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ABSTRACT 

A control system h a s  been developed that uses a car- 
r ier  signal imposed on an existing ac  power circuit to 
transmit commands. 
developed to control an entire solar collector field by 
sending sun-tracking information to the trough collec- 
tors or by commanding them to assume safe positions 
(STOW) if out-of-limit conditions were encountered. 
Objectives were to develop a control system that oper- 
ates reliably and h a s  enough functions to control an 
et.*ire collector field, yet do i t  a t  less cost than for 
convenlional approaches. W e  believe these objectives 
have been achieved, 
ment, design. operating characteristics, and field 
testing and results of the new system, the Power Cable 
Carrier Control ( P C ~ )  System, 

This system was specifically 

Thisreport  describes develop- 
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POWER CABLE CARRIER CONTROL (PC3) SYSTEM 

Executive Summary 

Because of operational difficulties and hardware costs, we s a w  the need to improve the subsys- 

tem that controls the collector fields of solar thermal systems. In this report we describe develop- 

ment of such a subsystem with the potential to lessen both difficulties and costs: the Power Cable 
Carrier Control (PC ) System. The system uses a carrier signal to transmit control data from a 

central transmitter to d receiver in the drive module of each solar collector. 

3 

The data transmission system (Figure 1) includes a multiplexer that transforms the incoming 

parallel-signal information into a series format, converts this information into Manchester code, 
and then supplies it to the frequency modulated ( F M )  transmitter through frequency shift keying (FSK). 
Over the power circuit, the transmitter supplies a carr ier  signal common to all collector drive mod- 

ules. An F M  receiver in each module receives the information and, with its shift register, converts 

it back to parallel format, c h e c k s  i t  for error,  and then stores it in memory until it is updated 
(which requires about 21.7 second) with new information. The entire system is synchronized with 
the 60-Hz utility power. 

110- 01' 
o-- 1 1 '  111 ,-lo l t l ~ c t ~ l \ t ' l ' s  0-0 

n n~ A r\ n n m - n "20- \  ac, 
I i O - l l /  { 
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Figure 1. Solar Collector Control Data Transmission System 

A complete data transmission system differs from the basic one in that i t  can completely 
control an entire iield of parabolic, trough-type collectors when given an OPERATE or DO NOT 

OPERATE signal (Figure 2). Intelligence built into the transmitter informs each receiver of the 

position of the sun, within * 2 - 1 / 2  degrees. relative to its collector and depending on time of day, 
day of year. and  latitude of the collector field. Each receiver h a s  an analog-type, closed-loop 
control circuit that positions the collector within 11-3 degrees of the sun's position. When there is 
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enough sunlight. a light-band'" tracking system takes control and tracks the sun to within +O.  05 

degrees. 
ture of the collectors, or pumping speed of the heat transfer fluid. 

can detect whenever a particular parameter value is being exceeded (out-of-limits operation) and 

command the collector to assume a standby position (STOW). When this happens, a light goes on 

at  the receiver and remains on until the receiver is manually reset  (Figures 3 and 4). 

110- 01 '  
9"-\' ;IC, ,,Ill C t O I ~  

I 'O\V r I' sou I'cc 

The same kind of circuit could control such parameters as. valve position. outlet tempeA-a- 
Other circuits in the receiver 

( 1' 1,) . , ( I  l { , . C I . l \ I . I ' S  --- --- 
6 0 - l l z  { 

Figure 2.  Additional Capabilities of Solar Collector Control 
Data Transmission Systems 

3 1;igure 3.  PC Control 

Oppositc i n  desifin from I h r  conventional shadow-band sys tcm 



3 Figure 4 .  PC Receiver and Light-Band Tracker 
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3 The purpose for developing the PC was to have a system that was reliable in operation, had 

sufficient control capability, and wocld reduce the cost of installing a solar energy system. Environ- 

mental and operational tests verify that the system is reliable and has the desired capability. Costs 

a r e  expected to equal, or be even less than, those or installing just the control circuits of conventional 

systems. The system requires no other tracking devices, can be connected to drive modules that 
operate either on ac o r  dc, can be expanded o r  contracted at wiLl., and can work with a microproces- 
s o r  to control Z-axis collectors. 

3 We are including detailed design information on the PC system. However, if  anyone needs 
more information to manufacture or use the system, please contact the authors. 

Background 

Solar energy i s  being investigated by the Department of Energy (DOE) as an alternate to fossil- 

fuel energy. 

rigation pumps." 
concentrating-type collectors were desirable. These collectors, which have concentration ratios 

of 30 to 1, o r  more, required sun-tracking and -focusing controls. The technology for accurate 

tracking existed, but the cost was unacceptably high. 

In some of the first DOE-sponsored experiments, solar energy was used to power ir- 

Designs and hardware resulting from these early experiments indicated that 

The irrigation experiments used parabolic trough collectors whose tracking axes parallelled 
the earth's rotational axis, which incorporated a shadow-band sun-tracking sensor, and whose con- 

trols were hard-wired. The control circuits consisted of POWER, STOW WEST, STOW EAST. and 

TRACK, Switches interrupted the drive power to determine the stow positions; there were no fail- 
safe systems for out-of-limits operation. 

Thesc early control systems did not measure up to expectations. For instance, at night the 
collectors were inverted in the stow position, and because the shadow-band sensor pointed down- 

ward. i l  could not direct the collector to a focus position next day. Also, problems arose with over- 

tcmpcraturc, clouds interfering with tracking, and inability l o  limit rotation of the collectors. 
These situations could either damage o r  degrade the performance of the collector. 

The cost of maintaining collectors is critical and i s  a sensitive parameter when analyzing the 

life-cycle cos.4 of the system. Economically, these early systems did no'! measure up. Since their 

intelligence was minimal, they required an operator to keep the collectors operating properly. Even 

this was not satisfactory because sometimes receiver tubes overheated. damaging the collector. 

Cost of installing the system was also unexpectedly high. The average contractor willingly installs 
powcr cables but is reluctant to install control and instrumentation circuits; h e  subcontracts this 

work, lhus  increasing installation costs. Also, because of the sheer number of collectors and their 

control circuits, installing and checking out the circuits was a major expense. In fact. each channel 

of a conventional data circuit cost $100 to $300, 30% to 50% of which w a s  simply for wiring. 

a 

k 

3 

10 



Because of the shortcomings of conventional systems, we needed a new approach for  control- 

ling collectors in the field. Such a control system had to be highly reliable in operation, able to 

operate unattended, incorporate fail-safe features, and cost as little as possible. 

the PC3 system described in this report. 

The result w a s  

Objectives 

Objectives in developing a new control system were to improve data transmission and receiv- 

ing, incorporate fail-safe features, improve tracking, and establish a system that would be highly 

reliable and easily serviced. 

Data Transmission -- Data of interest to be transmitted a re  those th3.t ark :.equired to control 

each solar collector in a field. Transmission should be reliable and its cost reasonable. 

b 

Reliability of hard-wired circuits h a s  been good--after they have been checked out and signal 

crosstalk has been elimina%d. Ilowever, cost of installation h a s  been a major concern. Most 
general contractors can install electrical power circuits, but not control and instrumentation wiring, 
which they usually subcontract. 

good design practices suggest that control circuits be separated from power circuits. that control 
This results in higher construction costs. Electrical codes and 

circuits with a conimon function be grouped together, that common bundles of circuits run in cbn- 

duits, and that t h e  ends of each wirc terminate at some sort of connector. This can cost more than 

$5.00 (1980) per running foot of 112-h. conduit. Therefore. depending on how extensive the co1-lec- 
tor ficld is, it can cost more than $300.00 to wire the drive module of each collector. 

Ilow much wiring or data transmission i s  needed to control a collector field is moot. Experi- 
ence shows that the drive module should receive sufficient external control to operate satisfactorily, 

yct have cnough internal control to reject inadequate or erroneous control information that coulrl 
damage thc collector. 

be tracking the sun bu t  the hcat transfer fluid were not to be circulating. 
lcar example, onc important problem would result i f  the collector were lo 

We dctermined that the following data were enough to control line-focus solar collectors: 

Ope rat e / Not Operate 

*Track North/South 
*Track East/ West. 

0 Sun Position 

*Stow Clockwise 

*Stow Counterclockwisc 

*Desired Output Tcmpcraturc 

*Change IIT14’ Circulation Pump Speed (To conscrvc parasitic cnergy) 

*Opcratc IITF lilow Valves 

*Operate Automa tic Collcctor Washing Systems 



3 The approach we used for the PC was to transmit the data 3n a carrier frequency added to 

the power circuit, thus eliminating conventional hard -wired circuits and saving the expense of 
installing and checking them out. This approach also allows the manufacturer to build in quality 

at the plant because no fabrication is necessary in the field. We arbitrarily set the number 01 in- 

formation channels at 16 SO that the system could interface directly with conventional microproces- 

sors. 

Since reliability in operation i s  the most desirable control quality, we revie:ved several 

methods of transmission and adopted the following: The carrier system is  FM and the data are 

transmitted in a logic format resulting from two distinct tones (FSK). The Manchester code (a 
system that uses data complements) further assures reliability by interrogating data sequences 

for Manchester code errors; if any a r e  found, the data sequence containing the e r ro r  is rejected. 

Memory storage retains the accepted data until a new sequence is received. The 60-Hz frequency 

of the power source is the clock and synchronizer for both the transmitter and receiver, eliminat- 
ing usua l  clock problems. All components were chosen for stability over the temperature ex- 
tremes expected. Figure 1 i s  a block diagram of the data-system approach that was chosen. 

Collector qontrol, - - The controller for a solar collector must receive the control data reli- 

ably and execute the commands properly. 

and detect its own limits of operation so as to protect itself from damage. These out-of-limit 
failures may result from erroneous or lost control data and from the collector overheating; such 
failures can and have occurred in actual operation. Since the safest condition for a solar collector 
is the STOW position, the collector i s  commanded into that position when a failure i s  detected. 

The collector itself must operate as a fail-safe device 

Even though overall control i s  automatic, manual control of the collectors a t  their drive 

modules i s  essential. Manual control i s  not only convenient for maintenance personnel, but also 

absolutely necessary for their safety. It allows one drive assembly to be out of operation while 
the rest of t h o  field continues operating. 

All operating collectors receive the following identical control data automatically and 

simultaneously: 

.OPERATE/NOT OPERATE -- Supplies or does not supply power to the track- 
ing controls; in NOT OPERATE. power remains only for manual operation. 

OTRAC!; (Single or double axis) -- This command enables the troueh to collect 
solar cncrgy by focusing the insolation on the receiver. In early systems, 
once thc collector obtained the sun, a shadow-nulling device kept the collector 
focused on thc sun. However. i f  the collector was  not pointing at or near the 
s u n  to begin with, it did not havc the intelligence to find it. b later designs, 
the collector traversed from STOW LElJT to STOW RIGIJT and stopped whcn- 
rvcr the shadow band sensed lhc sun. Although this was an improvement, i t  
unduly exercised the drive mechanism. hi the PC3, a reference voltage cor- 
responding to the sun's position i s  transmitted to the collector, which then 
nulls to this voltagc with an inclinometer reading; accuracy is 13 degrees. A 
light-band sensor and an insolation detector with a f9-degree field of view as- 
sume control when insolation exceeds a preselected value; accuracy can be a s  
good a s  0.05 dcgree. 



.STOW (East o r  West)/NOT STOW -- In STOW, the trough is as inverted a s  
practical, either clockwise or  counterclockwise. Some recent designs can 
be stowed in only one direction, but completely inverted. In a conventional 
system, the collector is driven until it trips a switch that stops its rotation. 
If the switch fails, power continues until the collector meets a mechanical 
stop. In the PC3, the inclinometer determines the STOW position; the limit 
switches and mechanical stops a re  for back-up and fail-safe reasons only. 

.Temperature Limits -- Depend on the capability of the collector materials 
or  on the desired results. These limits can be determined before the collec- 
tor field is  installed. The PC3 uses any kind of switch that closes or opens 
a t  preset receiver temperature limits, generating a signal that overrides all 
other data and commands the collector to STOW. A light on the control board 
indicates the problem with the collector. The drive module must then be man- 
ually reset to return the collector to normal operation; manual reset  is a pre- 
caution that is necessary because an out-of-limit condition has occurred and 
the collector must be inspected and perhaps repaired before it can be restored 
to operation. 

Reliability and Servicability -- Reliability is the shgle  most important consideration for 

solar energy systems; maintenance is a sensitive parameter in life-cycle costing and unscheduled 

repairs in the field are  difficult and expensive. Therefore, i t  is best to service a system by re- 
placing a component and sending the defective one to a central location for repairs. 

3 The PC controller was designed so that the operating axi maintenance personnel can ob- 
serve i t s  status without additional instrumentation o r  equipment. For instance, if  a major compo- 

nent fails, a light on the control board indicates the type of failure. The system is then returned 
to operation by replacing a complete module within the system and sending the defective one to the 

repair center. 

3 Much study has gone into the reliability and serviceability of the PC , contributing signifi- 
cantly to the decision LO use FM, the Manchester ccde, FSK, and memory storage, and to beer- 
face the drive module with a conventional microprocessor. Sufficient light-emitting-diode (LED) 

indicators were included so that no auxiliary instrumentation would be needed to operate the qys- 
tem o r  to determine failure modes. Most maintenance personnel should have little difficulty in 
maintaining the PC3 system by this replacement technique, 

Description 

3 13asically. the main components of the PC are  a centrally located controller and a slave 

control modgle a t  the drive mechanism of each collector, 
transmitter and a data generator that tracks the sun from east  to west. Each field collector drive 
module includes a receiver. 

The central controller includes a data 
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Central Controller and Transmitter 

The transmitter (Figures 3, 5, and 6) connects the 120-V ac, 60-Hz power line with the data 
Input to the transmitter is 16 bits, o r  channels, of parallel information. A multi- bit-generator. 

plexer converts the parallel data to a serial format, generates the complement of each bit 

(Manchester Code), and combines the complements with a group of fixed data bits at the end of the 
message, producing a 40-bit word. Since the 60-HZ line parallels the serial conversion frequency, 
it requires approximately 2/ 3 second to transmit the 40-bit (1 bit/Hz) word. The serial word is 

then applied to a frequency shift keying (FSK) generator that produces a 2.75-kHz tone for logic "1" 

and a 5.0-kHz tone for logic "0". The FSK output modulates the FM oscillator. The FM car r ie r  

frequency is 200-kNz (adjustable) and is modulated with approximately 1 V peak-to-peak to produce 
a frequency deviation of a370. The FM signal is coupled to the ac power line through an amplifier, 

transformer, and capacitors. 

The bit generator produces parallel data on the position of the sun from stored sun-position 

information and the following external inputs: 

0 EXT DISABLE - Prevents the system from tracking if i t  i s  in the automatic 
operation mode (AUTO) and puts the collector field in STOW. This input may 
come from an insolation intensity sensor, wind, rain, flow monitors, or any 
other system sensor that detects a fault in the field and informs the central 
con troller. 

0 AUTOlMANUAL - In AUTO, the system will activate automatically in the 
morning, t r ack  the sun, and return to STOW a t  night; in MANUAL the posi- 
tion of the collectors is controlled by the STOW o r  COLLECTOR POSITION 
switches. 

0 STOW - Stow8 the entire field clockwise (CW) o r  counterclockwise (CCW). 

0 COLLECTOR POSITION - Puts the entire field a t  any position, from CCW 
horizon to CW horizon, in approximately 30-degree increments; can be over- 
ridden by the STOW switch. 

The approach we took when designing the sun-position generator was to activate (wake-up) the 
field at the appropriate time, and when the sun-tracking system sensed a predetermined intensity 
of insolation, it would start  following the sun. If it could not sense insolation because of cloudiness. 
i t  would position the collectors. in 3-degree increments, a t  constant time intervals using stored 

sun position information. It would continue this  movement until i t  detected the sun or until the fields 

were sent to stow at the end of the  day. The sun-position data-bit generator contains a 24-hour clock, 

a day counter. and latjtude selector to determine the proper wake-up time and track-segment interval. 
*' 

Data bits 1 through 9 have been assigned certain functions and 10 through 16 a re  presently 
spares (Table 1). Characteristics for the transmitter a r e  listed in Table 2 and those of the bit 
generator in Table 3, 
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Figure 5. PC3 Control - Top View 

3 Figure 6. PC Control - Bottom View 
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Table 1 

Data-Bit Assignments 

Bit No. Function - 
1 
2 STOW CCW 

3 STOW CW 

4 - 9  Sun Position 

AUTO/ MANUAL Switch (AUTO= 1) 

10 - 16 Spares (Can be used for tracking a second axis or f o r  additional external controls) 

Function 

Power Requirement 

DC Power 
Data Input 

Word Length 
Type Transmission 

R F  Power Output 

Function 

DC Power 
Internal Clock 

Di3play 

Latitude Selector 

Data Output 

Table 2 

PC Transmitter Characteristics 3 

Specifications 

120 V ac, 60 Hz, 5 W 

Internal, 15 V, 200 mA 
16 C:iannels (0 to 0.5 V = logic "0"; 12 to 15 V = logic "1"); external 
driving: 10 k n  a t  15 V) 
40-bit (16 data bits and their complements, plus 8 end-of-word bits) 

FM/FSK; F M  car r ie r  averages 200 kHz but can be adjusted from 100 
to 300 kHz; FSK frequency: 2.75 kHz = logic 1 

5.0 kHz = logic 0 

40 mW across a 1.5-0load 

Table 3 

Bit Generator Characteristics 

Specifications 

12-V Gell-Cell, 1.5 Ah with charger. Without charger, operates 5 days. 

3.58 kITz divided down to 60 Hz, *:0.01~0. Output can be selected with 
switch. 

manuallj with external switches. 
Internal switches for latitudes of 32' to 34'; 34' to 42'; and 42' to 48'. 

6 bits; based on east-to-west tracking of the sun (000001 = east horizon; 
100000 = zenith. 111111 = west horizon); 3 control bits (AUTO/MANUAL. 
STOW CCW, and STOW CWI 

24-hour clock; day and state counhr. Clock and day counter can be se t  

(I 
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Control Module Receiver 

The collector control module consists of two printed-circuit boards (PCBs): one for receiver 

and one for analog control; they a re  mounted in a 6- x 8- x 10-in. NEMASR enclosure (Figures 4, 

7 through 10). The receiver PCB has a built-in 115-V dc supply for powering both boards. The re- 

ceiver detects the F M  information on the ac power line and converts it to digital information. The 

analog control PCB positions the collector properly by using the received digital information and 

generates control information local to the collector, from flow, temperature, insolation, and sun 
position dab. 



Figure 8.  Receiver Showing Receiver PC Board Folded Out 
and Control PC Board in Rear of Enclosure 

c 
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Figure 10. Analog Control Board * 
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At the receiver, coupling capacitors and a transformer obtain the F M  carrier from the 8 0 - H ~  
9 

ac line. The output of the transformer is applied to an FM detector chip (U1) that producer the 

FSK signal and a CLEAR (CLR) signal if the F M  car r ie r  is not present o r  when applying a c  power 

to reset the system. The FSK signal is buffered with an operational-amplifier (op-amp) (U18) and 

is applied to the FSK detector (U2) to produce the serial  data which is loaded into a 40-bit shift 

register (Ug-UlB). The data a r e  then shifted through the register with the positive-going edge of 

the 60-Hz clock derived from T1, R17, C19, and U3. When the end of the message bit-pattern 
(011111) reaches the last  register (U13). the decode logic gates (U4, U7, and U8) detect this condi- 

tion and activate the e r r o r  detection logic. If the information bit and its complement a r e  of the 

same value, ie, both true or both false, because of a transmission error ,  the logic will detect the 

e r ro r  and not use the message in the shift register. If e r ro r s  are  not detected, the STORE DATA 

line wi l l  be true when the clock goes low, The STORE DATA signal will  transfer the information 

bits in the shift register to the storage register (U14-U17), whose outputs a r e  buffered by transistors 

Q1-Ql6. 

card between the Q or  6 and the base resistor of each transistor. Each transistor is connected to 

a LED (CRlO-CR25) that indicates when its  output transistor is on. The data in the output storage 

a r e  updated after each correct message is received (every 0.75 second). The output storage is 
reset by the CLR signal during ac power application and also when the F M  car r ie r  is not detected. 

Characteristics of the receiver are listed in Table 4. 

The logical output state of the transistor can be selected with a jumper inserted on the 

Function 

Power requirement 

DC power 

Temperature capability 

FM: sensitivity 

Data output 

Inpu t/ou tput connectors 

PCB size 

Table 4 

Receiver Characteristics 

Specification 

120 V ac, 60 Hz, 10 W 

Internal 115 V, 250 mA 

-18'C to 68OC (0' to 150'F) 

50 mV, peak-to-peak; capture range 190 to 210 kHz 

16 open collector transistors capable of sinking 75 mA at 30 V 

(Logic state can be selected with jumpers on the card). 

Barrier strips 

8 x 10 in. 

The analoi control board (Figure 10) is connected to the data output of the receiver. These 
digital data a r e  decoded and combined with local information of sun position and insolation to posi- 

tion the collector properly. The analog control board consists of command decoding logic, a digital- 

to-analog converter (D/A), an analog-to-sensor interface, and an output drive circuit. 

::< 
Items such as U1. C1, R2, Tl, Q4, and U3, and CLR a r e  reference designations on the 

schematics in Appendix A. 
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The command decoding logic determines the proper output command from the transmitted 

digital information and local input status signals. The inputs are: 

0 3 transmitted control bits: AUTO, STOW CW, and STOW CCW 

0 2 system-disable lines 

0 sun-level detector 

0 status of LOCAL-REMOTE switch 

The possible outputs are:  

0 TRACK 

0 NOTTRACK 

DIA select 

STOW CW select 

0 STOW CCW select 

The system-disable inputs allow each collector to detect out-of-limits conditions such 8s loss 
of heat transfer fluid (HTF) flow or too high HTF temperature. With the LOCAL-REMOTE switch 

(S2). control can be transferred from the field controller to a local position control (R35) on the 

analog control board. The sun-level detector (SUN) is true when insolation is above a predeter- 

mined level of intensity. 

The output lines of the combined decoder control six analog switches (U14, U16). TRACK 

output is the condition where the system has found the sun and is following it with the sun sensor; 

to produce it, AUTO, SUN, and REMOTE a r e  true while STOW CW, STOW CCW a r e  not true; both 

system disables a r e  not true. The NOT TRACK output is trae if any of the conditions for TRACK 

are not met. The D/A select is true for input REMOTE true and STOW CW, STOW CCW, and sys- 

tem disables all  not true. This output selects the DIA to control the position of the collector. The 

STOW CW select output is true for inputs REMOTE and STOW CW true and STOW CCW and system 
disables not true. This output allows the collector field to be stowed CW from the main controller. 

The STOW CCW select is true for inputs REMOTE and STOW CCW true and STOW CW not true, or 
where REMOTE and either system disable is true. This output causes the collector to go to STOW 

CCW from either the collector field controller o r  from a local system disable. 

The D/A ( U l l )  converts 6 bits of digital information to a voltage (Table 5). The D/A full- 
scale output can be adjusted with R43 and zero with R29. 

. 
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Table 6 

Conversion of Digital Data to Voltage 

Data Bits dc Output to Voltage Collector Trough Positfon 

HHHHHL (111110) -5  CCW Horizon 

LHHHHH f011111) 0 Noon (Straight Up) 

CW Horizon LLLLLL (000000) +5 

The analog-to-sensor interface consists of a buffer amplifier (U12) for  the inclinometer, a 
comparator for the sun-level detector, and a differential amplifier for the sun-tracking sensors. 

The inclinometer is mounted dirc:r??lv on the hardware of the collector trough and produces a dc 

output corresponding to the collectol s position. The sun-level sensor is a photo-transistor whose 

output is connected to the positive input of a comparator (U13). The negative input of this compara- 

tor is an adjustable reference voltage (R15) and its output (SUN) is true (positive) when the insola- 
tion is above the reference level. 

The sun-tracking sensors a re  also mounted on the trough hardware. They consist of two 
photo transistors in an enclosure that is shaded when the collector is in focus. A s  the Bun appears 

to move, one transistor is exposed to it, and the other remains in the shade. The transistor 

outputs are  applied to a differential amplifier (U12) whose output is approximately zero' when the 

collector is in focus, positive when the collector is lagging the sun, and negative when leading the 
sun. 

The output drive circuits consist of a & voltage reference, two voltage ComparatOrs, a time 

delay, and transistor switching logic. The comparator (U17) compares a common input signal 

against the & reference (TP7, TPB). The comparator outputs are negative if the Input signal is 
between the (t ) and ( -1  reference voltage, The positive referenced comparator output (U17 pin 10) 

will go positive when the input signal exceeds the (+) reference voltage at TP7 and activates the CW 

drive transistors (Q1 and Q2). When pin 10 returns to a negative voltage, it starts the 13-second 

delay (U8). The negative referenced comparator output (U17 pin 1 2 )  will go positive when the input 

signal is less  than the negative reference voltage at  TP8. The negative comparator output is logi- 

cally anded with the inverse of the negative comparator output and when the time delay expires. If 
all tho above conditions are  true simultaneously, the CCW drive transistors (QS? Q4) will turn on. 
The 13-second delay is to prevent the logic from responding too fast, forcing h e  solar collector 

drive to oscillate. 

Assume that the STOW CCW, AUTO, REMOTE inputs are true and syeten. disables a r e  false, 

The command decoding logic generates NOT TRACK and STOW CCW select. The output from STOW 

CCW select closes analog switch 52 of U14, connecting the negative output of the voltage divider 

(R30 and R31) to the positive input of U15 differential amplifier; the inclinometer output is connected 

to the negative input of U15. The NOT TRACK signal operates analog switch 82 of Ul6 which con- 

nects the differential amplifier output to the output of the drive circuit comparators (U17). When 
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the differential output is more negative than the negative reference voltage, the collector wili 

drive CCW until it reaches the STOW CCW position, at which time the j:iclinometer output will 

equal the negative divider output and the drive unit will stop. 

Now aecsume the Collector is commanded to go to the CCW horizo.1. The input data line would 

be AUTO true; both STOWS and system disables would be false. The D/t; data would be HHHHHL 

(-5 V). The command decoding logic outputs would be NOT TRACK, and D/A select. The output 

of D/A, being true, would be connected to the positive input of U15 through analog switch S1 of 

U14. The D/A output will be compared with the inclinometer output (-8 V for  STOW LCW), and 

the difference applied a s  an input to the output of the drive comparators (U17). which will drii-e 

the collector CW until i t  reaches the CCW horizon. at which time the inclinometer input (now -5V) 
will equal the D/A output and stop the drive unit. 

If at  this time, the insolation is above the preset level of R15, the SUN signal will be true 

and will cause the command decoding logic to produce TRACK and to remove NOT TRACK. This 

wil l  switch the output drive comparators that were input from D/A inclinometer difference to the 

sun-tracking differential output of U12. As the sun moves, the output of U12 pin 10 will increase 

and overcome the (-+I reference of the output drive comparator and the collector wi l l  move CW 

until the output is less than the t reference, at  which time the drive unit will stop. If, at any time, 

the insolation drops below the preset level, the D/A will. take control and possibly move the collec- 

tor either CW or  CCW. However, it will always remain within range of the sun-tracking transis- 

tors. When the sun reappears, the system will switch back to sun tracking and return the collec- 
tor to focus. 

The collector field can be taken out of focus by moving the AUTO-MANUAL switch on the 

collector field controller to MANUAL and setting the COLLECTOR POSITION switch to tile desired 

position. At the collector, with the AUTO now cancelled, the system will switch to NOT TRACK 

and use the D/A output to position the collector. This procedure could be useful for collector main- 
tenance or washing. Analog control characteristics a re  listed in Table 6 

Table 6 

Analog Control Characteristics 

Function 

DC power requirements 

Operating temperature range 

D/A output range 

D/A output vs collector angle 

Sun-tracking accuracy 

System disables input 

Output drive 

Input -output connections 

PCB size 

Specifications 

+15 Va t  150 ;,A; - 15 V at 50 mA 

-18"to 68°C (0" to 150' F) 

1 5  V*0.5% 

55.6 mV/degree of rotation 

*0.05 degree of rotation 

2, with logic level selectable with jumper on card 

NPN transistors capable of sinking 75 mA at 30 V dc 

Barrier s t r ip  

8 x 10 in. 



Qualification Tests 

3 Several system and subsystem tests have been conducted with the PC to verify i ts  perfor- 

mance over a wide range of temperatures and operating conditions. 

Environmental Tests 

The PC3 design was first fabricated in two "breadboard" models (Figvres 11 and 12). Both 

models were placed in an environment chamber and tested to determine how the individual circuits 

would perform in different temperatures. When their response to temperature extremes was de- 

termined to be within tolerance, the entire systems were tested. They operated satisfactorily at 
the design temperature limits of from -18' to 68°C. Although humidity tests were not conducted, 

ice formed on the system when the chamber was being cooled down. 

3 Figure 11. PC Breadboard Model Controller 



3 Figure 12. PC Breadboard Model Receiver 

System Tests 

3 System tests were conducted with the PC and solar collector d r h e  units at the Sandia 

Midtcmperature Solar System Test Facility (MSSTF). The first test was  conducted with the Del 

collector drive system (Fibwre 13), which consists of a dc shunt-wound niotor and gear drive. 

The dc power is supplied from batteries recharged automatically by the a c  power line. The PC3 

system conlrolled the drive unit and accurately tracked the sun. 

monitored its operation with s t r ip  chart recorders and obtained several  surprising results. 
instance, sharp shadows that fell on the light band from adjacent structures around sunrise and 

s u n s 4  caused the system to give oscillatory drive commands. ..When the shadow crossed thc insola- 

tion rietector, Lhe sun-position intellignecc became biased in its direction. When i t  tried to return 

to the suq position given by control, the detector would be illuminated by sunlight and the light band 

would resume control. The alternating sun-detector control and sun-position command caused the 
behavior. 

For appl sximately 1 month we 

For 

a 

Wc modified the FC 3 circuit to correct the malfunction. 
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3 Figure 13. Breadboard PC Tracker With Del Collector Drive 

The Del drive system did not have enough inertia to really represent a solar collector drive 
unit Of the kind we needed, An Acurex collector drive string that had its axis of rotation in the pia-1 

to that of the earth axis was available. The PC3 breadboard system was moved to the Acurex collec- 

tor and we resumed testing for approximately 2 months. Play in the gearing, coiipled with the 

inertia of the collectors. tended to cause oscillatory drive commands. Although it was  the drive 

gearing that was  at fault, the dtuation was indicative of what a gear system could bec0m.p after 
years of wear. 

within 1 3  seconds after a drive CW had been executed. 

ultimately damage the collector, 

We modified the design of the PC3 circuit to prevent a drive CCW from OCCUrrjng 
This eliminated fast oscillations that could 

W e  also found that a signal from another transmitter could prevent a receiver from operating 
3 

Properly; t h i s  happened when a wireless intercom system was used simultaneously with the PC 

During each test, the conzroller w a s  located in the MSSTF office. and the collector being tested 
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was located up to 50 m away. Although the noiae on the power line was always very high, the re- 
ceiver never failed to detect the PC3 signal. However, when the intercom was operated nearby, 

its signal overpowered that of the PC3 controller and the receiver could not decipher i t  command- 

did not help. From this experience we determined that only one carr ier  frequency system rbouLd 

be operated a t  any given time in any one collector control group, A collector field, however, can 
be divided into an many groups as desired by using insolation traneformers which will prevent 

interference. The phaaa of the ac power does not interfere with the opcmtion of the Bc3 as long 

as all phases w e  coming from the same side of a power transformer. 

ing the collector to drive the STOW. Tuning the PC 3 away from the intercom's 200-kHa frequency 

Field Tasts 

After testing the breadboard models, prototypes of the PC 3 system were fabricated (Figures 

3 and 4). Actual solar operation waa desired, so we decided to place a Controller and enough re- 
ceivers (6) Lo control one AT loop of Acurex collectore at the Coolidge, A 2  irrigation experiment. 

We installed the units on October 14. 1980. 

3 The PC receiver shown In Figure 14 was installed in parallel with the existing tracking sys- 
tem; a toggle switch allowed the experimenters to select one or  the other system. We decided on 
this option because the PC3 had not been proven and we did not want i t  to interfere with the solar 

experlnient in case i t  performed poorly. 

Thc controllcr was placed in the control building, and the system OPERATE signal was con- 

nected to the experiment 1TTV flow switch. When set  in  AUTO, t h e  PC3 automatically places those 

colleclors i t  controls into a track condition, or within 3 degrees of track if insolation is low when 

the HTb' star ts  tlowina. It also automatically places the collectors in STOW position a t  night or  i f  

IITb' stops f l l> \V i1 \~1 ,  

WU plawrl thc rcccivers o n  the  nrosl distant AT string, in the northeast corner of tho collec- 

lor field. This stxhg consists of six dplvc modules. Thcrc arc  two receivers on each power phaec 

and the controllftr Is canncctmi to onc of those phasos in llic control building. 

A l  lhls time (Januury l!)Bl), the lT:3 syalcni has operatcd without needing adjustment or 
repair, Shcc i t  apctratcd aalivrnetot-ily tliiring ttw winter solslice, when thc angle of the s u n  is 

grt:ntns"' on the light band dctcctoi*, wc bclicvt. Ihc systi?in will con';.inuc to operate satisfactorily. 

Wc do not plan to tiiovC thc lac'' from C:oolidgc, so unyonc soeking mom informntim may talk to 
the c!spc.!rirrit?nt oprrutors directly or  viait l l~o  si tc!, 



3 Figure 14. PC Installation at the Coolidge Solar Experiment 

Cost Estimatcs 

3 The cost of fabricating the PC system cannot be firmly determined because such cost depends 

on the number of units fabricated and the type of personnel assembling the system. The authors 

construcled the prolotype system and bought the components from distributors. The parts for one 

controller and one receiver cost $333 and $388, respectively. 
purchased at a time, this cost would probably drop to $264 and $240, respectively. If many Of these 

units a r e  to be fabricated, however. it  could be possible to fabricate much of the system on integrated 

chips. 

If 100 or more components were 

AS we stated a t  the beginning, We expect the PC3 to more than pay for itself with the savings 
3 on the cost of installing the collector system. 

ventional systcm. 
The PC should cost substantially less than a con- 
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Cmcluaiona 

3 The P C  system wao developed to control an entire field, up to 3000 m2. of solar trough col- 

lectors. Although i t  is potentially more economical than the conventional approach, it offers more 

control capability. In actual application, it has operated adequately and reliably. 

c 

c 
3 The PC approach to controlling solar collector systems has several important advantages 

that a r e  inherent in its design. Quality can be assured by manufacturing the system completely in 

the factory and thoroughly checking i t  out before installing i t  in the field, which is done by simply 

plugging i t  into the ac power outlet. If maintenance is required, the problem can be detected by 

non-specialist electricians, without expensive instruments; the defective part can then be replaced 

and sent to the manufacturer's plant or  an authorized representative to be repaired. 

butes a r e  beneficial for economical and reliable field operation. 

These attri- 

W e  recommend that a microprocessor, instead of the discrete camponent programmer, be 

used with the controller. This would save a significant cost, yet add more system capability. 

Most of the cost of a PC system is that of the receivers. Considerable additional savings may 

be possible by developing most receiver electronics into an electronic chip, depending on the 
number of units to  be fabricated. 

3 
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