is 2.2 m
(7.2 ft} and the temperature drift equivalent would be
about 0.2 percent full scale.

The high temperature test program results demon-
strated that all compoeonents have good temperature
characteristics and the magnitude of temperature drift
is minor and will not cause system instability,

Each electronic filter unit was put into continuous
operation inctuding the final prototype control chassis
to eliminate infant mortality failures -of the electranic
solid-state companents, Solid-state components have a
high failure rate during ‘the first 100 hours of cpera-
tion. Unit 1 had 200 hours, unit 2 had 244 hours,
unit 3 had 377 hours, and unit 4 and the contral
chassis had an estimated 250 hours for a total of about
1071 hours of operation before being shipped to the
Corning and South Gila Canals for the prototype field
testing programs ta verify laboratory studies.
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Figure 1-2.— Temperature drift characteristics of the electronic filter units 1
through 4 for various temperatures and at various field effect transistor

drain currents.
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Appendix 11

ELECTRONIC FILTER TIME
CONSTANT CALIBRATION

General

The electronic filter is an element of the feedback
path, figure 16, and provides one of the primary con-
trol parameters, the filter time constant. The primary
function of theelectronic filter is to govern the stability
of the control system by filtering out critical frequen-
cies of disturbances that tend to be amplified by the
controller. The selection of the filter time constant
is based on tonsideration of the hydraulic transient be-
havior of the open channel under study, the desired
rate of control action of the system, or the amount of
damping within a period of potential oscillation, as
well as the desired magnitude of the offset from the
target value [1, 2].

The primary factor that influences the time constant
selection is the length of canal reach being controlled.
For canal reaches longer than 3.2 km {2 mi), the time
constant required in the filter element may be as high
as 4000 seconds. For short canal reaches of about
0.8 km (0.5 mi), the time constant may be about only
100 seconds. Therefore, the filter time constant is
different for each canal reach and the electronic
equipment is designed to provide an adjustable time
constant. The procedure for adjusting the time con-:
stant to the selected value (determined from mathe-
matical model studies) is explained in appendix V. The
range of filter time constant settings is limited to the
selection of the RC network. Usually, the resistor 8
of the AC network is changed to obtain time constant
values within a desired range using equation 11-1.

The filter time constant for a particular canal reach can
also vary as a function of canal flow. Far very low
canal flows, the time constant is the maximum. For
maximum canal flows, the time constant required of
the filter is wusually zero. However, the electronic
equipment is not designed to vary the filter time con-
stant as a function of the canal flow or water level
offset from target. Usually, a mean value is selected
and then checked by mathematical model studies for
disturbances at the low flows and then at the higher
flows to ensure that the desired canal response charac-
teristics are achieved.

A detailed procedure for selecting the filter time ¢on-
stant for the proportional mode of control can be
found in reference 4. However, the addition of the pro-
portional reset mode will change the control para-
meters derived for the proportional mode of control.

A

At the present time, the control parameter selections
for proportional pilus proportional reset mode of
contral is largely done by trial and error using the
mathematical model output to measure the desired
results. The procedure for selecting control para-
meters including the filter time constant is presently
being improved and will prebably be the subject of
another report in the future.

Electronic Filter Calibration
The équation for the electronic filter is as follows:

TF=RC(1+A) {41-7)

where TF is the filter time constant in seconds,
RC is the resistance and capacitancé of
the RC network, and
A is the gain of the operational amplifier

The value of the RC network will vary as much as 10
percent for each component depending on the
manufacturer’s tolerances.

A series of calibration test runs were made on the four
constructed electronic filters to determine the line-
arity and the magnitude of error that would result if
equation 11-1 is used instead of a calibration curve to
determine the filter gain A required tor a desired time
constant.

Table 1i-1 are the data collected for two typical elec-
tronic filter calibration test runs on unit 4 (tests No.
64 and 656). At time zero, the filter EF INPUT was
adjusted +0.600 volt for test No. 64 and —0.600 volt
for test No. 65. The filter gain was set at 1.0 for
both test runs. Figure I1-1 is the chart recording of the
filter EF INPUT and EF OUTPUT (upper chart} and
the output of the EL-FLO plus RESET controller at
TP3 ({lower chart). The upper chart demonstrates how
the filter responds with a step change in the EF INPUT
or water level as measured by the water level sensor.
The lower chart shows haw the comparator unit moves
the gate measured at TP3, AG £0.03m (*0.10 ft) {(equa-
tion B) or the electronic equivalence at TP3 of #1.0
volt,

The data of table 11-2 is plotted in figure 11-2. The time
constant by definition is the time for the EF QOUTPUT
to reach 63.2 percent of the EF INPUT. The step.
change in the £EF INPUT for both test runs was 0.600



Table 1\-1.—Electronic filter unit 4 time constant calibration, tests No. 64 and 65

Electronic ’ :
Test Time filter av, Ay _ e Initial conditions
No. Seconds Minutes EF QOUTPUT,?  volts AV AV at time zero
volts
64 0 0] '1.01 0.000 0.000 1.000 ' EF/NPUT = 1.000valt
300 5 1.183 0,142 0.237 0.763 ' AEFINPUT = 1.600 volts
600 10 1.261 +0.250 0.417 0.583 AV = +0.600 volt
900 15 1.342 +0.331 0552 0.448 0A QUTPUT = 1.011 volis
1200 20 1.402 +0.391 0.652 0348 gana - DA QUTPUT
1500 25 1.446 +0.435 0.726 0.274 OA INPUT
’ ’ 1.011
1.011
- = 1.000
At a value of 1 —glv =0.632 (AV) = 0.632 {0.600 V) = 0.372 V from figure I1-2, the electronic filter
time constant is 1100 seconds.
65 0] 0 ' 1.005 0.000 -0.000 1.000 EF INPUT = 0.990 volt
300 5 0.860 —0.145 0.242 0,758 ' AEF INPUT = 0.390 volts
600 10 0.783 - -0.262 0420 0.580 AV = —0.600 volt
900 15 0.670 —0.335 0.558 0.442 OA OUTPUT = 1,002 volt
1200 20 0.611 -0.394 0657 0343  GA/NA - OAQUTPUT
1500 25 0.566 -0.439 0.733 0.267 QA INPUT
_ 1.002
1.006
= 0.997

At avalue of 1 -A— = 0.632 (AV) = 0.632 (0.600 V) = 0.379 V and from figure 11-2, the electronic

filter time constant is 1080 seconds

U For initial EF INPUT and EF QUTPUT valtage values at time zero, refer to figure 11-1.
* EF QUTPUT equals OA INPUT.

volt and, therefore, the change of EF OUTPUT at the
time constant, TF, interval of time is:

changes from 0 to 2 volts, shown in columns 2 and 3
of table 11-2. This nonlinearity is considered to be
negligible in the total system performance.

EF QUTPUT at TF =63.2% x AV (11-2)
=0.632 (0.600 V). {11-:3)  The time constant calculated from equation {1-1 with
=(0.379 V (11-4)  gain A equal to 1.0 gave a value of:

The time constant TF can be determined from figure
}1-2 at the intersection of:

1 %— 0.379 volt
For test No. 64, the time constant was 1100 seconds
and for test No. 65, the time constant was 1080
seconds. There is a small error that occurs between
the £F INPUT positive step change and the negative
step change of about 2 percent. The error is caused by
the slight nonlinearity of the MOSFET offset be-
tween the gate and source terminals as the EF INPUT

{11-5)

TF=500(1+A)=1000seconds  {lI-6)
where B = 100 megohms and C = 5 microfarads
ar RC = 500 seconds (11-7}

The average TF of tests No. 64 and 65 is 1090 seconds.
The error between the calibration test runs and equa-
tion H-1 would be 90 seconds (9 percent) which is
within the £10 percent tolerance. However, with one
test-run calibration, an AC netwark value can be
calibrated:

TE

RC=97A"

1090 _ 545 seconds

1+1.0 (-8
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Table 11-2—Final calibration data for the prototype electronic filter units 1 through 4

EF EF 0A Vg VEk Power supply Filter Filter
Unit INPUT, OUTPUT, OUTPUT, {pin No. 11} or 10k +15 "—15 GAIN DS,
volts volts volts volts volts volts volts ATl mA
V5k
2 2.000 1.840 7.307 1.944 3.378 14.974 14.893 3.77 0.674
2 1.500 1.467 5.629 1.472 3.282 14,974 14.B93 3.78 0.656
2 1.001 0.994 3.746 0.998 3.187 14.974  14.893 3.78 0.637
2 0.504 0.527 1.887 0.5630 3.094 14,974 14.893 3.77 0.619
2 0.001 0.047 0.183 0.051 2998 14.974 14.893 3.90 0.589
at pin No. 15 = 6.03 volts, TF = 2300 seconds
V10k
1 2.004 1.879 3.177 2.641 15.834 14.974 14,893 1.69 1.5683
1 1.497 1.435 2.427 2174 15.411 14.973 14.893 1.69 1.541
1 1.001 1.000 1.694 1.718 15.000 14.974 14.893 1.69 1.500
1 0.501 0.562 0.953 1.259 14,685 14.973 14.893 1.69 1.458
1 0.001 0.126 0.213 0.801 14.171 14.875. 14.893 1.69 - 1.417
at pin No. 15 = 5.995 volts, TF = 1500 seconds
VK
3 2.005 1.950  11.048 1.951 3.376 14.977 14.894 6567 0.673
3 1.501 1.472 8.343 1.474 3.280 14.978 14.894 567  0.656
3 1.002 0.997 5.657 0.999 3.185 14.977 14.B94 5.67 0.637
3 '0.499 0.520 2.9561 0622 3.090 14.977 14.894 5.67 0.618
3 0.000 0.048 0.272 0.048 2,995 14978 14.893 5.67 0.599
at pin No. 16 = 6.002 volts, TF = 3550 seconds
VEkK
2 1.999 1.838  11.153 1.942 3.387 14.976 14.908 675  0.677
2 1.499 1.464 8.432 1.467 3.293 14.976 14.907 b.75 0.659
2 0.998 0.991 5.716 0.997 3.197 14.976 14.907 5.76 0.639
2 0.497 0.517 2.986 0.521 3.101 14.976 14.806 5.78 0.620
2 . 0.000 0.047 0.285 0.0562 3.006 14.876 14.906 6.06 0.601
at pin No. 15 = 5.898 volts, 7F = 3240 seconds {recalibrated)
VK
4 2.000 1.930 1.934 2.120 —345 1496 1504  1.003  0.690
4 - 1.500 1.461 —1.4656 1.650 —-3.35 14.97 15.04 1.003 0.670
4 1.001 0.993 °~ 0.995 1.176 -3.26 14.98 15.03 1.003 0.652
4 0.500 0.526 0.627 0.703 -3.16 14.98 15.02 1.003 0.632
4 0.000 0.057 —0.057 0.228 -3.06 14.98 15.02 1.000 0.601
at pin No. 15 =6.06 volts, TF = 1120 seconds
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If the filter gain A was set to a value of 3.8 instead of
1.0, the filter time constant by equation II-1 with a
calibrated RC value of 545 seconds would be 2606
seconds. Calibration test No. 57 (not included in this
report) on unit 4, with a gain of 3.8, produced a time
constant of 2680 seconds for an error of about 3 per-
cent which is an improvement from equation II-1.
Equation |I-1 gives a time constant value of 2400 se-
conds, about 10 percent from the calibrated value of
test No. 57.

Figure 11-3 is a summary of the electronic filter units
1 through 4 time constant calibration tests No. 25
through 65. Test runs No. 64, 65, and 57 are noted and
the dashed line is equation II-1. Unit 2 is about 3 per-
cent less than equation I1-1, unit 3 is about 6 percent
more, unit 4 is about 10 percent more, and unit 1
is about 11 percent more for an average error of 6
percent for the four units.

It was concluded that errors of £10 percent in the time
constant derived from equation |l-1 would not affect
system stability. It could, however, have a small effect
on the characteristic response of the canal reach such
as the f( value for equation 6 and the percent over-
shoot derived for equation 11.
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Better accuracy of the filter time constant calcu-
lation could be obtained by accurate measurement of
the resistor and capacitor values of each RC network
for use with equation Il-1. This procedure was consid-
ered to be difficult to implement.on a total system
basis because each R and C for each filter would have
to be measured and each filter then would have a diff-
erent equation |I-1. The significantly increased docu-
mentation does not appear to be warranted to improve
the accuracy of the time constant to achieve a slightly
improved accuracy on the total system characteristic
response.

Table 11-2 summarizes the final calibration data for the
final prototype electronic filters, units 1 through 4,
made prior to the shipment of the equipment to the
Corning and South Gila Canals for field prototype
tests. The data in table 11-2 became very useful in the
field to check the performance of the electronic com-
ponents to determine if the equipment changed as
a result of continuous operation in the canal bank
environment for long periods of time. Field tests on
the South Gila Canal established that the solid-state
equipment showed excellent stability after 4 months of
continuous field operation (table V-2).

Figure |1-1.— Recorder charts of electronic filter unit 4 time constant calibration, tests
No. 64 and 65.
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Appendix 111

.TECHNICAL DESCRIPTION OF EACH
EL-FLO PLUS RESET
FEEDBACK CONTROL SYSTEM ELEMENT

General

The electronic circuit design strategy for the EL-FLO
controller was based on the following criteria:

All solid-state components

High reliability

Packaging for ease in maintenance

Operable in changing environmental conditions

Capable of being used on canals with widely

different hydraulic characteristics

6. Capable of operation over direct-wire, uncan-
ditioned-type communication channels

7. Simple to operate and adjust

8. Simple to troubleshoot and repair

ok wLn =

These criteria led to the selection of silicon inte-
grated circuits throughout the EL-FLO controller de-
sign and use of solid-state and mercury-wetted contact
input-output relays.

The circuit design was approached on the basis of
isolating each functional requirement of the EL-FLO
method and designing the complete circuit necessary
to perform each of the required functions. Selection of
the packaging method resulted from using this same
strategy.

The electronics for the EL-FLO controller can be

shown as a series of functional blocks represented in
figure Itt-1. From figure 11i-1, the major functional
blocks of the EL-FLO controller are:

Downstream Check Structure

1. Transmitter
2. Water surface elevation sensor
3. Electronic filter

Upstream Check Structure

. Receiver

. Proportional controller and comparator
. Reset controller

. Output control

. Qutput relays

. Gate position sensor

oo b WwN =

The EL-FLO controller provides proportional plus
reset type of control action on the controlled device

(gate} based on information contained in the input
signal {conditioned water level). Closed-loop control
of the controlled device (gate) is obtained by pro-
viding the controlled device position information to
the controller and this position is compared to the
desired position computed by the controller. The
equipment at the upstream and downstream checks
is operating open loop with respect to one another
while the hydraulic system (canal) is operating closed
loop.

The EL-FLO controller required the design of elec-
tronic-type circuitry of a novel type because of the ex-
tremely poor operating environment and the extremely
slow time response of the hydraulic systems to be con-
trolled. The design strategy used for each functional
block of the EL-FLO controller is discussed in detail
for each specific electronic circuit.

System Description

The EL-FLO plus RESET feedback control system
functional block diagram is shown in figure [11-1.
The tfunctions of the control system are separated for
the downstream equipment and the upstream eguip-
ment. The system can be described on the basis of the
operation for a single check structure since operation
of the electronic equipment for muitiple check struc-
tures is identical.

The downstream equipment provides water surface
elevation information to the upstream equipment via
a communication circuit. The communication path
between the upstream and downstream equipment
lacations can be a direct wire circuit or microwave/
radio communication circuits. A direct wire, twisted
pair, buried cable was used as the communication
media for the development of the EL-FLO plus RESET
prototype system described in this report.

Downstream Eguipment.—The electronic equipment
assembly for the downstream location of the EL-FLO
system provides for water surface elevation measure-
ment, water surface elevation filtering, and signal
conditioning for transmission over the communication
circuit.

a. Water surface elevation sensor.—The water sur-
face elevation is measured in an appropriate canal
side stilling well and the surface elevation is mechan-
ically converted to an appropriate electrical signal.

The water surface elevation sensor output signal
is connected to the EL-FLO equipment using a
direct-wire cable. The sensor signal output is rela-
tively low voltage and a shielded cable is required
to prevent unwanted noise signals in the EL-FLO
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electranics. The sensor is located within the EL-
FLO equipment enclosure and, therefore, cable
length consideration is not a significant factor,

b. Electronic filter.—The electronic filter acts as
an extremely longtime constant low-pass RC
filter. Typical RC time constants for the low-pass
fitter are from 500 to 3500 seconds. Theé electronic
filter provides the necessary signal delay between
the upstream and downstream check structures to
maintain stable- control during changes ‘n the
hydraulic system aperation.

c. Analog transmitter.—The analog transmitter con-
ditions the output signal of the electronic filter to
provide a suitable signal that can be transmitted
over considerable direct-wire distances..The metheod
of signal conversion used does not affect the oper-
ation of the contro! system. One popular method
to transmit analog information over a direct wire
is 'the use of variable frequency signaling. The vari-
able frequency signaling method provides long dis-
tance signal transmission by converting the analog
signal input {usually a veltage quantity) to a low fre-
quericy (5— 1o, 25—Hz) signal output that is directly
applied to the direct-wira line. The variable fre-
quency output is directly proportional to the analog
signal voltage input. The use of a variable frequency
for the telemetering signal permits communications
between the transmitter and receiver over relatively
ilong distances {15 km) or operation over audio tone
channels via radio or microwave. The latter applica-

tion permits transmission over any distance since-

the modulated tones can be carried over any voice-
grade facility such as radio, microwave, or leased
commercial circuits. Up to 27 analog frequency
telemetry channels can be multiplexed an a single
300— to 3000—Hz bandwidth circuit.

The distances between check structures on mast
USBR canal systems are between 2 and B km
(1 and 5 mi) which led to the selection of the vari-

able frequency telemetry system- and a direct-

wire communication channel.

d. Transmitter communication circuit interface.—
The direct-wire communication circuits are usually
exposed to electromagnetic and electrostatic fields
of sufficient magnitude to damage solid-state elec-
tronic circuitry and are subject to low values of
signal-to-noise ratio. n order to isolate these field
energies from the solid-state components in the
transmitter and provide tremendaus improvement
in the signal-to-noise ratio, relay isolation is used
between the transmitter output and the direct-wire
line. High-speed relays with a significant operational
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life are required since the relay must operate at the
5— to 25—Hz signal rate of the transmitter output.
The 25 operations per second speed requirement
plus the considerable number of operations that
are required suggest the use of high-speed, mercury-
wetted contact-type relays. A typical speed at
which mercury-wetted contact relays operate is 200
times per second and the typical contact life is
1000 million operations. In addition to the high
speeds and long contact- life, mercury-wetted
..contact relays typically have extremely sensitive
operating coils that allow relay operation over di-
rect wire for considerable distances (up to 15 km),
This characteristic is consistent’ with the distance
that frequency telemetry signaling can be used.

Upstream Equipment.—The electronic equipment as-
sembly for the upstream location of the EL-FLO
system provides for reception of the signal over the
direct-wire communication path, measurement of the
gate position, performing analog computations, and
operating the canal check gate motor control circuitry.

a. Receiver communication circuit - interface.—The
purpose of the receive interface is identical to that
of the transmitter interface and provides the re-
quired isclation between the direct-wire communi-
cation circuit and the solid-state variable frequency
signaling analog receiver input. |

b. Analog receiver.—The analog receiver converts
the 5— to 26—Hz2 variable frequency signal from the
transmitter to an electrical current. The current out-
put of the, receiver has a range of 0 to 5 mA. This
current output is converted to a voltage value that
is proportional to the transmitted water surface
elevation,

c. Proportional controller.—The proportional con-
trofler is part of the analog computation electronics
that sums the water surface elevation signal to a
set-point “'target’’ water surface elevation signal and
performs multiplication of the results by a fixed
constant. The constant is referred to as the ““gain”
of the proportional controller.

d. Reset controller.—The reset contraller is also part
af the analog computation electronics that provides
intergration, with respect to time, of the water sur-
face elevation. The output signal of the reset con-
troller provides for the elimination of the canal
water surface “offset” produced by the propor-
tional controller. The extremely slow response of
the hydraulic system required the use of a unique
design of the reset controller so that the time inte-
gration of the canal water surface elevation would




not cause integrator “windup” for all values of flow
changes in the canal. Integrator “windup” results in
-the integrator output signal reaching a maximum
value before the input signal has reached a con-
stant value.

e. Comparator and output drivers.—The output
signals of the proportional controller and reset con-
troller are compared to the position of the canal
gate through a comparator circuit. The comparison
is made by selecting proper voltage polarities for
the inputs to a summing circuit. The output signal
of the summing or comparator circuit is used to
operate the output driver circuitry.

The output driver circuits consist of dual Schmitt
triggers. The Schmitt trigger output driver design
was chosen to operate the gate motor raise and
lower control circuits because of the requirements
for an adjustable gate operation dead band to pre-
vent excessive gate operation and adjustable but
precise gate movement steps. To eliminate the
interaction between dead band adjustments and
gate movement step adjustments, operational amp-
lifiers were used for the Schmitt trigger design.
Two Schmitt triggers are required, one for opera-
ting the raise gate control relay and one for opera-
ting the lower gate control relay. Raise or lower
operation is determined by the polarity of the
summing or comparator circuit output. The outputs
of the raise and lower Schmitt triggers operate the
solid-state raise and lower gate interposing relays.

f. Gate raise/lower interposing relays.—The EL-FLO
controller interfaces with the gate motor electrical
controls through solid-state interposing relays.
These interposing relays provide isolation between
the alternating-current gate motor power source
and the low-voltage, directcurrent-powered solid-
state electronic circuits, and provide sufficient
current and valtage to operate the canal gate hoist
maotors.

The interposing relays of the EL-FLQO controlier
are connected to the gate electrical control equip-
ment using buried cables.

Cable runs can be as long as required provided the
conductors are sized such that the voltage drop in
" the conductors is not sufficient to prevent opera-
tion of the motor contactors. The solid-state inter-
posing relays in the EL-FLO controller are rated
for 400-volt peak resistive, 10-ampere operation;
this rating is sufficient for operation of most gate
motor contactors without additional interface
equipment.
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g. Gate position sensor.—The gate position sensar
is mechanically connected to the canal gate opera-
ting mechanism so that the electrical output of the
sensor is proportional to the gate position. The
sensor output signal is scaled to interface directly
with the summing/comparator circuitry. The
gate position sensors signal is connected to the
EL-FLO equipment by a buried cable. The sensor
signal is of relative low voltage and shielded cable is
required for this connection to prevent unwanted
noise signals from entering the EL-FLO controller
electronics. The sensor can be located a considerable
distance from the EL-FLO control equipment
since current requirements for operating the sum-
ming/comparator circuitry are extremely small.
The sensor cable used in the prototype EL-FLO
controtler design was a four-canductor, shielded
No. 22 AWG instrument cable. A metal foil cable
shield with drain wire for grounding provides the
best protection against noise signals and electro-
magnetic radiated fields being coupled to the
signal canductors of the sensor.

Circuit Deascriptions

The operational description of each electronic circuit
that comprises the EL-FLO control system are des-
cribed in this section. The circuit description is divided
into the categories of upstream equipment and down-
stream equipment as shown on figure [I1-1. The cireuit
description wiil be confined to those that comprise the
EL-FLO control system. Descriptions of specific cir-
cuits that comprise the analog transmitter and receiver
can be found in documentation furnished by the manu-
facturer of this type of equipment. '

Downstream Equipment — Transmit Section.—The
EL-FLO controller equipment located at the down-
stream check structure location is schematically shown
on figure 111-4, The equipment shown consists of four
circuit cards designated Cards No. 1, 4, 5, and 6;
analog transmitter module, analog transmitter power
supply module and water surface elevation sensor and
condition modules, raspectively. The following circuit
descriptians are associated with the function of the EL-
FLO controller according to each circuit card number
and major equipment function.

a. Power supply — Electronics — Card No. 1.—The
power supply for the electronic circuits is a modu-
lar type and furnishes 100 milliamperes at plus and
minus 15 volts direct current from a 115-volt
alternating-current source. The source side of the
madular power supply is protected with a metal
oxide varistor (MOV) to prevent alternating-current
line noise and over voltages from damaging the



power supply. The MOV was selected because of
its high energy dissipation’ characteristics and small
size. The MOV is a solid-state device and requires
no maintenance or voltage settings for its operation.
The output of the power supply is avervoltage pro-
tected with two 20-volt direct-current Zener diodes
and overcurrent protected with a 250-milliampere
fuse. A single fuse is used in the common lead of
the power supply to protect both plus and minus
15-volt direct-current voltage outputs. Zener diodes
were selected as overvoltage protective devices be-
cause of the
fast operating characteristic, small size, and ability
to provide continuous protection with negligible
power drain from the power supply.

The power supply voltage of plus and minus 15-
volts direct current was selected because most hy-
brid and integrated circuit operational amplifiers
perform most efficiently at 15 volts direct current,
Also, this value of direct current voltage offers some
protection against false operation from induced
noise and transients.

b. Transmitter relay — Card No. 4.—The transmitter
relay is a 'mercury-wetted contact, low operating
current coil, high-speed type. This type of relay was
. used because of the need for high-speed operation
(25 times per second), aver a long distance {15 km],

long contact life (over 1000 million operations),

and small size.

"The 2.7-kilohm resistor that is in series with the
coil allows operation of the transmit relay for a dis-
tance of up to 16 km.

The AC circuit across the relay caoil reduces the
oscillation caused by the relay coil being operated at
the rate of 25 times per second from the analog re-
ceiver switching transistor output and thereby
eliminates cross talk that could exist in multicon-
ductor, direct-wire communications circuits.

c. Electronic filter - RC netwark — Card No. 6.—
The electronic filter RC network card was specially
designed so that all components on this card could
be encapsulated with a extremely low conductivity,
humidity proof encapsulant. The components lo-
cated on this card that are extremely sensitive to
relative humidity are the 100-megohm resistor and
the insulated gate metal oxide semiconductor
{IG-MOS) field effect transistor (FET) designated

Q1. Laboratory tests revealed that epoxy- and sili-
cone-type encapsulants did not provide sufficiently
high insulation for satisfactory operation. The en-
capsulant used was a silastic RTV encapsuiating

low voltage requiring protection, .
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- compound labeled Sylgard 184% manufactured by

Dow Chemical Campany and has an insulating qual-
ity better than 1 x 1012 ahms. This high insulating -
property prevents the encapsulant from effecting
operation of the electranic filter AC network card.

The ARC network card also contains a glass enclosed
contact reed relay. The reed relay must not be en-
closed in either plastic or epoxy. Nonencapsulated
reed relays with a glass enclosed contact and nylon
terminal brackets were used in the prototype design,

The input of the water level sensor (float-driven,
5-kilohm potentiometer} is applied directly to the
100-megahm resistor. Changes in the sensor voltage
are integrated by the RC network preceding the
gete of the MOSFET. The MQOSFET is connected
as a source follower and therefore the signal on the
gate lead is transferred to the source lead with no
amplification or inversion. The source signal is
different from the gate signal by the amount of gate
to source voltage, (Vgs). In order to have the gate
voltage and source voltage equal in value, the
MOSFET must be operated on its characteristic
curve where the gate to source voltage is equal to
zero. This operating characteristic of Vgs equaling
Zera is also required so that the capacitor in the gate
R network cannot discharge through the MOSFET.

‘The required adjustment potentiometer for setting

the operating characteristic of the MOSFET at
Vgs =0 is located on card No. 5 because ne adjust-
ment can be made on card No. 6 after encapsu-
lation. . .

The operating characteristics of the MOSFET are
effected by the amhient temperature and the drift -
associated with Vgs is computed as follows:

Drift=D = 2.2 (1=IDAD(z))°-*)
in millivolts per degree Celsius

Where /D = drain current at operation point
1D(z) = Zero temperature coefficient drain current.

The MOSFET used in the electronic filter circuit
design is a Motorola 2N3796 and has a zero temper-
ature’ coefficient drain current of approximately
0.065 milliamperes. This value of fDfz) was con-
firmed by laboratory measurement. {Refer to table
[-2). In addition, the operating current required for
the gate-to-source voltage {Vgs) to be equal 1o zero
is approximately 0.7 mA. Substituting these values
into the drift equation, the voltage is minus 5.3
mV/ °C. Therefore, the actual operating point of the

-MOSFET will change for temperature variation and
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this change in operating point would be inter-
preted by the EL-FLO control system as an actual
change in the downstream water surface elevation.

In order to meet both criteria of minimum change
in the MOSFET operating point with temperature
change and the gate to source voltage (Vgs) equal
to 0 volt, an offset adjustment potentiometer is
provided in the MOSFET source lead. This potentio-
meter allows operation of the MOSFET at an
operating point near the zero temperature coeffi-
cient drain current {/Dfz)) by providing an output
voltage adjustment that cancels the effect of Vgs
not being equal to 0 volt. Therefore, by proper
setting of the drain current and adjusting the affset
potentiometer so that the gate voltage and poten-
tiometer slider voltage are equal, the effects of tem-
perature drift on the electronic filter MOSFET
become negligible.

Laboratory tests were used to confirm that the
leakage current of the MOSFET would not affect
the filter circuit operation in the temperature range
from 25 to 66 “C. For the 2N3796 MOSFET, the
leakage current at 25 °C doubles for each 15 °c
temperature rise. The maximum voltage change for
the 40 °C temperature change, from 25 to 65 °c,
was calculated to be 1.56 millivolts.

The reed relay is used to provide a fast charge path
for the capacitor during initial power-up and cali-
bration of the electronic filter. The contact from
the reed relay is used to insert a 5-kilohm resistor
across the 100-megohm resistor so that the AC time
constant of the filter is reduced by a factor of
20 000.

d. Electronic filter - Operational amplifiers — Card
No. 5.—The electronic filter operational amplifier
card contains all the electronic components that
do not require encapsulation but are essential for
proper operation of the electronic filter circuit. This
card contains the MOSFET drain current and offset
voltage adjustment potentiometers, the reed relay
driver and operatianal lagic, the water level sensor
calibration potentiometer, and two operational
amplifiers.

The purpose of the MOSFET operating point ad-
justment potentiometers has been discussed in pre-
ceding subsection ¢. Since adjustment potentio-
meters are required to be operated only to match
the operating characteristics of the particular
MQSFET selected, the adjustment potentiometers
are only accessible when the circuit card is plugged
into an extender board. Potentiometer A1 and P2
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are not accessible from the frant of the card since
the operating characteristics of the MOSFET
should not change throughaut its useful life.

The automatic initialize logic is provided on this
card to operate the reed relay that is mounted on
encapsulated card No. 6. Transistor Q1 acts as an
electronic switch that permits operation of PNP
transistor Q2. Also, the manually operated push
button switch {(SW1) will operate PNP transistor Q2.
QOperation of transistor Q2 causes positive 15 volts
direct current to be applied to the coil of the reed
relay thus causing the form “a” (normally open)
contact of the reed relay to operate (close). Opera-
tion of transistor 02, and thus the reed relay, is
provided in two ways. One, operatian of the man-
ual pushbutton switch will operate the reed re-
lay. This mode of operation is used during testing
and calibration checks of the EL-FLO controller.
Since operation of the switch causes the voltage
output of the electronic filter to be equal to the in-
put voltage in 25 milliseconds or less, the switch
was mounted directly on card No.6 to prevent
access to the switch and greatly reduce the possi-
bility of accidental operation of the initialize
switch during narmal operation of the EL-FLO con-
trol system. Two, operation of the reed relay will
occur when power is initially applied to the EL-FLO
controller, and when significant duration power out-
ages occur. Capacitor C1 and resistor A1 combine to
provide about 2 seconds of base current to Q1
when power is initially applied to card No. b. This
time is sufficient for the reed relay to operate and
to charge capacitor €1 on card No. & to the value
of the water level sensor signal. In order for Q1 to
have sufficient base current to operate Q2, capacitor
C1 on card No. 5 must be approximately 80 percent
discharged. To ensure that C1 discharges to this
80 percent value, steering diode D7 provides a dis-
charge path to ground for capacitor 1. Diode D7
does not effect the charging time of C1. This quick
discharge design of the automatic initialize logic
allows the electronic filter to follow the water sur-
face elevation for all types of momentary or long
duration power outages of the primary supply
power to the EL-FLO contraller.

Operational amplifier A2 is used as an impedance
matching amplifier. The connection of the opers-
tional amplifier is called a “voltage follower™ be-
cause signals applied to the input will be transferred
to the output without changing the value or sign of
the signal. The primary purpose of using this ampli-
fier is to provide impedance isolation between the
MOQSFET source follower and the analog transmitter
input. Since the output impedance of the source



follewer is approximately 12 kilohms, the input cir-
cuitry associated with the analog transmitter will
effectively change the operation of the MOSFET
source follower. Operational amplifier A2 provides
an extremely high impedance load to the source
follower and an extremely low impedance input to
the analog transmitter, while it does not effect the
water level information signal required to be trans-
mitted to the upstream EL-FLO equipment. A
general purpose aperational amplifier equipped with
internal frequency compensation is sufficient for
use in this connection and application.

Operational amplifier A1 is connected as an invert-
ing gain amplifier. Signals at the amplifier input
are transferred to the output with selected amp-
lification and sign change. Amplifier A1 is used
to allow capacitor C1 on card No. 5 to appear
like a much larger capacitor than its rated value.
Also, the amplifier gain is simpler to adjust than
would be the value of capacitance particularly since
the capacitor must be encapsulated and the ampli-
fier does not. The time constant of the electronic
filter is directly proportional to the value of A2 and
C1 on card Na. 6 such that the time in seconds for
the output signal to change to 63 percent of the in-
put signal is R2C1 seconds. The operational ampli-
fier provides longer times with the values of A9 and
C1 selected as follows:

Time constant= A2C1 {1+ A}

where A = amplification factor (gain) of operational
amplifier A1

Operational amplifier A1 is designed to provide
variable amplification of the input signal based on
the magnitude of the input signal.

The printed circuit card has been etched to allow
the addition of jumper wires to insert the necessary
input circuitry for implementing the variable
amplification operation. Operation of the ampli-
fier in this mode is described in succeeding sections.
First, assume’ that the input circuitry consists only
‘of resistor A6 that has a value of 4.99 kilohms.
The amplification factor of the inverting operational
amplifier can be shown to equal the ratio of the
feedback impedance (P2) to the input impedance
(RB}. Therefore:

A = P2IRE = RF/Rin = feedbfck impedance
input impedance

This relationship is most accurate for operational
amplifiers with open-loop gains of 100000 or
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greater. Referring back to the time constant equa-
tion, the electronic filter time constant can be re-
written using the expression for the amplification
factor shown:

-Time constant = R2C1 (1 + P2/ RE)
where, 4 = P2/RB

The circuit values shown on figure |11-4 can be sub-
stituted into this expression and the time con-
stant with these circuit values can be shown to
range from a minimum of 1000 seconds to a maxi-
mum of 5500 seconds. The calculated maximum
time constant assumes that the operational amplifier
can amplify all values of input voltage without re-
gard to the input voltage value or power supply re-
quirements. The practical vaiues of gain for which
amplifier A1 can- be adjusted is a P2:R6 ratip of
approximately six due to the values of the maxi-
mum input voltage (2volts) and power supply
limitations {16 volts). Therefore, the practical time
constant variation obtainable from the electronic
filter is from 1000 seconds to approximately 3500
seconds.

The variable gain input circuitry shown on figure
I11-4 can be used to provide automatic time con-
stant adjustment 'of the electronic filter based on
the amount of change of water surface elevation.
The value of RB must be changed from 4.99
kilohms to 49.9 kilohms and the jumpers must be
inserted for the variable gain amplifier operation.
The diodes and potentiometers provide the various
gains that can be obtained. The diodes provide the
vaoltage breakpoint to select which input circuit is
inserted, and the potentiometers provide the slope
adjustment for gains between breakpoints. The need
for this type of operation was not substantiated in
canal model studies, therefore, this particular
feature of the electronic filter was not used during
testing of the EL-FLO controllér prototype design.

Since operational amplifier A1 determines the time
constant value for the electronic filter, an extremely
stable, low-drift operational amplifier is required.
The protatype design employed a hybrid-type,
chopper-stabilized operational amplifier to satisfy
the long-stability, low drift requirements. The time
constant of the electronic filter must remain con-
stant in order for canal system stability require-
ments to be obtained; therefore, the chopper-
stabilized operational amplifier eliminated errors
in the time constant calculation due to electronic

circuit stability and drift characteristics.
\




The water surface elevation sensor calibration cir-
cuits are also located on card No. 5. The maximum
value of voltage that can be abtained on the water
surface sensor is limited to approximately 8 volts.
This value is sufficient to allow a precise adjustment
of the water surface elevation sensor. Adjustrment of
potentiometer P4 sets the maximum voltage range
to the water surface elevation sensor from 5 to 8
volts. Fuil range adjustment from Q to 100 percent
was not provided to conserve power supply current;
furthermore, investigation of practical gear ratios
for float-type operating mechanisms indicated that
full range adjustment was unnecessary.

e. Water surface elevation sensor.—The water sur-
face elevation sensor is a 10-turn, precision, wire-
wound potentiometer. The value of the potentio-
meter was selected to be & kilohms to allow suffi-
cient current to flew in the potentiometer to
eliminate low signal noise pickup from affecting the
measurement and is of sufficientiy high value to
minimize loading of the electronics power supply.
The potentiometer is cannected to a float-driven
puliey and gear assembly through a flexible shaft
formed from TYGON tubing. It was found through
field testing that a short length of TYGON 1ubing,
25 to 40 mm {1 to 1.5 inches), provided the best
method of flexible coupling for the potentiometer.
The tubing offers sufficient coupling to prevent the
potentiometer shaft from slipping while it protects
the potentiometer when unexpected overtravel of
the float oceurs.

f. Analag transmitter equipment.— The analog
transmitter design and operation is described in
manufacturer’s instructions for this equipment. The
particular type of equipment used for the EL-FLO
prototype design was Quindar Inc. model No.
QATT-20-525-0024-U-R-G-A. The required power
supply equipment necessary to operate the analog
transmitter is a Quindar Inc. model No. QP-3 with
a 12-volt, 300-milliampere direct-current output.

The Quindar QP-3 power supply also is used to pro-
vide the necessary 12 volts direct current ta oper-

- ate the anaiog receiver relay coil located at the
upstream check structure.

Upstrearn Equipment - Receive Section.—The EL-FLO
controller equipment located at the upstream check
structure is shown schematically in figure 111-3. The
equipment shown on the drawing consists of eight cir-
cuit cards (designated cards No. 1,2, 3, 4,7, 8, 9 and
10}, analog receiver module, analog receiver power
supply module, and gate position sensor. The following
circuit descriptions are associated with the function of
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the EL-FLO controller according to each circuit card
number and major equipment function.

a. Power supply - Electronics - Card No. 1 - Figure
111-3.—The power supply for the electronic circuits
operates and is designed as described in the Down-
stream Egquipment-Transmit section. The electronics
power supply in both the upstream and downstream
locations are identical and interchangeable.

b. Power supply - Relays - Card No. 2.—The power
supply for relay operation is a modular type and
furnishes plus and minus 15 volts direct current at
100 milliamperes from a 115-voltalternating-current
source. The modular power supply is identical to
that located on card No. 1. A separate power supply
was used far operation of relays because operation
of the relays create an unbalance in current flow on
the plus and minus 15-voit outputs. This current un-
balance causes the regulation of the power supply to
compensate by lowering the output potential of the
power supply. If the electranics power supply were
to be used to operate the unbalanced relay loads,
the electronic circuitry would not operate correctly
because the power supply output of 15 volts would
change each time a relay load was energized.

The primary relays that are operated from this
power supply are the gate motor raise and lower
interposing relays and -the integrator motor rotation
direction selection relays. A miniature dual form
C contact, reed relay is mounted on the power
supply card and inhibits gate motor operation and
integrator motor . operation during failures of the
communication line, or failures of the analog trans-
mitter or receiver between the upstream and down-
stream check structures. Operation of the gate
motor and integrator motor is prevented by opera-
ting the coil of the reed relay from the loss-of-
signal output of the analog receiver and connect-
ing the plus and minus 15-volt pawer leads from the
modular power supply through the reed relay norm-
ally open contacts and then ta the gate and integra-
tor motor control relays. The loss-of-signal output
fram the analog receiver will keep the coil of the
reed relay €nergized as long as a valid signal is being
received by the analog receiver. Therefore, power
to the gate motor control relays and integrator
motor contral relays will also be available as long as
a valid signal is being received by the analog recziver,

c. Receiver relay - Card No. 4.—The receiver relay
type and circuit operation is identical to that de-
scribed for the transmitter relay circuit.



The relays used for both the transmitter and re-
ceiver were assermbled on one circuit card because
of space and interchangeability considerations.

d. EL-FLO controller - Proportional and compara-
tor circuit - Card No. 7.—The EL-FLO controller
circuit card provides for the analog computation
of the desired gate position (GP) and computes the
amount of actusl gate travel required (AG) to ob-
tain the desired gate position.

The circuit card contains three operational ampli-
fiers. Two of the operational amplifiers are of the
hybrid construction type and one is of the medium-
scale integrated (MSI) circuit type. The amplifiers de-
signated A1 and A2 are the hybrid-type amplifiers.
Hybrid-type operational amplifiers contain both
MSI circuits and discrete component semiconduc-
tors within a single modular encapsulated enclosure.
High quality, stable operation, temperature and
frequency compensated types of amplifiers were
used for A1 and A2 because of the critical analag
computation performed by the circuits in which
they operate. Hybrid-type operational amplifiers
were superior in all operating characteristics to the
MSI circuit type operational amplifiers at the time
of the-EL-FLO controller design.

Amplifier A1 is connected and operated as a sum-
ming amplifier. The amplifier adds two signals that
electrically represent the target canal depth (Y (T))
when the flow (Q)} is equal to zero, and the actual
water surface elevation (¥(F)), at the downstream
check structure. In addition to the summing opera-
tion, amplifier A1 also provides multiplication of the
two summed inputs by a constant, designated
as K1. The summing amplifier is also connected

- such that the output voltage value will be opposite

in polarity to the sum of the input voltage values.
Therefore, the resultant output signal of amplifier
A1 represents the proportional contral element of
the EL-FLO control system and is represented by
the following equation:

Egq = KALY(T) —Y(F)]

£p4 = output voltage of A1
K1 =gain or amplification of A1
Y{T) = target set point value
Y{F) = canditianed water surface elevation
(downstream) value

The output voltage of A1 represents the com-
puted or desired gate position. Therefare, when £q1
is replaced with GP,. the previous equation is ident-
ical to that shown in figure 16.

. The signal designated Y(F) is the output signal of

the analog recsiver. The receiver output is a 8- to
5-milliampere current -source signal that is directly
proportional to the output of the électronic filter,
The receiver output is terminated with a 2-kilohm
potentiometer in parallel with a 100-microfarad
capacitor. The potentiometer provides for adjust-
able signal inputs to amplifier A1 of 0 to 10 volts.
The capacitor prevents spurious signals that may be
contained in the desired receiver output signal from
affecting the operation of amplifier A1.

The signal designated ¥(T) is the target voltage and
its value is obtained from patentiometer P1. A
B-kilohm resistor is connected in series with poten-
tiometer A1 to provide a more precise voltage ad-
justment for the target value. The target voltage is
a negative polarity signal.

Signal inputs Y(F} and Y(T) are connected to the
inverting input of amplifier A1 through 50-kilohm
resistors. The 50-kilohm resistor value was selected
to reduce loading on each input signal potentio-
meter to less than 1 percent.

The gain or amplification factor of amplifier 41 is
controlled by the 1-megohm potentiometer con-
nected from the amplifier output to the inverting
input. The 1-megohm feedback potentiometer and
the 50-kilohm input resistors provide a theoretical
value of K1 that is adjustable from 0 to 20. Since
operational amplifiers do not operate as speci- .
fied when operated at gains of less than unity,
the practical adjustment for K1 is from 1 to 20.
Since amplifier A1 is operating as an inverting
amplifier, the output signal will be opposite in
polarity to the input signal.

Hybrid operational amplifiers are not factory ad-
justed so that the output voltage is exactly zero for
0 volt at the input. A 5D-kilohm potentiometer
designated as the “‘trim’* adjustment has been pro-
vided in each of amplifier A1 and A2 circuits for
making the necessary trim adjustment. This setting
need be made only once during the calibration of
the amplifiers. The trim potentiometers are only
accessible when the circuit card Is plugged inta an
extender board.

Amplifier A2 is also connected and operated as a
summing amplifier. This amplifier adds the signals
that electrically represent the desired gate position
{GP) as computed by the proportional circuit, and
the actual measured gate position (GA)} and the
desired gate position (GR) as computed by the reset
or integration circuit. 1n addition to the summing -
operation, amplifier A2 also provides multiplication -




of the three summed inputs by a constant, desig-
nated as A2. Amplifier A2 is also connected as an
inverting amplifier similar to amplifier A1. There-
fore, the output signal of amplifier A2 represents
the amount of gate position change that is necessary
to make the actual gate position equal to the desired
gate position and is represented by the following
equation:

502 = A2|{GP + GR — GA)

£ = output voltage of A2
A2 = gain or amplification of A2
GP = desired gate position - proportional
cireuit computation
G R = desired gate position - reset circuit
computation
GA = actual measured gate position

The output voltage of A2 is equal to the amount of
gate movement required to obtain the calculated
desired gate position. Therefere, if £qp is replaced
with *AG and A2 is assumed equal to unity gain,
the above eqguation is identical to that shawn in
figure 16.

Signai inputs GP, GA, and GA are connected to the
inverting input of amplifier A2 through 50-kilohm
resistors for the same reasons as described for ampli-
fier A1,

The gain of amplifier A2 is controlied by the
500-kilohm potentiometer connected from the
amplifier output to the inverting input. The 500-
kilohm feedback potentiometer and the 50-kilohm
input resistars provide a practical value of A2 that
is adjustable from 1 to 10. In addition to the 500-
kilohm potentiometer, a 0.1-microfarad capacitor
is also connected in parallel with the feedback
potentiometer. This capacitor was necessary 1o re-
duce amplification of alternating-current noise.
Since amplifiers A1 and A2 are connected in series,
the total amplification from card input to card out-
put is the product of the amplifier gains. Thus,
K1A2 could be as high as 200, creating a large
gain factor for low signal alternating-current noise.
The value of this capacitor was determined experi-
mentally.

The third operational amplifier on this card, desig-
nated 43, is a MS| integrated circuit type of apera-
tiona! amplifier and is used to change the sign of
the measured gate position input signal. The ampli-
fier is connected as an inverting amplifier with unity
gain. The output of the amplifier is used on card
No. 10 as the signal to operate the electrenic limit
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switches. Operating characteristics of this amplifier
are not critical to the analog computations of the
EL-FLO control system.

The 200-kilohm input resistor was selected to
minimize the loading effect on the 50-kilohm input
resistors of amplifier A2, '

The 0.47-microfarad capacitor shown connected
between the integration input signal {GR) and
common was used to eliminate unwanted alter-
nating-current noise that was introduced by cross-
talk within the chassis wiring. The value for this
capacitor was determined experimentally.

e. RESET controller - Cards No. B and 9.—The
'RESET contreller is designed to perform extremely
long time integration of its input signal with respect
to time. The RESET controller performs analog
computation on the following equation:

t
GR=K2 f GP dt
0

where GA = Desired gate position
K2 = Gain or amplification of the RESET controller
GP = Desired gate position computed by proportional
controller (amplifier A1 on card No. 7)
= Intergration time period

The computation performed to determine GF has
previously been described and the parameters that
are part of the computation are repeated:

GP=K1[Y(T)— Y(F)]

Therefore, the RESET controller equation can be
rewritten including the parameters used for compu-
tation of GP as follows:

t
GR=K2 f K1 LYy~ Yig)) ot
u)

The value for GP is the output signal of operational
amplifier A1 on card No. 7. Therefore, this output
is used as the input to the RESET controller. The
signal is integrated and multiplied by a censtant and
the RESET controller output GR is used as an input
to operational amplifier A2 on card No. 7 as pre-
viously described.

The integration period (1) for the RESET contraller
is extremely long. The changes in the'actual water
surface elevation are time filtered by the electronic
filter and may have a time constant of 3500 sec-
onds, or approximately 1 hour. In addition, as dis-
cussed in the General Theory section of this report,



the practical recovery of the canal system must be

limited to about 90 percent within 4 hours from the

time of the initial disturbance. Therefore, the
integratar time period could be as long as 8 hours
and the RESET controller autput signal must not

be limited by integrator windup for at least this -

period of time. In order to accomplish such a long
integration time, a variable-speed, low-speed d-c
motor was used to perform the required integration.
The -output signal from the integrator or RESET
controller is derived from a 10-turn precision poten-
tiometer driven by the shaft of the integrator
motor. The relationship between the d-c motor
intagrator and the equation for the analog compu-
tation of the RESET controller is as follows:

t
GR=K2 f 'GP dt
o]

where GP = K1(Y(T) — Y(F))
K2 =RESET controller gain
t = Integration time period

The value of GP is used to control the speed (r/min}
of the d-c motor and is proportional ta the speed of
the d-c motor, thus:

GP x K(r/min)
Therefore:

t
GR=K2 fK(r/min)dt
' 4]

. The expression relating the desired gate position
as calculated by the propartional controiler isdirect-
ly proportional to the speed of thed-c motor because
the motor speed varies linearly with applied voltage.
The comstant (K) shown in the expression is the
slope of the line relating motor speed to applied
voltage (see fig. V-7). The value of K2 is deter-
mined from mathematical modeling studies, and the
procedure for determining the constant K is des-
cribed in appendix V.

The RESET controller consists of two circuit cards.
Card 'Mo. 8 provides direction control and travel
limit setting for the d-c motor, and card No. 9 pro-
vides for controlling the speed of the d-c motor.
The description of operation of each circuit card
is presented in the following paragraphs.

- (1) Motor direction control - Card 8.—The inte-
grator motor direction control circuit card con-
tains the motar control reed relay driver circuits,
the high-low travel [imit switches and the voltage
adjusting network for the integrater potentio-
meter.
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Operational amplifiers /C3 and /C4 are con-
nected as “hard limit"” comparators and use an
extremely low drift integrated circuit (MSI]} type
of operational amplifier. Operational amplifier
IC4 provides motor rotation direction control
for a negative signal input and operationat ampli-
fier /C3 provides motor rotation direction con-
trol for a positive signal input. The input (GP) to
the comparators is the signal cutput from amp-
lifier A1 on card No. 7. Each comparator is pro-
vided with a dead band adjustment potentio-
meter designated P3 and P4 with a value of 50
kilohms and connected between common and

“the-plus 15- and minus 15-volt power supply out-

puts, respectively. These "‘potentiometers” pro-
vide a turn-on adjustment for the comparators
so that the signal input {GP) is required to be a
specific positive or negative value before the
motor direction control reed relays operate.
The input resistors to the operational amplifier
are considerably different. The large value of
input resistance (220 k&) was used from the ad-
justment potentiometer input so that small
values of voltage dead band (0.01 V) could be
obtained while the voitage output of the poten-
tiometer is approximately 20 times greater
(0.20 V). The 220-kilohm value is large. enough
to provide reasonable voltage adjustment of the
50-kilohm potentiometer and is not so large that
unwanted noise is introduced into the circuit.

The feadback natwork for the hard limit compar-
ators consists of an Bwvolt Zener diode and a
0.47-microfarad capacitor. The Zener diode
is used to “hard limit" the operational ampli-
fier output to 8 volts when the input signal ex-
ceeds the ""dead-band’ voltage value. The capac-
itor provides for extremely fast switching from
the “off" or O-valt output mode to the “on” or
8-volt output mode. Since the Zener diode does
not provide a fixed feedback impedance, the
operational amplifiers in the comparator circuits
are operating in the ‘“‘open-loop’’ gain mode.
The '‘open-loop” gain of the 1319 integrated
circuit operational amplifier is greater than
100 000. Therefore, the comparaters change
state from ‘“on’’ to “off” for an extremely
small deviation between the input voltage value
and the dead-band set point vaiue.

The output of operational amplifier /C4 operates
an NPN transistor switch and operational ampli-
fier /C3 operates a PNP transistor switch, The
output transistors are used to operate the direc-
tion control reed relays and to operate a LED
(light emitting diode) visual display lamp. The




amber famp provides visual indication that the
negative comparator has operated and the red
lamp provides visual indication that the positive
comparator has operated. Neither lamp illumin-
ated indicates that both positive and negative
comparators are within the dead-band adjust-
ment limits.

The directional control reed relays are designated
as relay X and relay Y. Each relay has two form
C contacts. The normally-open contacts of each
relay are used to connect the positive 15-valt
supply to the motor terminals. The X relay con-
tacts cause the d-c motor shaft to turn in the
clockwise direction and the Y relay contacts
cause the d-c motor to operate in the counter-
clockwise direction. Reed relays were chosen for
the directional control relays because of their
small size and glass-enclosed sealed contacts. The
diodes across each relay coil protect the driver
transistors from high-voltage transients that
occur after the relay coil is deenergized. The
diode limits the maximum voltage transient to
appraximately 0.7 volt.

The "high’’ and “low” limit operational amp-
lifiers (/€54 and JCSB) are also connected
as hard limit comparators. The limit comparators
were designed using a dual amplifier integrated
circuit {MSI) type. The amplifiers are frequency
compensated but do not have extremely good
temperature stability and drift characteristics,
These comparators operate identically to com-
parators /C3 and /C4. The capacitor is omitted
from the feedback circuit since output switching
for limit comparisons is not critical. The low
limit comparater has two inputs. One input is
from a fixed voltage divider that provides the low
limit set point. The second input is the actual
signal from the integrator potentiometer output.
The fixed low limit voltage divider provides for
a low limit of approximately 0.03 volt. The high
limit comparator has one input from the inte-
grator potentiometer output and a second input
from an adjustable potentiometer. The high
limit adjustment varies for each canal reach
because the constant K2 is different for each
canal reach and, therefare, a potentiometer is re-
quired to make the proper limit setting. The low
limit comparator autput cperates an NPN transis-
tor which shunts the base current from the nega-
tive comparator reed relay driver transistor.
Shunting of the base current to common causes
the relay driver transistor to turn off and results
in deenergization of the Y reed relay which
stops the motor shaft rotation. The high limit

87

comparator operates in a similar manner to de-
energize the X relay and stop the motor shaft
rotation. The limit comparators prevent damage
to the integrator potentiometer due to motor
shaft rotation that could occur beyond the stops
of the 10-turn integrator potentiometer.

The voltage adjustment network provides setting
of the correct voltage on the integrator poten-
tiometer. The adjustment potentiometer is con-
nected so that voltages from plus 15 valts to plus
1.4 volts can be obtained.

(2) Motor speed coantral - Card No.9.—The inte-
grator motor speed control circuit card contains
an absolute value computation circuit, a voltage-
controlled oscillatar, and motor driver transistor.

The input signal to the integrator motor speed
control card is obtained from amplifier 41 on
card 7 as described in {1) for the directional ’
control card. The input voltage is a bipelar signal
and this signal must be made unipolar for proper
operation of the voltage-controlled oscillator.
This signal conversion is accomplished through
{MSI) integrated circuit /C1. Integrated circuit
IC1 contains two operational amplifiers and
these amplifiers are connected to perform an
absalute value computation on the input signal.
The absolute value circuit provides a negative
signal output for a bipolar signal input and per-
forms multiplication by a econstant to the input
signal. Amplifier A in the absolute value circuit
is designed so that for positive input signals
its output is approximately 0 volt, and for nega-
tive input signals it operates as a unity gain in-
verting amplifier so its output signal is equal to
the value ef the input voltage but has a positive
value.

The diodes in the feedback path provide for in-
sertion or shunting of the 10-kilohm feedback
resistor depending upon the polarity of the out-
put signal. Amplifier 8 adds the signal from the
output of amplifier A to the input signal and pro-

vides an inverted output of this sum multiplied

by a constant. It should be noted that the input
resistor for the signal from amplifier A is one-
haif the value of the resistor for the signal input.
The output signal of amplifier A must be divided
by two since the signal input is negative and the
output signal from amplifier A is positive and
therefare the difference of these two signals must
always equal the value of the input signal.

The output signal of amplifier B is a negative
polarity signal that is equal to the value of GP



multiplied by a constant. The canstant is desig-

nated as K in previous discussions.

The voltage control oscillator uses a low-drift
(MSI) integrated circuit operational amplifier
identical to that used for the paositiva and nega-
tive direction comparators. The operational
amplifier is connected as a phase-shift oscillator.
Each ARC network provides approximately
60° of phase shift to the output signal. Since the
output signal is phase shifted by three 60°
phase-shift networks, the resultant output is
shifted by 180% and returned to the input of
the amplifier through a 10-kilohm feedback re-
sistar. Therefore, the amplifier will sustain oselll-
ation and the output signal from the amplifier
will oscillate between approximately plus and
minus 10 volts, The output signal is a square
. wave with a duty cycle of 1 with O signal input
and an amplitude of approximately plus and
minus 10 volts. The frequency of aperation of
the oscillator was matched to the integrator
motor and was determined experimentally to
be approximately 25 kilohertz. This frequency of
operation provides the best speed control range
for the d-c motor. The duty cycle (ratio of
positive half-cycle duration to negative half
cycle duration} of the oscillator can be changed
by application of a d-c signal input at the ampli-
~ fier inverting input. Therefore, the signal output
of the absolute value circuit (KGP) is used to
contrel the duty cycle of the osciliator. The
oscillator output drives an NPN transistor that is
connected in series with the d-c motor winding.
By controlling the duty cycle with the input volt-
age, the duration of the on-time and off-time of
the NPN transistor can be controlied and thus
the speed of the motor can be changed. The
switching type of control was used rather than
simply varying the voltage to the motor winding
because the switching control maintains the
motor torque approximately constant and at
the maximum operating motor voltage value for
all motor speeds. Therefore, extremely slow
speed operation of the motor can be maintained
without the loss of sufficient motor torque to
operate the integrator potentiometer. The diode
that is in series with the NPN transistor base
lead removes the negative portion of the square
wave signal to prevent damage to the base-
emitter junction of the transistor.

Potentiometer P1 is used to set the proper duty
cycle of the oscillator output for the desired in-
put signal range. It should be noted that when
the signal input to the oscillator is O volt, the
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duty cycle is .approximately equal to unity.
Paositive signal input reduces the duty cycle and
negative signals increase the duty cycle. There-
fore, potentiometer P1 supplies a positive input
to the amplifier that reduces the duty cycle of
the square wave output and provides the mini-
mum speed maotor operation. The value of K
from the absolute value circuit must be suffi-
cient to provide an input signal to the oscillatar
amplifier that will ensure fuil range motor
speed control.

The motor calibration curves and illustration of
computing the constant (K} are shown in appen-
dix V. :

{3) Integrator mator.—The d-c motor selected for
use as the integrator motor is a slow-speed, high
accuracy timing mator. The speed of the motor
selected for the prototype EL-FLO control
system was 1/72 revolution per minute at 12
volts direct current. The motor has built-in
noise suppressing circuitry, to minimize commu-
tation spikes from entering the winding potential
-source. As previously discussed, some additional
capacitor filtering was reguired on the EL-FLO
controller proportional cireuit to further reduce
commutation noise on the d-c power supply.
Power supply No. 2, used for operating the reed
relays, was also used as the potential source for
the d-¢c motor to further isolate the noise from
effected critical circuit operation within the EL-
FLO controller receive chassis.

f. Gate driver raise/lower - Dual Schmitt trigger -
Card No. 10.—The check gate motor control gir-
cuitry and electronic gate high and low limit switches
are located on card No. 10. The motor control cir-
cuits consist of. MSI circuit operational amplifiers
connected to operate as extremely accurate Schmitt
triggers. The electronic limit switches consist of an
MS1 circuit and are connected to operate as hard-
limit comparators.

The “raise” and “lower” Schmitt. triggers are de-
signed using one dual integrated circuit operational
amplifier for each circuit. The /C1 comprises the
lower Schmitt trigger circuit and f£2 comprises the
raise Schmitt trigger circuit. Only the operation of
the lower Schmitt trigger will be described because
both circuits operate identically except for signal
input and output polarities.

The basic Schmitt trigger type of circuit is a bistable
multivibrator that produces an output for adjust-
able values of input signals and returns to its normal




state (usually off} for a different value of input
signal than that required to produce an output
signal (turn on).

The input level adjustment for turn-on is called the
“trip-point’’ and the turn-off point adjustment is
called hysteresis. Conventional Schmitt trigger de-
signs have an inherent deficiency in that adjust-
ment of the hysteresis causes interaction with the
trip-point adjustment so that specific values of trip-
point and hysteresis are difficult to achieve.

The circuit design used for the EL-FLO contral sys-
tem avoids this interactive adjustment drawback and
allows the trip-point and hysteresis to be adjusted
independently without interaction. Amplifier A
operates as an inverting summing amplifier. The out-
put valtage is negative and is limited to the value ab-
tained from the feedback components comprised
of diode D1, and the 6.8- and 2.2-kilohm resistors.
Diede D2 limits the positive output excursions to
approxirpately 0.6 volt. Amplifier 8 operates as an
inverting amplifier and provides precision rectifi-
cation of the output of amplifier A, The output of
amplifier B is fedback to amplifier A through poten-
tiometer P4 {positive type feedback} and provides
for the hysteresis adjustment of the circuit.

The hysteresis adjustment is a function of the ratio
of potentiometer value P4 and the 10-kilobm input
resistor. The trip-point adjustment is determined
by the setting of potentiometer P3. On figure [11-4,
the hysteresis adjustment has been labeled dead
band adjustment to indicate that the state of the
Schmitt trigger output does not change between the
trip-point and hysteresis set paint.

The output of amplifier 8 operates an NPN transis-
tor.” The transistor is used to operate the solid-state
gate motor interposing relay and a LED visual dis-
play lamp. The amber lamp provides visual indica-
tion that the lower gate relays are aperating and the
red lamp indicates that the raise gate relay is opera-
ting. Neither lamp illuminated indicates that both
Schmitt trigger circuits are in the off state.

The input to the ’'raise’” and “lower” Schmitt
triggers is the output of comparator amplifier A2 on
card No. 7. The input signal is bipolar so both
raise and lower Schmitt triggers are connected to
operate from this bipolar signal. When the signal is
positive, the lower Schmitt trigger operates and
when the signal is negative, the raise Schmitt trigger
operates.

The high and low limit operational amplifiers /C34
and /C38B are connected as hard-limit comparators.

89

The operation of these comparators is identical to
that previously described. The input to the compar-
ators is fram amplifier A3 on card No. 7. The out-
put of amplifier A3 on card No. 7 is the inverted
signal from the gate position sensor. The electronic
high and low limit comparatars are set so that they
operate prior to the- mechanical limit switches
associated with the canal gate operating mechanism.

A detailed analysis of the operational amplifier
Schmitt trigger circuit is included in the Detailed
Circuit Analysis section of this appendix.

g. Output relays - Card No. 3.—The interposing
relays that interface the solid-state electronic
hardware from the alternating-current gate motor
control circuitry are iocated on this card. One inter-
posing relay for gate raise aperation and one inter-
pasing relay for gate lower operation are mounted
on this card. The interposing relays are of the solid-
state type. The output contact of the relays is a
solid-state Triac switch. The output load rating of
the relay is 400 volts rms at 10 amperes.

The solid-state interposing relay is operated through
a built-in reed relay. Therefore, compiete isolation
between the load alternating-current output and
low-vbltage, direct-current input is obtained through
the reed relay contact.

Solid-state relays were used in the design because
they require no periodic maintenance. They are ex-
tremely reliable and their relatively small size per-
mitted printed circuit board mounting.

h. Gate position sensor.—The gate position sensor
is a 10-turn, precision, wire-wound potentiometer.
The value of the potentiometer was selected to be
5 kilohms to allow sufficient current to flow in the
potentiometer; this eliminates low signal naise pick-
up from affecting the gate position measurement
and the value is sufficiently high to minimize load-
ing of the electronics power supply. The potentio-
meter is connected to the limit switch shaft of the
gate motar operating mechanism. The connection is
made through a flexible shaft formed from TYGON
tubing as described previously for the water surface
elevation sensor. The gate potentiometer. signal leads
are connected from the gate location to the EL-FLO
controller chassis location using shielded, twisted
pair instrumentation cable. During field testing at
some gate locations, it was found that alternating
current noise pickup was introduced onto the gate
position- sensor leads. This noise is eliminated by
installing a 0.02-microfarad capacitor on the termi-
nal strip in the EL-FLQ controller chassis across the
potentiometer slider and common leads. Since the



capacitor is not usually required, it was not incor-
porated into the printed circuit card designs.

i. Analog receiver equipment.—The analog receiver
design and operation are described in manufac-
turer’s instructions for this type of equipment. The
particular type of receiver used for the EL-FLO
prototype design was Quindar, Inc., model No.
QATR-20-525-U-I. The power supply required to
operate the analog receiver is a Quindar, Inc., model
‘No. QP-3 with a 12volt, 300-millampere direct-
current output. ' .

The analog receiver is designed to convert the 5- 10

256-hertz input from the downstream equipment to

~a current source output that has a range from 0 to
5 mA. The maximum load that the receiver can
drive is 2.5 kilohms. ’

i. Gate power switch.—A double-pole, single-
throw (DPST) switch is used to isolate the gate raise
and lower relay outputs from the gate motor con-
trol circuitry. This switch allows operation of tha
EL-FLO control system in a test mode, without
actually operating the canal check gates. The switch
electrical rating is matched to the particular motor
control circuitry to which it interfaces.

Packaging Design

The EL-FLO control system electronic eguipment,
‘analog telemetry equipment, gate sensor, and surface
elevation sensor are required to be packaged so that in-
stallation of the control system equipment is conven-
‘ient and relatively simple. Most USBR canal systems do
not have permanent shelters for equipment at each
check structure location. The packaging design for the
EL-FLO control system equipment was based on these
criteria. The prototype EL-FLO control system packag-
ing design was modified in the final design because the
prototype packaging design was somewhat restrictive
to be suitable for most USBR canal check structure
locations.

EL-FLO Equipment Location.—The best suited loca-
tion for the EL-FLO equipment was determined to be
within the stilling well shelter located at each check
structure site. This location was selected because on
most USBR canal systems, a shelter or house is pro-
vided to protect existing recording equipment used to
monitor the upstream water surface elevation at each
canal check gate lacation. The stilling well shelter pro-
‘vides protection of the EL-FLO eguipment from van-
dals and inclement weather conditions. In addition, the
EL-FLO control systeni requires monitoring of the up-
stream water surface elevation and this location allows
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the water surface elevation sensor to be packaged with
the EL-FLO control system equipment. Typical install-
ation of the prototype EL-FLQO control equipment is
shown on figures 13 and 14.

Equipment Cabinet.—The equipment cabinet require-
ments for the installation of the EL-FLO control
systemn components had the following constraints asso-
ciated with its design based on the decision ta locate
the EL-FLO control eguipment within the stilling well
shelter: :

(1} The size of the cabinet was restricted to the amount
of space within the shelter.

(2) The equipment cabinet had to accommodate all of
the necessary electronic equipment plus the water sur-
face elevation sensor.

" (3) The cabinet had to be suitable for mounting within

the shelter.
(4) Electronic equipment within the cabinet had to be
accessible from the front of the cabinet.

(6) The cabinet had to protect the electronic equip-
ment from high humidity conditions that exist within
the stilling well shelter. ‘

(6) The equipment cabinet had to be ventilated to pre-
vent excessive internal temperature rise while prevent-
ing the entrance of foreign substances and insects.

{7) The EL-FLO equipment had to be readily access-
ible for testing, calibration operation, and mainte-
nance.

(8) The cost of the cabinet had to be reasonable with
respect to the overall EL-FLO control sys:cem costs.

Based on these criteria, a standard corhmercially
available No. 14 gage, wall-mounted, swing rack,
NEMA-12 cabinet was selected for the EL-FLO contro!
system equipment enclosure. A cabinet size was selec-
ted that was sufficient to accommodate all of the re-
quired control system egquipment.

The cabinet arrangement for the prototype EL-FLO
control system design used the swing rack cabinet so
that the doar of the cabinet opened from right to left
and also, the swing rack rotated from right to left. This
arrangement was consistent with the design of the pur-
chased cabinet. However, during prototype testing, it
was discovered that the width of the cabinet was such
that some restriction could occur in stilling well shel-
ters that were designed in prior years. This restriction
necessitated a change in the equipment arrangement
from that used in the prototype EL-FLO design. A
cabinet arrangement that could be used universally in
USBR check structure stilling well shelters was de-
signed and the EL-FLO equipment that was purchased
to operate the Corning Canal used the new cabinet




equipment arrangement. The general equipment ar-
rangement for the final design ‘EL-FLQO control system
is shown on figure 111-7. The assembly drawing showing
the equipment arrangement for the swing rack panel is
shown on figure 111-8, Figure 15 shows views of the
final egquipment assembly.

In both the original prototype and final designs, the
cabinet ventilation was provided by making a 50-mm
{2-in} square opening at the top of the cabinet and cov-
aring the opening with a dust filter pad glued securely
in place. Also, dust filter pads were placed over the
float tape hales located on the bottom of the cabinet
to prevent insect entrance within the cabinet. The
dust filter pads had to be slotted to allow the float
tape to operate without excessive friction. All electri-
cal conduit entrances to the cabinet were sealed
through the use of waterproof conduit connectors. The
cabinet was also supplied with a gasketed front door.

The final equipment arrangemenrt design used for
the EL-FLO control system provided for mounting
the cabinet on one end so that the cabinet door would
open from top to bottom. Also, the swing rack rotation
would be from top to bottom. To prevent the cabinet
from becoming unbalanced with the swing rack rotated
to its maximum position, the cabinet is required to
be securely fastened to the mounting shelf within the
stilling well shelter.

Installation of the cabinet within the shelter must be
such that the door of the cabinet can be opened to
its maximum vertical position and the EL-FLO equip-
ment is easily accessible far operation and adjustment.

Elactronic Equipment Mounting.—The electronicequip-
ment that comprises the EL-FLO control system is
mounted in a specially designed card cage, so those
cards could be mounted adjacent to the analog tele-
metry equipment. The card cage design used in the
to accommodate this standard mounting. The printed
circuit cards that comprise the EL-FLOD controller were
mounted in a specially designed card cage, so that
those cards could be mounted adjacent to the analog
telemetry equipment. The card cage design used in the
final cabinet arrangement consists of an upper card
file and lower card file. The upper card file contains
circuit cards No. 1 through 4 and the lower card file
contains circuit cards No. 5 through 10, The power
supplies and relays are mounted in the upper card file
and the control cards are mounted in the lower card
file.

In the final cabinet arrangement, the calibration, test,
and maintenance control panel is mounted adjacent to
and below the card cage. The integration motor and
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associated integrator potentiometer is located behind
the control panel.

Sufficient space between tie analog telemetry equip-
ment and the card cage was maintained in the final de-
sign so additional telemetry equipment, as required,
could be mounted in the cabinet.

The equipment cabinet is designed to house both the
downstream and upstream EL-FLO control system
equipment at one location. Therefore, each cabinet
contains the transmit equipment for the upstream
check and the receive equipment from the downstream
check. This installation was used to eliminate the need
faor two separate cabinets at one check structure
location,

The electronic equipment mounting on the swing rack
is shown on figure 111-8.

Water Surface Elevation Sensor Mounting.—The water
surface elevation sensor is mounted in the cabinet di-
rectly behind the swing-rack assembly. Sufficient space
was available hehind the card cage for mounting the
sensor. All companents that comprise the water surface
elevation sensor, except the float itself, are mounted
within the cabinet. Access to the sensor eguipment re-
quires that the swing rack be in its maximum rotation
position. The maximum rotation of the swing rack is
90° from vertical; therefare, access to the sensar equip-
ment is somewhat limited. Since the sensor equipment
does not require periodic adjustment or maintenance,
its location within the cabinet was not considered to be
too restrictive for adequate equipment maintenance
and operation,

The location of the water surface elevation sensor is
shown in figures 111-7 and 15a.

Calibration, Testing, and Maintenance

The EL-FLO contreller prototype design was intended
t0 be adaptable to most USBR canal systems. In order
to design a contraoller that is adaptable to numerous
canal systems, the parameters that effect owerall stable
canal operation are required to be tailored to fit partic-
ular canal reach operating characteristics. Therefare,
numerous adjustments to the EL-FLO control circuits
are required to adapt the control system to a particular
canal reach. QOnce the EL-FLO controller is tailored
for a particular canal reach, the equipment is designed
to operate for the period of a complete irrigation sea:
son without further major calibration adjustments.

Each printed circuit card that requires adjustment to
adapt it to a particular canal reach has been designed so



the adjustments can be made from the front of the
cabinet without removing the printed circuit card from
its position. The adjustments required to tailor partic-
ular electronic components to the overall circuit
operation are located on the printed circuit card so
they are not adjustable without removing the card
from the card cage. This design prevents inadvertent
adjustments that would effect the proper operation
" of the electronic circuits.

All adjustments for canal reach parameter setting are
made with 20-turn precisian, infinite resolution, metal
film patentiometers. This type of potentiometer was
used because wirewound precision potentiometers have
- finite resolution and did not perform well during simu-
lation of elevated temperature and humidity environ-
ments during laboratory testing of the prototype
equipment. All canal parameter adjustments are made
by converting the parameter value to a voltage value
that can be measured on an easily accessible test point.
The adjustment potentiometers are located on the
printed circuit cards so they are easily identifiable
and are arranged in a logical sequence along the front
edge of the printed circuit card.

A contro! panel was provided adjacent to the card cage
in the prototype design and provided below the card
cage in the final design. The contral panel contains ali
the required test points that are connected to moni-
tar electrenic circuit voitage values. These test points

are used for testing, calibration, and maintenance of

the EL-FL:Q electronic circuits. The control panel also
contains the primary input power switch for the EL-
FLQO controller, the gate raise and lower power switch,
the main input source fuse, and the visual display lamps
for determining the integrator and gate motor opera-
tion states. The caontral panel is also used to access
test point voltage values during maintenance and elec-
tronic circuit calibration. A specially designed circuit
card extender was manufactured for this purpose. The
extender allows the circuit card to be operated as part
of the contral system outside the confines of the
card-cage. The extender not only provides for elec-
tronic circuit calibration, but also allows mere exten-
sive testing of the circuit cards than is possible with the
test ‘points that are wired to the control panel. The
control panel layout in the final design is shown on
figures 111-2 and 15, The control panel layout in the
prototype design is shown on figures I11-3 and [11-4.

The analog telemetry equipment used for the proto-
type design was furnished with integral mounted test
facilities. Testing of the telemetry equipment is per-

formed by using the integral test features furnished

with the equipment. A module extender board for the
analog telemetry equipment is required so that more

extensive testing and maintenance of the telemetry
equipment modules can be performed.

The cabinet wiring for the upstream and dawnstream
prototype EL-FLO equipment is shawn on figures I11-5
and |-G, . ‘

The complete wiring diagram for the equipment cabi-
net used in the final design is shawn on figure 1{1-9.

Maintenance Strateqy

The EL-FLO control system electronic equipment was
designed using highly reliable solid-state components so
that periodic maintenance would not be required. The
etectronic analog computing circuits have been de-
signed with precision low-drift operational amplifiers
so that periodic calibration would not be required. The
mechanical components in tha system were selected for
long-life and trouble-free operation, but periodic
maintenance is required on these components.

The printed circuit card design was based on each cir-
cuit card representing a major functional element asso-
ciated with the EL-FLO cantraol system. A circuit card
design based on the functional element approach en-
ables the control system to be tailored to meet many
control applications for the least cost by using only
those functional elements required for the particular
application. For example, the EL-FLO controller can
be configured as a proportions! controller without re-
set action by eliminating the use of the reset controller
cards, timing motor, and integrator potentiometer. In
addition to versatile control system configuration, the
functional element approach to the printed circuit card
design allows maintenance of the equipment by per-
sonnel without in-depth knowledge of the total system
operation or explicit details of the circuit dasign.

Diagnostics of control system trouble can be localized
to a specific card by monitoring the test points on the
control panel. When a particular functional block of
the system appears to he defective from the test paint
measurements, the defective circuit card can be re-
moved and a nondefective circuit card can be used in
its place. Substituting circuit cards to correct control
system operation allows maintenance of the equipment
at the site location without the need to return the
equipment to a central maintenance and repair center.
All control system malfunctions can be diagnosed to
the circuit card level from the test paints provided on
the control panel. Thus, the only diagnostic instrumen-
tation required by maintenance personnel is a four-
digit, portable digital volt-ohmmeter.
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Maintenance testing of the EL-FLQ control system re-
quires that the sequence of testing begin at the down-
stream transmitter location and continue to the equip-
ment at the upstream receiver location. Testing in this
sequence established the operational condition of the
communication circuit between the two locations.

The electronic filter, card No. 6, is the single card in
the EL-FLO control system equipment that reguires
special precaution when handling, inserting, or remov-
ing from the chassis, and when repairing. The compo-
nents on this card are encapsulated in an encapsulant
that is pliable so the encapsulant can be removed
and circuit component parts replaced. Due to the insul-
ated gate metal oxide field effect transistor (MOSFET)
located on this card, it is easily damaged by static elec-
tric charges, When the card is not located in the chassis,
the MOSFET device should be protected with a jumper
wire placed between the input gate circuit and the
source of the MOSFET. The prototype circuit card de-
sign provided two binding posts on the card for this
purpose. Therefore, whenever the card is required to
be removed from the chassis, a jumper wire would be
placed between the binding posts before removing the
card from service. Also, to further protect the card
from damage, the card should be wrapped in conductive
plastic or metal foil whenever it is required to be stored
or transported. Since encapsulating the card requires
contralled envirenmental conditions, repair of this card
must be performed by personnel who are familiar with
the installation of MOSFET-type components and en-
capsulating techniques. The card was successfully re-
paired several times during prototype testing by using
the proper encapsulating techniques and proper hand-
ling procedures of the MOSFET.

In addition to the plug-in printed circuit card design,
maintenance of printed circuit cards is also simplified
through the use of plug-in socket mountings for the
integrated circuit dual-in-line packaged integrated cir-
cuits. Use of sockets permits simple replacement of de-
fective integrated circuits without unsaldering and re-
soldering.

The swing rack design for mounting the electronic
hardware enables accessability to the rear connectors
of the equipment for testing and repair without remov-
ing electronic printed circuit cards or the analog tele-
metry modules. Also, the swing rack can be rotated so
access to the water surface elevation sensor, for peri-
odic maintenance of the mechanical assembly, is
possible without remaving the electronic equipment
card or module cages.

Summary

The EL-FLO prototype equipment design was exten-
sively tested in laboratory conditions before actual
testing in the field envircnment. A special environ-
mental chamber was built so the entire chassis could
be operated at temperatures from 0 to 65 °C and
humidity levels from O to 100 percent. In addition, the
equipment was thoroughly life tested in the laboratory
in order to eliminate infant mortality failures of the
solid-state components.

During the tests in the environmental chamber, major
campenent evaluations were made and component sub-
stitutions were made to the prototype control equip-
ment-as required. During these tests, wire-wound pre-
cision potentiometers used to make calibration adjust-
ments did not perform as well as metal film precision
potentiometers. Therefore, all precision potentiometers
used to determine critical control constants are the
metal film type. Also, all fixed resistors used on the cir-
cuit cards are metal film type.

The suitability of various encapsulating compounds
was also determined in the environmental test cham-
ber. The tests that were performed and results of these
tests are described in detail in appendix L.

Laboratory simulation of electromagnetic and electro-
static field noise was used to determine the suitability
of the EL-FLO control system equipment internal and
external wiring methods. These tests provided data for
determining the best location for insertion of noise
suppression capacitors within the electronic circuits.
Also, these tests provided data for determining exact
cable shielding and grounding requirements for the
contral system equipment. ’

The laboratory tests also provided valuable information
on the maintainability of the equipment and proved
that the packaging and printed circuit card design was
sufficient and met or exceeded the design criteria re-
quirements for accessibility, periodic maintenance,
and ease of operation and maintenance repair.

Operation of the prototype equipment during field
testing and actual operation cf the final design equip-
ment provided data on the overall reliability of the
control system equipment during actual operating con-
ditions. The following majar areas related to the field
operation led to equipment design modifications or
aoditions that were necessary to improve the overall
operation of the equipment and to make the equip-
ment more adaptable to field operating conditions.
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Lightning Protection.—The communicaticn circuits be-
tween the upstream and downstream equipment and
the primary alternating-current feeder circuits to the
equipment are susceptible to lightning strikes during
thunderstorm conditions. The communication circuits
were equipped with gas-tube-type lightning arrestors
in the criginal field installations.

Lightning strikes during thunderstorms was probably
" the most significant contributor to failures of the EL-
FLO control equipment. The lightning surge voltages
that caused damage to the equipment was found to be
affecting the electronic equipment through the com-
munication circuits. The communication circuit was
isolated from the electronic equipment using the trans-
mit-receive reed relays, -and it was difficuit to deter-
mine how the lightning strikes were causing damage to
the EL-FLO electronic equipment since isolation was
purposely provided to protect against such damage.
It was determined that the method of operating the
transmit and receive \relays, using the QP-3 12-V, d-c
analog telemetry equipment power supplies, praduced
a ground-loop between the communication circuit
ground and the EL-FLO chassis ground; this caused
components within the EL-FLQO controller to be dam-
aged due to avervoltage when lightning struck the com-
munication circuit. The lightning protection scheme
was redesigned using an additional separate power
supply for operating the communication line relays
and newly developed solid-state protectors were in-
serted on the communication lines in place of the older
gas-tube ‘protectors. This design modification appears
-to have reduced the susceptibility to failure of the
EL-FLO equipment from lightning strikes on the com-
munication circuits.

Lightning strikes on the primary feeder circuits must
be suppressed at the feeder source. It was discovered
that the source feeder alternating-current circuits that
_supplied power to the EL-FLO control equipment had
not had lightning protection installed. As a minimum,
high-voltage lightning arrestors and fuses are required
to reduce the surges generated by lightning strikes on
the feeder circuits. The EL-FLO equipment is pro-
tected for nominal alternatingcurrent source fluctu-
ations but direct lightning strikes on the feeder are
coupled toc the EL-FLO equipment and the protec-
tive equipment is not designed or intended to suppress

such large voltage surges. Therefore, the alternating

current feeder circuits that supply power to the EL-
FLO equipment should have lightning protection
in order to prevent damage to the control equipment.

Electronic Filter.—As previously discussed, the electro-
nic filter card No. 6 is extremely sensitive to damage
when the card is outside the card cage. Removal,

repair, and replacement of the card requires extreme
caution and results in card replacement and repair
being not totally successful by field operations person-
nel. The reliability of card No. 6 is very good and re-
pair or replacement was seldom necessary, but auring
diagnostic maintenance the card was removed and re-
placed frequently and this action sometimes created
failures to the card due to handling and not to a
component malfunction.

To eliminate the special handling requirements of the
electronic filter circuit card, a digital filter prototype
was designed and laboratory tested. The digital filter,
while considerably more expensive to implement,
does not alter the analog operation of the EL-FLO
control system. This solution, to the delicate handling
requirements of the original designed electronic filter
card, has not been field tested to date. Once the techni-
ques for handling card No. 6 are mastered, the inadver-
tent failure rate will decline considerably; therefore,
for the prototype and final system design field tests,
the card failure rate was not sufficiently high to
warrant the considerable expense of replacing the elec-
tronic filter cards with the digital-type design.

Card Cage Connectors.—The connectors used for the
prototype and final design EL-FLO equipment card-
cage assembly became fatigued after about 2 years of
operating in the field and created some problems due
to poor electrical contact with the card fingers. This
problem is attributed to the many card insertions and
removals that were made during the test period. The
numercus card insertions into the connectors caused
the spring tension of the connector pins to become
fatigued. The life of the connectors would be greatly
extended in a nontest operational mede of the control
system. The connector itself could be changed to
a different type to improve the life with expected
numerous card insertions. This problem is not consid-
ered a major design deficiency of the EL-FLO equip-
ment; however, an improved connector would be used
for future installations to eliminate the possibility of
connector failures.

Multiturn Potentiometer Sensors.—The precision 10-
turn, wire-wound potentiometers that were used for
gate position, water surface elevation, and integrator
output sensors failed on a few occasions. The failures
were related to the slider output of the potentiometer
periodically being open circuited. No hard failures of
the potentiometer slider operating in this manner oc
curred, so consequently, all the data analysis related
to this failure was based on an intermittent-type failure

~ that could not be duplicated in the laboratory. The sus-
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pected failed potentiometer was returned to the manu-
facturer for evaluation and analysis. No specific reason
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Figure 111-1.— EL-FLLO controller system functional block diagram.
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was identified for the intermittent failures but the
manufacturer did discover an improper seal of the po-
tentiometer case. No known reason for the failure
exists other than an improper seat; however, it was not
substantiated that the improper seal would cause the
type of failure that was being experienced.

Because of the lack of conclusive data on the reasons
far the potentiometer intermittent failures, the design
using these types of potentiometers was not changed.
The failures that occurred were not of significant
magnitude to warrant a major change in the sensor
design.

Alarm System.—During the field test period of the
prototype equipment, a system component failure
occurred that caused the EL-FLO control system ta
malfunction and resulted in considerable damage to the
canal system. See appendix |V for additional details.

This failure indicated the need for an alarm monitoring
system to be installed at each check structure, so
equipment malfunctions could be detected at the site
and the incidence of an occurring malfunction could be
transmitted to a central-manned location for appro-
priate action. The need for an alarm monitoring system
is a definite necessity on canal systems that have EL-
FLO system equipment installed at many check struc-
ture locations. A central facility can then be immed-
iately alerted when malfunctions occur and operations
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personnel can then dispatch appropriate maintenance
personnel ta the specific site where the malfuntcion
has occurred. Immediate notification of system trouble
will prevent serious damage from occurring to the canal
system and associated facilities due to automatic con-
trol system malfunctions.

The overall basic design of the EL-FLO cantrel system
hardware proved to be sound and the equipment per-
formed well within expectations. The thorough labora-
tory testing of the equipment is the primary reason for
the success that was reatized in its implementation.
The problems that developed during field testing and
long-term use were not substantially significant to
warrant major design changes. The basic contro! system
is a reliable, cost effective approach to canal system
control and operation.

Detailed Circuit Analysis

The following detailed circuit analyses are included for
the electronic filter circuit and the Schmitt trigger cir-
cuit because the aperation aof these circuits is not par-
ticularly straightforward. The remaining circuits that
are described in the Circuit Description section operate
in a conventional manner and a detailed analysis of
these circuits is unnecessary.



ELECTRONIC FILTER

Simplified Circuit Diagram

where : Rt
62 = Aeou*, A= E

€out = €in - 1IR-Vgs

R ' '
e, = % (ein-iR-Vgs)=A (ej,-iR-Vgs)
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Capacitor Voltage Calculation (ec)
equivalent circuit loop equation :

ein-1R-ec.+ e2 =0

Ein'iR"ecf' A(ein”iR‘Vgs) =0

ein{l+A)-iR{1+A)-Vgs A-e; =0
substitute : izc%

dec
ein (1+A)-RC(1+A) =—— -VgsA-ec =0

dt
dec
RC(HA)-&T tec=ejplI+A)+ Vgs A *
dec | I _ €ip Vgs A

ec = +
dt  RcU+a) ¢ Rc RCO+A)
g _ €in Vgs A
let: a-= b =
N IR RC TRC(+A)
then: d9€c +aey,=b
dt

now let : L{ec} =f(s)P:L{e'c}=sf(s)
S

then: sf(s)+af(s) =

gy e [ - 8] 2L -

and : L"{f(s)} = e, = _f]l [|_e-of]

[m Vgs A ]D-e-m]
RC + RC(1+4)
0r:eC= | .

RC(I+A)

t
S$0: €c¢c = [ein (1+A) + Vqu] |:|-e'm’:|
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v Output Voltage Calculation (egut)
circuit loop equation {from part I)

eout = ein “1R-Vgs =ein -RC ddf - Vgs

de

but: d—: :[ein(uA) +Vgsﬂ][

-t
] @ RC{I+A)
RC(1+A)

-t
€in M RCUI+Al
dec = [RC RC(|+A)] €

ein = VgsA -t

“eout = ein - RC[ s Rcum)]e reteAl Vs

€out €in-€in © RC(HA) J— e RC(HA) -Vgs

(r+A)
-t A -4
€out ~ e|n (I e "C(“A)) VgS(I (l'l’A) e nc(um)
1 Vgs =0
-t

SO. €out = €in (l—e Relea)) . ‘
and the circuit time constant is: T= RC (1+A}

Y. Conclusions :
- The above analysis indicates that the effective
capacitance of capacitor C in the circuit shown
in part I is modified by the factor (I+A)so that

its equivalent value is C{I+A),
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SCHMITT TRIGGER

I. Circuit Diagram

= u74lc = utdlc

IOI. Output Calculations

with: ejp =0
then: ey, X + 0.6 volts (due to the limiting action of CRI)

- .and:ega ¥ -0.6 volfs

out® 0.0 volts
with:eiy = I volt + &V (CR2 is forward biased for small negative av)
and Ve = I voIt
then: e‘m"3g N (‘VR "99) 4 eOAI_Vch_EQ ' |5"Vcnz‘€g -0 for
Rz Ro Rs Ra

the Al stoge; eg is the value of the voitage on the minus
input terminal of Al and V¢, 1s the voltage drop across
the diode CR2.

but for high open loop gain:eg¥ O
SO: ﬂ‘ﬁ‘*eom'vcgz + |5'Vcnz

Rz Rp Rs Rg

=0
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or: €oar _ Vera . \ﬁ ein 15 +Vc"

Rs Rs R2 R3 R4 Ra

with: ein = Ve and R3 =Rp
: = - R
then: eon = Rs [Vcnz +\.jc" I5] = Vege + —> (Verz-15)
Rs Rg R4
also: @gaz = - —;—; €oal = _BH‘_-; [Vcnz + % (Vcnz "5)]

oo 2 (29 v )

Hysteresis Calculations

€out

Vs Va

from the figure . aV =.Va - Vs
from the circuit layout of part I and as calculated above:

R R R
€oar * Vemz + i (Vcna '|5)= (" —5)[|5 -~ Verz (l + —4-)]
R4 Ra /& Rs

 (R7\[/Rs R
Coaz =(—) [(—) 1S - Veaz (H—E)] when ejp = Va and Rz = R
Re R4 Ra

also from the circuit layout of part L :
€out = €oaz — Vcra where Vcra =diode veltage drop across CR4
Utilizing the above expressions, the sum of currents.into

operational amplifier Al,assuming ega; o againas inpart II is:

eﬂ'ﬁ + €out + €oai ~ Ven2 + 15-Vere = 0
Rz Rz Re Rs R4 ,
by allowing ej5=Vs and Ry =Rz we have:
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Yi_ﬁ + €out . Eoa ~—Vcnz+ 15 - Vcra

Rz R3 Rs Rs Rg
then substituting for eocar we get:

| R 15 -V
E-&_+ EouT+_|_[(Vc,z A (Vc“ _|5)>_Vc":|+ Rz _
Rz Rz Rs Rs R4 " Ra
expanding we have:

=0

Vs _ Ve, €out , Verz  Vera _ 15 _ Verz 18 Venz

Rz Rz Rg Rs Ra Ra Rs Rg Ra =0

simplifying :

y_s-ﬁ.,.eouf _

Rz Rz Rg

since hysteresis is'defined as av=Vs-Vs we have:
R3

VR - Vs = AV = — eout
Ra

substituting for eout :

F\’3'
av = Eg (e oa2 ~ ch)

now substituting for egs; we have .

o= ) - v 22

or.

AV

A2) () e [ o el
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Appendix IV
REPORT ON THE CONDITION OF THE

EL-FLO CONTROLLER RECEIVER UNIT -
SOUTH GILA CANAL AUTOMATION
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United States Department of the Interior

BUREAU OF RECLAMATION
ENGINEERING AND RESEARCH CENTER
P.0. BOX 25007 )
BUILDING 67, DENVER FEDERAL CENTER DR L ey

IN REPLY DENVER, COLORADO 80225
REFER TO: D-1530 '
he7.
To: Project Manager, Yuma, Arizona
From: Chief, Division of General Research

Subject: EL-FLO Controller Receiver Unit Malfunction of September 23,
1973 - South Gila Canal - Gila Project o

We have completed our laboratory analysis of the EL-FLO controller
receiver unit which malfunctioned during real time automatic opera-
tion of the South Gila Canal headgate on September 23, 1973.

Enclosed is a capy of our report entitled "Report on the Condition
of the EL-FLO Controller Receiver Unit" dated November 12, 1973, for
your information.

The results of the laboratory analysis isolated the cause of the
receiver unit malfunction to the internal failure of the signal
output reed relay contacts. Laboratory tests demonstrated that the
signal output relay would fail to its open position when either
(1) the power supply was mometarily interrupted (power outage), {2) the
signal input was momentarily interrupted {loss of communication -
channel signal), (3) the relay was vibrated, and (4) when operating

- during normal power and signal conditions. Any one of the above
conditions cculd have occurred and initiated the signal output relay
to fail to its open position. The open contacts caused the loss of
signal output of the receiver unit producing a zero input signal to
the EL-FLO control equipment. The input to the EL-FLO controller,
therefore, suddenly changed from a normal value representing 4.2 feet
of water depth upstream of the 1.9 check to a zero depth. The EL-FLO
controller which was functioning normally proceeded to open the
headgate to supply additional water based on the false input signal.
As a result, the EL-FLO controller opened the headgate to its.
max imum posgtion increasing thg flow into the South Gila Canal from
about 40 ft°/s to about 110 ft3/s. The increased flow continued
Tong enough to cause flooding and damage to the lower end of the
canal before the ditchrider could manually close the headgate.
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Parallel to the signal output reed relay contacts are two other
identical reed relay contacts (one for the receiver "ON" lamp and
one for the alarm output) all of which are operated by the same
relay coil. These two lamp and alarm relays did not fail during
laboratory tests nor did they fail on September 23. "Since only one
of the three similar type reed relay contacts failed, we consider
the receiver unit malfunction to be the result of a component
failure not associated with field operation or by environmental
conditions on the canal bank. The component failure could possibly
be the result of poor quality control during production or of
marginal design. We believe that reed relays of this type may be
subject to this kind of failure. We, therefore, plan to take steps
to correct this deficiency.

We had planned to purchase and install EL-FLO controllers and an
alarm system at all the check structures on the South Gila Canal
next year. The Yuma Irrigation District understands clearly, as the
result of our prototype testing, the benefits they would receive
from the proposed installation. However, we believe the short
duration of prototype testing on the South Gila, together with
experienced interruptions and required modifications, the September 23,
1973 malfunction, fails to demonstrate to the D1str1ct sufficient
equipment re11ab1l1ty. They foresee the’ possibility of having
considerable maintenance cost associated with the installation which
could easily negate any associated benefits (refer to Travel Report
by Mr. Clark P. Buyalski, dated October 25, 1973, copy sent to

you).

We recommend and understand the District concurs, that the proposed
installation of EL-FLO controllers and additional experimentation on
the South Gila Canal be deferred until the control systém reliability
is further established. This coming spring we will be installing
EL-FLO controllers and an alarm system (of the same design proposed
for the South Gila) on the Corning Canal, Central Valley Project, -
near Red Bluff, California, at 14 check structures. The Corning
Canal EL-FLO contro] 1nsta11at1on will prov1de a good facility to
demanstrate performance. The first year's operation should provide
a sufficient period of time to obtain data regarding equipment
reliability. We plan to keep. your office and the District informed
of the Corning Canal progress through periodic correspondence and/or
by direct telephane contact. After the Corning Canal EL-FLO system
_ has been in continuous operation for at least a period of 6 months,
we suggest representatives of your office and the Yuma Irrigation
District (and perhaps from other Districts in the area who may be
interested) travel to the Red Bluff 0&M Office and observe first
hand the EL-FLO installation.and learn from the 0&M personnel their
operational experience.
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We express our gratitude and appreciation to your office and to the
Yuma Irrigation District for the continued patience and tolerance
towards our prototype testing on the South Gila Canal. The test
program has provided us with valuable information on equipment
performance and has verified theoretical studies. The September 23
malfunction necessitated a considerable amount of repair work be
perfarmed by the District. Their positive attitude towards the
development of canal automation remains unchanged and is greatly
appreciated by the Bureau of Reclamation.

If you have any questions regarding the above or the enclosed
report, please advise.

This letter has the concurrence of the Director of Design and
Construction and the Chief, Division of Water 0&M.

ﬂw}.&h

Enclosure

Copy to: Commissiaoner, Attention: 105

‘ Regional Director, Boulder City, Nevada, Attention: 430
Regional Director, Sacramento, California, Attention: 430
Project Construction Engineer, Willows, California
(each with copy of enclosure)
E&R Center, Codes D-200, D-400

Blind to: 1500
1550
243

CPBuyalski:pmn-V¥2
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REPORT ON THE CONDITION
OF THE :
EL-FLO CONTROLLER RECEIVER UNIT
SOUTH GILA CANAL AUTOMATION
NOVEMBER 12, 1973

Laboratory tests were made on November 11, 1973, to isolate the
exact cause of the South Gila Canal prototype EL-FLO controller
receiver unit which failed during real time automatic operation

of the canal headgate on September 23, 1973. The receiver unit

is manufactured by the Quindar Electronics, Inc., Model QATR-20 .
having the number EE 0541 stamped on the chassis. Attached is the
manufacturer's electrical drawing titled "SCHEMATIC QATR-20,"

No. 12572D, for reference to component numbers used in this

report.

Paragraph 4.5.6 of the manufacturer's instruction manual states,
"Transistor Q7 amplifies receiver input signals, energizing alarm
relay K1. Relay contacts complete the output circuit (underlining
supplied), a front-panel lamp (L1} circuit, and an external alarm
circuit. If the input signal is interrupted, relay K1 deenergizes,
opening the output c1rcu1t and the a1arm circuit and deenerg1z1ng
the front-panel lamp.'

Using the information in the above paragraph as a guide for normal
operation, d-c power and an input signal were applied according to
Paragraph 5.2.3.2 of the instruction manual. A 2000-ohm resistor
was connected as an output load for the.purpose of monitoring the
output signal.

The receiver unit was then subjected to the following test
conditions:

1. Variable temperature (both above and below room temperature)
2. Variable d-c power supply voltage (slow variations
between 10 and 12 voltes and also full on-off cycles of
the d-c power)

3. Alternate on-off cycles of .the input signal (with on-off
period long enough to operate relay K1)

4, Vibration by light tapping on the receiver unit, particu-
" larly on relay Kl
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It was found that the signal output reed relay contacts (circled in
red on the attached schematic) of relay K1 were intermittent. The
reed relay was found to be abnormally sensitive to small amounts of
vibration, although vibration was not necessary for failure. The
reed relay could be caused to fail by a short interruption of
either d-¢ power or input signal. There were instances where the
relay operated properly for a period of time and then failed for no
apparent reason.

Each time the receiver unit malfunctioned, the malfunction involved
only the failure of the signal output reed relay contacts. Identi-
cal relay contacts for the alarm circuit and for the lamp L1 which
are operated by the same relay coil K1 did not fail during these
tests.

- Attachments
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Appendix V

| CONVERSION OF
SELECTED CONTROL PARAMETERS
TO ELECTRONIC EQUIVALENCES

General

The information included in this appendix is a detailea
pracedure for converting selected control parameters
to electronic equivalences used in the prototype EL-
FLO plus RESET controller during the 1973 prototype
field testing program conducted on the first reach of
the South Gila Canal near Yuma, Ariz. Computations
for the electronic control parameters used in the EL-
FLO plus RESET controlier at the first four check
structures on the Corning Canal near Red Bluff, Calif.,
for the 1974 field prototype test program, are briefly
summarized. The parameters derived for the two pro-
totype test programs described earlier in this report
represent the EL-FLO plus RESET contraoller con-
figurations used in verifying the mathematical model
simulation for field operation.

South Gila Canal

The EL-FLO plus RESET controller operates around
a target water depth, Y7, defined as the depth to
be maintained for all steady-state flows from zero
to maximum discharge. A decrease in the water level
below the selected depth signifies an increase of
flow, while an increase in the water level above the
selected target depth signifies a decrease of flow. The
change of flow per linear depth change in water level or
“offset’” below the target is an important factor.

The South Gila Canal was designed for a maximum
flow of 3.1 m*s (110 ft¥/s) at a uniform depth of
1.28 m (4.20 ft}, selected as the target depth (YT).
Thus, the discharge per offset for the first reach of
the South Gila Canal was approximately 10.3 (m3/s)/m
{113.5 {ft?/s}/ft), equation 9. Because water deliveries
could not be made satisfactory from the South Gila
Canal at depths below 1.28 m (4.20 ft), the RESET
controller was added to the EL-FLO controller to
eliminate the residual "offset’’ of the EL-FLO propor-
tional contraoller (fig. 19).

Step No. 1. - The first step, in establishing parameters
for control, required the selection of a convenient elec-
tronic voltage scale for the water level, YC, (fig. 19c)
sensor potentiometer. Since the equipment used to
transmit the output of the electronic filter to the up-
stream check gate, (fig. 17) was limited to 2.4 voits
maximum without a voltage divider, a scale of 6.6 V/m

(2 V/ft) of water level change appeared satisfactary.

The water level sensor autput was set to 1.0 volt at the
target water depth, Y7, of 1.28 m (4.20 ft). With a
selected water level sensor voltage scale of 6.6 V/m
(2 V/ft), the water level change from a target value of
1.0 volt would be 1.0 volt, or #0.156 m (+0.50 ft).
The change in canal discharge based on the factor of
10.3 (m?/si/m (113,56 (ft*/s)/m} far a +0.15-m
(+0.50-ft) change in water level would be approxi-
mately 1.5 m?/s (+56 ft3/s). A rapid change of flow
of B0 percent of the maximum design discharge of the
canal reach occurs rarely and was not considered a

normal change of downstream demands.

The typical flow changes range from 0 to 20 percent
of the maximum flow capacity of the canal which
would be within a £0.15-m (£0.50-ft) change of water
level. With the RESET controller, the water level
change is temporary and will return to the target value
after a period of 2 to 4 hours. Figure V-1 illustrates
the water level sensor voltage scale selection.

Step No. 2. - The next step is to calibrate the water
level sensor poatentiometer 1o obtain the selected volt-
age scale (refer to fig. V-1). The water level sensor in-
cludes a float-tape-pulley standard A35 recorder gear
assembly with a 450-mm {18-inch) pulley circumfer-
ence and a gear ratio of 1:5. A 0.3-m {1-ft) change in
water level will rotate the pulley 0.667 revolution and
the potentiometer 3.33 revolutions. To obtain the
selected voltage scale at 3.33 revelutions, the poten-
tiometer must be calibrated at 0.6 volt per revolution,
For a 10-turn potentiometer, the maximum voltage on
the high side of the potentiometer would be & volts.
The 6 valts are supplied from the 15-volt d-¢ power
supply at trimpot P4, measured at test point 12 on
electranic filter card Ne. 1, refer to figure 111-4.

Step No. 3. - The next step is to insert the selected
time constant parameter into the electronic filter. The
selected time constant for the South Gila Canal con-
troller was 1000 seconds, determined from mathemati-
cal model simulation studies. Tha equation for the elec-
tronic filter is: ’

TF=RC+ ARC {V-1)
where TF is the selected time constant of 1000 sec-
onds, R is the resistance and C is the capacitance of
the, electronic RC network and A is the amplifier gain.
Solving for A, the equation is:

_IF-RC

A=""gc

(V-2)
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The resistance was 100 megohms and the capacitance
was & microfarads for the electronic filter card No. 2
(R1 and C1) shown on figure ll11-4, Therefore, the
amplifier gain was:

_ 1000 seconds — (100 megohms). (5 migrofarads)
{100 megohms) {5 microfarads) (Vv-3)
- 1000 — 500 _
500 .

A
1.0 (V-4)

This is the minimum time constant, 7/, that can be ob-
tained with these A1 and C1 values.

The time constant adjustment in the controller is
achieved by adjusting trimpot P2 for an amplifier A1
gain of 1.0, or test point EF3 CAL voltage divided by
test paint EF2 OUT equals 1.0 (refer to electronic
filter card No. 1 on fig. 111-4).

" A measurement of the electronic filtar time constant
was made in the field and the data are tabulated in
table V-1 and plotted in figure V-2, Table V-2 is a
listing of test point voltages.measured in the labora-
tory hefore the prototype equipment was shipped ta
the South Gila Canal and measured in the field on
May 8, 1973. Gain A of amplifier A1 is the ratio of
EF3 CAL to EF OUT listed in table V-2 and was very
close ta 1.0. The time constant measured for the elec-
tronic filter was 1120 seconds which was within the
manufacturer's tolerances of the A1 and £1 com-
ponents.

Stép No. 4. - The next step is to determine the voltage
scale per distance of gate opening, GA. Table V-3 and
figure V-3. are a conversion of the South Gila Canal
radial headgate arc distance to vertical distance of
travel. Figure V-4 shows the relationship of arc dis-
tance to vertical distance was not linear, requiring the
use of a best straight line fit. A value of 0.3 m {1 ft) of
vertical distance relating to 0.4 m (1.3 ft) of arc dis-
tance was selected to set the voltage scale of the gate
position potentiometer driven by the gate hoist shaft.

One revolution.of the gate hoist drum was computed
to be:

d=3.14 (216 mm} =678 mm {V-5)
- 8.5in
—_— )= f
or 3.14(12.0 in/ft) 2,225 ft

Thus, 0.3 m (1 ft) vertical distance of gate travel would
be:

arc distance _04m
vertical distance per drum revolution 0.678 m

(V-6)
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1.3t
of 225 1t

= 0.584 revolution of the hoist drum

A five-turn potentiometer with a —15-volt d-¢ input on
the high potential gave 3.0 volts per revolution for gate
position sensor. The gate position potentiometer was
thus scaled for 0.3 m (1 ft) vertical distance of gate
travel (1.92 drum revolutions per meter, or 0.584 r/ft,
times 3.0 volts per revolution of the potentiometer) to
be equal to 5.75 volts per vertical meter of gate open-
ing {1.752 V/ft).

Step No. 5. - With voltage scales of the water level and
gate position sensors ‘determined, the electronic pro-
portional gain, A1, can be calculated as follows:

EL-FLO GAIN A1=

K1 (volts per gate movement distance
volts per depth of water )

(v-7)

where K1 is the selected control parameter for the
proportional gain of 1.3. The desired electronic equiva-
lent gain A1 is calculated to be:

EL-FLO GAIN A1

_, AfB.76 V/m (1.752‘Wft) _
-1.3(6‘56 Wm)om,s VTt (V-8)

=1.14 (V-9)
During the field tests on the South Gila Canal con-
ducted during the week of September 18, 1973, the
EL-FLO control gain was decreased. An examination
of the field data listed in table V-2 for September 18,
1973, shows that the EL-FLO GAIN A1 inserted into
the controller was 0.86 and can be verified as follows: ~

EL-FLO GAIN A1

0.170 volt
= TP2/{TP1 — TP4) = -
fl ) 0.994 volt — 0.796 volt (v-10)
0.170 )
=M (v-11)
0.108 088

An examination of field data on September 19, 1973,
figure 24, Field Verification Tests section, shows that
the voltage scale of the headgate potentiometer was
4.056 V/m (1.238 V/ft) determined as follows:

At time 70 minutes, headgate potentiometer
= 2.070 volts at 0.277 m {0.91 ft}

At time 764 minutes, headgate potentiometer

= 1.872 volts at 0.229 m (0.75 ft)

AV = 0.198 volt AG = 0.048 m (0.16 f1) tv-12)




Table V-1.—South Gila Canal EL-FLO controller prototype
field data - electronic filter unit 4 calibration

Time EFOUT Av fAl) 1 v .Remarks
seconds  volts AV AV
0 1.000

300 1.140 0.140 0.240 0.760 Initial V  =1.01
600 1.245 0.245 0.420 0.580 Reset V= 1.60
900 1.324 0.324 0.b55 0.445 +HAV = +0.584
1100 1.345 0.345 0.409 0.409 63.2% (AV)=0.370 V
1000 1.366 0.365 0.375 0.375 EF No. 4 set at min.

gain =1.00
0A = 1.005
1200 1.383 0.383 0.657 0.343 Temp. =31°C
1500 1.426 0.426 0.730 0.270 TF =11205

Table V-2.—Electrical measurements, EL-FLO plus
RESET controller — South Gila Canal

Field Field
Laboratory? measurement? measurement” -,
Test point measurement volts volts
volts May 8, 1973 Sept. 18, 1973
Check M.P. 0.14 -
Power supply No. 1 14.97 14.96
Power supply No. 1 —15.01 —14.98
Power supply No. 2 14.94 16.00
Power supply No. 2 —14.94 —-14.99
Test point No. 1 —0.900 -0.914 -{(.094
Test point No. 2 —0.675 -0.681 0.170
Test point No. 3 12.40 (sat.} 12.39 (sat.) 1.330
Test paint No. 4 1.35 1.36 0.796
Test point No. 5 —6.90 —6.77 —1.649
Test point No. 6 0.480 0.461 1.338
Test point No. 7 —1.056 —0.997 —0.253
Test paint No. B 9.00 9.00 6.08
Test paint No. 9 —8.65 —8.64 -3
Test point No. 10 —8.65 —8.64 —4.11
Check M.P. 1.9
Test point No. 11 6.06 6.06 6.03
EF IN 1.315 1.314 0.777
EF OUT 1.290 1.293 0.783
EF CAL ] 1.295 —1.292 —-0.785 °
Power supply 14.97 15.01
Power supply —15.04 —15.02
5—k&2 resistor -3.29 —3.32
Integrator motor speed 0.007 256 r/min  0.007 55 r/min

2 Labaoratory and field measurements of May 8, 1973, were for the EL-FLO plus
RESET control of check gate M.P. 0.14.

® field measurements of Sept. 18, 1973, were for the EL-FLO plus RESET con-
trol of the headgate. Measurements listed far check M.P. 1.9 were taken at 8:18 a.m.
and check M.P. 0.14 at 9:02 a.m.
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Table V-3.—Calculation of arc distance versus vertical distance
of gate travel for the Socuth Gila Canal headgate

Gate vert. Arc distance
apening Ao R
GA PH — GA Sina=  Anglea, aa, 360 27
m (fty m (ft} (PH — GA)/R degrees degrees m {ft)
o 0 1.829 86.00 0.686 43.4 00 O 1 0.000
0.076 0.25 1.753 5.75 0.657 41.1 23 0107 0352
0.152 0.50 1.676 b5.50 0.629 39.0 44 0205 0.673
0229 075 1600 525 0.600 38.9 65 0.303 0.994
0,305 1.00 1.524 500 0.57M 34.8 86 0400 1312
0.457 150 1.372 480 0.514 30.9 126 0,682 1.910
‘0610 2.00 1.219 4.00 0.457 27.2 16.2 0.756 2.48
0.762 250 1.067 3.50 0.400 23.6 19.8 0924 3.03
0914 3.00 0914 300 0.343 201 23.3 1.085 3.56
Av_0198V _ 0.198 V _ ‘ Since the head gate potentiometer voltage scale mea-
AG 0.049m 4.05 V/m or 0.16 ft 1.238 V/ft sured during the field test was different from the cal-

The EL-FLO proportional gain as used in the field pro-
totype test installation was calculated to be 1.39 in-
stead of 1.3 as follows:

EL-FLO gain, K1

~0.85 [6‘56 V/m {water level

4.06 V/m {gate)

(V-13)

)] =1.39

2.0 V/ft

=088 [1.238 V/ft] =139

The gain of 1.39 was used in the mathematical verifi-
cation studies. The electronic equivalent gain, A1, was

adjusted into the EL-FLO controller on trimpot P3 of |

the EL-FLO controller card, figure 111-3, so that the
cutput 'of the amplifier at TP2 was 0.86 of the electro-
nic sum of target value at TP1 and the filter output at
- TP4. The electronic target value was —1.0 volt and was
adjusted at the trimpot P2.

Step No. 6. - This step determines the comparatar unit
gain, A2, by selecting a desirable dead band of gate
opening, AG, of 10.7 mm (0.035 ft}, referenced input
equation 5 and figure 16, and a Schmitt Trigger “on”
level of 0.60 volt. The comparator unit gain, A2, was
calculated as follows:

COMPARATOR GAIN, A2
_ 0.6 V )
(0.0107 m) {5.748 V/m)}

_ *0.6V _
"~ £0.035 £ (1.752 V/ft)

(V-14)
9.8
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culated value, the actual dead band of the gaté opening
would be:

0.60 V
{(9.8) (4.13 V/m)

of +0,60 V ~
{9.8) (1.238 v/fr)

=+0.015m

(V-15)
+0.05 ft

The value was used in the mathematical medel verifi-
cation.

Step No. 7. - The next step was to adjust the RESET
controller to the selected proportional reset mode gain,
K2, of 0.006 per minute as determined from mathe-
matical model studies. The simplest procedure is as
fallows:

A. Assume the electrical equivalent, YF, of a 0.15-m
(0.5-ft) water level occurred for a 10-minute period.

B. The integrated area of the EL-FLO controller
proportional gate opening, GR, would then be:

GR=K2K1{YF) bt = (V-16)
0:006 min 1 {1.39) (0.16'm) (10 min} = 0.0726 m

or .
= 0.006 min_1 (1.39) (0.5 ft) {10 min) = 0.0417 ft
or

(0.0125 m) (4.13 V/m) = 0.0516 volt
{0.0417 ft) (1.238 V/f1) = 0.0516 volt

(V-17)




C. At an offset, (YT — Y'F), of 0.15 m (0.5 f1), the
EL-FLO proportional gate opening, GP, would be:

GP=K1{YT - YF)
=1.39(0.15m — 0.21 m) = —0.083 m
= 1.39 (0.5 ft — 0.695 ft) = —0.271 ft
or the voitage equivalent of
GP=0.21(6.67 V/m) = 1.390 volts

= 0.695 ft (2 V/ft) = 1.390 volts,
the input signal to the RESET controller.

(V-18)

D. The RESET controller integrator d-¢ motor
speed output can be determined fram the calibra-
tion curve, figure V-5, which wauld be 1.125 x 102
revolution per minute with an input of 1.39 volts.

E. Using the integrator motor speed of 1.1256 x 1072
revolution per minute, the required integrator po-
tentiometer volts per revolution can be determined
as follows:

RESET integrator potentiometer voits
per revolution =

0.0616 volt
0.011 25 r/min {10 min)
= (0.458 volt per revolution

(V-19)

The RESET integrator 10-turn potentiometer high
level voltage would then be {0.468 V/r) x (10 r}, or
4.58 volts, and can be adjusted by trimpot P1 on the
RESET controller card No. 1 (fig. I11-3).

The RESET integrator potentiometer high level poten-
tial was set at 6.08 volts (refer to table V-2, September
18, 1973 field measurements at TP8 = 6.08 volts). The
larger field measurement of 6.08 volts as compared to
the 4,58 volts (eq. V-19, 0.458 V/r at 10 turns) was the
result of using a larger voltage scale for the headgate
potentiometer and a larger EL-FLO GA/N A1, for the
September 1973 field calibration. Therefore, the actual
RESET propaortianal reset gain, K2, of the South Gila
Canal 1973 prototype test program, including the
actual measured headgate potentiometer voltage scale
of 4.13 V/m {1.238 V/ft) of gate, can be calculated
as follows:

RESET proportional reset gain, K2,

_ 0.608 V/r 1
= 5258 vjy [0-008 min ]

=0.008 min~ !

(V-20)

This was used in the mathematical model_verification
studies,
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Step No. 8. - This step includes the calculations for de-
termining the electronic limits of gate opening, RESET
maximum limit, and the dead band for the RESET
controller on-off values.

A. Maximum gate opening of the South Gila Canal
headgate was estimated to be 0.9 m (3.0 ft). The
voltage required is 4.13 V/m times 0.9 m {1.238
Vit x 3 ft) equals 3.72 volts. A voltage offset
of 0.7 volt is used when the gate is at zero pasition
to prevent the gate potentiometer from breaking if
the gate hoist lowers past zero paosition (usuzlly a
small amount to slacken the hoist cables when the
gate is closed}. Adding 0.7 volt of gate potentio-
meter offset when the headgate is at zero position
will give 4.42 total volts required for a maximum
gate opening of 0.9 meter (3.0 ft).

However, the high limits for the gate potentiometer
and RESET integrator potentiometer were set at
6.0 volts (because of using the larger headgate
patentiometer voltage scale), using trimpots P5
measured at TP1Q on gate driver raise-lower card
and P2 measured at TP9 an RESET controller card
No. 1, respectivety {fig. 11i-3). The low limits are
set by fixed resistors and each was 0.5 volt.

B. The on-off values of the integrator are selected
as #0.15 m {x0.05 ft) of water level from the target
level. The voltage level for the on-off point would
be {+0.15 m)}{6.67 V/m}(0.86), or (x0.05 ft)(2 V/m)
(0.86), equals £0.086 volt. This voltage was adjusted
on trimpots P3 and P4 on the RESET controller
card No. 7 (fig. 111-3} using a £0.086-V change at
TP2 and LED lamp indication,

This step concludes a detailed description of the pro-
cedure used to convert selected control parameters to
electronic equivalences and to. determine the actual
control parameters used during the September 18,
1973 prototype field tests of the South Gila Canal
headgate EL-FLO plus RESET prototype controller.
One procedure not discussed was the procedure for
calculating the ABSOLUTE GAIN for the speed of the
RESET integrator motor to a desired speed. The pro-
cess was improved for the Corning Canal and will be
discussed in detail in subsequent paragraphs, refer
to equation V-36.

Corning Canal

The Corning Canal calculations for converting selected
control parameters to electranic equivalences are
briefly summarized for check No. 1 and data for
checks No. 1 through 4 are tabulated in tables V-4
and V-5, The procedure for setting the RESET con-
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Table V-4.—Corning Canal EL-FLQ plus RESET control parameters, first set, units of maters (feet)

. RESET! Check gate data
Check Target Elec. filter! EL-FLO? gain K2 One revolution Hoist revolutions Gate RESET High
No. elevation time const. gein K1 {water/gate)  Arc distance per of hoist drum per 1 unit of vert. lift dead band dead band limit
and MP.. m {ft) (s) K2/min vert.distance m (fr) m {ft) m (ft) m (ft) m (ft)
1 455 921 (302.2) 800 9.1 0.03/0.0033 1.19 0.7178 (2.355) 1.66 (0.505) 0.457 (0.15) 0.0091 (0.03) 2.18 (7.2
2 6.02 91.7 (300.8 1000 7.7 0.02/0.0024 1.26 0.7178 (2.355) 1.76 ° {0.536) 0.457 (0.15) 0.0091 (0.03) 219 (7.2)
3 BO08 91.0 (298.5) 1300 4.5 0.02/0.0042 1.23 0.7178 (2.355) 1.71 (0.522) 0.457 {0.15) 0.0081 {0.03) 2.19 (7.2)
4 10.66 90.4 (296.6) 1700 4.3 0.02/0.0047 1.23 0.7178 " (2.3585) 1.71 (0.522) . 0.457 (0.15) 0.0081 (0.03) 1.95 (7.4)

1 gelected parameters from mathematical model studies.

Table V-5.—Carning Canal EL-FLO plus RESFT control parameters, first set, electronic equivalences

High
Water Water RESET Gate volt RESET limit
Check lavel level Electronic potentiometer scale Schmitt integrator and
No. Target scale pot. filter EL-FLO Absolute V  10-turn {10-turn pot.) trigger ~ Comparator dead band RESET
and M.P. - Vim V/ft  volts gain A gain A1 gain r pot.volt V/m \Zii3 tyolts gain A2 tyolts volts
1 455 1.0 6.56 2.0 6.0 1 22 3.45 1.31 1.44 144 249 0.758 1.0 8.80 021 5.5
2 6.02 1.0 6.56 2.0 6.0 210 3.10 1.46 0.95 9.5 2.64 £.805 1.0 8.28 0.19 58
3 808 1.0 6.56 2.0 6.0 216 1.76 2.58 0.93 9.3 257 0.784 1.0 B.50 0.1 5.6
4 10.65 1.0 6.56 20 6.0 2 24 1.70 2.66 1.00 10.0 2.57 0.784 1.0 850 - 0.10 5.0

1 Refer to figure 6, 50-M$ card.
2 Refer to figure 6, 100-M{2 card.



troller integrator motor speed is described in detail in

following sections.

Check No. 1 {(Cayote)

Arc distance per vertical offset {V-21)
=0.762m=2.501‘t= 119
0.64m 210t
One revolution of hoist drum (V-22)
=ad=3.14{0.23m) =0.718 m
=3.14 (0.75 ft} = 2.365 ft
1 meter vertical lift {V-23)

1.190 {arc}

= 0718 m larc/e) 1.66 revolutions

. .. — 1.190 (arc) _ .
1 foot vertical lift =213B5 f1 (arc/: arci 0.505 revolution
Gate 10-turn potentiometer = 1.5 V/r (V-24)
Volts per 1 vertical meter {V-25)

={1.5V/r) {(1.66r) =249V
Volts per 1vertical foot
=1.5V/r(0.505r) =0.758 v

9.1
. =21 - 3.45
EFL-FLO GAINA1 66 V/m {249 V/m)
9.1 {V-26)
= SOV (0.768 V/ft) = 3.45
4.53
ABSOLUTE GAIN A1 = 345" 1.31 {(V-27)

Schmitt Trigger operates at 1.0 V for a gate
opening change of £0.0457 m (£0.15 ft).

Voltage for £0.046 m of gate opening is 2.49 V/m
x *0.0457 m = *0.1137 V (0.7568 V/ft x 0.15 ft
+0.1137 V) (V-28)

+1.0V

COMPARATOR GAIN A2=—10Y __
° ORG 01137V

=8.8 (V-29)

Set RESET integrator motor speed at 0.008 r/min
at water level offset of 0.15 m (0.5 ft}, or 1.0 V.
Required integration for 10 minutes is:

GAR=(0.033 min ~1)(3.45) (1 V) {10 min) = 0.115 V
(V-30)

where 0.033 min1 is the selected RESET GAIN K2
and 3.45 is the EL-FLO GAIN A1,
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Integrator potentiometer volts per revolution

0.116V

= =1.44 V v-31)
0.008 r/min (10 min) (
Integrator 10-turn potentiometer =
1.44V/irx10= 144V,
Integrator dead band set at (V-33)

£0.0091 m (6.56 V/m} (3.46) = £0.21V
or
(+0.03 ft) (2 V/t) (3.45) = z0.21 V

Integratar and gate high limit set of

. . =55V
2.19m {249V/m) =55 (V-34)

(7.2 1) (0.7568 V/ft) =55V

ELECTRONIC FILTER GAIN A

_ 800 seconds — 50 megohms (5 uF)
50 megohms (5 uF)

(v-35)
=22

To determine the ABSOLUTE GAIN foar the RESET
integrator motor speed, the first step is to select 0.15m
(0.5 ft) of “offset,” (YT — YF), at which point the
integrator motor is to operate at half speed or 0.008
revolution per minute. Using figure V-7, the voltage
requirement across the integrator motor terminals is
7.6 volts at a speed of 0.008 revolution per minute.
Using figure V-8 and 7.6 volts for voltage across the
motor terminals, the voltage requirement at test point

7 (TP?7) is 4.53 volts. Therefore, the ABSOLUTE
GAIN requirement for check No. 1 is:
ABSQLUTE GAIN
TP7 4,53 volts {V-36)

T AT(YT—vF) 3451wl !

where A1 (YT — ¥F) is the EL-FLO analog com-
puter output, GP, in volts, and the water level
offset of 0.15 m (0.5 ft) equals 1.0 volt.

The ABSOLUTE GAIN adjustment is made on the
trimpot P2 of the RESET controller card No. 2 (fig.
I11-3}). With an input measured at TP2 of 3.45 volts,
trimpot P2 is adjusted until the voitage measured at
TP7 is 4.63 volts.

The control parameters for checks No. 1 through 4
were reduced after mathematical studies indicated
excessive amplification of downstream canalside de-
mand changes would occur in the upper canal reaches
when the EL-FLO plus RESET controllers were added
to the remaining Corning Canal reaches checks No. b
through 12. The final control parameters selected and
used on all of the EL-FLO plus RESET control units
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Table V-6.—Corning Canal EL-FLO plus RESET contro! parémeters, second set, units of meters (feet}

Check gate dats

Chieck Target Elec. filter EL-FLO RESET gain K2 One rew. Haist revalutions Gate RESET High
No. elevation time const.  gain K'1 Water Gate Arc distance per hoist drum per 1 unit of vertical rise dead band dead band limit
and M P m (f) {s) K2/min  K2/min vert. rise m (fe} 1m {ft} +m {*f} tm {+f) m ({1}

1 45856 920 (302.0) 480 65 0O 0.001 54 1.19 07178 {2.355) 1.66 ({0.505) 0.0457 {0.15) 0.0152 [0.05) 1.95 {6.4)
2 602 91.6 {3006) 730 54 001 - 0.001B5 1.26 0.7178 {2.355) 1.76 (0536} 0.0457 (0.18) 00152 (0.08) 1.71 (56)
3 808 90.9 (298.3) 1030 35 oo 0.002 85 1.23 0.7178 {2.355) 1.71  (0.522) 0.0457 (0.15) 0.0152 (0.05} 1.40 (4.6)
4 10.65 9.4 (2956} 1000 40 Q01 0.002 50 1.23 0.7178 (2.359) 1.71 (0.522) 0.0457 (0.15) 0.0152 (0.08) 1.40 (4.6)
5 13.03 B3.4 (292.2) 900 35 0.0076 0.00218 1.23 0.7178 {2.355) 1.71 (0.522) 0.0213 (0.07) 0.0152 (0.05) 1.25 (4.1)
5 1509 B33 (291.4) 650 20 00050 0.00250 1.23 0.7178 [2.355) 1.717 {0.522) 00213 (007} 00152 (0.05) 1.49 (4.9)
7 16.19 BB.4 (290.2) 550 20 00054 0.00270 1.23 0.7178 (2.355) 1.71 (0.522)° 00213 (0,07} 0.0152 (D.05} 1.49 (4.9
8 17.29 8B.1 (289.0) 200 1.0 00050 0.0050 1.19 04785 (1.57} 249 (0.758) 0.0213 (0.07) 0.0152 {0.058) 1.22 (4.0
9 17.79 B7.8 (288.1) 250 1.1 0.0050 0.004 54 1.0 N/A 2034 (0.1034) 0.0152 (0.05) 0.0152 (0.05) 1.04 (3.4)
10 1829 87.3 (286.4) 350 1.5 0.0050 0.003 34 1.0 N/A 2034 (0.1034) 00152 (0.05) 0.0152 (0.05) 1.04 (3.4)
11 1896 B7.0 [285.5) 250 10 0.0050 0.00500 -1.a . N/A 2034 (01034 0.0152 (0.05) 001562 (0.05} 1.04 (3.4)
12 1935 B6.5 (283.8) 750 23 0.0050 0.00218 - 1.0 N/A 2034 (0.1034) 0.0152 (0.05) 0.0152 (0.05) 1.04 (3.4)

! Checks No. 9 through 12 are vertical lift gatas.
2 Gate indicator.

Table V-7.—Corning Canal EL-FLO plus RESET control parameters, second set, electronic equivalences

. “High
Water Water RESET Gate valt RESET limit
Check level level  Electronic potentiometer scale Schmitt integrator and
No. Target scale pot. filter EL-FLO Absolute V. 10turn  (Sor 10 turn)  trigger Comparator  dead band RESET
znd M.P. Vim (V) volts gain A gain A1 gain r pot. valt vim [V/ft)  twolts gain A2 tvolts volts
1 455 2.0 6.56 (2.0) 6.0 ' 1.00 ® 246 1.38 065 6.5 2.49 (0.758) 1.0 8.8 025 5.6
2 B.02 2.0 6.56 (2.0} 8.0 91.92 b21g 1.7 068 6.8 2.64 (0.805) 1.0 8.3 0.22 6.2
3 808 1.0 6.56 (2.0} 6.0 9106 1.37 252 066 6.6 2.57 (0.784) 1.0 85 0.14 4.4
4 10.65 1.0 6.56 (2.0) 6.0 9 4.00 1.67 2.56 060 6.0 2,87 (0.784) 1.0 8.5 0.16 4.4
5 13.03 1.0 6.56 (2.0} 6.0 28 2.7 1.0 0.99 9.9 5.15 {1.57) 1.0 9.1 0.27 7.4
6 15.09 1.0 6.56 (2.0} 6.0 *45 16 1.7 085 85 5.16 (1.57) 1.0 9.1 0.18 8.4
7 16.19 1.0 6.56 (2.0} 6.0 °35 1.6 1.7 0.85 85 5.15 {1.57) 1.0 9.1 0.16 B4
g8 17.29 ' 20 6.56 (2.0 6.0 * 1.0 1.1 24 1.14 114 7.48 (2.28} 1.0 6.3 0.11 101
9 17.79 085 B6.56 (2.0 8.0 “15 1.0 4.1 085 6.5 5.09 (1.55) 0.7 9.0 0.09 6.3
10 18.29 1.0 6.56 (2.0) 6.0 *25 1.16 30 065 6.5 508 (1.55) 0.7 9.0 0.12 6.3
11 1896 "078 656 (2.0 6.0 *15 1.0 4.5 0.65 6.5 5.09 (1.55) 0.7 9.0 0.18 6.3
? 80-megahm resistor. ¢ 20-megohm resistor.
® includes gain of 2.0 sat into 7P4. * Valtage divider on transmitter. '
© Includes 0.5-turn gate potentiometer volts for zero position, 9 Includes gain of 0.B5 set into P4,
¢ 100-megohm resistor. " Includes gain of 0.78 set into TP4,
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for the entire Carning Canal system are tabulated in
tables V-6 and V-7 for units of meters {feet) and elec-
tronic equivalences, respectively. This information is
included in this report to bring the Corning Canal EL-
FLO control system up to date and for record pur-

poses. Future studies on canal response characteristics
may also find this information useful. Table V-8 is a

tabutation of pertinent
Corning Canal Alarm Probe elevations.

Table V-B.—Corriing Canal alarm probe elevations

information regarding the

Elevation Elevation Elevation
Check bypass crest high alarm low alarm Spread
No. M.P. m {1} m {fr) m (f1) m (ft)
1 4.55 92.66 (304.0) 92.69 (304.10) 92.32 {302.90) 0.37 {1.20)
2 6.02 92.14 (302.30) 92.20 (302.50) 91.90 (301.50) 0.30 (1.00}
3 8.08 91.71 (300.88) 91.71 (300.90) 91.41 (299.90) 0.30 {1.00)
4 1065 91.01 (298.60) 91.07 (298.80) 90.80 {297.90) 0.27 (0.90)
5 13.03 9045 (296.77) 90.50 (296.90) 90.25 (296.10) 0.25 {0.8B0O)
4] 15.09 89.41 (293.34) 89.44 (293.44) 89.18 (292.60) 0.26 {0.84)
7 16.19 8B8.96 (291.87) 88.94 {291.80) B8B.67 {290.90) 0.27 (0.90)
8 17.29 88,50 ({280.34) 8853 (290.44) 8B.00 {288.70) 0.53 (0.74)
9 17.79 88.21 {289.39) 88.25 (289.55) 87.90 (288.40) 0.35 (1.15)
10 18.29 87.91 (28842) 8793 (288.50) B7.60 (287.40) 0.33 {1.10)
11 18956 B87.41 (286.79) B87.45 (286.90) 87.11 (285.80) 0.34 (1.10)
12 19.35 B87.13 (285.87) B87.17 (286.00) 86.84 [284.90) 0.33 (1.10)
End 2073 B6.56 (284.00) B6.56 (2B4.00) 86.35 (283.30} 0.21 (0.70)
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electronic filter unit 4 time constant calibration.
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Figure V-5.— South Gila Canal EL-FLO plus RESET contraller RESET integrator calibration.

34

36

38

40



6€L

GAIN OF AMPLIFIER, A

b

w

I

TIME CONSTANT CURVE
FOR 50-MEGOHM CARD

—— TIME CONSTANT CURVE
FOR 100-MEGQOHM CARD

FILTER TIME CONSTANT, TF=RC + AxRC
WHERE A IS THE FILTER GAIN AND
RC IS 500 SECONDS FOR THE 100-MEGOHM
CARD AND 250 SECONDS FOR THE 50-MEGOHM CARD

1000

2000 3000 4000
TIME, SECONDS

Figure V-6.— Time constant of electronic filter in seconds with 50- and 100-megohm resistance.

S00C



ovlL

MOTOR SPEED, R/MIN

0.018
0 016
0.014
0.012
0.0l 0’
0.008
0.006
0.004

0.002

- _ R/MIN = 0.0012 (V_ -1}

Ve

e

//

10

2.0

30 40 50 60 70 80 90 100 10 i20
VOLTAGE ACROSS MOTOR TERMINALS (Vm)—MILLIVOLTS

Figure V-7 — RESET integrator motar speed calibration curve No. i.

13.0 14.0 18.0



(343

VOLTAGE AT TP7 — MILLIVOLTS (mV)

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

_— .
/l’ X
I
TP7=(0.952 Vm - 2.58)mv
A
I/
/e
7/ - )
"/ .
1.0 20 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 1.0 12.0 13.0 14.0 15.0

VOLTAGE ACROSS MOTOR TERMINALS (V_)-MILLIVOLTS

Figure V-8.— RESET integrator motor speed calibration curve No. 2.

MAXIMUM
VOLTAGE



Appendix VI

DETAILED ANALYSIS OF LABORATORY
VERIFICATION TEST

A detailed analysis of the prototype equipment output
conditions was made at time 120 minutes of the test
run ta define the differences and paossible cause of
error as compared to the mathematical model output
at the same period of time. Reference is made to figure
22 in the Laboratory Verification Test section of this
report,

At time 120 minutes, the canal water depth of the
mathematical model was 1.2628 m (4.143 ft}; the
actual water level in the water tank of 1.2625 m
(4.142 ft}, as measured by a water level manometer
gage. The water- level sensor output was 1.2625 m.
There was an error of —0.0003 m (—0.001 ft) between
the mathematical model and the water level in the
tank caused by the manual control of the water level
in the tank. There was no measurable difference be-
tween the water level in the tank and the water level
indicated by the sensor; thus, showing the sensor
assembly is an accurate water level measuring device.

The depth indicated by the mathematical madel simu-
lated electronic filter at time 120 minutes was 1.2436
m (4.080 ft). The prototype electranic filter equip-
ment was 1.2454 m (4.086 ft)} for a difference of
+0.0018 m (+0.006 ft}). The error of +0.0018 m plus
the —0.0003-m error in the water level gives a total
error of +0.0021 m (+0.007 ft}. This difference is
attributed to the nonlinearity characteristic of the
field effect transistor (MOSFET)} between its gate and
source terminals as discussed in Electronic Filter
Calibration, appendix |1,

In reference to figure 22b, at 120 minutes, the EL-FLO
computed gate cpening from the mathematical model
output was 0.1081 m (0.358 ft} and the prototype
equipment output was 0.0969 m (0.318 ft] for a
difference of —0.0122 m (-0.040 ft). An examination
of the data measured at the controllers test points
{TP’s) during the test gives an electronic equivalence
gain, A1, of the praoportional mode of:

TP

AV TR —TRa)2

(VI-1}

_ 0.657 volt 10
{1.993 volts — 1.5665 volts}/2 ™

Converting the gain, A1, to the eguivalent gain, K1,
will give a value of:

_ (volts per depth of water level)

Al)

" {valts per level of gate opening) (V1-2)
_6.56 V/im B
7 6.76 V/m (3.0)=29
2.00 V/ft _
=206 v/r (301 =29

Therefore, an error was made in the calibration of the
EL-FLO controller gain, K1, prior to the test run. The
smaller gain, K1, accounts for —0.0034 m {(—-0.011 ft)
of the difference of —0.0122 m (-0.04Q ft) between
the mathematical model and the prototype EL-FLO
analog computer output. The error of the water level
and the electronic filter output of 0.0021 m (0.007 ft)
when multiplied by the gain, K1, accounts for another
—0.0061 m (-0.020 ft) for a total of —0.0094 m
{—0.031 ft) leaving a remainder of —0.0027 m {—0.009
ft) of the difference to be examined. The remaining
error of —0.0027 m (—0.009 ft} is attributed to elec-
tronic voltage drift caused primarily by a change of
loading of the electronic circuits as the input changes.
The target potentiometer voltage level which is the EL-
FLO analog computer referenced input, Y7, that is
supposed ta be constant, changed from 2.000 volts at
time zero to 1.993 volts at time 18 minutes and re-
mained at this level throughout the remainder of the
test run. The change of ~0.007 volt, or —0.0011 m
{—0.0035 ft), in the reference input, YT, when multi-
plied by the gain, K1, is —0.0030 m {—0.010 ft) which
accounts for the —0.0027-m {—0.009+t} error that can-
not be explained by errars in calibration and the filter
output. The —0.0027-m difference in the EL-FLO
controller equipment output represents an error of
about —2.8 percent that can be present in analog con-
trol equipment. The accumulated error caused by elec-
tronic drift and nonlinearity of the equipment com-
ponents is -0.0088 m (—0.029 ft), or —9.1 percent of
the output of the EL-FLO controller.

The RESET computed gate opening, GR, from the
mathematical model was 0.0872 m (0.286 ft) and the
prototype RESET analeg computer output was 0.0728
m (0.239 ft) at time 120 minutes for a difference of
—0.0143 m (—0.047 ft}. The accuracy of the RESET
contraller proportional reset gain, K2, equations 2 and
3, can be examined in three ways, {1) using the can-
troller output conditions (fig. 22) at time 120 minutes,
(2) the average output of the prototype equipment
test point output data measured between time 117 and
123 minutes, and (3} computing the average gain, K2,
between time 10 and 120 minutes using both figure
22 test paint outputs,

The first method requires a measurement of the area
under the prototype EL-FLO controller output, GP,
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from time 10 to 120 minutes. The area measured by

planimeter was 16.18 meter minutes {53.1 ft-min). The
dead band area of 0.0061 m times 110 minutes, equal
to 0.67 meter minutes (2.2 ft'min}, is subtracted from
the total area to get a net area of 15.51 meter minutes
(50.9 ft'min) actually integrated by the RESET
controller,

t
2
GP net area =f KNWYT — YF)dt
: 4 (VI-3)

t
) 2
_ [ (dead band) dt= 15.51 m-min
1 or (50.9 fi*min)

The gain, K2, can be calculated using the GP net area
measured from figure 22 and the RESET controller
output, GA, 0.0728 m (0.239 ft} at time 120 minutes.

GR __ _0.0728m
K2 =GP netarea 15.51 m-min
(0.239 t) 1 (vi-4)
= (_50‘9 frmin) = 0.004 69 min

The second method determines the gain, K2, of the
RESET controller at time 120 minutes by averaging
the protatype equipment test point outputs (electronic
voltages) measured data between time 117 to 123
minutes. For the 6-minute period, the avarage gain,
K2, is:

K2= (VI-B) |

Ave. motor speed {r/min) x avg. integrator ref. input (V/4)
Ave. EL-FLD controller output, GP (volts)

_ 0.0669 r/min x 0.483 V/r {V1-6)

= 1 _1
0.678 V 0.004 77 min

A comparison of the gain, K2, as measured hy the first
two methods gives an indication that anly a minor non-
linearity of motor speed existed during the first 120
minutes of the test run. The small difference in gain
(0.000 08 min~ ') between the two methods accounts
for —(11.0012 m (—0.004 ft), {15.27 m'min x 0.000 08
min—1}.

The first two methods for measuring the gain deter-
mines the condition of the RESET controller calibra-
tion at time 120 minutes. The third method determines
- the average RESET controller calibration during the
period from 10 to 120 minutes and is calculated as
follows: ‘
. (VI-7)

Integrator x avg. integratar ref. input

K2= Gate voitage scale x total GP area for the 110 min

_ 1.045r x 0.4B6 V/r
“ 110 min x 6.76 V/m x 16.18 m-min

(VI-8)

(1.045 r) (0.486 V/r) - 0,004 64 min—T
={110 min) (2.06 V/f1) (53.1 ft-min) min

The average gain, K2, derived from equation VI-8, is
another indication 6f the RESET controller nonline-
arity that was experienced during the first 120 min-
utes. However, since the analysis of errors is being
made at time" 120 minutes, the RESET controller gain
derived in the third method will only be used for an
indication of the calibration of the RESET controller.
The mathematical model simulated RESET controller
used a gain of-0.005 min—T, Therefore, the error in
the calibration of the prototype equipment {—0.000 36
min—1) would account for 0.0055 m (—0.018 ft)
[(—0.00 36 min—1x (15.27 m 'min)] of the total differ-
ence of —0.0143 m (—0.047 1) betweean the prototype
eqguipment and the mathematical model.

The prototype RESET controller has a dead band of
10,0061 m {£0.02 ft) (GP output) that was not in-
cluded in the mathematical model. The prototype
integration does not start until the EL-FLO controlier
output, GP, is —0.0061 m (—0.020 ft) accounting for
—0.0030 m (-0.010 ft}) [0.0061 m x 110 min x
0.00464 min—1] of the difference.

The error in the output of the EL-FLO controller of
—0.0122 m (—0.040 ft) would account for a —0.0030-
m (—0.010-ft) . error in the RESET controller. The
—0.0030-m (—0.010-ft) error was derived by averaging
the EL-FLO controller output giving a —0.0061-m
(—0.020-f1} average error for the 110-minute period,
multiplying by the 110-minute period, and by the
average gain, K2, of 0.00464 min—1 (—0.0061 m x
110 min 0.00484 min—1).

An error was caused by a drift in the voltage reference
input to the RESET integrator potentiometer. The
integrator potentiometer volts per revolution drifted
downwards from 0.489 V/r at the beginning of the test
run to 0.483 V/r at time 120 minutes for a difference
of —0.006 V/r. During this time period, the potentio-
meter turned 1.045 revelutions which would change
the RESET controller output by —0.0063 volt {1.045
x 0.006 V/r). Converting the -0.0063 volt to distance,
the error is —0.0009 m (—0.003 ft).

The RESET controller cutput errors that have been
identified are the nonlinearity of the motor speed,
—0.0012 m (-0.004 ft}, the calibration error of the
gain, K2, —0.0055 m (—0.018 ft}, the dead band of the
prototype equipment, —0.0030 m (-0.010 ft), the
errar in the EL-FLO controlier output, —0.0030 m
{(—0.010 ft), and the drift in the integrator reference
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voltage, —0.0009 m (—0.003 ft), for a total of —0.0137
m. (—0.045 ft). Only —0.0006 m (—0.002 ft) of the dif-
ference of —0.0143'm (—0.047 ft) between the proto-
type RESET controller output and the mathematical
mode! was not identified, and was attributed to errars
in measurement by test voltmeters of the various
' equipment test point outputs.

The- errors attributed to equipment nonlinaarity of the
motor speed and voltage drift of the integrator refer-
ence are —0.0021 m (=0.007 ft) for the prototype
RESET controller which is about —2.9 percent errar.
" The RESET controller accumulated error, caused by
electronic drift and nonlinearity of the filter and EL-
FLO controller equipment components, is —0.0021 m

The EL-FLO plus RESET computed gate opening,
GD, [equations 3 and 4 of tha General Theory section]
from the mathematical model was 0.1963 m (0.644 ft)
and the prototype EL-FLO plus RESET controller out-
put was 0.1698 m (0.657 ft) for a difference of
—0.0265 m (—0.087 f1) at time 120 minutes, The ac-
cumulated errors of the EL-FLO controller cutput
[-0.0122 m (—0.040 t})] and the RESET contraoller
output [(—0.0143 m (-0.047 ft)] were —0.0265 m
{—0.087 ft). Therefore, no additional errars accurred
when the outputs of the prototype EL-FLO and
RESET controliers were added together. The accumu-
lated error caused by electronic drift and nonlinearity

of the filter and EL-FLO plus RESET equipment

(—0.007 ft), or —2.9 percent of the output of the .

RESET controller.
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components is —0.0104 'm (—0.034 ft}, or —6.1 per-
cent of the output of the filter and EL-FLO plus
RESET contraliers.



