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FOREWORD 

This report presents the results of a Phase I design stitdy 

of a 50 kWp photovoltaic concentrator application experiment, 

performed under DOE Contract ET-78-C-04-5315 with the Division 

of Solar Technology through the Albuquerque Operations Office. 

The program was monitored by Division 5719 of Sandia Laboratories, 

Mr. Eldon Boes and Mr. E. Burgess, project monitors. The per- 

formance period of Phase I was June 1st 1978 through February 

28th 1979. 

' The prime contractor was Varian Associates, Inc., Palo Alto, 

CA in association with the operator of the experiment, Pacific 

Gas & Electric Company, San Ramon, CA. , Subcontractors on this 

program were Nielsen Engineering and Research, Mountain View, CAI 

and Optical Sciences Group, San Rafael, CA. The program manager 

at Varian.was H.J; R. Maget. Contributions were made by B. R. 

Cairns, L. W. James, R. L. Moon, H. Vander Plas, M. Nowak; R. L. 

Bell, 0. Moore, and others of Varian; J. T. .Wells, T. Hillesland, 

of PG&E; S. Macintosh, R. Reed, and W; Miller of Nielsen; and J. 

K. ~illiams and J. R. Egger of Optical Sciences. 



SUMMARY 

Work carried out under DOE contract ET-78-C-04-5315, "A 
50-kW Photovoltaic Concentrator Application Experiment-- 
Phase I," is described. This Phase I program consisted of a 
design study and component development for an experimental 
50-kWp photovoltaic concentrator system to supply power to 
the San Ramon substation of the Pacific Gas and Electric 
Company. The design team was PGbE (site installation, power 
conditioning, and utility interface) Nielsen Engineering 
(mechanical and thermal subsystems) Optical Sciences (lens 
design and fabrication) and Varian Associates (program 
management, system design and component development). 

The photovoltaic system is optimized to produce peaking 
power to relieve the air conditioning load on the PG&E 
system during summer afternoons; and would therefore displace 
.oil-fired power generation capacity. No electrical storage 
is required. The experiment would use GaAs concentrator 
cells with point-focus fresnel lenses operating at 400X, in 
independent tracking arrays of 440 cells each, generating 
3.8 kWp. Fourteen arrays, each 9 feet by 33 feet, are 
connected electrically in series to generate the 50 kWp. 
The high conversion efficiency possible with GaAs concentra- 
tor cells results in a projected annual average system 
efficiency (AC electric power output to sunlight input) of 
better than 15%. The capability of GaAs cells for high 
temperature operation made possible the design of a total 
energy option, whereby thermal power from selected arrays 
could be used to heat and cool the control center for the 
installation. 

Active water.cooling of the cells was evaluated as most 
cost effective,:with the cooling water for each array being 
stored in a.collection of 55-gallon barrels for heat dissipation 
by radiation and convection over the entire 24 hours, including 
cool nights characteristic of the site. Detailed modeling 
was carried out for this system, using a model climatic year 
for the site, assembled~from available local data and the 
actual obscuration conditions of the site. Using average 
cell conversion efficiencies of 21% typically achievable 
with earlier designs of GaAs concentrator cells, the model 
predicts generation of 100,000 kWH/year of electrical energy, 
with an average conversion efficiency of 15.8% as installed. 
An additional 280,000 kWH of thermal energy is discarded. 



A revised design of solar cell, heat sink and package 
was required by limited performance of.the optics, and by 
considerations of reliability in assembly and low-maintenance 
operation of the system. At the same time, fabrication pro- 
cesses for the cells were redesigned for scaleup of throughput 
by a factor of fifty to meet cell production objectives for 
the Phase I1 installation program. A number of engineering 
problems were encountered in these combined changes as a 
result of which development of the cell was not comple-ted 
by the end of the Phase I program. T.hese problems are in 
process of solution, but conversion efficiencies of the'. 
evolving "production" cell design had not exceeded 19.5%. 
at 400 suns by the end of the program. ' 

Independent control systems for the power conditioning 
unit and for each array of the photovoltaic system were 
evaluated as most cost effective for the experiment. The 
array control system is based on a lowcost microprocessor 
(Intel 5022) which controls the tracking, array status moni- 
toring, and fault reaction functions. Extensive optimization 
of the fresnel lens design, the revised cell design, the 
thermal subsystem, and the site layout are reported, including 
interactions between the lens and cell designs. The required 
tracking accuracy derived from these studies was 0.2 degrees 
rms. The supporting tracking array structure, fabricated 
from large diameter thin wall tubular steel members, was 
designed for combined static and dynamic deflections (gravity 
and 30 mph wind loading) Of 0.17 degrees in the worst case. 
The system is stowed for steady winds above 30 mph, and will. 
survive 90 mph stowed. An optimized interconnection scheme 
for the 6160 cells of the system was devised, with series- 
paralleling and protective diode incorporation, resulting in 
series grouping of 560 sets of 11 cells in parallel (110 
amps at 50 volts). 

Materials costs of $257/sq.m. or $1.70/peak watt were 
estimated for the design, using standard materials costing 
for large scale production where applicable. Detailed 
costing studies showed that for the 50-kWp'eexperiment, 
materials costs (mainly solar cell and package) 'would amount 
to approximately $30/watt. At the 6-megawatt level, this is 
reduced to approximately $5/watt, with the cell and package 
accounting for only 20% of the total. Labor-and'overhead 
for assembly and installation represent a small fraction of 
the materials costs. . . 

A detailed fabrication and installation schedule .(phase 
11) is presented. This embodies :initial. -fabrication and'. 
festing of a prototype array, and subsequent desi,gn.modifi- 
cations as required. The complete 50-kWp installation with 
spares would require a 15-month program. A'plan f,or operation 
of the system (Phase 111) is outlined. 
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1.0 INTRODUCTION 

This report describes a design study for a SO kWp 
photovoltaic concentrator system to supply power to a utility 
substation for redistribution to the utility's customers. 
The design team consisted of: 

Pacific Gas and Electric Company (design of the site 
installation, power conditioning and utility 
interface) ; 

Nielsen Engineering and Research (design of mechanical 
structures and thermal subsystems); 

Optical Sciences Group (design and fabrication of 
fresnel lenses) ; and 

Varian Associates (program management, system design, 
and component development). 

The system (Fig.. 1-1) is designed for installation on property 
owned by Pacific Gas and Electric Company (PG&E) adjacent to 
its San Ramon (California) substation. The substation is 
surrounded by a rapidly growing middle and upper income 
residential community supplied by distribution lines emanating 
from the substation. This base-line experiment is typical 
of a large number of applications for dispersed types of 
generation which can supply power directly to distribution 
customers at a time when their demand is highest. The 
connection of small solar generating plants to distribution 
circuits reduces losses in the transmission system. 

The photovoltaic solar system, designed to deliver 
utility power only under conditions of insolation, consists 
of five main subsystems; collector, support and tracking, 
structure, thermal processing, power conditioning, and data 
acquisition subsystems. The solar system, specifically 
operating as an electric power generator, is not encumbered 
by thermal or electric storage subsystems. Such a design 
focuses attention on key elements, such as sun tracking, 
solar conversion efficiency, and utility interface. 

Since the principal objections to photovoltaics are the 
high costs of the solar arrays, the approach here has been 
to explore the possibilities of attaining low life cycle 
energy costs for the arrays by exploiting the high efficiency 
and operating temperatures of GaAs concentrator cells. Cell 
costs themselves are lowered by using high concentration, 
which is therefore desirable as long as other costs (tracking, 
structural rigidity) are nat driven up. The design considers 



Fig. 1.1 Sketch of Site Installation 
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the use of high concentration (400:l average) fresnel lenses, 
'fabricated in acrylic, for the optics, together with moderately 
accurate tracking. Waste heat from the arrays is disposed 
of by means of a closed-loop cooling scheme, consisting of a 
grouping of low cost'barrels. These barrels have 'cooling water 
circulated during daytime hours, and are covered to prevent 
solar heat gain. Much of the heat is dissipated by radiation 
and convection during the cool nights at the site location. 
Both the cooling pumps and the inverter are designed to 
minimize noise and since neither operate at night, noise- 
related environmental problems are avoided. 

The output of the photovoltaic station is interfaced 
with the 21 kV distribution circuit through a line-commutated 
inverter and step-up transformer system. The load for the 
inverter will be PG&Ets 21,000 volt distribution circuit, 
San Ramon 2102. The inverter design chosen incorporates 
maximum power tracking for any normal operating conditions. 
The distribution line can easily distribute the power generated 
by the station to its load; no on-site storage is planned. 

The experimental site lies in a shallow valley 25 km 
in.land and--,to.- the east of the San Francisco Bay. The site, 
on the east side of the substation, is part of a large field 
in an existing transmission-line right-of-way. An area of 
approximately 2.5 acres has been,reserved for the photovoltaic 
arrays. Ranges of hills to the northea'st and southwest rise 
approximately 6.6 degrees above the horizontal, and will not 
siqnificantly obstruct the operation of the solar arrays. 
Transmission towers on the site, and the substation structures 
to the west, offer sparse obstructions which will not seriously 
affect the operation of the photovoltaic system. 

The site, which would be accessible to visitors by 
prior arrangement with PG&E or Varian, is located within 5 
krn of PG&E1s San Ramon Research Center, where other solar 
and energy conservation experiments are conducted. The 
research laboratory would be the staging point for initial 
brieflng prior to site visit. The control building of the . - 
photovoltaic power system has facilities for viewing data 
gathering instrumentation and descriptive panels. Public 
visibility of the experiment will be served by press coverage 
and corporate public relation activities. The site 'is 
visible from Highway 1-680. 

A significant portion of the residential electrical 
consumption in the summer in this area is due to air conditioning 
loads. The summer daytime temperatures can exceed 100°F for 
several days each year. The ,local loads during this time 
peak in the afternoon. Often, heat waves affect most: of the 



PG&E system, requiring the use of relatively expensive meqns 
of generation to meet the electrical demand. An alternative 
energy source such as a photovoltaic system peaking in the 
summer months and during midday, has the potential of cpnsi- 
derable generating capacity and of a high energetic value 
to the utility, of 3.4$/kW-hr. The quality of the solar 
generated power must however be properly regulated and 
conditioned in order to avoid degrading the service supplied 
to the customers on the line. The experiment offers the 
opportunity to evaluate the performance of this type of 
generation in conjunction with an inverter and interface 
with a commercial power line. The design capacity of the 
photovoltaic system, up to 50 kW, is not expected to affect 
the utility rate structure or service capability, but will 
provide useful operating information during peak load condi- 
tions. The baseline experiment, as designed, would not make 
use of the thermal energy available from the photovoltaic 
concentrator systems. 05tions considered included the 
recovery of thermal energy for heating and cooling the 
control room of the p~otovoltaic power plant. 

On ~ovember 2, 1978, the Contra Costa County Planning 
~epartment'advised PG&E that a land-use permit would not be r 
,required for,the photovoltaic solar system in San Ramon. A 
building permit would 6e required for the control building. 

t v, 

~n'summary,, the design considered offers the following 
features: 

* A concentration experiment using a. relatively'new 
solar. cell materi$'l, gallium arsenide. 

. . 

* A hiih projected array efficiency: 15% 

* The us.e of -high concentration ratio (400/1) Fresnel 
optics. . 

. , 

* A self-contained system for each array, which 
allows considerable flexibility, including a total 

. ( .  energy experiment in the form of heating and 
cooling of the site control center. 

It aiso includes the kollowing special problems: 

. ,  * The loca,tion of the experimental site in a residential 
area with its associated environmental, architectural, 
and application problems. 

* 
'  he introduction of substantia: new technology, 
including.the establishment of a GaAs solar cell 

. pilot/production line. 



2.0 SYSTEM ANALYSIS AND DESIGN 

2.1 Overall System Description 'and Specifications . 

The following general system specifications were established 
to provide guidelines in developing the component andsubsystem 
designs : 

~dwer Rating:. 50 kWp * . . . . 

* ~ . Envi'ronmental conditions: 
. . 

Temperature : 30 - llS°F 
' wind: 30 mph steady'operation 

, , 

40 - 50 mph transie'nt 
60 mph survival 

Precipitation: San Ramon' conditions 

of rain, hail. 

rt Array ~ f f  iciency: - 2 15% 

* Solar Cell Technology: GaAs 

t Meet Requirements of : 

Industrial Electrical Standards, 

Environmental Impact. 

The 50 kWp design consists of an array field of 14 identical 
arrays, each delivering 3.8 kWp DC power. Each array is self- 
contained, i.e., with independent tracking and heat rejection 
subsystems. Therefore, eacharray can operate independently, 
from adjacent arrays or the total field. Electrical inter- 
array wiring (main bus bar, AC power, tracking and control 
power) connect the 'array with the control room where power 
inversion from a nominal 540 VDC at 100 amperes to 39, 60 Hz 
480.VAC is performed. In subsequent operation, a step-up trans- 
former brings the voltage to 21 kV, the line distribution voltage. 

The system block diagram is shown schematically in Fig. 2-1. 
The system is capable of unattended operation under the environ- 
mental conditions encountered at the site, e.g., the arrays will 
assume a stowed position at high wind velocities. The annual 
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AC electrical energy output is expected to be around 100,000 
kWh. An additional annual thermal energy output of 280,000 
kWh is discarded, since there is little local demand for this 
type of thermal energy. 

The collector subsystem,,consists of hexagonal plastic 
Fresnel lenses designed to mzkximize array area utilization. 
Each array has 440 individual solar cell housings mounted in 
a honeycomb arrangement cove~ing an area of about 295 ft2. 
Troughs and manifolds on the tracking frame contain the 
electrical wiring and coolant piping. Water cooled solar 
cells are protected from the environment by a plastic housing. 

A low cost distributed thermal subsystem (large heat 
transfer veal consisting of 55-gallon barrels is used to 
reject-the thermal energy prdduced by individual arrays. 
Under conditions encountered at the site, the coolant temperature 
will not exceed 150°F. The parasitic energy requiremehts of 
the heat rejection system represent about 1% of the array 
electrical energy. 

- - 
The solar cellsr placed in 44 parallel modules of 10 

cells each, are mounted on Il'ghtweight tracking frame capa3l-e 
of high pointing accuracy. The structural subassembly 
consists of a tubular H-frame (supporti,ng all modules) 
connected to a Y-frame which also supports the elevation 
drive. Bearings for the Y-frame provide azimuth tracking. 
The complete structure is bolted to a reinforced concrete 
foundation. The tracking system has a calculated free play 
of less than O.1° and a static aeflection due to 30 MPH 
winds of less than 0.2O. Tracking power requirements are 
less than 12 watts/array. The,power conditioning subsystem 
consists of a maximum power tracking inverter designed to 
operate with a variable input voltage of 100-650 VDC. The 
inverter DC-to-AC conversion efficiency is about 94% at 
loads above 25% of rated power. The data acquisition subsystem, 
in addition to meeting DOE established requirements, will 
also monitor one array specifically instrumented for studies 
of the distribution profiles of key parameters, component 
aging, response characteristics to transients, etc. 

2.2 System Location 

2.2.1 Site Topography - The actual topography of the 
experimental site is shown in Fig. 2.2. As shown, the 
location has a slight downward slope from north to south. 
Minimal land preparation is contemplated and the same slope 
topography will be followed. Figure 2-3 is a portion of the 
Diablo Quadrant U.S. Geologiaal Survey map showing the 

a location of the site. 
: ,. 

I - + .  + , 
J . , '  7 
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2.2.2 Array Field Layout - Several different locations 
for the 14 arrays within the site boundaries were studied. 
A north-south orientation was selected for this particular 
experiment so that shadowing from nearby arrays could be 
minimized. The large size of the vacant field allowed this 
orientation without the normally encountered constraints of 
a layout parallel with existing roadways and property line 
boundaries. Figure 2-4 shows the site layout. The original 
design utilized slightly more than one acre, but since land 
for this particular experiment was available, the arrays 
were spaced further apart to further reduce the effects of 
shadowing. 

2*2.3 Site Preparation Requirements - Minor grading 
would be conducted to minimize overland storm drainase into 
the site. Drainage from the site and the surrounding area 
is designed to return to its natural drainage path. Cut and 
fill earthwork banks are designed to minimize erosion. The 
site yard surface is finished with 4" thickness of aggregate 
base material to reduce erosion, weed growth, dust, and 
afford a firm surface to allow access to equipment by light 
vehicles and maintenance personnel. 

A paved roadway, consisting of 2" thickness of asphalt 
concrete over 6 "  of aggregate base, would be installed to 
allow access during inclement weather. Also, a paved area 
is designed for vehicular parking, vehicle turnaround and 
equipment. 

2.2.4 Site Restrictions - Very few site restrictions 
exist for this particular location. The arrays and control 
building have been designed to blend aesthetically with the 
surrounding neighborhood. Noise emissions from the experiment 
were a concern during design stages, because of the nearby 
residential neighborhood. This restriction prevented the 
use of a cooling tower for waste heat disposal. No site 
size restrictions were encountered because of the use of a 
wide vacant transmission line corridor. Design considerations 
applicable to smaller sites are outlined in Appendix C. 

2.3 Local Meteorological Conditions 

Data for the site were drawn from the following sources: 
the 8-year record of the U.S. Weather Bureau at Livermore, 
CA, the lo-year hourly records of the FAA West of Livermore, 
recent discontinuous 3-year records from Sandia Livermore, 
and a few measurements from the Aerojet-General San Ramon 
site. This data was combined to yield a model climatic year 
shown in Figs. 2-5 through 2-7. The average model temperature 
is 18OC compared with the expected average of lS°C. 'On the 
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average, therefore, the cooling system performance will be' 
better than projected here. Recorded temperature extremes 
are 4S°C and -18OC. Below-freezing temperatures are expected 
2% of the time in the winter months. 

.Heating'and coo.ling of the surrounding valleys give rise 
to regular wind flow from the southwest during the daytime, with 
low probability of calms; The model year has an average wind 
s'peed of 6 mph, compared with the average annual value of 8 mph. 
Again, the cooling system'should perform better on the average 
than projected for the model year. Winds exceed the stowing 
velocity. (30 mph) only during overcast conditions. Therefore, 
no loss of power generation is predicted due to wind~conditions. 
The highest recorded wind velocity at the site is 67 mph (in 
1938). Stowed arrays would withstand this wind. 

Direct normal insolation data used for modeling was taken 
from 1975-1977 data recorded at Sandia Livermore. The climato- 
logically c.losest longer term data' (1970-1976)' was taken by the 
Bay Area Air Pollution Control District at San Jose (insolation 
on a horizontal surface). The average direct-beam insolation 
inferred from this data is from 1940 to 2690 k ~ h / ~ 2  per year 
with the horizon at O0 for all azimuths. 0ut.model data year 
gives a tota.1 direct beam insolation of 1936.'k~h/~2 per year, 
including the effects of shadowing by the surrounding horizon, 
as shown in Fig. 2-8. Thus our model year insolation data is 
closer to the ?averagew year than the uncertainty in the data 
defining the average year at the San Ramon Site. 

The average annual precipitation is about 15 inches, 
varying between 7 and 25 inches. Our model year has 12.6 
inches of rainfall, mostly occurring in the winter months. 
The maximum rainfall rate ever observed was 3 inches per 
hour. Heavy fog is present during part of 27 days out of 
the year, on the average. Thunderstorms are rare, occurring 
on the average only one day a year in the whole San Francisco 
Bay area, 2nd less than one day in 75 years at the site.. 

The site is 16 miles from the Hayward Fault and closer 
to a few minor faults. Substantial seismic activity is 
expected from the Hayward Fault, but only once every 100 
years. The array is designed to withstand a horizontal 
acceleration of .5G, which is the maximum predicted credible 
bedrock acceleration design point for earthquake-resistant 
building at the site. 

. . 

2.4 ' ~ o a d  Characteristics 

2.4.1 Power Demand 'Characteristics - The power demand 
of San Ramon 2102 was measured at San Ramon substation on 
four days in early August 1978. The distribution.of the 
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load on the circuit is shown in Fig. 2-9, averaged for the 
four days. The maximum value recorded was 9.4 megawatts at 
6 p.,m., and the minimum was 2.2 megawatts at 4 a.m. This 
circuit behaves like most domestic customer circuits in the 
area, with a peak load near 5 or 6 p.m. 

The load curve of the entire PGCE system power grid on 
the peak day in 1977 (August 1) is shown in Fig. 2-10; note 
that the system. peak .occurs earlier than the residential 
peak. 

2.4,.2 Load Data Collection - Extensive instrumentation 
of the experiment is planned. Information will be available 
from the ODAS; if needed, further instrumentation would be 
added to monitor the various electrical parameters: DC array 
output; voltage, current, and DC watts, along with the inverter 
output; voltage, current, watts, vars and power factor. Figure 
2-11 shows the measurement points and types of instrumentation 
used. Some of the information will be displayed at the control 
building, either in the observation area .and/or at the equip- 
ment rack panels. Telemetered data will be transmitted to the 
PGCE-Research Center to be collected .by a PDP-11 based acquisi- 
tion system. Auxiliary power used by the experiment for support 
and control will also be monitored. Measurements are planned 
on the 21 kv distribution circuit SR 2102. Current and potential 
transformers will be attached to the line to monitor the load 
parameters4including time of day power consumption. This 
informatJon would be,compared to the array output to determine 
peak timing. 

Additional "power quality" data would be collected during 
test phases of the experiment. Harmonic content, waveshape 
distortion, radio interference, and transient stability would 
be investigated to determine their effect on the distribution 
circuit .and the surrounding community. 

2.5 Operational Modes 
. . 

. '2.5.1 Utility 1nte'rf.ace - During normal operation, 
the solar facility will supply electric power to PG&E1s 
power grid through a 480 V/21,000 V step-up transformer. 
The 480 V, 39 output from the plant is linked via underground 
cables to a 75 KVA pole-mounted transformer for connection . 
to PG&E1s overhead distribution line at 21,000 volts. The 
system is capable of automatic operation including start-up, 
loading, and shut down on a routine basis. 

The facility will serve the load in parallel with the 
PG&E system, reducing PG&E1s energy demand from other generation 
sources powered by nonrenewable fuels. Except for a.smal1 
amount of auxiliary power required by 'the facility, all the 
available.power derived from the solar source will be delivered 
to the utility. The'plant is designed to come on the line 
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whenever there is sufficient insolation for proper inverter 
operation. Similarly, it is capable of a safe shut-down 
when minimum insolation is,no longer available. 

2.5.2 Optional Total Energy--Operating Modes of Space 
System - An optional space heating system provides a 
rellable means of dissipating waste heat from the solar 
concentrators and usi'ng some of the thermal energy to heat 
the equipment building. In this option, an hydronic loop 
will transfer waste heat to an insulated storage tank whenever 
it is available. The system will maintain a datum temperature 
of approximately 50°C. If the storage tank reaches datum, 
the loop will circulate through an air-cooled heat exchanger, 
dumping unusable waste heat to at~osphere. In this way the 
loop will provide adequate heat removal from the solar 
concentrators, whether the heatinlg system is operating or not. 
A secondary hydronic loop will transfer the heat from the 
storage tank to equipment building upon demand. The two 
loops operate independently, keeping the controls as simple 
as possible. 

In the equipment building a ventilation system will be 
provided as the heating and cooling medium. An outside air 
cycle will optimize the use of outside air for cooling. The 
ventilation system will be inter-connected with the inverter 
to provide adequate ventilation and cooling. Cooling will 
be supplied by a commercially available refrigeration system. 
The cooling is necessary for maintaining the design tolerance 
temperatures of the solid state devices in the equipment 
building and the inverter. 

Alternate'Heating and Cooling Using Thermal Waste - 
A secondary loop would provide both hydronic heating 

and hot.water for the absorption generator. .As 'in the'case 
of space-heating only, this secondary loop would operate 
indepen.dently of the primary loop and provide an alternate 
means of heat dissipation. 90°C datum temperature would have to 
be maintained.for proper operati.on of the cooling cycle. 

Details of.these options are described in Appendix D. 

2.6 System Design 

, 2.6.1 Conceptu'al Block Diagram - Figure 2-1 shows 
schematicallv the svstem elements and their inter-relationships. 
The full system consists of'. a'kumber of smaller, practically 
self-contained photovoltaic arrays of optimized dimensions. 
Each array consists of a tracking frame on which are mounted 
44 linear modules consisting of ten lens/cell submodules. 



Each array is provided with an individual sun position 
sensor, guidance electronics, and elevation and azimuth 
drive units, with guidance override for stowage or emergency 
action and, as an option, clock override for cloudy conditions. 
Cells are interconnected by an internal array harness the 
cell interconnection scheme being designed to minimize the 
effects of cell and optics variations--Section 2.7. The 
cells are provided with active cooling, with ancillary 
circulation pumps and heat storage and dissipation system. 
Certain of the arrays are instrumented for mechanical and 
thermal monitoring, the outputs of which are fed to the data 
acquisition system, along with electrical data on array 
performance, inverter output, and data from the meteorological 
equipment. 

2.6.2 Design.Approaches - The central aim of the 
design is the attainment of low life cycle energy costs by 
exploiting 'the high efficiency.and high operating temperatures 
of GaAs concentrator cells. Cell costs are lowered by use 
of high concentration, to which GaAs cells are well suited. 
The array configuration selected was of the "exposed" altazimuth * . '  tracking frame concept (Fig. 2-12). This had previously 
been evaluated as more cost effective than ihe ''bubble- 
enclosed" tracking frame or other concepts. In particular, 
it appears to have significant advantages over the carrousel 
concept in installation costs (no extensive leveling of 
foundations, minimization of expensive assembly operations 
at the site) and in utilization of low sun angles (the 
carrousel suffers from partial self-obscuration for the 
major part of the day during the winter months; this reduces 
the annual energy collected, and increases the severity of 
cell shadowing problems in the design). The tracking frame. 
concept selected, on the other hand, must meet high standards 
of rigidity under expected wind loading conditions. This 
was evaluated as relatively inexpensive to realize under 
near term cost conditions. Model experiments and calculations 
indicate that a low aspect ratio for the tracking frame 
gives minimum inter-array obscuration, and maximum use of 
the available land area. Hence the dimensions are chosen as - 
long and low as compatible with the required rigidity in a 
low-cost structure. The frame concept allows the use of . , 

relatively small optical elements with single cells at their ' .  

focus. Large optical elements increase in weight and cost 
faster than their area (for a given tolerance on mechanical 
rigidity). Furthermore, the use of series-connected cell 
clusters at the optical focus'can be.seen to involve illumin- 
ation uniformity problems, and to require tracking accuracies . .  
that increase as the square root of the number of cells at 
the focus. An optics diameter and focal length in the 
region of 30 cm provide a conveniently manufacturable.and 
handable two-axis focusing element, and res'ult in a convenient '' 

cell size. 

* 
The structural design is discussed in detail in Appendix 1';. 
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The optics selected was a single, "grooves down" Fresnel 
lens (no secondary) realized in acrylic. This has advantages 
over reflectors in high transmission and relative insensitivity 
to dirt. The lens can also provide array closure and presents 
minimal problems with accumulation of snow and ice (by con- 
trast with reflective trough concentrators). A disadvantage 
is the relatively low useful concentration (about 400 suns) 
available with a plano Fresnel acrylic lens. 

At the 400 sun level, cooling of the cell by physical 
flow of the coolant is more cost effective than'alternatives; 
active cooling was therefore selected. This has the added 
advantage of making waste heat available for some useful 
function or, in the case where the heat is simply dissipated, 
makes possible storage of the heat for dissipation during 
the whole 24 hours, including the generally cooler nighttime 
hours. This was found to be significantly more cost effective 
than passive cooling systems, or active cooling tower systems. 

2.6.3 Maior Subsvstems 

. 2.6.3.1 Optical Submodule - A number of optical 
designs were evaluated, including use of a secondary collector 
on the cell to increase concentration ratio while maintaining 
acceptable tracking requirements. This was evaluated as 
impractical in the Phase I1 timeframe, however, and the 
system adopted was the constant-groove-depth plano-Fresnel 
shown in Fig. 2-13. The relatively wide curved facets of 
the inner zones help reduce diffraction losses, and minimization 
of the number of steps reduces the optical losses at the 
steps. The mold for this design was fabricated by single- 
point diamond turning on numerically-controlled equipment. 
The photon distribution and other performance parameters for 
a lens of this type in hexagonal format, calculated by a 
Monte Carlo method for an AM2 spectrum with limits imposed 
by the cell of 1.4 and 3.0 eV are shown in Fig. 2-14. The 
measured transmission is 87% as conpared' to a theoretical 
value of 89%. 

The lens design was optimized using extensive Monte 
Carlo ray trace modeling, considering flux uniformity, 
maximum allowah14 concentration, and minimum sensitivity to 
pointing errors. The design requires majntenance of fairly 
tight tolerances in assembly and operation, both perpendicular 
to and in the plane of the lens. Fabrication of the mounting 
cone (Fig. 2-15) in the same acry1ic.a~ the. lens ensures 
stability of the focus on the cell.:with uniform changes of 
temperature and humidity. Internal :temperatures at repre- 
sentative points were checked experimentally to be uniform' 
within a few degrees under typical operating conditions. 
Close-to-radial symmetry of the cone, lens and mounting 
arrangement maintains the axial alignment under temperature and 
humidity changes. 
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Two factors must,be taken into account in alignment in the 
plane of the lens; the tilt of the lens from perpendicularity 
to the direction of the sun, and the position of the center of 
the cell relative to the center of the lens. Monte Carlo ray 
trace calculations show that it is possible to move the cell 
position to almost exactly compensate for small tilts of the 
lens, hence the lens cone assemblies are mounted without adjust- 
ment to the channels; a 'single adjustment of the cell position 
in the field after installation takes out all of the tolerances 
in the lens plane. 

A tolerance problem arises from doming of the lens induced 
by humidity variations. Because the lens selected has fewer facets 
than conventional lenses, it has a smaller ratio of inside surface 
area to outside surface,area, reducing the extent of this problem, 
which can, however, be controlled by proper choice of lens thick- 
ness (a thicker lens domes less). The thickness shown in Fig. 
2-13 is based on 3-month meqsurements of doming on a roof-top 
prototype assembly, including both very dry and very wet weather. 

Axial deflection measurements were taken at' the center of 
the lens at regular intervals during the 3-month period, (November- 
January). At the start of the period, . - in . . - . . . a - . - - . normal . atmosphere with 
equal humid1ty"on both sides.of the lens, an inward deflection of 
.005 was measured. Intermittent rain on the exterior resulted in 
an outward deflection of .010 inch. As the lens dried slowly 
from the outside, a maximum inward deflection of .030 was recorded. 
With continued drying in a stable atmosphere, the lens'returned 
to a .005 inward deflection. 

The initial alignment of the lens/cell spacing can be done 
at the assembly plant. The lens mounting surface of.the cone 
must be ground flat before the lens is mounted.' 'This grinding 

. . is 'done in an accurate jig, setting the" precise alignment. 

2.6.3.2 ~o'lar Cell - This is a GaAs/AlGaAs concentra- 
tor cell having an' active diameter of 0.490 inch, and with a top 
contact pattern optimized for operation at 420 suns. Figures - 
2-16 and 2-17 show respectively optimized schematic cross section 
.of the cell and top contact pattern. AM2 efficiencies in the 
region of' 20 to 23% have been demonstrated with this type of cell 
fabricated.by liquid phase epitaxy,3 and 18 to 20% by or,ganometallic 
vapor phase epitaxy.4 In order to isolate the electrical ,circuit 
from the cooling fluid, the cell is mounted on'an alumina ceramic 
(beryllia was evaluated as not cost-effective) which also serves 
as a package for the cell, to which a top contact lead frame and 
flying leads for power takeoff can be brazed (Fig. 2-18). The 
status of the solar cell and packaging processes is covered in 
more detail in Section 4.4.1 and Appendix G. . , 

Figure 2-19 shows the effects of tracking error on the cell 
output for the selected optics. An allowable degradation of 3% 
was selected as a design criterion, corresponding to an'allowable 
total tracking r.m.s. angular error of 0.2'. This,in turn was 
divided up as follows: 
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Static Deflection of Tracking Frame < 0.05' - 
Tracking System Free Play < 0.1O0 - 
Static Deflection Due to 30 MPH Wind < 0.17' - 

Assembly and tolerance errors can be removed by adjustment after 
assembly (Sectlon 3.2.3) . 

2.6.3.3 Photovoltaic Module - Thermal expansion of the 
acrylic lens poses problems in utilization of multilens arrays 
(such as might be produced by casting) for high concentration. 
For the Phase I1 design, a short term solution was adopted of 
mounting each lens separately, with small inter-lens clearances 
to allow for independent expansion. Each lens of which mounts 
on a prefabricated aluminum channel (Fig. 2-15). The cell and 
its cooler are also mounted concentrically with the lower end 
pf the cone, and can be adjusted in position for maximum cell 
output. The channel is long enough to accommodate ten of these 
lens/cell combinations which, when provided with electrical and 
coolant interconnections, form a linear, ten-cell photovoltaic 
module. 

2.6.3.4 Array Structure - The required rigidity against 
gravity and wind loading is provided by a main bed of large 
diameter thin wall tubular steel members (H-frame), Fig. 2-20. 
This is supported, on bearings at intermediate distances from 
the ends, by the arms of a vertical Y-frame, also of tubular 
steel construction, which rotates on a vertical thrust bearing 
to provide azimuth motion. The entire structure of frames and 
channels is designed to allow maximum angular deflections under 
combined gravity and 30 mph wind of 0.17' in the worst case. 
Operation will be interrupted and -t-he array stowed at wind speeds 
of greater than 30 mph, and the structure will survive wind speeds 
up to 60 mph, unstowed, and up to 90 mph, stowed (Appendix I) . 

1 2.6.3.5 Power Conditioning - Figures 2-21 and 2-22 show 
expected voltampere curves for the arrays under maximum and 
minimum temperature conditions. A line-co~tmutated inverter 
,:has been specified to accept inputs 0-ver the ranges 100 to 650 
volts and 15 to 125 amperes and to provide three-phase output 

*- 

at a nominal 480 volts. The inverter will be provided with 
circuitry for tracking the maximum power condition of the 
photovoltaic arrays. Further details of the inverter specifi- 
cations are ,given under Section 3.3.1. The power conditioning 
unit is included in the schematic of Fig. 2-11. 

2.6.3.6 -Thermal System - In packaging, the cell is 
soldered to a high thermal conductivity ceramic chip, and the - 
back of the .ceramic is cooled by a water jet (Fig. 2-23) di- 
mensioned t0:balanc.e pumping power loss against loss of . 

electrical output'due to temperature rise of the cell.. The 
ten cells'of the' collector module are series-connected for 
water flow, provi.ded by top and bottom manifolds on the 
array frame. The coolant is pumped via flexible hose con- 
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nections to an array.of 55-gallon drums disposed towards the 
, north of each array, Fig. 2-.2.4. To,tal coolant volume ,and 

. storage surface area are such.that temperature rise during 
.the day is acceptable, and significant cooling occurs.in the 
absence of circulation during the night. Design considerations 
for the thermal system are described in Sec.'2.7.4. Some 
modifications of the array design, mainly lagging of the internal 
coolant circuits, would allow 200°F 'water to be collected 
and used for heating and cooling experiments. 

2.6.3.7 Control and Protective Subsystems - These 
subsystems were designed with the following requirements ,.- - in . 
mind: 

1. maximum system power conversion efficiency, 

2. complete protection of the system under the full range 
of environmental conditions expected, utility line . 
conditions, 

3. protection of personnel from high voltages or'insolation 
levels, 

4. low cost, consistent with satisfactory operation of the 
experiment. 

These requirements are satisfied as far as possible in the 
basic design of all components, but received special attention 
in three areas: power wiring additions, the array control 
systems; and the inverter control system. 

2.6.3.8 Power Wi'r'ihg Additions - GE-type A180 silicon 
power diodes are incorporated to prevent damage to the 
arrays, preventing reverse breakdown of the cells and providing 
..bypass of arrays under conditions of imbalance (e.g., shadow- 
ing) or inverter fault. Intra-array use of diodes has been 
minimized by paralleling, and by.protection of rows of 
cells in pairs (Fig. 2-25). .Safety is ensured by complete 
enclosure of hi.gh voltage leads (for .example inside the 
channels, cable trays, etc.) and enclos'ure of the focal region 

. of the optics. For protection of servicing personnel, each 
array can be disconnected by a manual knife switch in the 
locked junction box at each array. 

2.6.3.9 Ar'ray Control System - Each array is provided 
with an independent control system to maintain optimum 
tracking, monitor hazards and take appropriate actions in 
alarm situations. Low cost and reliable operation were 
optimized by the following choices: 

1. Independent control 5or each array (no central controller, 

a no control cabling--duplication of low cost sensors in 
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Fig. 2 .25  Array Electrical ~nterconnections 



conjunction with fine servo control on the observed sun 
position This also relaxes toLerances on array structures, 
lowering structural costs). The tracking electronics 
contributes negligible tracking error (less than 0.02 
degrees) . 

2. Long term reliability is obtained by eliminating brushes, 
snap-action switches and the like. Stepping motors, 
solid state devices and reed switches are used throughout. 

3. A low-cost microprocessol: (Intel 8022) with built-in 
A/D conversion is used, to afford flexibility in opti- 
mizing the control algorithms. 

4.  The tracking gear trains axe designed to prevent back- 
driving of the stepping motors (efficiency less than 
0.5). Tracking power is required only during the step, 
resulting in very low power consumption in tracking. 
Slew rates of up to 0.1 deg/sec can be maintained for 
acquisition, or over 5 times the maximum required for 
tracking. 

5. A fail-safe design is used such that failure of critical 
components results in a de-steer action to protect the 
solar cells (e.g., a coolant loss). Internal shielding 
is used to prevent other damage by high insolation 
intensities. 

The tracking and array control subsystem is shown in 
Figs. 2-26, 2-27, and 2-28. Seventeen separate sensors 
(small GaAs photodiodes, a thermostat, reed switches, and 
thermistors) feed information into the microprocessor. 
Eight output lines provide (through integrated circuit 
drivers) 8 step, 4 phase drive to the azimuth and elevation 
stepping motors. A ninth output line provides a string of 
pulses through an isolation transformer which turns 9 the 
water pump motor. Thus failure of the microprocessor always 
turns the cooling water pump on, whether it fails with this 
line low or high. A tenth output line directly drives a 
single LED with various flashing sequencers which indicate 
by matching with a table the origin of any error condition 
that exists, simplifying troubleshooting. Further details 
of the software, the tracking sensors, and other sensors are 
given in Appendix. A. 

2.6.3.10 Inverter Control System - This system 
sense the presence or absence of DC and AC voltage. When 
both are psesent, it automatically loads the arrays to theiq 
maximum power point, by a dual feed back control system. 
The control circuitry also provides for complete disconnection 
of the array field if either the AC line voltage or the DC 
array voltage is too low. Operation of the control system 
is described in detail in Appendix B. 
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2.6.3.11 Data Acquisition Subsystem - Instrumentation 
sensors are designed to be added to the arrays in appropriate 
places. Temperature sensors are of the current-mode type to 
prevent errors with long cable runs and multiple connections. 
Water temperatures are measured at the input and output of 
each barrel farm. In one array, temperatures are measured 
at the top and bottom of each channel, and in between each 
pair of barrels. 

Voltage measurements are made by connecting instrumentation 
cables directly to the position measured, and using the data 
logger for voltage measurement. The current is the same 
everywhere in the field, as the arrays are connected in 
series. The voltage is measured across each bypass protection 
diode (574 voltage measurements). These voltage measurements 
are monitored by a computer capable of identifying failure 
or severe degradation of a single solar cell, and to pinpoint 
its location to within a specific group of 11 cells. A 
Hall-bar based clamp-on ammeter can then be used to identify 
the exact cell. The highly instrumented array has twice the 
number of voltage measurements; therefore each paralleled 
group of cells can be checked. Hall effect ammeters can be 
used to check current balance. Input and output conditions 
02 the inverter are measured, as well as internal feedback 
control voltages. 

2.7 System Analysis and Optimization 

This section describes the system model in general 
terms, and outlines the use of the model and its different 
parts in optimization of components, subsystems, and system 
layout. 

2.7.1 Modelin - An extensive computer code has 
been written T-- or modeling the complete system, using 12 
months of hourly data assembled from available meteorological 
information for the environs of the site (Section 2.3). 

All data points are taken on the half-hour, except for 
shadowing calculations which add + 1/2 hour from a random 
number generator in order to prevent non-physical results 
due to correlation effects between sunrise-sunset time and 
modelling times. The insolation data is measured and inte- 
grated over an hour long period and hence cannot give the 
actual power density present during partially cloudy periods. 
In order to obtain more correct results, the power density 
is calculated for moderately clear sky conditions, and then 
the isolation data is used t 
the hour the sun is out. 

The model has as a load 
is able to use whateve 
ill operate independent 

from this system. Detailed 



any shadowing of the lens, the cell, the electrical inter- 
connections and wiring, the inverter, and all of the thermal 
system components. The array structure is accurately modelled 
only for static deflections, as the Q of the mechanical 
resonances, and their coupling to the wind is unknown. 
Times of array failure or non-tracking are neglected (except 
for intentional stowing) for modelling purposes. 

2.. 7. 2.;. Optimiza'tion S'tu'dies . - . A number of the subsystems 
I :  - . outlined were subjected.to optimization at various levels of 

sophist'ication.. ~1ements"undergoin~ intensive computer 
'modelling and numerical optimization included the solar 
cell, the lens design, the thermal subsystem, and the site 
layout ('shadowing). Optimization of the solar cell design 
was undertaken prior to and under Sandia Contract 05-4413 
and reference is made to the Final Report under that program 
for details of the approach.5 The computer programs developed, 
which are now incorporated in the system modelling program, 
were used here to provide an optimized design of cell for 
400-sun operation, dictated by the performance of optimized 
Fresnel lens designs in available formats (plano-Fresnel). 
The lens design was also optimized as-far as possible in 
respect of concentration ratio, given the restriction of a 
maximum non-uniformity of the radiation distribution on the 
cell (peak less than 1.9 times the average). The Monte- 
Carlo ray-trace procedure for this work has been described 
in Ref. 2. The concentration ratio was chosen by trading 
off cell cost and performance vs an estimated cost of increased 
tracking accuracy, using the Monte Carlo lens modelling to 
define the tradeoff performance parameters. The f-number of 
the lens was optimized for cell illumination uniformity and 
minimum sensitivity to tracking error. The lens size (and 
hence the cell size) was chosen by considering assembly and 
alignment costs, cell manufacturing costs and cell efficiency 
vs size, lens manufacturing costs, and size limitations of 
available production equipment. Results of individual 
optimization procedures have been given in earlier figures. 
Figure 2-29 is an example of how the interaction between the 
lens performance and the cell performance determines an 
optimum lens-to-cell spacing and the spacing tolerance. 
Other parameters of the system, for example the overall 
dimensions of the array frames, were chosen on a more qualitative 
basis, the absence of firm dat.a making particular optimization 
processes (e.g., cost optimization) of questionable value. 
These parameters were generally selected on the basis of 
engineering experience. In many cases an early choice was 
necessary in order that dependent optimization processes 
(e.g., the structural design of the array frames to meet 
deflection specifications) could proceed. optimization of 
the site layout and the thermal system are discussed below. 
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2.7.3 System Layout - Given the site topography, the . 
array outlines and the model year insolation, it was possible' : 
to compute the annual loss of energy due solely to inter- 
array shadowing, Fig. 2-30. The asymmetry is due to the 
slight slope of the site (Fig. 2-21, Figure 2-31 shows the 
loss contours for inter-array shadowing. A preliminary low- 
loss layout resulting from superimposition of these contours 
for a multiarray field is shown in Fig. 2-4. The total 
shadowing loss for this layout is 0.6% in annual energy 
terms. This computed data can be used to construct an 
approximate analytical treatment of the economics of the 
land use (Appendix C). The indicated spacing is optimum for 
a ratio of array costs to land costs of about 100:l ($/watt: 
$/sq.ft., e.g. $25/watt arrays on $10,00O/acre land),appropriate 

.. for a first experimental system. Since the inter-array land 1 
area. may be usable for other activities, the definition of 
land "use" depends on circumstances. 

2.7.4 Thermal System - The choice of an active 
cooling system is dictated by the high cost and limited 
performance of passive cell coolers, and by the potential 
application of GaAs concentrator cells to.a total energy 
experiment. Stagnation-point: cooling by, a liquid jet was 
evaluated as the highest performance, lowest cost, means of 
transferring heat to the coolant6; Figure '2-32 illustrates , 
the factors involved in optimizing the cooler design--low 
flow rates conserve pump power, but allow the cell temperature 
to rise, with loss of generated power; high flow rates 
involve rapidly increasing pump power, but diminishing 
returns in the way of extra power from the cell. The storage 
layout (see below) and coolant inter-connection sizing were 
selected to minimize parasitic pumping losses. Optimum 
conditions require a total flow rate of 7 gpm (resulting in 
about four passes of the coolant through storage per 12-hour 
day) a pumping requirement of 28 watts per array at 25% pump 
efficiency and a maximum water temperature of 60°C (35°C 
initially plus a rise of 25°C). Figure 2-33 compares the 
radial distribution of heat flux into the coolant with that 
incident on the cell (taking the lens characteristics into 

. account). An excellent match is apparent. The cooler design 
is shown in Fig. 2-23. 

From the cells, the coolant is pumped to an array of , 

55-gallon drums which act both as storage for excess heat 
during the day, and as  convector.^ and radiators during the 
cooler nights. Figure 2-34 shows the computed performance 
of such a system under the site conditions, using generalized 
parameters. It turns out that 55-gallon oil drums have 
close to optimum surface/volume ratio for the application 
and are available at lowest cost (Fig. 2-35). The optimum 
ratio was calcu'lat'ed by equating 'the he.at- added 'to the reservoir 
during the day to the heat dissipated by convection/radiation. 
Solving for the surface-to-volume ratio yields an optimum value 
of 2.6. The ratio for a 55-gallon barrel (including only one 
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end in the area calculation) is 2.72. An array of about 
26 barrels is close to optimum from .the .viewpoint of 
cost-effectiveness. (It can be seen that a much larger . ' 

array of barrels would,give little improvement' in system 
performance. ) This type, of system is also advantageous from 
an environmental standpoint. 

2.7.5 System I'n'terc'onnection - The system contains 
6160 solar cells which must be interconnected in some fashion. 
The 'system model for the solar cell includes the statistical 
variaiions in cell pe'rformance expected from the cell production 
line. Fig. 2-36 shows the ratio of system fill factor to 
average cell fill factor as a function of the number of 
cells in parallel. The paralleling averages-out the mismatched 
cells, permitting loading of each cell closer to its maximum 
power point. This same effect can be used to average out 
lens variations and alignment errors in the optics, if 
present. Protecting bypass diodes are required only for 
each two groups of paralleled cells, so increasing the 
number of cells in parallel reduces the cost of the protection 
diodes. 

The tradeoff in the direction of increased paralleling 
comes from the cost of the large cross-section interconnecting 
wiring (from arr,ay to array) and a reduced inverter efficiency 
resulting from a lower operating voltage and a higher operating 
current. The final choice was for ll'cells in parallel, and 
560 of these groups in series (Fig. 2-25). Copper wire 
costs are significantly reduced by using a 480-volt inverter 
'instead of a 208-volt inverter. On the other hand, use'of a 
significantly higher voltage would substantially increase 
insulation costs, while at the same time decreasing the 
effectiveness of cell paralleling in relaxing cell costs. 

2.7.6 Overal'l S'ystefi Performance - Figure 2-37 
summarizes graphically the tradeoffs arrived at as a result 
of optimization processes on the various components and 
inte2-component ;elationships. A yearly average system 
efficiency (inverter AC output to solar insolativri input) 
between 15 and.l6% is predicted for the system at the time 
of installation. 

2.8.1 Allo'cation of Reliability Goals - At the 
beginning of the design phase, reliability goals were allo- 
cated to all elements of the array field, and were explicitly 
considered in the design process. 

2.8.2 Failure Modes Effects and Criticality Analyses - 
Detailed 'fault trees were constructed, see Fig.' 2-38. 

These trees are structured with the undesired general event at 
the top, followed ('below) by the undesired sub-events. 
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SUNLIGHT I N  1.000 
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PACKING FACTOR LOSS 
0.079 
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LOST I N  FACETS 0.028 

LIGHT MISSES CELL 0.01 

TOTAL ENERGY 
4 

TRACKING L ALIGNMENT ERROR 0.02 

EFFICIENCY 0.637 TOP GRID TRANSMISSION LOSS 0.11 

AR COATING TRANSMISSION LOSS 0.044 

INTRINSIC CELL CONVERSION LOSS 0.694 

CELL GRlD RESISTANCE LOSSES 0.055 

CELL TEMPERATURE RISE LOSSES 0.032 

ARRAY WIRING LOSSES 0.008 

F I E L D  WIRING LOSSES 0.030 

INVERTER LOSS 0.070 

PUMPING POWER 0.058 

TRACKING POWER 0.007 

AC 
ELECTRICAL 

POTENTIAL THERMAL 

OUTPUT 
OUTPUT 0.479 

Fig. 2.37 Ideal Theoretical Efficiency at Each Point in the 
System (Yearly Average) 
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These include the potential hazards and failures that are 
the immediate causes of the top event. These events may be 
inadvertent or unauthorized functions, or the failure of the 
system to perform a required operation, and are determined 
from analyses of specific safety and reliability considerations. 
The analysis works down from the array field to determine 
:ombinations of events (for example, steady state winds in 
excess of 30 mph, unusually cloudy days, etc.) and component 
failures (electrical, electronic, mechanical, hydraulic) 
which could bring about the undesired result. 

The fault tree is quantitative as well as qualitative. 
This quantitative evaluation includes the failure rate, A ,  
in failures per lo6 hours, the mean time to repair, r ,  in 
hours and the probability, n ,  of occurrence of an event. 
The rates for common piece parts (i.e., resistors, diodes, 
capacitors, etc.) are defined by MIL-HDBK-217B (including 
Change Notice 1) including appropriate derating corrections. 
Data on some unique hardware, such as the Fairchild 5-Volt 
Positive Voltage Regulator, the Intel Microprocessor, Lambda 
Dual Power Driver, etc., were derived from actual failure 
test data. The requirement for detailed reliability prediction 
was passed on to all participants in the experiment. For 
example, the 50-kW line commutated inverter received a full 
MIL-HDBK-217B analysis. 

During the course of the design phase, conceptual and 
development design reviews were held. The fault trees 
played a part in guiding this process and in the minimization 
or elimination of single point failures. For example, a 
solid state relay had initially been planned to turn on the 
water pump either during operation or freezing weather. 
Such a normally open relay would fail open causing system 
degradation. During a design review, this concept was 
replaced by the present normally closed simulated relay 
which would cause the water pump to be and remain activated. 
This is a "fail safe" system. The fault trees also form the 
basis for the hazard analyses which comprise safety studies. 

2.8.3 Reliability - Quantitative analysis of the 
fault tree has been performed using the Varian Fault Tree 
Program. Figure 2-38 contains the results of this quantitative 
analysis: the likelihood of occurrence of all intermediate 
and top events, the probabilities of the critical paths and 
an importance ranking of the component failure modes and 
minimal cut sets. Cut sets are any set of system components 
which, when they are fail simultaneously, cause the system 
to be in the failed state. A minimal cut set is the smallest 
set of system components which will cause the system to be 
failed. The system is in the failed state if at least one 
of its minimal cut sets is in the failed state. The components 
of a particular minimal cut set act as if they were in 
parallel, while the group of all minimal cut sets act as if 
they are in series. 



Examples of the quantitative analysis of the Solar 
Energy Tree by the Varian Fault Tree Program appears in 
Appendix E. The first table provides the X and r data for 
components and where applicable .R data for inhibits and 
probabilistic events. Table 2 indicates that the system 
will be analyzed with resultant outputs at start of operation, 
two weeks, one month, one year, and three years. Table 3 
identifies the components associated with each of the 139 
cut sets found in the system. Table 4 provides for each of 
the 139 cut sets at all five times: failed probability (Q), 
minimum cut set failure rate (W), minimal cut set failure 
intensity (per hour) (L), expected number of failures in 
that cut set to time T (WSUM), and the probability of one or 
more failures to time T (FSUM). Table 5 provides the system 
evaluation of each of the above parameters for all five 
times. Table 6 orders all 139 cut sets from most likely to 
least likely, for all cut sets with failure probabilities 
greater than 10-12. Finally, Table 7 provides X and Y 
coordinates on the fault tree of Fig. 2-38 for all the 
elements in the tree, which are listed for convenience in 
alphabetical, then numerical, order. Appendix E only lists 
a portion of the program output. Once having the total 
output, Table 6 provides the probability of failure for each 
cut set. Table 3 can then be used to identify the components 
that make up a particular cut set under study. Table 7 then 
provides drawing coordinates (drawing BBT-432), so that the 
location of the components within tHe system can be identified. 
Drawing BBT-432 is attached and is an improved version of 
Fig. 2-38. ft contains all component identification numbers 
referred to in Appendix E. 

The fault tree shown is the best available prediction 
of system performance. As data becomes available from 
Production Assessment Testing (Post ATP reliability testing) 
and actual field experience, this information can be intro- 
duced to the fault tree and the results reassessed. 



3.0 COMPONENT DEVELOPIWNT AND SPECIFICATION 

3.1 Specification Methodology 

Software was developed under the Phase I program to 
describe the components and subsystems of the photovoltaic 
solar system, consisting of drawing package and a materials 
list, all included in the Phase 11 Installation Proposal 
furnished separately. The materials list (indented bill of 
materials) includes over 800 items required for the fabrication 
of the photovoltaic system. It is intended for: (1) procurement 
of components and subassemblies; (2) identification of order of 
assembly; and (3) as means for costing individual subassemblies. 
For that purpose, a cost allocation code (VPC) was used, as 
defined by the ERDA/EPRI evaluation methodology. (7) The completed 
materials list includes components costs at various procurement 
levels, and can be used to determine the cost elements associated 
with capital plant investment. 

3.2 Photovoltaic Array Development 

Under Phase I, the development of this subsystem was carried 
only to the stage of detailed design and preparation of working 
drawings. The first full prototype would be fabricated under 
Phase 11; however, subcomponents (lens/cell cluster assemblies) 
were fabricated and tested. 

3.2.1 General Characteristics - The array is shown 
schematically in Fias. 2-12 and 2-20. Overall dimensions of the - - - -  

fully assembied traEking array are approximately 10.3 meters 
long by 2.8 meters high (34' x 9') and weight 2200 kilograms 
(4800 lb). The mechamical structures are fully described and 
specified in the separate Installation Proposal. Development 
status of critical subcomponents are described in the following: 

3.2.2 Collector Subsystem 

3.2.2.1 Fresnel Lens - As discussed earlier, this 
will be a novel design of constant-groove-depth curved-facet 
plano-Fresnel in hexagonal plan form, 25.74 cm across the flats 
of the active area, and realized by compression molding in 
DuPont Lucite 147K-NC10 or equivalent (see Fig. 2-13). 

Production tooling was fabricated and twelve lenses from 
this tooling were delivered to Varian; preliminary testing 
indicates that they perform close to theoretical expectations 
(Section 2.6.3.1). 



3.2.2.2 Lens Support Cone - This part is illustrated 
in Fig. 2-15. It will be fabricated by injection molding of 
acrylic plastic (in order to match the thermal expansion of 
the lens). A number of vendors are available for design and 
fabrication of the tooling, and for volume production of the 
part, which has been designed with the injection molding process 
in mind. Prefabricated parts have been assembled from flat 
acrylic sheet stock in the approximate final form, for use in 
testing of prototype lens/cell combinat3ons (see photograph, 
Fig. 3-1). In order to avoid over-heating of the cone before 
acquisition of tracking, it is provided with a thin aluminum 
internal heat shield, heat-sunk to the array frame via the 
attachment bolts. 

3.2.2.3 Splar Cell and Package - This assembly is 
schown schematically in Figs. 2-16, 2-17 and 2-18. The paCkage 
is shown separately in Fig. 3-2. Cell specifications are 
tabulated in Table 3-1. 

Table 3-1. Solar Cell Specifications 

AR Coating Material Si3N4 

Quarter Wave Photon Energy 2.06 

AlGaAs Window Thickness, microns 0.6 

Photolith. Line Width, microns 3.5 

AlGaAs Diffusion Length, microns 0.5 

p-GaAs Difsusion Length, microns 5 

~ G c t i o n  Depth, microns 1.2 

n-GaAs Diffusion Length, microns 3 
. * 

n-GaAs Thickness, microns 30 

Bandgap, eV @ 30°c 1.415 

Grid Lints Spacing, Cent. to Cent., 
microns 80 

Grid Line Width, microns 8.7 

Cell Diameter, cm 1.245 

Contact Metal Resistivity, ohm/cm 1.59 x 
Carrier Conc. of AlGaAs, cm -3 5 ..0 E + 17 

Y 

Doping Conc. in p-GaAs, cm -3 7.0 E + 17 



Fiq. 3 . 1  Prototype F r e a n e l  Lena Assembly & Photo 
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A 1  0 h e a t  s i n k s  a r e  f a b r i c a t e d  by Wesgo (Belmont, C a ) .  
Z I M e t a l l i  a  i o n  i s  c a r r i e d  o u t  by t h e  Eimac D i v i s i o n  of Var ian .  

The l e a d  frames a r e  procured  from Chem-Etch Corp. ,  Tor rance ,  
CA. These c o n s i s t  of Ag-plated 0.007" Cu, p h o t o e t l h e d  and 
formed t o  shape .  The GaAs c e l l  i s  f a b r i c a t e d  on n  s u b s t r a t e s  
grown i n t e r n a l l y  a t  Varian.  The e p i t a x i a l  l a y e r s  a r e  p r e s e n t l y  
grown by b o t h  l i q u i d  phase and o r g a n o m e t a l l i c  methods, which 
a r e  . b e i n g  s c a l e d  up f o r  h i g h e r  throughput .  These developments 
a r e  d e s c r i b e d  i n  Appendix F .  P a r t  of t h e  e f f o r t  under t h e  
d e s i g n  .phase  was devoted  t o  s t a r t u p  of a  p i l o t  p r o d u c t i o n ,  f a c i l i t y  
t o  a c h i e v e  t h e  throughput  of completed c e l l s  r e q u i r e d  f o r  t h e  
p r o j e c t e d  i n s t a l l a t i o n  phase.  The f a c i l i t y  and t h e  r e s u l t s  
of t h e  program a r e  d e s c r i b e d  i n  S e c t i o n  4 . 4  and i n  Appendix G .  

3.2.2.4 C e l l  Cooler  - The c e l l  and ceramic  h e a t  s i n k  
package a r e  clamped i n  a  p l a s t i c  ( p o l y s u l f o n e )  h o l d e r ,  F i g .  2-23, 
w i t h  p rov i s ion .  f o r  j e t  c o o l i n g  t h e  back of t h e  ceramic .  The 
f l y i n g  t a p e  l e a d s  from t h e  c e l l  package a r e  cap tu red  under th readed  
t e r m i n a l  b o l t s  below t h e  r a d i a l  f l a n g e  on t h e  c o o l e r .  T h i s  f l a n g e  
b o l t s  t o  t h e  base  of t h e  cone and can  b e  a d j u s t e d  t r a n s v e r s e l y  
f o r  o p t i c a l  a l ignment  b e f o r e  clamping i n  f i n a l  p o s i t i o n .  The 
c o o l e r .  i s  des igned  f o r  i n j e c t i o n  molding. Machi'ned p a r t s  have 
been f a b r i c a t e d  f o r  p r o t o t y p e  t e s t i n g .  The p l a s t i c  p a r t s  a r e  
p r o t e c t e d  from c o n c e n t r a t e d  s u n l i g h t  by t h e  aluminum h.eat  s h i e l d  
of t h e  main l e n s  s u p p o r t  cone. Design of t h e  c o o l e r  i s  based 
on d e t a i l @ d  d e s i g n  d a t a  i n  t h e  l i t e r a t u r e , o n  s t a g n a t i o n - p o i n t  
c o o l i n g  by j e t s  ( S e c t i o n  2.7.1)  and i s  ' s i m i l a r  t o  t h e  des ign '  
used s u c c e s s f u l l y  on our  r o o f t o p  a r r a y ,  o p e r a t i n g  a t  1000 suns .  

3.2.2.5 P r o t o t y p e  C o l l e c t o r  C l u s t e r  - A c l u s t e r  of 
' two. l e n s / c e l l  c o l l e c t o r s  from one module t o g e t h e r  w i t h  two 

a d j a c e n t  c o l l e c t o r s  from t h e  ne ighbor ing  module was c o n s t r u c t e d  
f o r  a  t e s t  of assembly and o p e r a t i n g  performance of t h e  new 
f e a t u r e s  i n t r o d u c e d  i n t o  t h e  d e s i g n  (F ig .  3 - l ) ,  t o  be c a r r i e d  o u t  
under Phase.  11. 

3.2.2.6 O p t i c a l  Alignment - The r e a r  of t h e  c e l l  ho lde r  
i s  provided w i t h  a  h o l e  t o  a c c e p t  s imple  ad jus tment  t o o l  f o r  
t r a n s v e r s e  a l ignment  of t h e  c e l l  a f t e r  assembly of t h e  a r r a y .  
Depending on e x p e r i e n c e  w i t h  maintenance of a l ignment  d u r i n g  
s h i p p i n g ,  a r r a y s  could  e i t h e r  be  f u l l y  a l i g n e d  a t  t h e  f a c t o r y ,  
o r  f i n a l l y  a l sgned  a t  t h e  s i t e .  P r e l i m i n a r y  d e s i g n  concep t s  
have been evolved f o r  a  microprocessor-automated a l ignment  
equipment,  S e c t i o n  4.6.2. 

3.2.3. Module Assembly - Low assembly c o s t s  demand a  d e s i g n  
approach a l lowing  f a c t o r y  assembly of low-cost m u l t i c e l l  modules,  
which can be  r a p i d l y  mounted and i n t e r c o n n e c t e d  on t h e  frame t o  
form a  complete a r r a y .  Th i s  r equ i rement  i s  m e t  by u s i n g  a  low-cost 
l i g h t w e i g h t  aluminum box channel  a s  t h e  s t r u c t u r a l  s u p p o r t  f o r  
a  s t r i n g  of f e n  l e n s - c e l l  c o l l e c t o r s .  The channel  i s  a 
4" x  5 .75"  U-shape w i t h  f l a n g e s ,  b e n t  up from 0.063" 5052-H32 
aluminum s tock ,  t h e  box being completed f o r  s t i f f n e s s  by b o l t i n g  



t h e  cone a c r o s s  t h e  open f a c e .  Adequate accuracy i n  f a b r i c a t i o n  
of  t h i s  channe l  on c o n v e n t i o n a l  equipment was v e r i f i e d  by 
f o r m a t i o n  of  p r o t o t y p e  p a r t s  and d imensional  i n s p e c t i o n .  The 
l i m i t e d  number of  p a r t s  f o r  t h e  50 kW i n s t a l l a t i o n  cou ld  b e  
f a b r i c a t e d  i n  t h e  same way. For l a r g e  s c a l e  p roduc t ion ,  
u t i l i z a t i o n  of a  m i l l  r u n  of ex t ruded  channel  i s  envisaged.  
A n  aluminum channel  was e v a l u a t e d  a s  more c o s t  e f f e c t i v e  i n  t h i s  
w e i g h t - s e n s i t i v e  a p p l i c a t i o n  than  s teel .  To form t h e  a r r a y ,  
f o r t y - f o u r  of t h e  completed modules a r e  b o l t e d  v e r t i c a l l y ,  s i d e  
by s i d e  i n  a  s t a g g e r e d  close-packed c o n f i g u r a t i o n ,  a c r o s s  t h e  
t u b u l a r  arms of  t h e  H-frame ( F i g .  2-20),  w i t h  a l lowance  f o r  
d i f f e r e n t i a l  expans ion.  I n  assembly,  t h e  f l a n g e  of t h e  c e l l  
c o o l e r  b o l t s  t o  t h e  base  of t h e  l e n s  mounting cone,  w i t h  t h e  
c e l l  p r o t r u d i n g  i n t o  t h e  i n t e r i o r  of t h e  cone,  and w i t h  t h e  
aluminum r a d i a t i o n  s h i e l d  and l e n s  a l r e a d y  i n  p o s i t i o n .  T h i s  
sub-assembly i s  then  b o l t e d  t o  t h e  channe l  u s i n g  f o u r  s t u d s  
p r o t r u d i n g  from t h e  b a s e  of t h e  cone. The u s e  of o v e r s i z e  
h o l e s  i n  t h e  c o o l e r  f l a n g e  a l l o w s  t h e  c e l l  p o s i t i o n  t o  b e  
a d j u s t e d  t r a n s v e r s e l y  t o  c e n t e r  t h e  s o l a r  image on t h e  c e l l ,  
u s i n g  t h e  ad jus tment  t o o l .  I f  accumula t ion  of t o l e r a n c e s  
exceed t h e  a v a i l a b l e  c e l l  motion,  i n d i v i d u a l  s t u d s  f o r  t h e  cone 
mounting can  be  shimmed t o  r e a l i g n  t h e  cone. 

Three-inch h o l e s  punched i n  t h e  back of t h e  channel  a l low 
a c c e s s  t o  t h e  back of t h e  & e l l  f o r  c e l l  replacement ,  a l ignment ,  
and e l e c t r i c a l  and c o o l a n t  c o n n e c t i o n s .  These h o l d s  a r e  c l o s e d  
by p l a s t i c  covers .  Likewise  t h e  ends of t h e  channe l s  a r e  
c l o s e d  o f f ,  l e a v i n g  e l e c t r i c a l  and c o o l a n t  c i r c u i t s  enc losed  i n  
t h e  channe l s ,  b u t  t h e  back of t h e  a r r a y  g e n e r a l l y  open t o  a l low 
c o n v e c t i v e  c o o l i n g  of  t h e  shaded s i d e s  of t h e  cones .  Thermo- 
c o u p l e  measurements of t empera tu re  a t  t y p i c a l  p o i n t s  i n s i d e  t h e  
cone show n e g l i g i b l e  rise above ambient  i n  o p e r a t i o n .  

C e l l s  of t h e  t e n - c e l l  module a r e  connected i n  s e r i e s  f o r  
power t akeof f  and a l s o  f o r  c o o l i n g .  C e l l s  of a d j a c e n t  modules 
a r e  a l s o  p a r a l l e l e d  t o  r educe  non-uniformity e f f e c t s  ( i n c l u d i n g  
shadowing) ,  and every  second row i s  provided w i t h  s h u n t  d i o d e s  
f o r  shadowing p r o t e c t i o n  (F ig .  2-25).  Coolant  connec t ions  a r e  
made by 3/8" I D  neoprene t u b i n g .  The f l e x i b i l i t y  of  t h e  c o o l a n t  
and e l e c t r i c a l  l i n e s  i s  adequa te  t o  a l low c e l l  o p t i c a l  a l ignment  
and,avoid s t r a i n  on t h e  c e l l  clamping ar rangements .  E l e c t r i c a l  
busbJars and c o o l a n t ~ m a n i f o l d s  a r e  provided a t  t o p  and bottom of 
t h e  a r r a y .  Power t a k e o f f  f o r  t h e  complete a r r a y  i s  achieved by 
hanging f l e x i b l e . c a b l e s  t e r m i n a t i n g  i n  an  a d j a c e n t  j u n c t i o n  box. 
The c o o l a n t  connec t ions  a r e  made by f l e x i b l e  hose t e r m i n a t i n g  
on t h e  p e d e s t a l .  

3.2.4 S t r u c t u r a l  Subsystem - D e t a i l s  a r e  shown i n  F i g .  2 - 2 0 .  
T h i s  subsystem c o n s i s t s  of  p e d e s t a l ,  Y-frame, H-frame, c h a n n e l s ,  
cones  and l e n s e s .  With t h e  e x c e p t i o n  of t h e  l e n s e s  a l l  s t r u c t u r a l  
e l ements  a r e  c o n s t r u c t e d  of r e a d i l y - a v a i l a b l e  m a t e r i a l s ,  by 
s t a n d a r d  t echn iques  such a s  molding, welding,  e t c .  The d e s i g n  



i s  such , t h a t  t o l e r a n c e s  a r e  r e a d i l y  achieved w i t h o u t  s o p h i s t i c a t e d  
manufactur ing  t echn iques .  

The f i r s t  15  r e s o n a n t  modes of t h e  s t r u c t u r e  were c a l c u l a t e d ,  
w i t h  f r e q u e n c i e s  up t o  20 B z .  The lowes t  two modes, t o r s i o n a l  
o s c i l l a t i o n s  of t h e  a r r a y  on t h e  p e d e s t a l  w i t h  t h e  frame v e r t i c a l  
a n d ' h o r i z o n t a l  r e s p e c t i v e l y ,  l i e  a t  a b o u t  2.5 Hz. The n e x t  h i g h e s t ,  
a  symmetr ica l  bowing of t h e  H-frame i n  i t s  fundamental  mode, o c c u r s  
w i t h  t h e  frame v e r t i c a l  a t  3.7 Hz. None of t h e s e  resonances  a r e  
expected  t o  g i v e  r i s k  t o  i n s t a b i l i t i e s  i n  t h e  t r a c k i n g  feedback 
loop.  

3.'2.5 P e d e s t a l  and Foundat ions  - The p e d e s t a l  i s  shown i n  
F ig .  3-3. The f o u n d a t i o n  w i l l  b e  formed by d r i l l i n g  a  30-inch 
s t a n d a r d  auger  h o l e  1 0  f e e t  deep a t  t h e  a p p r o p r i a t e  s i t e  l o c a t i o n ,  
s e t t i n g  re in fo rcement  r o d s  and anchor b o l t s ,  and pour ing  c o n c r e t e .  
The f o u n d a t i o n  i s  des igned f o r  t h e  a r r a y  t o  w i t h s t a n d  a  60 mph 
wind, unstowed, t a k i n g  i n t o  accoun t  t h e  exp.ansive s o i l  c o n d i t i o n s  
of  t h e  s i t e  (low a l l o w a b l e  s t r e s s  when w e t ) .  Arrays  w i l l  b e  
t r a n s p o r t e d  t o  t h e  s i t e , c o m p l e t e  w i t h  p e d e s t a l ,  which c o n t a i n s  
t h e  azimuth d r i v e  mechanisms, and, i n s t a l l e d  by b o l t i n g  t o  t h e  
founda t ion .  

3.2.6 Heat Exchanger - D i s s i p a t i o n  of r e j e c t  h e a t  t o  t h e  
atmosphere i s  accomplished o v e r  24 hours  by a  semi-pass ive  system 
f o r  each p h o t o v o l t a i c  a r r a y ,  w i t h  s t o r a g e .  The s t o r a g e / c o o l i n g  
e lement  i s  a n  a r r a y  of 26 drums and one expansion t ank  d i s p o s e d  
f o r  e f f i c i e n t  c o o l i n g  by r a d i a t i o n  and convec t ion  ( F i g .  3 -4 ) .  
The b a r r e l s  a r e  s t a n d a r d  s t o r a g e  drums w i t h  p l a s t i c  l i n i n g s ,  
widely  a v a i l a b l e  from commercial s o u r c e s .  These a r e  mounted on 
redwood 4 x  4 s  l a i d  on g r a v e l .  The c o o l a n t  i s  c i r c u l a t e d  through 
t h e  s o l a r  c e l l  a r r a y ' a n d  t h e  b a r r e l s  d u r i n g  t h e  day,  u s i n 9 . a  
commercial h igh  e f f i c i e n c y  pump and i n t e r c o n n e c t i n g  PPVC c o n d u i t  
s i z e d  t o  reduce  pumping l o s s e s  t o  a  n e g l i g i b l e  l e v e l .  Each 
a r r a y  i s  provided w i t h  an  expansion tank t o  a l low f o r  r e l a t i v e  
the rmal  expans ion w i t h o u t  l o s s  of c o o l a n t .  D i r e c t  s o l a r  h e a t i n g  
of t h e  b a r r e l s  i s  p reven ted  by a n  open l a t t i c e - t y p e  sunshade 
(F ig .  3-5) c o n s t r u c t e d  from low c o s t  m e t a l  s i d i n g .  

C i r c u l a t i o n  i s  turned o f f  a t  n i g h t  t o  conse rve  pump energy,  
u n l e s s  f r e e z i n g  c o n d i t i o n s  a r e  d e t e c t e d ,  when t h e  c i r c u l a t i o n  i s  
r e s t a r t e d  t o  p r e v e n t  f r e e z i n g  of c o o l a n t  behind t h e  c e l l s ,  and 
c r a c k i n g  of t h e  c e l l  h e a t  s i n k s .  

3.2.7 Power Cable and Groundinq - A 500 MCM copper power 
conductor  has  been s e l e c t e d  t o  p rov ide  n e g l i g i b l e  v o l t a g e  d r o p  
between t h e  a r r a y s  and t h e  i n v e r t e r  assembly l o c a t e d  i n s i d e  t h e  
c o n t r o l  b u i l d i n g .  The grounding f o r  t h e  p r o j e c t ,  shown i n  
F ig .  2 -4 ,  i s  d i v i d e d  i n t o  f o u r  s e p a r a t e  a r e a s :  (1) a r r a y  
grounding.; ( 2 )  b u i l d i n g  grounding;  ('3) a r r a y - b u i l d i n g  i n t e r -  
connec t ion ;  and ( 4 )  f e n c e  system. 
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(1) Array Grounding - Each a r r a y  i s  grounded t o  a  12-foot  long,  
3/4" d i a m e t e r ,  copper covered s tee l  c o r e  ground rod by . 
No. 2/0 AWG copper welding c a b l e s .  The ground rod  i s  
a d j a c e n t  t o  each a r r a y  and i s  cad-welded t o  t h e  connec t ing  
c a b l e .  The welding c a b l e ,  because  of  i t s  f l e x i b i l i t y ,  
i s  used t o  ground t h e  a r r a y s ,  t h e  connec t ion  being made t o  
t h e  s u p e r s t r u c t u r e  which moves a s  t h e  a r r a y  t r a c k s  t h e  sun.  

( 2 )  Bu i ld ing  Grounding - The c o n t r o l  Bu i ld ing  ground mate i s  
No. 2/0 AWG co'pper embedded i n  t h e  founda t ion  i n  a  
r e c t a n g u l a r  shape  w i t h  one No. 2/0 AWG copper c a b l e  
b i s e c t i n g  each of t h e  p a r a l l e l  c a b l e s  i n  t h e  r e c t a n g l e .  
F i v e  3/4" d i a m e t e r ,  12- foo t  long ,  copper covered s tee l  c o r e  
ground r o d s  a r e  u t i l i z e d ,  one a t  t h e  c e n t e r  of t h e  g r i d  and 
one connected t o  each c o r n e r  of t h e  r e c t a n g l e ,  located4 
o u t s i d e  of t h e  founda t ion .  ~ l l  ground t a p s  t o  t h e  equipment 
i n s i d e '  t h e  c o n t r o l  b u i l d i n g  a r e  made t o  t h i s  g r i d  and a r e  
p r e c a s t  i n t o  t h e  founda t ion .  

( 3 )  The i n d i v i d u a l  a r r a y  grounds a r e  i n t e r c o n n e c t e d  w i t h  each 
o t h e r  and a r e  t i e d  t o  t h e  b u i l d i n g  ground g r i d  v i a  t h e  
c a b l e  t r a y  system. The b u i l d i n g  g r i d  and each i n d i v i d u a l  
a r r a y  ground i s  bonded t o  t h e  t r a y  system w i t h  No. 4 AWG 
copper.  A l l  t r a y  l e n g t h s ,  bends,  t e e s  and o t h e r  f i t t i n g s  
a r e  bonded t o  each o t h e r  w i t h  No. 4 AWG copper c a b l e  t o  
p rov ide  ground c o n t i n u i t y .  

( 4 )  S e p a r a t e  from t h e ' g r o u n d  system d e s c r i b e d  i n  numbers 1, 2 
and 3 above i s  t h e  f e n c e  grounding sys tem.  The fenced a r e a  
i s  r e c t a n g u l a r ,  490 f e e t  by 220 f e e t  w i t h - o n e  20 f o o t  g a t e .  
The fence f a b r i c  i s  No. 9 w i r e ,  g a l v a n i z e d '  w i t h  a  2" mesh 
suppor ted  in .  t u b u l a r  m e t a l  p o s t s .  A t .  each c o r n e r  and halfway 
down t h e  long s i d e  of t h e  f e n c e  on each s i d e  a  5/8" d i a m e t e r ,  
8 - foo t  long, '  copper covered  s t e e l  c o r e  ground rod i s  
connected by No. 1 / 0  AWG copper c a b l e  t o  t h e  n e a r e s t  f e n c e  
p o s t .  The double  20-foot g a t e  i s  grounded on bo th  s i d e s  t o  
i t s  s u p p o r t i n g  p o l e  w i t h  f l e x i b l e  copper b r a i d  and t h e  
s u p p o r t s  a r e  then  connected t o  each o t h e r  w i t h  No. 1 / 0  AWG 
copper ,  p r o v i d i n g  a shun t .  One ground rod  i s  connected t o  
t h e  shun t .  

3.2.8 Tracking and P r o t e c t i v e  Subsystem - Commercial 
components would b e  purchased and assembled t o  r e a l i z e  t h e  system 
o u t l i n e d  i n  S e c t i o n  2.6.3.  An I n t e l  8022 microprocessor  cou ld  be  
u s e d  t o  g i v e  low u l t i m a t e  c o s t  and f l e x i b i l i t y  i n  exper iment ing  
w i t h  c o n t r o l  a l g o r i t h m s ,  i n  h igh  volume produc t ion .  However, 
a n  EM2 emula tor  board w i l l  be  used i n  t h e  system a s  des igned 
because  of  t h e  low volume ( 1 4  u n i t s )  and t h e  a b i l i t y  t o  make 
program changes. I n  o r d e r  t o  c i rcumvent  p o s s i b l e  a v a i l a b i l i t y  
problems of t h e  EM2 board ,  an  emula tor  board ,  known a s  t h e  
"SLUSH-22" was b u i l t  t o  I n t e l  s p e c s ,  g u a r a n t e e i n g  t h e  near- term 
a v a i l a b i l i t y  of an  emula tor .  



A combinat ion of h e l i c a l  and worm d r i v e  r e d u c t i o n  i s  chosen 
f o r  t h e  mechanical  l i n k a g e  between s t e p p i n g  motors  and a r r a y  
e l e v a t i o n  and azimuth mot ions ,  i n  o r d e r  t o  avoid  p o s s i b l e  
backdr iv ing  of  t h e  motors .  Commercially a v a i l a b l e  components 
a r e  used i n  t h e  d r i v e  t r a i n ,  packaged by t h e  manufacturer  t o  
s u i t  t h e  p r e s e n t  d e s i g n .  The azimuth d r i v e  is  covered;  b o t h  
a r e  r e a d i l y  a c c e s s i b l e  f o r  s e r v i c i n g .  S p e c i f i e d  back lash  on 
a r r a y . o r i e n t a t i o n  i s  8 minutes  of  a r c  i n  azimuth and 12 minutes  
i n  e l e v a t i o n .  The l a t t e r  is  e l i m i n a t e d  by s t a t i c  imbalance i n  
t h e  a r r a y  and w i l l  be  e v i d e n t  o n l y  under g u s t i n g  c o n d i t i o n s .  

3 .3.1 I n v e r t e r  - The i n v e r t e r  is  line-commutated and 
des igned  t o  c o n v e r t  540 v o l t  nominal DC power t o  480 v o l t  AC, 
3%, 60 Hz power. The DC c u r r e n t  on t h e  i n p u t  s i d e  of t h e  i n v e r t e r  
i s  approximate ly  1 1 0  amperes d u r i n g  maximum i n s o l a t i o n  and t h e  
c u r r e n t  d imin i shes  a s  s o l a r  i n s o l a t i o n  is reduced.  The i n v e r t e r  

. i s  capab le  of  s a t i s f a c t o r y  o p e r a t i o n  w i t h  v a r i a t i o n  i n  i n p u t  
v o l t a g e s  (400 t o  600 v o l t )  a s  w e l l  a s  v a r i a t i o n  i n t o  t h e  PG&E 
l i n e '  v o l t a g e  (480 + l o % ,  - 1 5 % ) .  I f  t h e  u t i l i t y  v o l t a g e  v a r i e s  
by + l o %  and - I S % ,  a  tap-changing t r ans fo rmer  w i l l  b e  r e q u i r e d  t o  
m a i n t a i n  u t i l i t y  v o l t a g e  a t  480 v o l t s  i n  o r d e r  f o r  t h e  i n v e r t e r  
t o  o p e r a t e  a t  h igh  power f a c t o r  and e f f i c i e n c y .  However, it i s  
expec ted  t h a t  t h e  u t i l i t y  480 v o l t s  w i l l  remain w i t h i n  k 5 % ,  i n  
which c a s e  a  f i x e d  r a t i o  t r ans fo rmer  w i l l  p r o v i d e  s a t i s f a c t o r y  
o p e r a t i o n  f o r  t h e  i n v e r t e r .  

The i n v e r t e r  c o n s i s t s  of a  6  p u l s e  SCR b r i d g e ,  coupled 
w i t h  a  f i r i n g  c o n t r o l  c i r c u i t  and a  damping network. Given a 
s t a b l e  AC v o l t a g e ,  v a r y i n g  t h e  f i r i n g  a n g l e  of t h e  i n v e r t e r  
a d j u s t s  t h e  DC load  on t h e  a r r a y s  t o  t h e  maximum power p o i n t .  
However, t h e - f i r i n g  a n g l e  must be  k e p t  w i t h i n  c e r t a i n  l i m i t s  
i n  o r d e r  t o "  o b t a i n  a  r e a s o n a b l e  power f a c t o r  f o r  t h e  i n v e r t e r  
o p e r a t i o n .  I n v e s t i g a t i o n  of  t h e  s t a t e - o f - t h e - a r t  f o r  t h e  power 
c o n d i t i o n i n g  equipment l e d  t o  t h e  i d e n t i f i c a t i o n  of  a  number of  
q u a l i f i e d  manufac tu re r s  f o r  t h i s  equipment. These vendors have 
been i n s p e c t e d  by PG&E1s Q u a l i t y  C o n t r o l  group and have been 
approved a s  q u a l i f i e d  b i d d e r s .  

A comprehensive review and e v a l u a t i o n  p r o c e s s  was used i n  
t h e  s e l e c t i o n . ' o f  a ' s u c c e s s f u l  b2dder.  The p r o p o s a l  f avored  .: 
was j u d b e a . t o . o f f e r  t h e  b e s t  d e s i g n  and r e l i a b i l i t y .  The . . 

i m p o r ~ a r i t  c r i t e r i a  i n  t h e  e v a l u a t i o n  inc luded  c o s t ,  vendor 
exper ience , : ' des ign  of t h e  maximum power r e l i a b i l i t y ,  e f f i c i e n c y ,  
s a f e t y ,  '-arid: power q u a l i t y .  

. . '  . I .  
. . .  

3..3.2 Other  Equipment - S i n c e  t h e  s o l a r  DC s o u r c e  is a low 
impedance c i r c u i t ,  an  i n p u t  f i l t e r  w i l l  be  r e q u i r e d  t o  p r o v i d e  
s a t i s f a c t o r y . , i r i v e r t e r  o p e r a t i o n .  For an  exper imenta l  i n s t a l l a t i o n ,  
m u l t i p l e - t a p , a l r . c o r e  r e a c t o r s  and mul t i -va lued c a p a c i t o r s  may b e  
used t o  de termine  t h e  optimum f i l t e r  c o n f i g u r a t i o n  f o r  system'' 
performance,  p a r t i c u l a r l y  s i n c e  t h e  f i l t e r  c o n t r i b u t e s  l o s s e s .  



A,n o u t p u t  f i l t e r  may be r e q u i r e d  ' to  p r e v e n t  u n d e s i r a b l e  harmonics 
- from e n t e r i n g  i n t o  t h e  u t i l i t y  g r i d .  Because of t h e  r e l a t i v e l y  

s m a l l  s i z e  of t h e  S=.n Ramon s o l a r  p l a n t  compared t o  PG&E system, 
t h e  harnionics g e n e r a t e d  by t h e  i n v e r t e r  a t  S,an Ramon a r e  n o t  
e x p e c t e d ' t o  ' a f f e c t  t h e  PG&E system a d v e r s e l y .  However, t h e  
h a r m o n i c , l e v e l  would be e v a l u a t e d  i n  o p e r a t i o n  i n  o r d e r  to ,  , 

de te rmine  t h e  need of t h e  o u t p u t  f i l t e r  equipment. The i n v e r t e r  
is  equipped w i t h  s e n s o r s  which a r e  connected t o  t h e  con t ro , l  c i r c u i t  
f o r  au tomat ic  o p e r a t i o n  i n c l u d i n g  s t a r t u p ,  l o a d i n g ,  and sh.utdown 
i n  a s a f e  manner. A c o n t r o l  a c t u a t e d  c o n t a c t o r  w i l l  i s o l a t e  
t h e  i n v e r t e r ,  when d e s i r a b l e .  Fuses  on bo th  t h e  AC and'DC s i d e  
of t h e  i n v e r t e r  p rov ide  back up p r o j e c t i o n  i n  c a s e  of c o n t a c t o r  
f a i l u r e .  

3.4 Thermal Subsystem 

3.4.1 Opera t i 'onal  C h a r a c t e . r i s t i c s  . - .  The the rmal  sub- 
system has  two o p e r a t i n g  c y c l e s . .  During the,  day ,  t h e ' c o o l i n g .  
r e s e r v o i r  i s  used a s  a  h e a t  s i n k  f o r  t h e  approximate ly  30 w a t t s  
pe r  c e l l  t h a t  must be d i s s i p a t e d .  During t h e  n i g h t ,  when the .  
pump i s  o f f  and t h e  a r r a y  i s  n o t  o p e r a t i n g ,  t h e  h e a t  i n  t h e , ,  ': 
r e s e r v o i r  is, d i s s i p a t e d  through t h e  b a r r e l  w a l l s .  The reser- 
v o i r  volume r e q u i r e d  was de termined by assuming t h a t  a l l . o f ,  
t h e  h e a t  t o  be d i s s i p a t e d  from t h e  c e l l s  on a  h o t  summer day 
goes  i n t o  t h e  r e s e r v o i r ,  and c a l c u l a t i n g  t h e  volume needed t o  
l i m i t  t h e  t empera tu re  rise t o  approx imate ly  50°C. (90°F) ,. No 
al lowance was made f o r  h e a t  d i s s i p a t i o n  from any of  t h e  a r r a y .  
components o r  t h e  b a r r e l s  d u r i n g  t h e  day. The r e q u i r e d  r e s e r -  
v o i r  s u r f a c e  a r e a  was de termined by c a l c u l a t i n g  t h e  a r e a  needed 
t o  d i s s i p a t e  t h e  h e a t  s t o r e d  d u r i n g  t h e  n i g h t  and lower t h e  
r e s e r v o i r  t empera tu re  t o  35°C , (9S°F) .  The r a t i o  of  r e s e r v p i r  
s u r f a c e  a r e a  t o  volume t h u s  c a l c u l a t e d  i s  matched: a lmos t  
p e r f e c t l y  by t h a t  of t h e  b a r r e l s .  The h e a t  f r a n s f e r , c o e f f . i - .  - 
c i e n t  used f o r  t h e  n ight - t ime c a l c u l a t i o n s  was meas.ured,by . 
exper iments  on a b a r r e l .  (See Appendix ,J.) . . 

< ,  

The a r r a y  c o o l i n g  subsystem was. analyzed i i ' o i d e r  t o  ..'' 

determine  t h e  f low r a t e  f o r  minimum power , l o s s  on a .ho t - summer  
day. The power l o s s  i s  from two sources- - the  pumping pow.er., 
and t h e  r e d u c t i o n  i n  c e l l  o u t p u t  due t o ' a n  i n c r e a s e  i n  c e l l  
j u n c t i o n  t empera tu re  over  t h e  i d e a l  v a l u e .  Cell-coo,l.e,r h e a t  
t r a n s f e r  d a t a  were o b t a i n e d  from Ref. 6 ;  t h e s e , . d a t a . . y e r e -  . . 

a l s o  used t o  s i z e  t h e  c o o l e r  o r i f i c e .  The optimum c o n d i t i o n s :  
r e q u i r e  a t o t a l  f low r a t e  o f ' 7 , g p m ,  which r e s u l t s . - i n  approx i - .  
mate ly  f o u r  p a s s e s  of  t h e  coo1an.t through t h e  a r r a y  p e . r . 1 2 - h r .  
day ,  a pumping power requi rement  of  28 w a t t s  a t , . 2 5 %  pump, .. 

e f f i c i e n c y ,  and a maximum wate r  t empera tu re  o f  60°C .during 
t h e  h o t t e s t  p a r t  of  t h e  model y e a r .  
, " . , 

Acomputer  model was e s t a b l i s h e d  t o  p r e d i c t c o o l a n t  . , .  
t empera tu re  f o r  v a r i o u s  l e v e l s .  of  i n s u l a t i o n  .and f o r .  each  - . . 

a week o f . t h e  yea r .  An example i s  i l l u s t r a t e d  in .F i .g . .3 -6 .  . .., 

. , 
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3 .'5 Materials Costs 

The following are the materia1.s costs per 
.to the values from Appendix .B 'o'f ' Ref. 8 : 

. , 

' ,  Aluminum: . . $ 484 
Structural Steel , . 2,003 

. .  . . . 
. .. Gears and Be'arings 2,60'0 

. . Acrylic Plastic , ,A  864 
PVC or Eq~ivalen~ 46 
Lead (counterweights) 192 

. :  

Copper (array and- field) . . . . 217 
:. Concrete Foundations "4 4 4 
Alumina 57 
GaAs . ' 

, . 
..,, , 

540 

. . 
a'rray according 

(lenses and cones) 

(current cash 
price. used) 

Total/Array'----------------- $7,447 
2 .  2 

. Nominal Array Area 29.0' &j'. . m. (27 ; 35 m intercepted) 
, . 

, Cost/Nominal Sq. m. --------- 257 . , , ,  , 

At an array efficiency of 15%, this corresponds to a 
materials cost of $1.70/peak.watt. The cost of GaAs, $l.O/cm 
is assumed to be the.high volume price of high quality single 
crystal material. The raw material cost in the GaAs is 

' $117/array. 
. ,. : 

. ,. . ~. 



4.0 SYSTEM FABRICATION AND INSTALLATION 

4.1 Fabrication and Installation Plan 

Figure 4-1 shows a PERT chart developed for the fabri- 
cation and installation of a 50-kWp experiment adjacent to 
the PG&E San Ramon substation, including adequate spares for 
the Phase I11 operation. The first or prototype array 
.module (MOD 0) would be fabricated in the early stages of 
the program, installed at a site .to be selected,. and tested 
to verify the design. Volume procurement for the remainder 
of the system would be delayed until test results of MOD 0 . 
indicate satisfactory performance. Procurement, fabrication, 
and installation of the remainder of the system would then 
proceed, along the lines discussed in earlier sections. 

4.2 ~ a k e / ~ u y  ~ecis'ions 

~ o s t  of the components required to build the system 
would be procured from external sources, with the exception .. 

of .the packaged GaAs solar cell, the sun tracking electronics; 
and the sun sensors. The major components and subassemblies 
are shown in Table 4-1. The plan includes in-house assembly 
of the collector module, the supporting mechanical structure, 
and the complete array. 

4.3 ~kocurement Plan 

Vendor selection would be made on the basis of'quotations 
received during.the cost .estimating activities of Phase I.. 

The production schedule, Fig. 4-1, has been based on 
information regarding long-lead items, such as tooling for 
the production of the .lenses, cell plastic housing, coolant 
subsystem, and some electrical equipment. In some instances, 
the production of tooling requires a lead time of up to 26 
weeks. 

4.4 Fabrication Pl'an 

Most of the components needed for production of the 
arrays and the total photovoltaic system do not require 
unique technologies or processes, with the exception of the 
packaged GaAs solar cells and the Fresnel lenses. These two 
components would be procured from single sources. As described 
earlier, packaged GaAs solar cells have been developed at 
Varian, and a pilot production line has been established to 
meet the requirements for the Phase I1 project. Methyl- 
methacrylate Fresnel lenses will be procured from Optical 
Sciences Group, Inc. (OSG), a subcontractor to Varian during 
Phase I of this project. A high-transmission curved-groove 
Fresnel lens (Section 2.6.3) has been designed and will be 
manufactured by OSG. 
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Environmental 
Control 
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Heating/Cooling 



414.1 Solar Cell and Package - The solar cell and 
package assembly shown in Fig. 2-18 would be fabricated in 
the Varian Pilot Line Facility (F.ig. 4-2). Pr.oduction 
equipment is in o.peration for the.entire cell: fabrication 
process. . Equipment has been positioned to give a smooth 
flow through the process steps. .Thi,s is. indicated by the 
number sequence 1-14 in' F'ig. 4-2; Substrate and epitaxial 
growth operations are located close to this facility in the 
same building. 

The materials and solar cell fabrication process flow 
and single-shift equipment capacities are shown in Figs. 4-3 
and 4-4, and discussed in more detail in Appendix G. The 
process is vertically integrated from polycrystalline GaAs 

, growth to final packaged cell testing. Several well-esta- 
blished, high-volume, major equipment items are in use for 

, contact.metallization. These include an automatic photo- 
. lithography system with mask aligner, a Varian 3120 metalli- 

zation evaporator, and an allow belt furnace. This makes 
possible a consistent yield of low-resistance contacts 
essential for high-efficiency cells. 

.- 

Cells 'are tested at 1-sun to select those to=be soldered 
to the ceramic package. All package components are held in 
a single fixture and soldered in a belt furnace. The final 
test is a 400-sun pulse test. Selected samples are also 
tested under solar concentration and compared to pulse test 
data. In addition several process quality assurance steps 

I and measurements are made during cell fabrication to insure : quality and increase yields. 
Detailed consideration of equipment throughput and 

product'ion buildup was generated .for the'fabrication schedule 
shown in'~ab1e 4-2. , Cell output is expected to gradually 
increase during Phase 11, primarily owing to increasing 
experience and ongoing pr.oduction engineering dur.ing Phase 
11. 

4.4.2 Fresnel Lens Fabrication - Phase I1 lens 
fabrication would be initiated by making a new Fresnel - 
master die based on improved master die substrate, since 
previous attempts have shown that substrate porosity lowers 
tools and lens quality. To produce' the required quantity of 
lenses for Phase 11, additional electroformed busmasters and 
stamper tools would be fabricated. Two submaster electroforms 
would be made by metal-to-metal electroform. The second 
generation submaster would be machined by EDM techniques to 
produce the grooveless order of the lens tooling and other 
lens housing features to.be molded into the production 
lenses. .This submaster would be replicated by electroforming 
to produce the required number of stamper tools for lens 
production. 
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Average Eff ic i ency:  21% (AM2) at 4.00 Suns . . 

. . 
TABLE 4 - 2 FABRICATION SCHEDULE 
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In-press tooling,was designed and fabricated in Phase I 
to mold prototype lenses from an electroform Fresnel stamper 
and to polish.press plate plano tools. In Phase 11, the 
original tool plus two additiana1,units of the sane design 
would be used to reproduce from 6000 to 10,000 lenses. 

A high temperature grade of optical quality acrylic 
molding materials used in Phase I would also be used to 
produce Phase I1 lenses. The material, a Dupont molding and 
extrusion-grade lucite, has a heat deflection temperature 
of 92OC. This material will produce lenses with relatively 
high resistance to creep or deformation under long-term, 
low-loading conditions. These characteristics are important 
for lenses with high resistance to deformation or bowing. 
After production, the lenses would be permanently marked for 
traceability. Each Fresnel production tool would also be 
coded for subsequent tracing. 

4:6 Assembly Plan , 

4.6.1 Procedure - Production will be facilitated by 
a product structure, commonly known as a "Christmas tree." 
This shows the.practica1 procession of parts which make each 
assembly from the lowest level to the highest .(final system) 
1 eye 1:. 

.The assembly plan is to produce one complete array 
every two weeks. For the .first several months, cell production 
will slow the manufacturing cycle. Owing to the large size 
of an assembled array, it is planned to build to'the H and Y 
frame levels in the manufacturing plant and then, on site, 
to install the Y-frame on the pedestal, H-frame onto the Y- 
frame, complete electrical and water connections and make 
final system adjustments. Low-level parts, such as cables 
and hoses, will be made jn advance. Frame .assembly then 
becomes more of an assembly of parts rather than "make and 
assemble". This will speed assembly time. 

The cable assembly line will have responsibility also 
for short plastic water hoses; the cone assembly line will 
also produce the sun/wind sensors and printed circuit boards 
used in the control circuitry; the channel assembly line 
will make all smaller mechanical parts such as switch boxes. 
The H and Y frame assembly personnel will fabricate (solder) 
all copper water lines used in their units. Assembly jigs 
and fixtures are also required in these operations, and to 
support the cones, channels and the H and Y frames during 
assembly; these are planned for the early (MOD 0) phase of 
the fabrication plan. In addition, adjustable height plat- 
forms will be required for assembly of the large H-£fame. 
This will be performed by a two-man team, one man on each 
side; two platforms will be required. 



4.6.2 Alignment Plan - Optical alignment for the 
small installations under consideration will be done with 
the arrays tracking the sun. The MOD 0 array will be 
aligned.manually using the tool discussed earlier, with the 
alignment operator adjusting the cells for a centered spot 
as visually observed. Simultaneously, with the construction 
of MOD 1, an automated microprocessor-based alignment tool 
would be constructed. This tool consists of two major 
parts; a power supply, logic and controller box which sits 
on the ground behind the array; and an alignment head which 
is placed consecutively in the holes in the channel behind 
each cell location. The alignment head contains two DC 
motors, 2 stepper motors with hear heads, a solenoid, and a 
current shunt. The alignment head is placed through the 3"- 
diameter hole in the back of the channel, oriented by guide 
bars with respect to the channel edges so that the flexible 
extended shafts of the DC motors fit over the position 
locking nuts on the cell holder, two spring-loaded current 
measuring probes contact the DC output screws of the cell 
holder back. After a constant, non-zero current has been 
measured continuously for 2 seconds (which signals proper 
positioning), the solenoid locks the tool onto tKe channel. 
The stepping motors then scan the cell position, alternating 
X and Y movements, until the highest SSC output point is 
found. The DC motors, which are operated at a voltage such 
that their stall torque equals the required torque of the 
position locking nuts, tightens these nuts. The solenoid 
then disconnects the tool from the channel, and the tool is 
moved to the next hole. If the peak current position appears 
out of the adjustment range, an error lamp will go on, 
indicating the direction of the required manual shimming. 
This is expected to be a rare occurrence. It is estimated 
that this tool will permit to align four cells per minute, 
or two-hours per array. 

1 

In case re-alignment is ever necessary, the DC motors 
can be run with reverse polarity at a higher voltage and 
higher torque, loosening the position locking nuts, and 
allowing rapid realignment. Barring physical damage to a 
channel, re-alignment is not expected to be needed. 

4'.6.3 Test - ~actory testing will be performed by. 
produc'tion personnel and monit0r.ed.b~ Quality Control. The 
test will cons.ist of continuity checks of electrical circuitsf 
leakage checks of all water lines, and alignment of the 
cells to the -lens, using the built-in mechanical devices. Final 
lens. adjustment to the sun will be done at the site installa- . . 
tion.. + 

4.7 Quality and Reliability . .  

' Statistical reliabilit? estimates fcr the design were 
discussed earlier (Sec. 2.8.): The numerical reliability 



objectives for major elements of the system, apportioned 
down through design levels to a numerical reliability ob- * 

jective for each lower level of hardware assembly design 
work package, would be adjusted to the maturing design, in 
order to identify critical-areas for further engineering 
improvement. Design reviews were conducted at scheduled 
intervals during Phase I to assess the adequacy of the 
design with respect to requirements, and should be continued 
under PhaseiII, as part of the complete quality assurance * 

programs required in a manufacturing operation. 

4.8 Transportation Plan 

The design calls for a transport truck with lowbed (39" 
above ground), 40-feet long, by 8-feet wide. This permits 
moving the subassemblies for two arrays. Support fixtures 
are required during assembly of the H and Y frames, and 
similar fixtures would be used as the main support of the 
frames during transport. At the installation site, a crane 
with a minimum capacity of 2 tons would be used to lift the .+ 
assemblies Crom the truck to the mounting pedestals. 

4.9 ,install.ation Plan 

4.9 .. 1 Site:;Preparation Requirements - Site preparation 
requirements and certain site restrictions have. already been 
discussed in Sec. 2. A site. perimeter fence (chain link) 
.with. a double. swing gate .is. provided for security. . There 
are no plans to further landscape the site. 

4.9.2 Utilities--Electric-Water - A low-voltage. feed 
is required at each array for its solar tracking system and 
array-cooling pump. water faucets are provided at convenient 
locations in the yard for the purpose of initial filling of 
the coolers as well as for washing the lens during maintenance. 
The water piping system is supported on the side of the 
cable tray system to minimize obstruction and installation 
cost. Minimal yard lighting is provided for security reasons 
and for access to the station at night. Telephones are 
installed in the control building to provide a telephone 
data link from the ODAS to the San Ramon Research office. A 
voice phone would also be provided during the construction 
and operation period of the facility. 

4.9.3 Control Building - . The control building i ~ i ~ .  
4-51 consists of a main control room, a battery room, and an 
observation room. The main control room contains the power 
conditioning unit ( P C U ) ,  associated metering and control 
equipment (including instruments, transformers' and shunts), 
AC and DC switch panels, telephone termination.equipment, a 
work table and a desk. An area is also provided for heating, 
ventilation and air conditioning (.HVAC) equipment. Electrical 
access is provided'by an overhead tray system passing through 
the building which connects t o  the outdoor tray system, and 
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. . 
an underground conduit for connecting to the main station 
transformer.' Physical access is provided by one three-foot- 
wide single and one' six-foot-wide double door. Another 
three-foot single door' is.provided between the,observation 
room and the main'control room. 

The .battery room contains a 24-V battery ,and a 'badtery 
charger. 'Access is provided by a three-foot single door to 
the main con.trol room. Tlie observation room has a window 

. for viewing khe main control room and a display panel to 
show various aspects of' the station. Electrical access to 
the display panel is through the battery room. Physical 
access to the. observation room is provided by a three-foot 
single door to the outside and the above mentioned door to 
the control' room.. 

4.9.4 Tr'ay System - All electrical connections, 
main DC', instrumentatzn m d  motor power, between each array 
and to the cqntrol building are made via .an above-ground 
cable tray system. The arrays are arranged in two N-S lines 
of arrays each. Two tray runs, each'serving 7 arrays, are 
connected to.the building. The runs are located to avoid 
trippingrhazards; their ends are connected underground by a 
3" PVC plastic.conduit. A conduit connection is required 

' since the run crosses a road and'thearrays are connected in 
series. 

The .ventilated (ladder type) trays.are 6 inches wide, 
. with a 3-,inch loading depth. The covers are flanged (solid 

type) to protect the ckbles from the rain or other hazards. 
All. horizontal 'elbows, vertical elbows, and tees have radius 
bends of 24 inches in order to accommodate the.main DC cable 
which is 5OO.MCM copper and has,a bending radius of approximately 
18 inche's. " The.trays have .an internal barrier .to separate 
the instrumentation from AC or DC power cables. All trays 
and fittings are steel, hot-dip galvanized after. fabrication. 

The trays are supported at 12-foot intervals by unistrut 
columns mounted on concrete piers. Tray.he'ight is '15 inches 
above concrete..' Between the arrays, which are 60 feet . 

.apart, an expansion connector is used which permits'l,5 
inches of movement. 

At each array,,,the tray terminates at a 24 by 24 x 12 
inch, NEMA 3R, hinged cover box. The box houses a knife 
switch to which,the main DC cable is connected and 'provides 
a means of bypassing the array. From this box the connections 
are made to the array from a cable service entrance at Lhe 
top.. The cables are looped to'provide flexibility as.the 
array rotates when tracking the' sun. 



4.9.5 Maintenance Plan - A preliminary maintenance 
schedule is outlined here; experience with the MOD 0 array 
will .no. doubt lead. to further refinement. 

.Bearings (azimuth and elevation) : grease fittings -- 6 months 

Drives (sealed) : inspect for leaks --. 6 months 

Water pump (sealed) : replace on failure 

Lens housing: inspect bond -- 12 months 
Hoses (flexible): check for wear --. . . 3. months 

Electrical connectors: inspect and retorque --' 12 months 

Rubber gaskets: check condition -- 12 months 
Channels: inspect and clean if needed -- 6 months 

. . 

Coolant circuit: check barrel and header 
connections -- 6 months 

Coolant level in barrels (air leaks): check 
and refill according. to experience Lenses:' 

Lense.s : wash periodically. according to .season 
and experience 

Site: cut weeds, spray under arrays -- Spring , 

The detailed failure tree, Fig. 2-38, in addition to . 

generating system reliability information, will also be used 
in establishing a preventive maintenance program. For some 
components, such as the'presnel lens and the solar cell, 
adequate information is not yet available to establish a 
meaningful program. The array design is such that field 
repair and replaceability 'can'be executed on solar cells, 
individual cell housings (although not individual lenses), 
some housing components and modules. 

structural .damage, resulting in permanent misalignment, 
will require replacement of an array. For that.purpose, 
four spare 
production 
etc., will 

arrays would .be produced .as part 
program. Additional spare solar 
also .be maintained in inventory. 

of the Phase I1 
cells, housings, 
The parts list, 

(Section 3.11, represents the first.step in establishing 
inventory control. This will be used in identifying critical 
long-lead items, which.need to be inventoried in order to 
insure short array or system down-times. The list will also 
become a means to track inventory and availability. 



Current estimates for parts, components, and sub- 
assemblies replacement are less than the nocturnal down-time 
of the system.. Current estimates :for the replpcement of#,an 
enti're array will be about two days, assuming availability 
of the spare array at the factory, located in Santa Clara, 
approximately 30 ,miles from the San. Ramon photovoltaic .array 
field. 

. '  I . . 4.9.6 Safety - The system wili shutdown automatically 
if AC line voltage is lost in order to prevent it.from . . .  
energizing into a downed' power line. As a backup; fusing is 

,. .provided at both the DC and AC sides of. the inverter to, , . 

protect against overloads and faults. The site is completely 
fenced in to provide controlled entry into the facility with, 
PG&E approval and supervision. The array structures will be 

. . .solidly grounded for personnel safety. The power conductor 
and other wiring will be properly insulated and protected in 
,a tray system for added safety. The inverter, as well. as. . 
other station equipment, are required to meet PG&E specifications, 
which generally equalor e,xceedapplicable industry sta,ndards. . .* . . . . 
for this type of equipment. 



5.0 ENVIRONMENTAL ASSESSMENT 

5.1 Land Use Review. . . 

A summary of the proposed experiment was presented to 
the staff of the Contra Costa County P.lanning Commission by 
PG&E.  PGcE was subsequently informed that this experiment 
would not require any permits or any detailed descriptive 
documents for land use .approval. Normal building permits 
for the control building are required. The ~ounty'planners,. 
expressed the'ir desire' that the potential for 'adverse visual 
impact upon residents in the vicinity be carefully considered 
and ameliorated. Several planners from the county showed * 

strong interest in the project and requested tours 0-f the 
facility when constructed. 

5.2' Environment'a'l Design Considerati'ons 

5.2.1 Visual Conditions - The project location is in 
a gently s.l-oping, rectangular open. area surrounded by houses, 
the San Ramon substation, a golf course, and Alcosta Boulevard. 
There are several transmission and distribution structures 
leading to the substation. The designed facility is located 
away .from houses to reduce visual disturbance. This in 
combination with the low profile design and careful color 
control minimizes visual impact, although the proj,ect is in 
plain view from Alcosta Boulevard. The'array.field has a 
simple rectangular shap.e requiring'minimal grading. The 
features within the yard(arrays, cooling system, building., 
etc.) are organized in a simple geometric pattern. Due to 
the short duration of this project, a pre-,engineered, pre- 
fabricated, metal building was selected for'use as a Control 
Building. This type of building is quickly and easily 
erected or disassembled. . 

The Control'Building is 20 feet wide, 30 feet long, and. 
10 feet high. It houses the controls and instrumentation 
for the photovoltaic experiment as well as the heating/ 
ventilating/air conditioning equipment and an observation 
room, Fig..4.4. A tan color was chosen for the roof and 
exterior wall panel's for compatibility with the surrounding 
area. The roof and walls are hsulated to R-19 and R-11 
respectively. 

5.2.2 Noise - Noise impacts on the surrounding 
residential community are expected only during the actual 
construction phase of the.facility.   and' preparation will 
require some heavy equipment at the.site. This impact will 
be minimal as the construction'will be of short duration (3 
to 4 months) and all activity will occur during the daytime. 



Normal operation. o f  the, photovoltaic =xperiment is not 
expected to cause any noise disturbances in the area. Any 
noise producing equipment (small. pumps and motors for cooling) 
will only operate during daytime hour,s, and they are not 
expected to be audible at the nearest residence. Some 
repairs to the equjpment may occur during evening hours, but 
such maintenance is not expected tocreate noise levels 
which. would impact the lccal area.. 

5.3 Traf fic .. . 
. . . . 

' I- . o  . 
' ' Access t o  the site, will: be by prior arrangement. ' 

~isitors..wi~l be guided,by personnel from Varian or PG&E. 
..PG&Efs .~esearch,~enter, 5,km to the north, will serve as a 

.' staglng area for tours. Traffic to.and .at the site can 
therefore be controlled. 



6.0 PHASE I11 PLAN 

6.1 Objectives 

Overall Phase I11 objectives are to collect data which 
will promote: 
. . . . .,..>. j .  - 

. . (1') . deeel'opm6nt of system and component designs . ' .  
. . leading to lower li'fe-cycle energy costs .(i.e., 

' designs having 'higher reliability, lower main- 
1 . .  

tenance, and -lower .fabrication .costs). , 
. . 

(2) improved acceptance o f  concentrating photovolta.ic 
' pow.er generation equipment (dependability of : 

. generation, minimization of environmental objections, 
et-c . ) , and 

( 3 )  improvements of the system modelling capability 
initiated under Phase I of this program, for 
potential future applications. 

Item (1) implies a continuation of design activities, under 
the stimulus of an existing operating system, and the operating, 
maintenance and other problems it reveals. Since the system 
design objective is a relatively small, unattended source of 
power, fed continuously into a relatively large, 24-hour 
load network, the target operating protocol is one of automatic 
operation with no operator intervention, coupled with minimum 
maintenance attention. The system is therefore designed to 
be instrumented for remote monitoring of performance both at 
the PG&E Research Center (5 km,distant) and Varian (40 km 
distant). Attendance of'operating or maintenance personnel 
will be minimized, except during performance of specific 
short term experiments. Some system maintenance, required 
to restore performance, will provide the design information 
needed to better meet the objectives of the Photovoltaic 
Program. 

. * 

6.2.1 Technical ~valuation/Tests - The photovoltaic 
station will normally be operated at its full capabilities 
except during testing. initial tests will be run to confirm 
the effectiveness of the control and protective features of 
the system, e.g., the station's response to cloud passage, 
individual array bypassing, and related distribution line . 
voltage changes. The efficiency, power factor, and harmonic 
generation of the inverter as a function of input and output 
changes, with automatic or manual power tracking, will be. 
monitored. 



6.2.1.1 System Evaluation - The contribution of the 
electrical output of the photovoltaic station will be com- 
pared with the peaking load on that distribution line and 
PG&E1s system summer daily peaks, in order to assess photo- 
voltaic power as an energy resource, and its application to 
distributed power generation. Overall system stability is 
not expected $0 be a problem when the inverter and array 
controls are properly adjusted. Time constants will be 
chosen to avoid overcompensation to array transients by the 
maximum power tracking feature of the inverter. The station's 
response to temporary loss of utility power would be evaluated. 

6.2.1.2 Total Energy Option--Computing Thermal Recovery 
and System Efflclency tor Space Heatinq. System - The 
temperature control of the space heating and cooling will 
respond automatically to space design requirements. An 
analog of heat energy will measure and record the amount of 
thermal waste available and the amount of thermal waste 
recovered through the operation of the space heating system. 
The cooling system is provided by a commercially available 
refrigeration split system, i.e., condensing unit and DX. 
coil. Since it is only a functional component, there is no 
need to monitor its operation. Since the site of the experi- 
ment is unsupervised, the waste heat recovery system will be 
inspected weekly for prope-r-operation and. temperature con.tr.o.1.-.- 
response. 

Alternate Space Eeating and Cooling with Thermal Waste - 
Since both the heating and cooling cycles would use thermal 

waste from the solar concentrators, both systems would be 
monitored separately for the energy recovered for cooling 
and heating as well as waste heat generation. Because the 
datum temperature of the combined cooling/heating recovery 
system is higher than for heating, a strict service and 
maintenance program would be required, i.e., weekly inspection 
and service record. 

6.2.1.3 Power Conditioning,Equipment - The performance 
of the power conditioning unit r l l  be carefully monitored 
during the operation and test period. In the component 
area, failure rates of SCRS, electronic devices, control 
circuitry, cooling equipment, and other accessories will be 
documented in order to determine if there are areas that 
require design improvements. Spare parts requirement, 
repair cost, availability, and redundancy level of key components 
will be evaluated in order to provide inputs to the-design 
of next generation of inverters. Attention will be placed 
on the maximum power tracking system and tests will be 
conducted to verify its proper operation. All the key 
electrical quantities are monitored and recorded so that the 
power and efficiency of the inverter operation under varying 



AC and DC voltage conditions can be determined. Tests will 
be conducted with and without the input and output filters 
to determine their effect on efficiency, power quality, and 
the operation of the inverter. 

6.2.2 Economic Evaluation . - Concentrator photovoltaic 
power generation such as being developed as part of this 
experiment will have . the . following major economic'values to 
a utility system: . '  

1. Reduction of system peak generation capacity requirements 
to the extent that the PV system coincides with the 
system load peaks. 

2. Displacement of fuel derived energy which would otherwise 
be required to serve area loads. 

3.. Reduction in transmission and, in some cases, d,istribution 
capacity requirements ('where the PV systems are,connected 
to the distribution network). 

4. . Lowered transmission and/or distribution energy losses. 
/ 

5. The possibility of sharing facility costs where customers 
have use for the waste heat of the system. 

Photovoltaic systems will have particular value to PG&E 
in the Sacramento and San Joaquin River valleys where peak 
loads occur on hot summer days and transmission and distribution, 
equipment ratings are minimal. Since the system load tends 
to peak at the same time as these loads most of the energy 
displaced will be from inefficient oil-fired generation 
plants which is substantially more expensive than from 
efficient base load sources. As part of this project, PGCE 
will correlate the energy output of this photovoltaic facility 
to local and system loads and establish its economic value. 

A related objective will be the derivation of some 
-accepted valuation parameter for'energy generation systems 

, of the type discussed, such as levelized busbar energy cost, 
through application of discounted cash flow analysis. The. 
format presented in the ERDA/EPRI study (ref. 7) of utility- 
owned energy systems will be used, to derive a single criterion 
by which the system can be compared with other power sourc-es. 
Capital investment inputs to the analysis will be derived 
from Phase I1 experience. Relevant activities under Phase 
TI1 will be: (1) 

(1) an evaluation of 'system lifetime,' from experience 
: of repair and.deterioration, if any, 

(2) operating costs, - 

(3) , maintenance costs, and 

(4) miscellaneous factors. 



6.3 Data Collection 
, . 

. . 

6.3.1 System Operation - The design incorporates 
transducers for measurement of the parameters listed in the 
uniform data requirements (ref. 8) (voltages, currents, 
temperatures, flow rates, etc.). at the intervals required, 
except where obviously not applicable (e.g., no significant 
battery' stor'age is conteniplated; use will not be made of 
conventional heat exchanger or cooling towers). Accordingly, 
all required transducer data will be recorded at the intervals 
specified, for transmissiqn to the ,DRC. 

In order to validate the structural design, static and 
dynamic tests are envisioned on the MOD 0 structure. Influence 
coefficients of the assembled H-frame, Y-frame, and pedestal 
will be measured in order to ensure that this structure is 
stjff enough to meet the de.flection constraints pos.ed by the 
pointing-accuracy requirements. The fully assembled array 
will be subjected to vibration tests in order to measure the 
natural 'frequencies, mode shapes,' and damping in the low- 
frequency end of the'modal spectrum. Information from these 
,tests will be used to update the theoretical model of the 
structure. The response of the system to various types of 
turbulence inputs, broadly representative of the atmosheric 
turbulence expected at the San Ramon site, will be calculated 
in order to identify any potential pointing-accuracy problems 
associated with dynamic response. 

The instrumentation on array No. 1 at San Ramon includes 
strain gauges and accelerometers'on the H-frame and Y- 
frame. These data will be monitored in order to identify 
potential fatigue and dynamic-response problems under in- 
service conditions. Response data on other arrays will also 
be taken on windy days.wi.th a portable accelerometer system 
in order to a.ssess the response of arrays that a're in'the 
downwind"wake's of other arrays. Sho'uld it be necessary, 
low-level atmospheric 'turbulence in the vicinity of the 
array field will also'be measured. . Depending on shadowing 
configurations, .it may also be advantageous on an experimental 
basis to'monitor voltages and currents at different points. 
of 'the. arrays, including protective diode currents, .to 
verify'expected operation. 

One of the arrays will be instrumented in considerable 
detail to investigate expected operation of balanced coolant 
flow, balanced solar cell outputs, etc. Provision will be 
made for acquisition of design data for further component 
improvement. This will include as a minimum items listed 
below. Others may be added as a result of Phase I1 experience. 



Design information will be required for conditions of 
system perturbation. An important experiment in this category 
is determining the consistency of the focal spot pcsitioning 
on the cell. In order to determine this, in each of three 
rows of one array, instead of installing 22 parallel cells, 
it is planned to install 21 parallel cells chosen to have 
short circuit currents near the top of the production dis- 
tribution, leaving three unconnected cell holder locations 
in which to install special measurement cells producing no 
power. These cells will have five electrically isolated 
active areas as shown in Fig. 6-1. Area 1 has a 0.490" 
diameter, the same as a normal cell. The ratio of ISC of 
Area 1 to that of the sum of Areas 2,3,4, and 5 will detect 
any problems caused by lens doming. The ratio of ISC in 
Area 5 to Area 3 ,  and Area 2 to Area 4, will detect any 
changes occurring in alignment, or any tracking error. 
These cells will have a grid coverage of about 95% in order 
to reduce the ISCs to readily.measured levels. 

Also, it is planned that 'system operation be briefly 
interrupted at suitable intervals (daily or weekly) according 
to experience) and the following data acquired in order to 

I 
assist detection of performance deterioration: 

Z 

Arrays: ISC' vocf fill factor 

Field:' ISC' v ~ ~ f  fill factor. 

These observations will supplement the data available from 
the cell, array, and field monitoring systems specified 
under the uniform data requirements. They will also substitute 
for the full array current-voltage characteristics measured 
during the Phase I1 shakedown period as a verification of 
correct array operation. Since many array outputs are 
combined to feed the inverter, maximum power tr.acking by the 
inverter does not guarantee optimum loading of any given 
array, unless the field of arrays is carefully balanced. 
Individual array characteristics will be continuously moni- 
tored (power, voltage, current, and fill factor) in order to 
detect incipient imbalance. It will also be necessary as a 
minimum, in order to evaluate the effects of mutual shadow- 
ing of the arrays and effects of external shadowing, to 
monitor in real time the outputs of all 14 individual. arrays 
as well as the total field. 

As regards the thermal system, coolant flow will be 
monitored on all 14'coolant loops. In addition, pump power 
and storage field temperature will be monitored on one or 
more representative arrays in order to verify the system 
model used in calculating the cooling system performance. 
If indicated, it would be feasible to substitute different 
sizes of components (both in the thermal system and elsewhere) 
in order to verify the correct choice of the optimum parameters. 



'~salready mentioned, options exist under. Phase I11 for 
the use of thermal output from one or more arr,ay for heating 
and/or cooling of the control room (see Appendix F), . In ' . 

that.event, instrumentation of this experiment'would al$o be 
connected to the on-site,data.system. 

. . . . . . 

. ~equirements for Class .I archivable 'data from the GFE 
meterological station are noted: these' imply frequent., . ' 
calibration and in some cases,,daily maintenance of transducers. 

. . 
. .. 

6.4 Miscellaneous Phase 11.1. ~ctivities . ' . . 1: 

Plans were also formulated under phase I for routine 
accumulation and recording of 'maintenance and safety information 
during Phase 111 operation, together with reportingof: 
corrective measures taken.. Also to'be monitored on a formalized 
basis are institutional, environmental, social and legal 
issues, public'and user acceptance,etc., some of which have 
been touched on in earlier sections of this report. 

, ,  

, -  . ,  

. . .  . . 
- " .  

Fig. 6.1 Measurement Cell Configuration . "  . .. 
, . , . 



7.0 COST PROJECTIONS 

A s  mentioned e a r l i e r ,  a  computerized m a t e r i a l s  l i s t  w a s  
e s t a b l i s h e d  d u r i n g  t h e  d e s i g n  p r o c e s s  i n , o r d e r  t o  keep t r a c k  
o f  a l l  components needed f o r  f a b r i c a t i o n  and i n s t a l l a t i o n  of  
1 4  a r r a y s  (50 kWp). T h i s  l i s t  was used f o r  o b t a i n i n g  b i d s  a t  
t h e  50-kW l e v e l ,  and a t  h i g h e r  l e v e l s  o f  3  and 6 megawatts.  
S i n c e  t h e  d e s i g n  i s  expected  t o  undergo c o n s i d e r a b l e  e v o l u t i o n  
b e f o r e  even t h e s e  l e v e l s  a r e  r eached ,  it was n o t  f e l t  r e l e v a n t  
t o  o b t a i n  b i d s  f o r  s t i l l  h i g h e r  p r o d u c t i o n  q u a d t i t i e s .  ,Never- 
t h e l e s s ,  c o s t s  f o r  t h e  h i g h e r  volumes d e c r e a s e d  c o n s i d e r a b l y ,  
s i n c e  i n i t i a l  t o o l i n g  c o s t s  and p r e p r o d u c t i o n  and s t a r t - u p  
c o s t s  have a  s t r o n g  impact  on c o s t s  i n  e a r l y  s t a g e s . .  

F i g u r e  7-1 summarizes t h e  r e l a t i v e  d i s t r i b u t i o n  of  m a t e r i a l  
c o s t s  a t  t h e  above p roduc t ion  l e v e l s ,  co r respond ing  t o  1 9 ,  750, 
and 1400 a r r a y s  r e s p e c t i v e l y .  A t  t h e  planned r a t e  of  p r o d u c t i o n  
f o r  Phase 11, t h e  c o s t  of  t h e  p h o t o v o l t a i c  submodule compris ing  
t h e  s o l a r  c e l l ,  h e a t  s i n k  and c o o l e r ,  t o g e t h e r  w i t h  t h e  l e n s  ' 

and s u p p o r t  cone ,  r e p r e s e n t s  o v e r  80% o f  t h e  a r r a y  m a t e r i a l s  
c o s t s ;  t h e r e f o r e ,  a l l  o t h e r  c o s t  c o n t r i b u t o r s  a r e  r e l a t i v e l y  
s m a l l .  A t  h i g h e r  p r o d u c t i o n  l e v e l s  (3 and 6 megawatts a r e  n o t  
r e a l l y  d i s t i n g u i s h a b l e ) ,  t h e  p h o t o v o l t a i c  submodule-cont r ibu-  
t i o n  i s  35-38% of  t h e  t o t a l  a r r a y  m a t e r i a l s  c o s t .  Convent ional  
subassembl ies  (such a s  s t r u c t u r a l  s u p p o r t i n g  e lements )  a r e  n o t  
s u s c e p t i b l e  t o  f u r t h e r  s u b s t a n t i v e  c o s t  r e d u c t i o n  and w i l l ,  
t h e r e f o r e ,  r e p r e s e n t  a n  i n c r e a s i n g l y  more impor tan t  c o s t  con- 
t r i b u t i o n ,  i . e . ,  36-38% o f  t h e  t o t a l  a r r a y  m a t e r i a l s  c o s t s .  

F i g u r e  7-2 summarizes t h e  c o n t r i b u t i o n s  of  t h e  more 
impor tan t  components t o  t h e  m a t e r i a l s  c o s t s ,  f o r  t h e  Phase I1 
program, and f o r  3  and 6  megawatts r e s p e c t i v e l y .  A t  t h e  l a t t e r  

8 l e v e l s ,  t h e r e  i s  s t i l l  s u b s t a n t i a l  margin f o r  f u r t h e r  reduc-  
t i o n s  i n  s o l a r  c e l l  c o s t s  and s t r u c t u r a l  c o s t s .  Design changes 
r e s u l t i n g  from f i e l d  e x p e r i z n c e  would a l s o  b e  expected  t o  
produce f u r t h e r  c o s t  r e d u c t i o n s  a t  t h e  h i g h e r  l e v e l s .  F i g u r e  
7-3 r e p r e s e n t s  t h e  c o s t / w a t t  o f  t h e  m a t e r i a l s  i n p u t  ( i n c l u d i n g  
s o l a r  ce l l s )  t o  t h e  p r o j e c t s  a t  t h e  above p roduc t ion  l e v e l s .  
S i n c e  l a b o r  and overhead f o r  assembly and i n s t a l l a t i o n  r e p r e -  
s e n t  a  s m a l l  f r a c t i o n  (under 20%) o f  t h e  t o t a l ,  t h e  v a l u e s  
quoted  can  be regarded  a s  a  r e p r e s e n t a t i v e  o f  i n s t a l l e d  a r r a y  
c o s t s ,  e x c l u s i v e  o f  t h e  s i t e  p r e p a r a t i o n ,  power c o n d i t i o n i n g ,  e t c .  
S o l a r  c e l l  c o s t s  a t  t h e  v a r i o u s  p roduc t ion  l e v e l s  a r e  a s  fo l lows :  

P roduc t ion  Leve l ,  MW C e l l  c o s t ,  $/cm. 
2 
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Fig .  7 . 2  Cont r ibu t ion  of  C o s t l i e s t  S ing le  
Components on Array Mater ia l s  Cost ,  
$/Watt, . a t  Three.,..Production Levels 



MATERIALS 
COSTS 

($/ARRAY (SAWAT) 

\9 , 7.50 . , . . , ;  .,. 1400 NO: OF A R R A Y S  

Fig. 7 . 3  Influence of Volume (Megawatts or Number of 
Arrays) on the Array Materials Cost or $/Watt 
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APPENDIX A. SUN TRACKER SOFTWARE AND SENSORS 

The software consists of an initialization section and 
two major program segments. The input and calculation loop 
is entered from the initialization sequence and alternately 
samples the inputs, and calculates and stores the action 
required by the 2 stepper motors, the pump switch, and the 
LED. A timer (internal to the 8022) interrupt calls the 
output segment as an interrupt service routine, and outputs 
the proper pulses as stored by the calculation routine. 
Control then returns to the input and calculation loop. 
Using a timer interrupt insures correct timing of the output 
pulses independent of the various length program branches 
taken during the calculation routine. 

The initial tracking algorithm duplicates in digit91 
form an atzalog tracking system which has been running success- 
fully on the Varian roof for over two years. Other algorithms 
could be tried in Phase 111. The cooling water pump is 
turned on if the array is tracking, if 8n over temperature 
condition is sensed, or if freezing air temperatuses are 
sensed. The sun is located by first using the coarse sun 
sensors which have a 300 degree view, and then using the 
fine sun sensor with a limited field of view for accurate 
tracking. The array turns to the east limit switch and the 
horizontal (up) limit switch at night. The array is stowed 
at the top limit switch position (horizontal) in case of a 
high wind velocity component perpendicular to the array 
face, or upon an over temperature condition. The wind 
sensor is really superfluous at the San Ramon site, but is 
included to make the design more generally useful. 

The sun sensor, shown in Fig. A-1, uses paired back to 
back GaAs photodiodes. GaAs devices are used rather than Si 
devices because their higher voltage output allows retention 
of the full 8-bit accuracy of the internal ADC, and they are 
available as a by-product of the solar cell production line. 
The sun sensor assembly is built in a square pyramid shape, 
with an internal pyramid shaped prism. The coarse sun 
sensors are mounted behind windows on the sides of the 
assembly. This back-to-back connection subtracts the two 
photocurrents and tells the microprocessor which half of the 
sky the sun is in. The front of the assembly shields the 
prism so that it sees only about 10 degrees of the sky. The 
prism, with back-to-back connected photodiodes behind it, is 
cut at the internal reflection angle, and gives the micro- 
processor a very accurate indication of the center line 
position of the sun. 





The wind sensor works. on the of increased 
cooling of a hot wire by 'wind; hence it ha,s no moving . .. . 

parts. The hot wire (actually a thermistor) is baffled'-from . 
wind.blowing along the length of the array, but. is exposed 
to wind perpendicular to the array. Thus, the array will 
only 'be stowed when it really needs to be stowed. The 
thermal type of sensor also provides a reasonable time 
constant so that the array will not stow on vcry short 
gusts.: 



APPENDIX B. OPERATION OF THE MAXIMUM POWER TRACKER 

A normal feedback system seeks to establish its operating 
point by comparing the actual output of the system with some 
desired result. The magnitude and polarity of the error 
between the two quantities is used as the signal which 
causes the system to change its output in a direction which 
tends to reduce the magnitude of the error. A feedback 
system required to maximize the power output from a photo- 
voltaic array is more complex, since a given system change 
in response to an error signal may cause either a decrease 
or an increase in power, depending upon which side of the 
maximum power point the system is operating. At zero current, 
the voltage is high, but no power is being supplied, since 
there is no current. At short circuit conditions, current 
is high, but again no power is delivered, since the voltage 
is zero. At intermediate points, power is supplied in 
varying amounts, depending on loading, and a point exists 
where the maximum power can be sensed. 

The synchronous inverter control circuitry is capable 
of varying the.output voltage of the array field by loading 
it at different levels in response to a standard feedback 
regulator which compares the actual operating voltage to a 
signal indicating the desired voltage. If a change to a 
lower voltage is signalled, the system increases the loading 
of the source until its voltage sags to the desired value. 
Voltage increases are accomplished by reducing the loading. 

The correct voltage that corresponds to maximum power 
,is tracked by the system. Basic elements are: 

1. A wattmeter circuit that continuously measures the 
DC input power level and provides a signal output 
proportional to actual power. 

2. Two sample and hold circuits, controlled by a 
timer, that alternately sample the wattmeter 
signal output and hold it for comparison with the 
next sample. 

3. A comparator that works in combination with a 
logic circuit to determine if a given sample 
represents a power level that is greater or 
smaller than the previous sample. 

4. A flip-flop circuit that changes state whenever a 
new sample is smaller than the preceding one, but 
remains in the same state if a new sample is 
larger than the preceding one, thus representing 
an increase in power level. 



5. An integrator circuit that provides a constantly 
changing output, whose direction of change is 
increasing for-one state of the flip-flop and 
decreasing for the-other state of the flip-flop. 

Operation of the second control loop is as follows: 
The output of the integrator, is used as the signal which 
indicates to the first feedback controller the desired 
voltage level. It has limits which are set so that it does 
not attempt to control voltage beyond the range of the 
inverter or.the array field. Xs indicated above, this 
integrator will constantly change its output in a direction 
determined by the state of the flip-flop. If, for example, 
the flip-flop is forced to remain in a state that causes a 
constantly increasing output of the integrator, the controller 
will sweep through the voltage range, starting at a low 
level and increasing to maximum as determined by its preset 
limit. If the state of the flip-flop is changed and forced 
to remain in the opposite condition, the integrator will 
cause the controller to sweep down the voltage range toward 
zero. 

In automatic operation, the flip-flop is not held in 
any particular state, but is allowed to change as determined 
by the interpretation of successive samples. The sample 
rate is adjusted so that many samples are taken in the time 
it would take to make a complete sweep from zero to maximum 
or from maximum to zero. 

Assume that the controller starts at zero voltage and 
is moving in a direction toward maximum voltage. As each 
sample is taken, the logic circuit and the comparator com- 
pare it to the preceding one. On the low voltage side of 
the maximum power point, as the voltage increases, each 
sample of power is larger than the one before it, and the 
flip-flop does not react. The voltage therefore continues 
to rise. Eventually the voltage reaches the value corres- 
ponding to maximum power and passes it. When this happens, 
the next sample of power indicates to the logic circuit and 
the comparator that the power has decreased from the pre- 
ceding sample, and the flip-flop is told to change state. 
This causes the voltage to stop rising, reverse movement to. . 
a downward direction, and return toward the maximum power 
point. 

\ 

From this time on, the voltage will cycle back and 
forth around the maximum power point, reversing direction 
each time it moves far enough to indicate a decrease in 
power. If the field DC output characteristics change, an 
automatic readjustment restores the voltage control to the 
new @timum point. 

To provide minimum voltage swings in the area of maxi- 
mum power and to allow optimum stability, the rate of voltage 
change as well as the time between samples is adjustable. 



. < . .  . . 
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APPENDIX C . ~OP,TIMUM, . . ! ?  LAND . UTILIZATION 

. ' 

~i~;r,es 2-30 and '2-31 show that skiadowing losses incF'&ase': 
abruptly for .~orth/louth arrayspac,ings less t,han about y = ' 

60 ft. , and rather gradually for East/West spac,ings x. &' 
approximate exponential relationship between spacing x and . 

. 

fractional energy loss L ,can be derived . . from these plots: 

L =: 0.6, exp . (-x/26) . . . , (1). 
- .  

TwoM-arrais generating . . a rated 7200' watts occupy an area. ' ' 
' 

Where y (above) is about 60 f t .  At a cost of $ B/sq. ft.. o,r 
$43,560B/acref the land cost is'therefore approximately 

For an array cost of $~/wat<, the cost of,the lost power is 

Minimizing the sum of (3) and (4) the optimum spacing becomes: 

. , .  

For A,=-$lO/watt, for example, and. 

B = $0.50/sq' ft. ($21,780/acre') . . 

. . x = 104 'ft. 

~nclusion of other area-related costs (e'.g.,'copper 'intercon- ' .  

nects, cable tray costs, etc.)'would obviously modify this 
value slightly, and would be worth including when more' 

. . 
precise information is available on . . ictus1 array-costs'and 
performance. . .. 

. .  . . .  , 



Based on Proposed Control Building Layout, see Fig. 4-4. 
Insulation added to building for determining loads of 

heating and cooling: Ceiling: R-19 Walls: R-11 Concrete 
Floor Slab: R-5 perimeter insulation 

ALTERNATE I -- Proposed Design Goal: Provide a heating and 
cooling system of commercial quality that 
would require minimum.service and maintenanc'e, ' 
incorporate some waste heat from the solar 
concentrators and give reliable temperature 
control for equipment/visitorls building (see 
Flg. D-'1) . 
System Type: Mechanical refrigeration for 
cooling and hot water heating using waste 
heat from the solar concentrators. Hot water 
storage.. 

Power Requirement: Waste Heat -- 120°F hot 
water at 6 gpm; Electrical Energy -- 1300 kwh 

ALTERNATE I1 - Proposed Design Goal: Provide a heating and 
cooling system totally dependent on waste 
heat from wolar concentrators and monitor the 
performance and reliability over experimental 
project life (see Fig. D-2). 

System Type: Absorption. cooling and hot 
water heating. . Hot water storage and hydro- 
nic piping with circulating pumps. 

Power Requirement: Waste Heat -- 195OF hot 
water at 15 gpm; Connected Electrical -- 5.0 
kw, 120/240/1 

Annual Energy Requirement: Waste Heat -- 134 
. . 

MMBTU 

Electrical Energy -- 900 kwh 
Utility Requirenents: Make-up water (10 gpm 
capacity) and drain connection. 



I I 
i 

AIR CmOI?IalED S7ACZ : I (mipnenr/vineorsl . 
. luilCinq1 i . j  

-+ - 
waste HenC water'  

aLr-Cooled 

CooLen 

I 
I 

i 
I 

Fig. D . l  Al te rna te  1 - Mechanical Cooling and Hot Water 
Heating - Photovoltaic Pro jec t  



Fig .  D .  2 Al ternate .  I1 - Absorpt.ion Cooling and, Hot Water 
Heating - Photovol ta ic  P r o j e c t  
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lSTCP= 1 
NYPT ' 5  
1 I H E  P 3  1NTS FOR DELTA NON-POSIT1 VE (TOT ( J )  ) - I N  biOURS.. . 

0 . 0  
C.3360OdE 0 3  . < 

0.720000E 0 3  . -  
0.076000E 0 4  . 
0,262800E 05  



KO. OC SETS l N C U 7 )  = 1 3 9  
SET INFORXAPION 

SET NO. ID W I T H  CONPOKENTS-  l l l A  

SET NO- 2 s  U I T H  COWPfihENIS - 212 2111 

S € T  t40. 3, W I T H  COHPOhENTS - 31 

SET NO- 40. .HtTH C3MPOFiENTS - 4 
SET NO- 5.  W I T H  CO3PONENIS - 5 

SET NO- 6 ,  Y I T H  COHPOKENlS - l 2 1 A  

SET NO- 7 ,  W I T H  COUPONENIS - L3GA 

SET N?). 9. WIYtl CCI1iPOSEN:S - , 1 1 5  

. . 
SET N i l - '  LO, t l I T H  COHP3NEMI5 . -  116 

i E T  CO- 12. I I ITY COnPONFNlS - 1 1 2 A  . :, .%,. ,. 
. . . . 

:. SET W f .  13r ;bd I~ t ;  C O l i P O N E N 1 S - - l l l . B .  - 1  . . 
. .. , . . ,  . . 

.:. ' . . 
S E T  NO.' .1C. H I  rH C O H P 3 N E h l S  - 221. 222 ' '  

I .  . .  . . . 
A 

SET NO, 151 W I T H  COHPOhENlS - 2 3 1  2 3 2 .  

SET NO, 16r W I T H C O t i P O N E N l S - 2 3 2  2 5 1  ' . 

S E i  XC. 07,  KITH COKPONENIS - 2 5 1  252 

SET NO- 18. U l T I i  CGMYl ihENlS - 26 

SkT NO. 19, S I l h  COSPONENYS - 2 7 1  
. .  . , 'a:. . 

SET NO., ,.23, U l T H  ,COCIPClMN'I$ - 3.2 . .  . - - ... , . .  
. . .  , . .  

SET NO:, . . Z l r ,  HfIH,COP!PUttEtJIS - 3 3  . : . . 

. a  . , , -  SET E!O- 2 1 ,  W I T H  COHPONEttlS - 122A ' ' 
. . . . .  . .  . . ' . .  . . , , - .  ::'; . . 

. .  . . . . .L . 
CET ?;O- >zC; t l I T H  CONPONENIS' -. ~ z L . B '  ' ,. . ., . . 

3 .  . , . . . . . . , . . . 
I .  . . :  . ..I" ' , . . , . .  . . .  . . 

S E T  lro. :25.  W'i;k 'c l jn~~t i~ars -: i z i c '  ':' , . . .  , 

, , 
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TABLE .4 

HINlHAL SEI INFORWAI ION 
CHARACTER151 ICS FOR SET NO. - 1 

4 u L .  
0.0 5.99999570-07 5,999995 10-07 

-1.1999973D-06 5,99998830-07 5.99999580-07 
1.19999730-06 5 e99998830-07 5.9999950D-07 
1. ~ 9 9 9 9 7 3 ~ - 0 6  ~,,9999a830-07 5 ,9~9995e0-07 
~.19999730-06- 5.99~96830-07 5.9999.95eo-07 

CHARACTERISTICS FGR SET NO. =: 2 

0 u L 
0.0 0.0 0.0 
3,9645S990-11 1,99232930-11 1,99232940-11 
3-96465990-1 1 1.99232')30-11 1.99232940-1 1 
3.98465990-1 L 1.99232930-11 1.99232960-11 
3,98665990-11 ' 1.93232930-11 1.99232940-1 1 

CtIARACTERISllCS COA S ET NO. - 3 

lr sun 
0.0 
3,34711 330-09 
1- 099765 8D-08 
1 . 7 1 1 8 0 9 3 ~ 0 7  
5.20237030-01 

F SUM 
0.0 
2.01579540-04 . 
4.31906400-04 
5.24220775-03 
I. 56443251)-02 

FSUC 
0.0 
3.3471 1340-09 
1.09976580-08 
1.7t 18093D-07 
5.2023693D-07 ' 

T ItlCUIS) 0 W L hSUW FSUK 
0.6 0.0 7.49999570-01 . 7,499995 10-07 0.0 0.0 
3.3600000E 02 4,49997700-06 7.49996220-01 7.49999620-07 2.51999290-04 2.519681 10-04 
7.20000006 02 4.4999770D-06 7.49996220-07 7.59999620-07 5.39997840-04 5.3985394U-04 
8.7600000E 03  4.4999770D-06 7,49996220-07 7.499996iD-07 6.56996740-03 6.54846 140-03 
2.6280000E 04 5.4999770D-06 7.49996220-07 7.49999620-07 . 1.97099010-02 1 .9517018042 

CHARACTERIS1 ICS FOR SET. NO. = C ' 

0 W L 
1.00000000-1 1' 0 .o 0.0 
1.00000000-11 0.0 . 0.0 . 
1.000000OD-1 1 0.0 0 -0  
1.00000000-11 0.0 0 .o 
I.OO0OOOOD-11 0 - 0  0.0 

CHARACT €21 ST lCS FOR SET NO. - 5 

Q U 1 
0.0 4.56599520-05 4.56599520-05 
2.73884510-04 4,56474370-05 '4.56599420-05 
2-73884510-04 4.5647431IhOS , 4,56599450-05 
2.73894513-04 4.56474370-05 . 4.56599450-0s 
2.73884510-04 4.56474370-05 4 .5659949-05 

CHARAClERlSllCS FOR SET NO. 6 

0 W L 
0.0 9.99998520-08 9.99998520-08 
2.99999440-01 9 .9999195k08  9.99998310-08 
2.99?99440-07 9.99997950-08 9.99998310-08 
2.9999944D-07 9 -99997950-08 9.999983 10-08 
2.99999440-07 9-99997950-08 9.99998310-08 

CHARACIERISI ICS FOR SET NO. - 7 , 

FSUC 
0.0 
1..00794830-04 
2.15976470-04 
2.62454730-03 
7.8529953L)-03 



SOLAR ENERGY TREE 2 THURSOAV 1 /18/79 
S Y S l  EN INFORMAT ION-UPPER BOUNDS 

DIFFEREN1 I A L  CHARACTER1 ST.ICS-UPPFR EOUNDS 
Hin.iliia1 C\I:SL:L Minimal CutsM: F i n i n ~ ; t l  Cutset 

7 (tiOURS1 Fa1 I e ~ i  I ' u ~ b ; ~ b i l  i.L)Q V : ~ i l . ~ ~ r e  Hntc u .Failure Intrnsity(p. l l r . )  L 

0.0 1.915C51810-02 4.1180t0950-04 4.1992VG580-OC 
3.36000000E 02 2.236021500-02 4. l i9402420-04 4.2 13712150-04 
7.2i0000COE 02 2.235906330-02 4 1194S247D-04 4.2 1370705C-04 . 

8.7COOOOOOE 03 2.235906850-U2 4 -  119CS2470-04 4.213707050-04 
2.628000CGE 04 2 .23590685042  4.1194SZ470-04 4.213707050-04 ' . 

ZNTEGACtL CHAWAClERl S l  ICS-UPPER B O I N O S  

- =  noe qlt)s !- (1 -  Q ; ( ~ ) J  
L S /  

Probability of one or 
more failures to 
T i m  T 

Qi - Mjnimal Cuteet Failed ProbabLlity 

Wi - Hinima'l Cutset Failure Rate 
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SGLAR ENERGY TREE 2 TWUHSCAY 1 / 1 9 / 7 9  
M ~ N I  HAL CUT S E T  D A T A  IN DESCEROINC, ORDER OF PROBAB ILI rr 

NO. CUT SET NO. MAX FAII-IJRE FROB. COHPONERTS CONTAINED IN SET 
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APPENDIX F 

DEVELOPMENT OF HIGH-THROUGHPUT EPITAXIAL 

GROWTH FOR SOLAR CELLS 

F-1 Pulse-Heated Liquid Phase Epitaxy 

Pulse-heated LPE is a new mode of growth potentially 
capable of mass producing solar cells. Operation relies 
on the production of supersaturation by the local heating 
of a growth solution in contact with a saturation wafer 
in a furnace held at constant temperature. Growth occurs 
by turning off the heat pulse, then placing a substrate 
under the solution on which a layer grows as the super- 
saturation is relieved. After one growth, the process is 
repeated with a new substrate, thus avoiding the time- 
consuming furnace heatup and cool down experienced with 
conventional LPE. Semicontinuous operation is possible by 
moving the substrates in and the grown cells out through 
an interlock system. A reactor which takes 1.2 inch square 
substrates has been built and tested. 

Pulse-heated LPE provides an alternative to conventional 
LPE now used to grow AlGaAs/GaAs solar cells. Only 2 or 3 
cells can be grown by conventional LPE per reactor per day, 
limiting the potential for scale up to practical power 
generation levels. Heat up time of the furnace to the 
growth temperature accounts for.most of the time spent'. In 
addition to inefficient use of labor and materials, the 
conventional process is .not easily amenable to automation. 
The development of pulse-heating greatly increases the 
number of cells(reactor/day (throughput) and can potentially 
be automated. 

The pulse method depends upon supersaturation in the 
.- growth solution for the deposition driving force. Super- 
saturation is effected by locally heating a saturation wafer 

' in contact with the.-top of the growth'solution. The process 
is carried out inside a furnace held at constant temperature. 

. The solut.ion heats quickly to a .new steady state temperature 
determined by the heater power. As a result of heating, the 
solution becomes undersaturated and partia.11~ dissolves 
the 'saturation wafers. .After turning.off the heater power 
and placing a substrate wafe'r underneath the solution, 

' deposition takes place as the excess nutrient concentrations 
are relieved, causing gro'wth simultaneously on the top wafer 
and bottom substrate. All this 0ccur.s while the main fur- 

@ ;  nace remains at a nearly constant temperature. 



Apparatus 

A pulse-heated boat assembly comprises a heater, solu- 
tion well and a wafer carrier. The heater is mounted inside 
a graphite plug at the top of the boat. Below the heater 
is a saturation wafer that contacts the growth solution, 
underneath which a substrate holder slides when required. 
A number of such assemblies can be used, depending on the 
number of different layers necessary. For the solar cell, 
an assembly for the InGaAs contact layer follows the one 
for the AlGaAs window layer. Growth of a buffer layer 
requires a third heater assembly. Figure F-l(a) shows a 
schematic of a typical assembly and Fig. F-l(b) the com- 
plete boat used for experiments on 3/4-inch wafers. Figure 
F-2 shows the boat designed foir 1.2-inch square wafers 
enclosed in its quartz reactor tube. . 

A complete reactor requires more than just a boat for 
operation. As Fig. F-3 shows, the additional equipment 
consists of a furnace, a quartz reactor tube which is con- 
nected to an interlock chamber, and a magnetically-coupled 
push rod. Operation begins by placing the substrates into 
substrate carriers which are then stacked into a cartridge. 
The cartridge passes through a vacuum interlock into the 
chamber area where the carriers now have access to a track 
leading to the pulse-heated boat, held at temperature in 
 pure'^^. Each carrier and its substrate moves from the 
cartridge holder, down the track to the boat where growth 
occurs, then returns to the cartridge. After all the sub- 
strates have passed through the furnace, the cartridge with 
carriers returns through the interlock to the outside world. 

Growth temperatures are between 800' and 900°C for the 
constant temperature furnace. The perturbation heater takes 
between 20-100 watts, depending upon the material grown and 
thicknesses required. Time for growth is nominally 5 
minutes/layer, but has been as short as 1.5 rninutes/layer. 

Experimental- Results 

Experimental behavior of layers grown by PH-LPE sug- 
gests that supercooling is the dominant mode of growth. 
Layer thickness as a function of time after the heater is 
turned off'shows a rapid increase in the first few minutes 
then a more gradual approach to a asymptotic value. Figure 
F-4 -shows this behavior (reminiscent of supercooled growth) 
for the growth of GaAs on GaAs (111)B where the heater power 
and time on are kept constant. When the.heater on time is 
varied, but the growth time and heater power are kept con- . 

. stant, the layer thickness again shows a rapid rise for 
short on-times, then 1s nea?ly constant for times up to 60 
minutes; Figure F-5 shows this behavior. This is expected, 
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Fig. F .1 (a) Schematic of ,Heater Assembly for Pulse Heated LPE 
Boat 

Fig. F.l (b) Experimental Boat Using 3 /4"  Dia. Substrates 



Fig. F . 2  Pulse Heated LPE m a t  for 1 .2  inch Square 
Substrates i n  Its Quartz Reactor Tube 



Fig.  F.3 A Complete Pulse Heated LPE Reactor showing the Furnace, the Reactor 
Tube, and the Interlock Chamber with Push Rod Assembly 
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since once the solution is saturated at the new tempzrature, 
determined by the heater power and heat transfer dynamics 
of the system, no further supersaturation resulting in layer 
thickening can result. 

Layers to be used for solar cells show a similar behavior, 
with the exception of GaAs on AlGaAs. Figure F-6 shows the 
layer thickness of AlGaAs as a function of growth time for 
two different heater power inputs. As can be seen, power 
input produces the necessary layer thickness control for 
solar cell growth. The variation in LPE behavior not seen 
in GaAs homoepitaxy occurs when (1n)GaAs grows on AlGaAs 
surfaces as shown in Fig. F-7. Now, rather'than rapidly 
increasing in thickness with time, the (1n)GaAs layer thick- 
ness first increases relatively slowly then increases rapidly. 
Behavior of this sort suggests an interfacial kinetic limit- 
ation, where the time up to 3 minutes is a transient state 
before normal supercooled growth behavior sets in. 

Solar cell characteristics are similar to those grown 
by conventional LPE. Figure F-8 shows a photomicrograph of 
a cleaved section of a PH-LPE AlGaAs solar cell, and Fig. 
F-9 shows the quantum spectral response for a 1/3" dia. 
cell. It is possible to grow all three layers by PH-LPE 
including the buffer layer. The spectral response of such 
a three-layered structure is in Fig. F-10. 

Conclusion 

In this program the concept of pulse-heated LPE was 
adapted to solar cell growth. A boat capable of using 3/4" . 
diameter .wafers was built and used for. preliminary experiments 
in order to guide in.the design of a much larger boat capable . 

of using 1.2'' square substrates, Such a boat and all the ' 

auxilliary equipment including interlock chamber, magnetically - c 

coupled push rod, vacuum system, and power supplies have been 
built and operated. Growth of three 1.2" wafers (GaAs and 
AlGaAs layers) capable of 4 cells/wafer required only 50 
minutes total growth time under conditions that were not 
optimized with,respect to heater power and'.time'for heat up 
and cool down. 'So, at least1224 wafers/reactor/8-hr day ' 

are presently available. This represents an order of magni- 
tude increase over existing'LPE methods. Further tests 
using the boat designed. for the. 1.2" square wafers are still . ~ .  

necessary before the uik'imate capacity can'.be established. 
. , 
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Fig. F.7 Experimental Layer Thickness vs Cool Down Time When Inter-facial Kinetic are Present 
Epi Layer: (1n)GaAs 
Substrate: ~ 1 ~ a ~ s / G a A s  (iiij B 3 / 4 "  ~ i a .  . . 



F i g .  F  .8 Cleaved Sec t ion  of a  So la r  C e l l  Grown 
by Pulse  Heated LPE 
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F i g .  F .  9 Quantum E f f i c i e n c y  vs photon  Energy f o r  .a...,1/5" S o l a r  C e l l  Grown by Pulse  Heated LPE 
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F-2 Organometallic Chemical Vapor Deposition 

The organometallic chemical.vapor depos,ition (OM-CVD) 
system 'was 'studle'd as- part of the 'investigation into the 
,low-cost, high-throughput production of AlGaAs/GaAs concen- 
,frator solar cells. A total of 95 experiments were con- 
ducted to study the material parameters important to.con- 
centrator solar cell performance, using an existing OM-CVD 
system. An additional 45 experiments produced material 
for the solar cell pilot production line. Some of these 
experiments explored the production characteristics and ., 
capacity of the system. 

OM-CVD .Materials Studies 

Both n- and p-type doped layers of GaAs were grown and 
characterized. H2S and diethylzinc (DEZ) provided the res- 
pective n- and p-type dopants used to dope the layers. Doping 

:. levels, n- and .p-type, in the ranges r.equired for solar cell 
. production were reproducibly obtained (see Figs. F-11 and 
.. F-12). Minority carrier diffusion'lengths of > 3  microns 

for',n-type and '2 microns for p-type GaAs was measured. The 
- G ~ A S  was grown at a growth .rate of .065  microns/min. Char- 

. acterization of AlGaAs 1-ayers has also been conducted. In . . 
particular work concent'rated on the Al.gGa.lAs composition 
required for the window layer in the cells.. P-type doping 

'. was.done u s i n g . ~ ~ ~  as the zinc source. 

, Growth uniformity experiments across the present sus- 
. ceptor' (2.25" x 3.25") were conducted. Figure F-13. shows 
the variation in layer thickness from front to back of th'e 

:I. susceptor. Variations in layer thicknesses on wafers piaced 
- .  along the length of the susceptor are ~ 8 %  when the. initial 
growth.region is neglected. The thickness non-uniformity 

I 

at the leading edge results from effects due to the establish- 
mene of a boundary layer in that region. Deposition effi- 
ciency in the present system is 18% when an untilted sus- 
cepto'r is used: The resulting raw materials (trimethyl . . 

gallium, trimethyl aluminum, arsine) growth cost per 1/2" 
cell, not including the GaAs substrate is -$0.60. 

'.OM-CVD Sol'ar Cell Production and Studies 

During the cell production e2periments:up to 12 1/2" 
cells were grown during each 2-1/2 hr. growth run in the 
OM-CVD reactor. On some days material for up to 24 1/2" 
cells was submitted to the cell fabrication area for pro- 
cessin.9 ...,, . .During: one 14-day -pe.riod-, . 95 ,112 " .cells were ' ' 

submitted for fabrication. In this period 4.5 days were . 

spent on solar cell growth with the other reactor time 
allocated to other projects and to susceptor bakeout. The 
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grown l a y e r s  had v e r y  good s u r f a c e  morphology. The good 
m i n o r i t y  c a r r i e r  d i f f u s i o n  l e n g t h s  were f u r t h e r  evidenced 
by t h e  e x c e l l e n t  quantum y i e l d  c u r v e s  o b t a i n e d  from t h e  , .  

f i n i s h e d  s o l a r  c e l l s ,  a s  shown i,n F ig .  F-14. 

F u t u r e  m o d i f i c a t i o n s  t o  t h e  r e a c t o r  would a l l o w  h i g h e r  
d a i l y  th roughpu ts .  These i n v o l v e  us, o f  a  l a r g e r  s u s c e p t o r  
and r e a c t o r  t u b e  i n  c o n j u n c t i o n  w i t h  t h e  p r e s e n t  g a s  hand l ing  
system. These m o d i f i c a t i o n s  would a l l o w  growth on t e n  1/2" 
s q u a r e  s u b s t r a t e s  p e r  run  o r  40 1/2" ce l l s  p e r  run .  The 
r e s u l t i n g  c a p a c i t y  o f  t h e  OM-CVD system would t h e n  be 120 
1/2" ce l l s  p e r  day,  a l l o w i n g  f o r  t h r e e  2.5 h r .  growth r u n s  
p e r  day.  
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APPENDIX G: PILOT LINE AND PRODUCT1,ON CELLS 

G-1 Solar dell Pilot Production Facility and Processes 

A pilot line production facility was built and equipped 
to produce the 0.49" solar cell and package assembly shown 
in Figs. 2-16, 2-17, and 2-18. This primarily involved the 
expansion of a photolithography room and installation of the 
following major equipment items: 

Cobilt automatic- photolithography system Kasper 
5 

Kasper mask aligner 

Varian 3120 metallization system 

Lindberg belt furnace 

LEE silicon nitride coating system. 

The facility was designed to use high-volume commer- 
cially-available semiconductor processing equipment. This 
gives more than enough capacity to meet pilot production 
levels as well as allow process development~using'equipment 
which can directly lead to cost reductions as volume.in- 
creases. All of the equipment can presently handle up.to 2" 
wafers and 3" wafers could be processed with minor modifications. 

The facility layout shown in Fig. 4-2 allows smooth 
flow through the process steps, which-are numbered 1 through 
14. This was the best flow pos-sible in-the present facility. 
A major activity in the design phase was'installation of the 
equipment and performing functional tests on the major 
items. All of the equipment is functioning as designed, but 
each required a period of debugging during checkout. This 
is to be expected with automatic processing equipment of 
this complexity. Presently; one ,belt furnace.is being used 
for the contact alloy (Steps 4 and 7) and cell soldering 
(Step 13) operations. To meet the Phase I1 production 
schedule, one additional belt furnace would be installed .as . 

well as one additional dicing saw and wafer.preparation 
hood. All processing steps can be performed with the pre- 
sently installed equipment and this additional equipment . - 

would complete the capacity to meet Phase I1 requirements. 

The materials and solar cell fabrication process flow ' 

and single shift equipment capacities are shown in Figs. 4-3 
and 4-4. The process is vertically integrated within Varian' 

a from polycrystalline GaAs to final packaged cell testing. 
 h he dicing saw to cut individual cells is the limiting 



capacity item. An additional saw (a short lead-time item) 
' 1  would alleviate this limitation. The additional belt furnace 

(also available with a short lead time) will allow contact 
alloy and cell solder operations to be carried out simultan- 
eously. The furnace is the same for these steps; however, 
the thermal profiles are different and therefore only one of 
the processes can be presently operated in a single shift. 

The,capacities of the contact metallization processes 
(>lo0 wafers/shift) are limited by the square footage of the 
available floor space and not by the equipment. In a larger 
facility greater than 400 wafers/shift could be realized for 
these operations. This also'applies to the cell solder 
operation which could be increased by 2-4 times in a more 
spacious facility. 

Several of the solar cell fabrication processes have 
required considerable process development. For some processes 
this has been due to scale up from a ,research piece of 
equipment to large volume production equipment. Other 
process development has been necessary because of cell 
redesign and packaging requirements. 'Much of this process 
development has been completed; however, some is still in 
progress. This will be discussed in the following des- 
cription of the process flow. 

Both organometallic and LPE wafers of various sizes 
were processed during development; however, the wafer designed 
for production is 1.2" square and contains four 0-.49" cells. 
This has proven to be a convenient size for the present 
process. Si02 is deposited on the top surface of the.wafer 
after epitaxial growth. The Si02 serves as a plating mask 
to limit plating to the metal grid pattern as well as protect 
the GaAs surface from contamination. 

Front contact photolithography using positive photoresist 
defines the front contact pattern. The automatic photo- 
lithography equipment has been set up for this process. It 
has been checked out on GaAs substrates but not used on 
solar cell layers as yet. However, the photoresist charac- 
teristics are indentical to those processed by manual methods 
and this should only require the training of a technician 
for production operation. The 0.49" photolithography masks 
and mask aligner were both checked out and are routinely in 
use. 

Once the front contact pattern is defined, Si02 is 
removed in the grid pattern and metal is deposited. After 
metal deposition the excess meta1,i.s lifted off by dissolving 
the photoresist. This is followed by back contact deposition 



and subsequent contact alloying in the belt furnace. Silver 
based metallization is being devploped for the 0.49" cell 
because of several potential advantages compared to the gold 
based system used on earlier cells. The silver based solders 
used to mount the cell to the metallized ceramic are soft 
compared to the brittle characteristic of Au-Sn previously 
used. The soft solder provides much less stress on the 
larger 0.49" solar cell and should increase reliability of 
the packaged cell. Silver has greater electrical conductivity 
than gold and yields higher device efficiency at high concen- 
tration. In addition, silver is considerably more cost- 
effective than gold. The ohmic contact metals directly on 
the semiconductor are still Au-Mg for the front and Au-Sn 
for the back; however, variations of subsequent metal depo- 
sitions which are compatible with silver plating and Ag-Sn 
solder mounting are being investigated., A metal evaporation 
sequence has been developed-which gives specific contact 
resistance less than 1 x 10 4ohm-cm2. This h.as been shoy5 
to be very important in obtaining high efficiency cells. ' 
During the Phase I program, this process has been trans- 
ferred from a single wafer, laboratory alloy heater system 
to a continuous flow belt furnace alloy. In addition, both 
front and back contacts are alloyed in one step, whereas 
separate alloy procedures were required in the single wafer 
system. Finally,-the Varian 3120 metal deposition system has 
been completely checked out and is being used routinely. 

After contact alloy the front contact is plated. A 
pulse electrolytic silver plating,process is being !developed. 
The Ag cross section and uniformity across a cell are ade- 
quate; however, the plating rate and plated metal adherence 
to the evaporated metal are current problems. Continued 
development efforts need to be directed towards a process 
which gives good adherence, as this is of utmost importance 
for high concentration operation. Good progress and improve- 
ments have been made, but more work is required. Plating 
rate reproducibility will be solved more easily once the 
process sequence is developed. 

It should be noted that the analysis of the performance 
of early packaged cells from the pilot line (Sec. G-2, Fig. G-1) 
was made on a cell with the original gold evaporation-and gold 
plating procedure. In addition, it was solder-mounted using 
Pb-In solder paste which was investigated as an alternate to 
Au-Sn solder. Cells with the complete Ag system and good 
plated Ag adherence have not been packaged. Once good 
adherence is obtained, a good evaluation of the complete Ag- 
based system will be possible. Cells mounted with poor Ag 
adherence have given low fill factors at concentration 
testing, as might be expected. However, a recect cell with 
reasonably good silver adherence has given improved performance 
as shown in Fig. G-2. 

G-3 



After plating, the wafers are cut into individual cells, 
the top GaAs layer is removed, and the silicon nitride AR 
coating is deposited on the cell. The etch process to remove 
the GaAs has been improved. and is now very reproducible and 
operator independent. The etching stops very cleanly at the 
AlGaAs surface. A frequent evaluation of the silicon nitride 
films has been initiated to maintain correct process parameters 
for the plasma deposition. An ellipsometer is being acquired 
for this evaluation. 

1 An AM2 one-sun short circuit current and open circuit 
voltage measurement are made prior to solder mounting. Short 
circuit currents measured on numerous cells indicate that if 
all other problems are solved (see Sec. G-2) cells of well 
over 20% efficiency are attainable in the new design. The 
one-sun test primarily serves as a screening test to eliminate 
cells which will not meet mounted cell concentration specifi- 
cations. This saves labor and'packaging materials. 

The cell is solder mounted onto a metallized ceramic in 
- a  solder fixture which holds and properly aligns the ceramic, 
cell, leadframe, and solder. This entire assembly has been 
designed for a single pass through the belt furnace for 
soldering. However, currently the backside and topside 
solder processes are b-i-nidone separately. This allows--- - 
more detailed investigation of each solder process. Pb-In 
solder paste was investigated for gold metallized cells; 
however, this resulted in numerous voids in the backside 
solder and poor wetting for the topside solder connection to 
the leadframe. A low temperature Ag-Sn soft solder was used 
on 0.49" cells with silver metallization and greatly reduced 
the backside voids and gave excellent wetting and bonding to 
the leadframe. A Sn solder results in 1/3" cells for 
another oroaram ~~ialsa~have shown improvement over Pb-In 
solder. Therefore, Ag-Sn solder appears encouraging and 
will be used to mount cells with silver metallization. The 
exact effect of the remaining voids on electrical and thermal 
properties will depend on their size and distribution and 
remains to be determined. Work will continue to evaluate 
and improve the solder attach. 

Currently.cells are tested at 400 suns on a pulse simu- 
lator'after mounting. A few of the cells have been tested 
at.concentration in the concentrator demonstration .module, 
but measured efficiencies mostly have be.en in the 15-16% 
range. An analysis of this performance which identifies 
areas for 'continued development is given in Sec. G-2. The 
recent cell with improved plated silver adherence was. solder 
attached with AgSn and gave a,n improved AM1.6 efficiency of 
19.1% at 490 suns. 

The cells will be environmentally protected; however, 



development is still needed in this area. Several cells were 
coated with a high quality transparent epoxy used for opto- 
electronic devices. No degradation in efficiency was observed 
under short-term testing but,long-term . reliability studies 
would be required before use. Another approach is-to bond a 
glass cover to the cell with a transparent RTV compound. This 
has not been tried at Varian; sample materials are being obtained. 

ln'summary, a pilot line facility has been built and equip- 
ment' of.the type required to,meet PRDA Phase I1 production capa- 
cit'y'has.been installed and checked out. Considerable progress 
has been made on new process development required by volume pro- 
duction equipment, as well as a new cell and package .design. 
All the development experime'nts were condensed into the last 2-3 
months of Phase I, as eq,uipment, 0.49" photolithography masks, and 
ceramic packaging materials were not available until late in the 

' program. Continued development is necessary to solve the remain- 
ing problems and obtain.cells . .  , of greater than 20% efficiency. 

'J.. - ... . : 

G-2 iinaiysis'.of the performance of ~ i i i l ~  packaged' ~r6duction 
Cells . 

As has been demonstrated in the past, both experimentally 
and theoretically, 31 5 AlGaAs/GaAs concentrator cells are capable 
of conversion efficiencies in the 23% range. For this to happen, 
however, everythingdabout the cell must correspond to the theore- 
tically optimum design. There are many places where a real cell 
can fall short of these optimum conditions.- On a previous pro- 
gram5 it was necessary to produ=e about one kilowatt worth of 
cells before any significant fraction of the cells had effi- 
ciencies exceeding 20% (AM2). For the present cell design 
almost every process in cell manufacturing has been changed 
from a research piece of equipment to a high volume manufacturing 
piece of equipment. In many instances the processes themselves 
have been changed to allow compatability with packaging require- 
ments. Thus, it might be expected that the cell pilot line will 
not produce cells with theoretical efficiencies until it has 
been running long enough to zero in all of the processes to their 
optimum points. This expectation has been fulfilled, with early 
cells having measured efficiencies in the 15-16% range. One of 
these cells was analyzed in detail to indicate which processes 
were not optimized. The results of these measurements are shown 
in Fig. G-1. These results are compared with our computer model 
which has proven to give good correlation with the best experi- 
mental cells on other programs. (Some of the process steps 
responsible for the deficiencies noteh below have been modified 
to correct the problems. However, 'these cells have not yet 
reached the stage of detailed evaluation under solar concentration.) 

The first comparison was of predicted and measured short 
circuit currents. The actual cell had a short circuit current 
of 0.882 of that preducted. Further.investigation by' taking 
a quantum yield curve and a reflectivity curve of the cell 

a showed that about one half of the short circuit current 
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loss was caused by a defective Si3N4 AR coating. The process 
parameters on the new plasma deposition reactor had not been 
optimized and the coating as deposited had too low a refractive 
index, in addition to excessive absorption above 2.3 eV due 
to free silicon. The other half of the short circuit current 
loss was caused by a poor minority carrier diffusion length 
(less than one micron) in the n-type GaAs buffer layer. 
This may have been caused by a defective GaAs substrate 
wafer . 

The second factor' examined wa; the p-n junction I-V 
curve. This was measured by varying the illumination intensity 
in steps, and measuring at each step both the short circuit 
current and the voltage produced under open circuit conditions 
by that current flowing in the junction. Two I-V curves for 
the junction were derived from this data by correcting for 
the effects of temperature rise with illumination level. 
The high intensity points were corrected back to the cooling 
water temperature to give curve ( * ) .  The low intensity 
points were corrected up to the operating junction tempera- 
ture to give curve ( # ) .  Two problems are apparent from this 
data. First, the open circuit voltage with the junction 
cooled to the water temperature is 0.983 of what it should 
be. This small degradation (1.7%) of the p-n junction 
characteristic could come from a number of causes, but is 
not very significant. The second problem is that the tempera- 
ture rise of the junction is 4S°C above the cooling water 
temperature instead of the lS°C expected. Further examination 
of the origin of this excess temperature rise disclosed that 
the solder used to solder the cell to its ceramics package 
had many voids, and the cell was in fact only soldered over 
a small part of its back area. This excess temperature 
caused a drop in open circuit voltage of 6.5% together with 
a drop in fil1,factor of 1.4%. Since the packaging technology 
was still in the early stages of development when this cell 
was processed, this result is not too surprising. 

The third set of'measurements involved measuring the I- 
V curve of the cell under:load. The current was always' 
measured at the'load, while the voltage was measured at the 
following three points: 

(1) at the bolts on the cell package where the inter- 
connecting wiring will ultimately be connected 
(curve XI, 

(2) on the buss bar at the edge of the .cell (curve .+) 

(3) using a fine tungsten probe to contact a grid line 
near the very center of the cell (curve 01.' 



By comparing the voltage measurements of these three points 
with the junction I-V curve, we can determine the location 
of any series resistance in the cell. 

The voltage drop shown from the ( # )  curve to the (0) 
curve is caused either by'sheeteresistance of the p-AlGaAs 
and the p-GaAs layers, or by ohmic contact resistance. Some 
drop is expected in even an ideal cell, but the drop measured 
here is about twice that expected. The voltage drop from 
the (0) curve to the (+ )  curve is caused by the resistance 
-of the grid lines. It is also twice the drop expected, 
pointing to a problem in the plating process. The efficiency 
at this point (16.8%) is comparable with t$e first batches 
of cells processed on an earlier contract. These effi- 
ciencies were also measured using,separate voltage leads on 
the cell buss bar. The voltage drbp from the (+) curve to 
the (x) curve is caused by electrical resistance of the 
package. Most of the excessive drop here is due to soldering 
problems again, this time at the solder joint between the 
cell and the lead frame. 

All of these processing problems are soluble, but will 
require allocation of time and effort before the pilot line 
will be capable of a high yield of production cells with, 
greater than 20% conversion efficiency. 

, . 
, . 

~igure G-2 shows the voltampere curve of a cell fabri- 
cated towards the end of the Phase: I program. A considerable 
improvement is evident, with an AM.l.6 efficiency of 19.1% at 
490 suns. . . i .  , 
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O p t i c a l  Design Analys i s  and Opt imizat ion 

The o r i g i n a l  des ign  pia'n c a l l e d  f o r  t h e  manufacture of a curved 
grooved F re sne l  1ens.made up of f o u r  t o  f i v e  d i s t i n c t l y  d i f f e r e n t  
r a d i u s  of  c u r v a t u r e .  s u r f a c e s .  The arooves  were t o  be a s  wide a s  
p o s s i b l e  given t h e  l i m i t a t i o n s  of diamond t o o l i n g  manufacture . . . 

T h i s  o r i g i n a l  des ign  concept was abandoned l a t e  i n  June f o r  
s e v e r a l  d i f f e r e n t  reasons  : 

F i r s t ,  no t o o l  manufacturer  was capable  of producing 
t h e  range of r a d i i  necessary .  

Second, a l l  t o o l  manufacturers  were l i m i t e d  i n  t h e  
l e n g t h  o'f diamonds t h a t  t hey  could o b t a i n ,  t h u s  
d r a s t i c a l l y  handicapping t h e  b e n e f i t s  gained by 
going t o  r a d i u s  s u r f a c e s .  

Because of t h e s e  problems, s e v e r a l  a l t e r n a t i v e  des ign  c o n f i g u r a t i o n s  
were developed.  A p l an  was e s t a b l i s h e d  t h a t , c a l l e d  f o r  t h e  
implementing of four '  s imultaneous d e s i g n s . .  These des igns  were: 

. Design 1. Design 1 was t o  be c u t  in-house, .a  twelve 
i n c h  diameter  -- approxircately twelve inch  
f o c a l  l e n g t h  F r e s n e l  d i e  us ing  curved 

' grooves wi th  a cons t an t  r a d i u s  of cu rva tu re  
of 8.5 t o  9 , inches  o u t  t o  a. d iameter  of f/2. 
Then from f /2  t o  f / l  p lano  o r  f l a t  grooves , 

were' t o  be c u t .  

Design 2 .  Design 2 was t o  be  c u t  a t  OSG. This  des ign  . 

was t o  be a twelve inch  diameter  l e n s  w i th  an 
e igh teen  inch  f o c a l  l e n g t h .  The grooves w e r e  
t o  be curved,  i f  p o s s i b l e ,  ' bu t  f l a t  i f  it was' 
determined t h e  r a d i u s  of cu rva tu re  needed 
was longe r  than  t h a t  ob t a inab le  from t h e  
diamond t o o l  manufacturers .  . 

Design 3 .  Design 3 was t o  be a s i n g l e  p o l n t  diamond 
tu rned  F r e s n e l  l e n s  c u t  out-of-house under 
t h e  d i r e c t i o n  of OSG. Each groove was t o  
have an optimum r a d i u s  o f  cu rva tu re  f o r  t h a t  
p a r t i c u l a r  groove. The l e n s  was t o  be twelve 
inches  i n  d iameter  wi th  approximately twelve 
inch  f o c a l  l eng th .  

Design 4 .  The f o u r t h  des ign  wzs a l s o  t o  be c u t  ou t -  
of-house under t h e  supe rv i s ion  of OSG., 1.t 
was t o  be a curved groove l e n s  p u t  on a base 
curve.  That , is  a domed.lens w i t h  curved 
grooves.  The l e n s  was t o  be twelve ' inches  
i n  d iameter  w i th  approximately twelve inch  
f o c a l  l eng th .  
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A d e c i s i o n  was made t o  p a r a l l e l  work on a l l  o f  t h e s e  d e s i g n s  
a s  l o n g  a s  p o s s i b l e .  The most d e s i r e d  d e s i g n  was number 4 ,  
t h e  curved  groove based F r e s n e l  l e n s .  But ,  i t  a l s o  c a r r i e d  
t h e  h i g h e s t  r i s k  o f  f a i l u r e .  The l e a s t  d e s i r e d  d e s i g n  w a s  
t h e  d e s i g n  number 1, which w a s  an OSG c u t  f l a t - c u r v e d  l e n s .  
The o p t i c a l  performance of  o p t i o n  1 was s i g n i f i c a n t l y  lower  
t h a n  o p t i o n s  3 or 4 ,  b u t  t h e  r i s k  f a c t o r  was much less. A f t e r  
a n a l y z i n g  t h e  manufac tu r ing  d i f f i c u l t i e s  encoun te red  w i t h  o p t i o n  
4 ,  it was dropped a s  a  v i a b l e  a l t e r n a t i v e  f o r  Phase I work. 
Opt ion  3 w a s  t h u s  t h e  p r imary  o p t i o n  t o  pursue .  Opt ions  1 and 2 
w e r e  t o  b e  pursued  by OSG i n  t h e  e v e n t  t h a t  o p t i o n  3 f a i l e d .  
A t  t h e  t i m e  t h e  d e c i s i o n  was made t o  p u r s u e  t h r e e  o p t i o n s  
s i m u l t a n e o u s l y ,  it was f e l t  t h a t  t h e r e  was enough money i n  the 
budge t  t o  accompl ish  a l l  t h r e e  d e s i g n s .  The problems t h a t  w e r e  , 
e n c o u n t e r e d  i n  accompl i sh ing  d e s i g n  a l t e r n a t i v e  number 3 w e r e  
n o t  a n t i c i p a t e d  a t  t h i s  t i m e .  

OSG was a l s o  r e q u e s t e d  t o  p a r t i c i p a t e  i n  d i s c u s s i o n s  d e a l i n g  
w i t h  t h e  l e n s  mounting a n a l y s i s .  S e v e r a l  OSG peop le  p a r t i c i p a t e d  
i n  j o i n t  d i s c u s s i o n s  w i t h . V a r i a n  and N i e l s o n  Eng ineer ing .  A s  
a  r e s u l t  o f  s e v e r a l  p r e l i m i n a r y  d i s c u s s ~ o n s ,  Nie l son  E n g i n e e r i n g  
and Var ian  proceeded a long.  a  p a t h  o f  d e s i g n i n g  an i n j e c t i o n  . . 

moldable ,  p l a s t i c  cone.  Once t h e  i n i t i a l  d e s i g n  concep t  o f  
t h i s  p l a s t i c  cone was e s t a b l i s h e d ,  OSG w a . s  n o t  asked t o  p a r t i c i p a t e  
f u r t h e r  i n  d i s c u s s i o n s  l e a d i n g  t o  a ' d e t a i l e d  cone d e s i g n .  The 
i n t e n t  was f o r . t h e  cone d e s i g n - t o  be p a t t e r n e d  a f t e r  t h e  f i n a l  . . 

l e n s  d e s i g n  p r o v i d e d  by OSG. A t  t h i s  t i m e ,  t h e  i n t e r f a c e  o.f t h e  . . . . . . 
l e n s  and t h e . c o n e  i s  s t i l l  n o t  comple te ly  d e f i n e d . '  A r e v i s e d  
l e n s  drawing number 3 6 0 0  i s  i n c l u d e d  i n  t h i s  r e p o r t .  

P r o t o t y p e  F a b r i c a t i o n  . . 

F r e s n e l  ~ i e  F a b r i c a t i o n :  
. , 

Design o p t i o n  number 1 was t o  be curved  grooved o u t  t o  f / 2  and . . . .. . . 
' ' 

f l a t  grooved from f / 2  t o  f / l .  But  due t o  d e l i v e r y  problems and. 
diamond t o o l  manufac tu r ing  problems,  t h i s  o p t i o n . w a s  modi f i ed  
t o  b e  a  f l a t  grooved l e n s  t h r o u g h o u t  i t s  e n t i r e  a p e . r t u r e  r ange .  
The d i e  was manufactured  a t  OSG, and p r o t o t y p e  p a r t s  w e r e  p r e s s e d  . 

and s u p p l i e d  t o  Var ian .  . . . . 

Opt ion  number 2 was t o  b e  a  twe lve  i n c h  d i a n e t e r ,  e i g h t e e n  i n c h  
f o c a l  l e n g t h  l e n s  t o  Se used w i t h  a  secondary  c o n c e n t r a t o r .  T h i s  
was a  secondary  backup p u t  i n t o  t h e  sys tem bscause  it was f e l t  
t h a t  a  secondary  c o n c e n t r a t o r  d e s i g n  would produce a more uni form 
i n t e n s i t y  d i s t r i b u t i o n  on t h e  c e l l .  T h i s  d e s i g n  was a l s o  manufactured  
a t  OSG. The d i e  was comple te ly  f l a t  grooved.  P r o t o t y p e  p a r t s ' w e r e  
manufactured  end d e l i v e r e d  t o  Var ian .  

H-2 



Option number 3 was a curved  groove F r e s n e l  l e n s .  T h i s  F r e s n e l  
d i e  w a s  t o  be  manufactured  o u t s i d e  OSG,  b u t  c o n t r o l l e d  d i r e c t l y  
by OSG p e r s o n n e l .  The d e s i g n  was t o  be  comple te ly  curved ,g rooved  
and c u t  w i t h  a  s i n g l e  p o i n t  diamond t u r n i n g  technology r e l a t i v e l y  
new a s  a  Fr 'esnel  manufac tu r ing  t e c h n i q u e .  S e v e r a l  problems were 
e n c o u n t e r e d ' i n  manufac tu r ing  t h i s ' F r e s n e 1  d i e .  F i r s t ,  because  
OSG c o u l d  n o t  ' c o n t r o l  t h e  manufac tu r ing  p r o c e s s  a s  c a r e f u l l y  a s  
it d e s i r e d ,  seve . ra1  compromises h a d . t . 0  be made i n  t h e  manufacture  
o f  t h i s  t o o l .  I t  had t o  be c u t  i n  a  t h i c k  s u b s t r a t e  t h a t  cou ld  
be mounted o n . a  magnet ic  chuck. T h i s  c o n d i t i o n  t h e n  d i c t a t e d  
t h a t  a  m a t e r i a l  t h a t  was diamond t u r n a b l e  had' t o  be p l a t e d  on 
t o p  o f  a' magnet'ic s u r f a c e .  T h i s  p l a t i n g  . t echn ique  had never .  
been used  f o r  manufacture  of  s i n g l e  p o i n t  diamond t u r n e d  F r e s n e l  
s u r f a c e s  b e f o r e .  ~ e r o s i t ~  problems w i t h  t h e  p l a t e d  s u r f a c e  l a t e r  
caused s e r i o u s  e l e c t r o f o r m i n g  problems which r e s u l t e d  i n  a  f i n a l  
p r o d u c t  performance below th 'at  which '  had been expec ted .  The 
problems t h a t  w e r e ' e n c o u n t e r e d  i n  t h e  manufacture  of  t h i s  F r e s n e l  
t o o l  have been ana lyzed  and s o l u t i o n s  have been found.  The 
problems t h a t  d i d  o c c u r  d u r i n g  Phase  1 of  t h i s  work c a n ,  and w i l l ,  
b e  c o r r e c t e d  on any f u t u r e  work o f  t h i s  type' .  .The  problems 
e n c o u n t e r e d  i n  t h e  manufac tu r ing  o f  t h i s  F r e s n e l  d i e  d i d  cause  
s i g n i f i c a n t  c o s t  o v e r r u n s  t o  o c c u r .  ' 

P r e s s  T o o l i n g  . 

The p r e s s  t o o l i n g  o r i g i n a l l y  p lanned f o r  t h i s  program was t o  be  
o b t a i n e d  by modify ing t o o l i n g  t h a t  was a l r e a d y  i n  e x i s t e n c e  a t  
OSG. A f t e r  an  i n i t i a l  a n a l y s i s  o f  t h i s  t o o l i n g  was done,  it 
became obv ious  t h a t  t h e  m o d i f i c a t i o n s  p lanned f o r  t h i s  t o o l i n g  
w e r e  n o t  adequa te  t o  p r o v i d e  t h e  t y p e  of  F r e s n e l  p a r t s  d e s i r e d  
f o r  t h i s  program. Thus, a  comple te ly  new t o o l i n g  sys tem had t o  
be  deve loped .    his, a g a i n ,  caused c o s t  over runs ;  b u t  w i t h o u t  
t h i s  new t o o l i n g ,  t h e  program would n o t  have been a s u c c e s s . ,  
Two o p t i c a l  f l a t s  were o r d e r e d  a s  p a r t  of  t h i s  p r e s s  t o o l i n g .  
These f l a t s  were t o  be used  t o  produce  t h e  p l a n o  s u r f a c e  of  t h e  
p a r t .  T h i s  p o r t i o n  of  t h e  t o o l i n g  d i d  n o t  a r r i v e  i n  t i m e  t o  
be  used  f o r . P h a s e  I work. Thus, t h e  b e n e f i t s  o f  t h e s e  o p t i c a l  
f l a t s  a r e  not-known a t  t h i s  t i n e .  

C o s t  E s t i m a t e s  f o r  Phase I1 and High Volume P r o d u c t i o n  

The c o s t s  e s t i m a t e d  f o r  Phase I1 l e n s  produc ' t ion were h i g h e r  
t h a n  i n i t i a l l y  e s t i m a t e d  on December, 1 9 7 7 .  The u n i t  p r i c e  
f o r  l e n s e s  produced i n  Phase  I1 o f  less t h a n  $10 i s  r e a s o n a b l e  
f o r  t h e  q u a n t i t i e s  invo lved .  The t o o l i n g  c o s t s  a r e  h i g h  f o r  
s e v e r a l  r e a s o n s .  F i r s t ,  p e r o s i t y  problems encoun te red  i n  Phase I 
made it n e c e s s a r y  t o  i n c l u d e  t h e  c o s t s  of  producing a new, mas te r  
F r e s n e l ' t o o l  f o r  Phase I1 work. Also ,  t h e  h igh  performance and 
d i m e n s i o n a l  s p e c i f i c a t i o n s  t h a t  a r e  though t  t o  b e  re ,qu i red  of 
t h e s e  l e n s e s  a t  t h i s  t i n e  made it n e c e s s a r y  t o  i n c l u d e  c o s t s  

@ f o r  h i g h l y  mechanized p r e s s  t o o l i n g ,  a s  w e l l  a s  s e v e r a l .  extrem-ely 
e x p e n s i v e  q u a l i t y  c o n t r o l  i n s t r u m e n t s  des igned  s p e c i f i c a l l y  
f o r  t h e  i n s p e c t i o n  of  t h e s e  s o l a r  l e n s e s .  



, 

The work done i n  an a t t e m p t  t o  p r e d i c t  t h e  u n i t  c o s t s  of  h i g h  
volume p r o d u c t i o n  of  t h e s e  l e n s e s  produced two s i g n i f i c a n t  
r e s u l t s .  F i r s t ,  it was de te rmined  t h a t  t h e  compression molding 
p r o c e s s  would n o t  be  c a p a b l e  o f  producing t h e  q u a n t i t y  o f  l e n s e s  
d e s i r e d  f o r  a  " h i g h  volume" p r o d u c t i o n  run  w i t h i n  t h e  c o s t  
e x p e c t i o n s  o f  $2 .00  p e r  s q u a r e  f o o t  c u r r e n t l y  set  by D.O.E. 
Second ly ,  it was concluded t h a t  a  modi f i ed  t y p e  o f  i n j e c t i o n  
molding p r o c e s s  c o u l d  p o s s i b l y  r e a c h  t h e  c o s t  o b j e c t i v e s  i f  a 
p r o c e s s  c o u l d  b e  deve loped  t h a t  would produce  a  l e n s  w i t h  t h e  
d e s i r e d  o p t i c a l  per formance .  

Conc lus ion  

The Phase  I F r e s n e l  l e n s  program h a s  s u c c e s s f u l l y  d e m o n s t r a t e d ,  
v i a  t h e  p r o d u c t i o n  o f  p r o t o t y p e  q u a n t i t i e s  o f  l e n s e s ,  t h e  
m a n u f a c t u r a b i l i t y  o f  v e r y  h i g h  o p t i c a l  t r a n s m i s s i o n  q u a l i t y  . '  

F r e s n e l  l e n s e s .  A s  a  r e s u l t  o f  t h e  Phase  I program, a  new a n d .  
improved method of p roduc ing  F r e s n e l  t o o l i n g  f o r  s o l a r  a p p l i c a t i o n s  
h a s  been e s t a b l i s h e d .  T h i s  s i n g l e  p o i n t  diamond t u r n i n g  (SPDT) 
method o f  m a n u f a c t u r i n g . F r e s n e 1  t o o l i n g  h a s  s e v e r a l  a d v a n t a g e s  
o v e r  t h e  methods normal ly  used t o  produce  F r e s n e l  t o o l i n g .  T h e ,  
SPDT method e n a b l e s  t h e  g rooves  t o  b e  curved  i n s t e a d  of f l a t . '  . -  

T h i s  means t h a t  each  groove now can have any d e s i r e d  r a d i u s  of 
c u r v a t u r e .  T h i s  a b i l i t y  e n a b l e s  e a c h  qroove t o  have f o c u s i n g  
power which g i v e s  an a d d i t i o n a l  d e s i g n  freedom p r e v i o u s l y  n o t  
o b t a i n a b l e .  Also ,  t h e  SPDT method removes t h e  p r e v i o u s  g roove  
w i d t h  l i m i t a t i o n s  imposed on c o n v e n t i o n a l  F r e s n e l  t o o l i n g  b e c a u s e  
o f  diamond t o o l  edge  l e n g t h  l i m i t a t i o n s .  Using SPDT F r e s n e l  
g r o o v e s  can  be made a s  wide a s  d e s i r e d .  For  s o l a r  a p p l i c a t i o n s ,  
t h i s  d e c r e a s e  i n  t h e  number of  g rooves  r e s u l t s  i n  improved l e n s  
t r a n s m i s s i o n .  Even though t h e  p e r c e n t a g e  of  t r a n s m i s s i o n  i n c r e a s e  
i s  r e l a t i v e l y  s m a l l  (a  few p e r c e n t ) ,  when d e a l i n g  w i t h  t h e  l a r g e  
numbers o f  l e n s  e l e m e n t s  t h a t  a r e  needed t o  produce l a r g e  q u a n t i t i e s  
o f  e l e c t r i c a l  e n e r g y ,  t h i s  i n c r e a s e  i n  1 e n s . e f f i c i e n c y  i s  v e r y  
s i g n i f i c a n t .  

The a b i l i t y  t o  meet a  $ 2  p e r  s q u a r e  f o o t  c o s t  f o r  F r e s n e l  l e n s e s  
l o o k s  p r o n i s i n g .  An i n j e c t i o n - c o m p r e s s i o n  molding t y p e  o f  p r o c e s s  
t h a t  i s  c a p a b l e  of p roduc ing  s h a l l o w  domed, t h i n ,  h i g h  q u a l i t y  
F r e s n e l  s o l a r  l e n s e s  a p p e a r s  t o  be  p o s s i b l e .  T h i s  t y p e  of  p r o c e s s  
s h o u l d  be c a p a b l e  o f  p roduc ing  t h e  q u a l i t y  o f  l e n s e s  n e c e s s a r y  . 

f o r  h i g h  c o n c e n t r a t i o n  s o l a r  a p p l i c a t i o n s  i n  q u a n t i t i e s  s u f f i c i e n t  
t o  m e e t  t h e  p r o j e c t e d  needs  o f  t h i s  i n d u s t r y .  Ths a c r y l i c  m a t e r i a l  
used  t o  make t h e  Phase  I p r o t o t y p e  l e n s e s  h a s  p r o p e r t i e s  t h a t  make 
i t  a t t r a c t i v e  f o r  u s e  i n  s o l a r  l e n s  a p p l i c a t i o n s .  Data  from m a t e r i a l  
s u p p l i e r s  i n d i c a t e s  t h a t  mo1ding:and e x t r u s i o n  g rade  m a t e r ' i a l s  a r e  
less r e s i s t a n t  t o  u l t r a v i o l e t  r a d i a t i o n  t h a n  c e l l  c a s t  o r . c o n t i n o u s  
c a s t  a c r y l i c s .  Thus from a  c o s t  and l i f e  expectancy p o i n t  o f  v iew,  
a  molded F r e s n e l  l e n s  a p p e a r s  t o  be a  v e r y  c o s t  e f f e c t i v e ' s o l a r  
c o n c e n t r a t o r .  
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This report Cie'scrihes the contribution of NEAR, Inc. to the 

design of the Varian 'Photovoltaic Solar Array. The efforts. of 
. . 

NEAR, Inc. ,priniirsly involved the ~trhctu.ral' and cooling System 
. . ' - ,  . . . . .  .I 

, . . .  . , .. +. 
. , 

'designs and result,ed in the delivery of drawings for.estimation 
L 

of costs and a detailed computeriz.ed'parts list with the.software 

capability of listing the parts''by 'different 'criteria including 
. . : .. . , 0 .  .. . 

assembly order, part . . number,, and commodity code.. A section is 
. .  % . . ' ,.. -. . - -  . . . I -  

included in this report that discusses alternative design.concepts. 
. .  : .,. .- . . . .  I . .  . 

~ l t h q u ~ h  time was not availabl' .for stud$es of 'any'depth to be 
. . ,: .  . .  . . . , , . . ,, L .  

made of alternative designs, reaions why they were discarded are 

discussed. 

DESIGN REQUIREHENTS 

The following requirements were established at the beginning 

of the program. 

Pointing accuracy 

Lens-to-cell dimensional tolerance 

Wind speed, operational 

survival 

Lens shape 

Total electrical output 

Cell cooling 

Array length-to-width ratio 

0.2O 

20.025" 

30 mph 

60 mph 

hexagonal 

50 kw 

water cooled 

2:l to 4:l 



The fo l lowing  conceptual I . . . ,  r e q ~ i r e m ~ n t s  . 'were followed throughout 
. . ... . . . . 

t h e  prdyram., . . . . 

.Maximize t h e  l e n s  a r e a  t o  t o t a l  a r r a y  a rea .  

. . .Use 's tandard,  ava i l ab le '  komponents. . ! 

* .  Provide des ign .wi th 'major '  components s u i t a b l e  f o r  v a r i e t y  
of l o c a t i o n s  .. . , 

Maintain a c c e s s i b i l i t y  fo; r e p a i r  and'repJ.acement of 
compon'ents . . inc luding  c e l l s . ,  l enses  and d'rive systems. 

Retain opt ion  t o  asse~nble  and a d j u s t  u n i t  a t  o f f - s i t e  
l o c a t i o n  .' 

.. 
DESIGN PROCEDURE. - ,  

The t i m e  a v a i l a b l e  f o r  t h e  design and prepara t ion  of d e t a i l  

drawings was 6 months. T h i s  meant t h a t  major decis, ions (general  

conf igura t ion ,  e f c . )  had t o  be~rnade very guickly  and l i t t l 6  time' 

w a s  a v a i l a b l e  t o  study a l t e r n a t i v e  concepts.  once the:  o v e r a l l :  
. .  . 

configu-=Ation was e s t a b l i s h e d ,  t h e  d e t a i l  designs of t h e  sub- 
' 

systems were s t a r t e d .  The subsystems a r e  t h e  following: 
, . .  

1 ,  ~ o u n d a t i o n -  concre te  . : . .  s t r u c t u r e  below'ground l e v e l  
2 ,  

. . 2. . .Pedes ta l  ~ e l m e n t  - s t r u c t u r e ,  , . support ing Y-frame 

. 3. .  Azimuth Drive -- enclosed wi th in  pedes ta l  weldrnent 

- 4 .  Y-Frame - c e n t r a l  column and s t r u t s  

5 .  ' H - ~ r a m e  - primary s t r u c t u r a l  frame supported by Y-frame 

. 6; Elevat ion Drive - connects H-frame t o  Y-frame 

7. channels - secondary members support ing lens-cel-l  u n i t s  

' 8. Cone - -  hoasing ' for ' ler is  and c e l l  

9.  c o o l i n g  System - c l o s e d ' v a t e r  system to  cool  c e l l s ' '  . 

, . . . " .  ' .  ... . 

, .. 1-2 . 



The i n d i v i d u a l  subsystems, denoted i n  f i g u r e  1, were designed 

wi thout  t h e  use of a  computer. However, t h e  complete a r r a y  

s t r u c t u r e  inc lud ing  t h e  Y-frame, H-frame and channels  was modeled 

and analyzed on a  computer using t h e  SAP4 f i n i t e  e1emer.t computer 

program. Resu l t s  of  s t a t i c  ana lyses  under g r a v i t y  and l a t e r a l  

loads ,  and n a t u r a l  f r equenc ies  and mode shapes were ob ta ined .  These 

r e s u l t s  a r e  d iscussed i n  t h e  fo1lowing.with d e t a i l s  of ana lyses  g iven  

i n  Appendices. . r . J  

FOUNDAT1 ON 

From informat ion  provided by Varian,  t h e  s o i l  a t  t h e  San Ramon 

s i t e  i s  known t o  be an  expansive.cl ,ay about  15 f e e t  t h i c k  wi th  

t h e  water  t a b l e  p robab lybe low a  20 f o o t  depth.  The a r e a  i s  i n  

a n  a c t i v e  se ismic  zone where bedrock a c c e l e r a t i o n s  can b e i n  t h e  . . 

0.4-0.5g range. . . . . 
( 1  , . 

, +  c 

The type  of foundation chosen i s  a  s i n g l e r e i n f o r c e d  c o n c r e t e  . . . .  . 

p i l e ,  poured i n  p lace .  I t  i s  10' f e e t  deep and 30 inches  i n  d iameter .  
. J .  

, . ,  -. . . . . . . .  
a .  

This  was chosen because o f  t h e  e a s e  i f  removal a t  t h e  end of t h e  

program and because PG&E had auger  equipment t o  d r i l l  t h e  ho les .  

The p i l e  was designed t o  r e s i s t  a  l a t e r a l  l'oad of  3 0 0 0 ' l b s . ,  r e s u l t -  

ing  from a  60 'mph wind, a . v e r t i c a 1  load  .of 6,000 l b s . ,  and a  moment 

of 6,000 f t - l b s a r i s i n g  from t h e  s t a t i c  e c c e h t r i c i t y  of t h e  a r r a y .  
. . .  

.,The l a t e r a l  wind loading c l o s e l y  corresponds t o  a  l a t e r a l  accelera- '  

t i o n  of  over  O.Scjls s o  no a d d i t i o n a l  se i smic  loads  were cons idered .  
. . 

The moment loading from t h e w i n d  is  t h e  dominant lqad  and can 

, occur  from any d i r e c t i o n .  I t  i s  t r a n s f e r r e d  from t h e  a r r a y  t o  t h e  
. . 

foundat ion  base p l a t e  and.  then  through 4 a n c h o r , b o l t s  imbedded i n  
. , . . 

t h e . c o n c r e t e .  The 4 x 4  f t .  cap p r c v i d s s  a  base above grade f o r  t h e  . 

. . 
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ELEVATION AHD AZIMUTH DRIVES. 

BecauBB theydrive system is so closely' linked to' the overall 
"t 

configuration ofi the array structure, its conceptual form was one 

of the first design decisions made. A system composed'of a single 

elevation drive and a single azimuth drive was chosen: This offered 

an approach that appeared straightforward and relatively free from 

possible hazards that could jeopardize the design with no ti& 

available Eor a redesign. 

Stepping notors are used to drive the units and because.-of 
. . .. I .  

damage to the drive motors, it was 'considered essential '.to 

havean irreversible system.  heref fore, worm and helical units are 

combined to ensure that the systems cannot be backdriven and that 

the required reduction is 'obtained. The elevation and azimuth 

drives are of the same design except that the azimuth. drive has 

components rated for the higher loads that can exist. . 

It was desired to keep'backlash to within 8 minutes of a n g ~ e :  

The larger azimuth.unit should' satisfy this requirement. However 
. . 

the elevation drive'may exceed.this. To avoid significant errors 
. . 

in the elevation drive,. the' trackingcornmands can be to 

ensure that the trhckingmaintains one direction and the system only 

reverses itself under w h d  'gusts. A static unbalance is available 

to produce a torque-which hohld re&rn 'the iys;fm if  blown ofk 'track 
, . 

by a gust. The effects'ofbakklafh would then be felt only 

a momentarily when a'.guSt ioading ' larger than the unbalance torkie 

reverses the system to the '.&it"of "the backlash tolerance. 



The r e q u i r e d  o p e r a t i n g  c h a r a c t e r i s t i c s  of t h e  g e a r  u n i t s  , . . . 

are : . . 

Gear r educ t ion  

, . E l e v a t i o n  Drive Azimuth Drive 

Opera t ing  range 
1 

0-90' 250° 

Maximum slew r a t e  
. . 

90°/15 min. . 90°/15 min. 

. . , 0 p e r s t i o n a l . s l e w  . . .  r a t e  . . 
-90°/7 hour s  

. . . .  
-90°[7 hours  

Operat ing t o r q u e  . 230 f t - l b s  750 f t - l b s  
. . 

, S u r v i v a l  t o rque  900 f t - l b s  3,000 f t - l b s  

. . .  . . : . 
The o p e r a t i n g  c h a r a c t ' e r i s t i c s  of  t h e  d r i v e  s t e p p i n g  motors a r e :  

. . 

Stepping r a t e  

S t e p  s i z e  0. g O / s t e p  0. go / s t ep  

Holding to rque  0.28 f t - l b s  0.78 f t  , 

The g e a r  r educ t ion  is  determined by the maximum slewing r a t e  
, 

( s t o v i n g  maneuver) and t h e  maximum s t e p p i n g  r a t e , o f  t h e  d r i v e  ,- 
., , . . . , . .  . 

motors.  The .ope ra t ing  t o r q u e  va lues  w e r e  ob t a ined  by r e q u i r i n g  

t h e  u n i t s  t o  d r i v e  a g a i n s t  a  d i f f e r e n t i a l  15  mph wind a c t i n g  on 
! 

t h e  upper o r  lower h a l f  ( f o r  e l e v a t i o n )  and t h e  r i g h t  o r  l e f t  s i d e  

@'or,azimuth) of  t h e  a r r a y .  The s u r v i v a l  t0 rques .a l . e  based on d i f -  . . . :  

f e r e n t i a l  30 mph wind on h a l f  of t h e  a r r a y .  
3 - 

To reduce t h e  l o a d s  t h a t  would b e - t r a n s m i t t e d  through t h e ,  

e l e v a t i o n  d r ive ,  ' t h e  s t r u t s  o f  t h e  Y-Frame were inc luded  i n  t h e  
j .  . . 

s t r u c t u r e .  Bear ings  a t  t h e  end o f - t h e  d r i ~ e ~ t u b e  a l low i t s  ro t . a t i on .  . . 

These b e a r i n g s , c a n  c a r r y  t h r u s t ~ w h i c h , c o u l d  a r i s e  from d i f f e r e n t i a l  
. I  . ,  

thermal  expansion o f  t h e  s t r u c t u r e .  A l l  of t h e  t o rque  a p p l i e d  t o  - .  

t h e  a r r a y  about t h e  a x i s  o f  t h e  t o rque  tube  i s  c a r r i e d  by t h e  e l e v a t i o n  

1-6 
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drive. The torque on the elevation drive due to the static offset 

of the array can be removed with counterweights although some 
- 

eccentricity in the gravity load can be left, as previously men- 

tioned,' to reduce backlash in the' "system. The torque about the 

axis. of the central column caused by wind gusts is transmitted 

through the azimuth drive to the pedestal weldment. 

The design is 'such that the stepping motors can be removed 

without further disassembly of the drive units and the drive units- 

can be removed without disassembly of the array structure. The 

azimuth drfve is mounted on cam followers and can be rolled in and 

out of the pedestal weldment. Details of the design are given in 

Appendix B. 

PEDESTAL 

The purpose of the pedestal weldment is to tr.ansfer all loads 

from the Y-frame to the foundation. All loads except torque in the 
. . 

,central column are transmitted around the azimuth drive vie the. 

pedestal to the founaation. ~ h e s e  loads are transferred to the. 

pedestal through the pedestal. bearing. The torque is transmitted 

through the drive unit to the pedestal. One side of the pedestal, 

. - can be removed for access to ;the azimuth drive 

unit. The pedestal is designed to carry the loads with the ddor 

removed although oper8tibn:'would' be degraded since wind loads would 

produce larger rotations and deflections of the ar'ray. The thick 
, . 

walls. ( 3 / 4 '  inch) are tb ensure k h a t  .,the base is' rigib and does . . .  not 

produce rotations from wind' gusts that would be felt throughout the 

entire structure. Also, the thickness provides sufficient material 





Although many components of t h e  a r r a y  were designed wi thou t  

u s ing  a  computer, t h e  main s t r u c t u r e  i nc lud ing  t h e  Y-Frame and 

H-Frame were analyzed wi th  t h e  s t r u c t u r a l  a n a l y s i s  program SAP4 which 

was developed a t  t h e  Un ive r s i t y  of C a l i f o r n i a  a t  Berkeley.  SAP4 i s  a  ~ f i n i t e  element program f o r  s t a t i c  and dynamic a n a l y s i s  of  s t r u c t u r e s .  

I 
! 

The s t r u c t u r e  was modeled us ing  a  beam element capable  of c a r r y i n g  

bending,  t o r s i o n  and a x i a l  l oads .  

The s t a t i c  a n a l y s i s  assumed t h e  load ing  c o n d i t i o n s  - of g r a v i t y  

wi th  t h e  a r r a y  h o r i z o n t a l  and v e r t i c a l  and a  wind load ing  w i t h  th'e : , 
. 

a r r a y  v e r t i c a l .  The symmetry of t h e  load ing  c o n d i t i o n  and t h e  a r r a y  

w a s  u t i l i z e d  by ana lyz ing  h a l f  of t h e  a r r a y  wi th  symmetric boundary. 

cond i t i ons  imposed on t h e a r r a y  c e n t e r l i n e .  A t o t a l  of 42  nodes w i t h  

37 beams were used t o  model t h e  s t r u c t u r e .  The s t i f f n e s s  and weight 

of  t h e  22 channel's and e s t ima ted  weights  f o r  cones ,  e t c . ,  i n  h a l f  of  

t h e  a r r a y  were lumped i n t o  5 channels  t o  r e d u c e  t h e  number of  nodes. 

The nodal  d i s t r i b u t i o n  i s  shown i n  f i g u r e  2. F&r t h e  g r a v i t y  loadings,  

t h e  weights  of t h e  s t r u c t u r a l  members were computed w i t h i n - t h e  program. 
I 

The weight of t h e  cones,  l e n s e s ,  p i p i n g ,  e, tc .  'was e s t ima ted  t o  be 

5 . 5  psf oY about  40 l b s .  p e r  channel .  The t o t a l  wei.ght of  t h e  s t r u c -  

t u r e  above t h e  p e d e s t a l  weldment, i nc lud ing  t h e  e s t i m a t e  f o r  t h e  cones ,  

e t c . ,  i s  490011. The h o r i z o n t a l  g r a v i t y  .lo.ading was a n a l y z e d u s i n g  t h e  

coo rd ina t e  system shown i n  f i g u r e  2 . : T h e  c a s e  f o r  v e r t i c a l  g r a v i t y  

w a s  ob ta ined  by r o t a t i n g  t h e  p e d e s t a l  90' a t  t h e  bea r ing  nodes 5 and 

a 7 and applying a  g r a v i t y  l oad  i n  t h e  y -d i r ec t ion .  
1 



The wind load ing  a n a l y s i s  was ob ta ined  by having t h e  a r r a y  i n  t h e  

v e r t i c a l  p o s i t i o n  and apply ing  a  g r a v i t y  load  i n  t h e  z - d i r e c t i o n .  
. . . . .  . . . .  . .  s . . .  . . . ( .. : . , f .: 

The stresses and moments were ob ta ined  by s c a l i n g  t h e  r e s u l t s  t o  0btai.n . . . . .  . . .  .. , ;,- . ,. ., ..% . . . . i C 

t h e  proper  magnitude of  wind ioading.  This  was a  good s i m u l a t i c n  of t h e  

wind load ing  because bo th  wind and g r a v i t y  apply a uniform d i s t r i b u -  

t i o n  of load  over  t h e  channels  and t h e  l oads  a r e  t r a n s m i t t e d  a long 

much t h e  same 1.oadpaths. A 60 mph wind w a s  assumed t o  produce a  

p r e s s u r e  o f  l 0 . p s f .  This  i s  e q u i v a l e n t  t o  having the  f u l l  dynamic 

p r e s s u r e  ( a c t u a l l y  9.2 p s f )  a c t  on t h e  s u r f a c e .  The p r e s s u r e  v a r i e s  

as t h e  v e l o c i t y  squared s o  a  30 mph wind produces 2.5 p s f ,  e t c .  No 

al lowances  were made i n  t h e  p r e s s u r e  d i s t r i b u t i o n s  f o r  t h e  gaps 

between 1-enses o r .  t h e  decrease  i n  p r e s s u r e  nea r  t h e  edges of  t h e  

a r r a y .  

The stresses ar.e low i n  most of  t h e  members s i n c e  s t i f f n e s s  

was t h e  primary concern.  Members were s i z e d  t o  l i m i t  t h e  maximum 

s t a t i c  r o t a t i o n  t o  about  0.001 r a d i a n s .  Maximum s t r e s s e s  i n  t h e  

t u b u l a r  'members i n  t h e  range of  10,000-15,000 p s i  occur  under t h e  

s u r v i v a l  l oad ing  from a  60 mph wind a c t i n g  pe rpend icu la r  t o  t h e  f a c e  

o f  t h e  a r r a y .  T h i s  assumes t h e  stowing mechanism has  f a i l e d  and t h e  

a r r a y  i s  v e r t i c a l .  Under t h i s  l oad ing ,  t h e  s h a f t  i n  t h e  e l e v a t i o n  

d r i v e  has  a  bending s t r e s s  o f  about  35,000 p s i .  However t h e  s h a f t  

yield s t r e s s  i s  .59,000 p s i .  A summary of  t h e  moments i n  members and 

r o t a t i o n  of j o i n t s  is  g iven  i n  Table  1. The s e c t i o n  p r o p e r t i e s  and 

t h e  stresses i n  t h e  members a r e  l i s t e d  i n  Table  2 .  

-An unsymmetric wind load ing  ( a c t i n g  on 1 / 2  t h e  a r r a y )  of  30 mph 

was cons idered  by imposing ant isymmetr ic  boundary c o n d i t i o n s  a t  t h e  

a r r a y  c e n t e r l i n e .  The maximum s t r e s s e s  were l e s s  t han  those  from 



t h e  s u r v i v a l  l o a d  e x c e p t  f o r  t5e t o r s i o n a l  s h e a r  stress i n  t h e  c e n t r a l  
. . 
column which was a b o u t  1 ,500  p s i .  

. . 



The dynamic a n a l y s i s  was made t o  determine.  t h e  . n a t u r a l .  f r equenc ie s  

and mode s h a p e s ' o f  t h e . l o w e r  modes,. ' T h e  complete a r r a y  w a s  modeled 

w i t h ' t h e  mass o f  t h e  channe ls ,  cones ,  l e n s ,  e t c . ,  d i ' s t r i b u t e d  a l o n g .  . 

t h e  o u t e r  members of  t h e  H-frame. The f i n i t e  element model i s  shown 
. . , . . . 

i n  f i g u r e  3 .    he lowes t  1 5  modes were ob ta ined  f o r  t h e  a r r a y  being - 
hor2zon ta l ' ' and  v e r t i c a l .  These 15  n a t u r a l  f r equenc ie s  are i n  t h e  

r a n g e ' o f  2.5-25 Hz f o r  bo th  a r r a y p o s i t i o n s .  The l o w e s t . 5  inodes, 

a re  shown i n  f i g u r e s y A .  The lowes t  two modes ( a c t u a l l y ,  t h e  s a m e  

mode w i t h  t h e  a r r a y  e i t h e r  h o r i z o n t a l  o r  v e r t i c a l . )  a r e  modes where 

t h e  a r r a y  acts n e a r l y  as a r i g i d  p l a t e  t w i s t i n g  on the  c e n t r a l  

column, whi le  bending t h e  s t r u t s .  To be e x c i t e d ,  t h i s  mode r e q u i r e s  
. . . . 

a g u s t y  wind t o  produce a  t o rque  about  t h e  c e n t r a l  column. The wors t  
. . .  . . .  - ,  . 

c o n d i t i o n  would be t o  hzve t h e  a r r a y  i n  t h e . v e r t i c a 1  p o s i t i o n  i n  a  
. ... , :. .. . . . 

"heavy'wind. The t h i r d  mode i s  a  f l e x u r a l  mode o,f t h e  a r r a y  when i t  
' . . . 

i s ' v e r t i c a l .  When t h e  a r r a y  i s  v e r t i c a l , .  t h e  s t r u t s  bend o u t  of  
. . . .. . . 

t h e i r  p l a n e  i n  a r e l a t i v e l y  f l e x i b l e  mode o f  d e f l e c t i o n .  Sharp 
5 .  . . . ., . . 

. . 

g u s t s  can e x c i t e  t h i s  mode. Modes .4 and 5 a r e  t h e  same b a s i c  mode' 
. . .  .. 

w i t h  t h e  a r r a y  e i t h e r  v e r t i c a l  o r  h o r i z o n t a l  and t h e  c e n t r a l  column 

undergoing l a t e r a l  bending. L i t t l e  o r  no e x c i t a t i o n  from t h e  wind 

should  e x i s t  f o r  t h e s e  modes. 

One . source  of  p e r i o d i c  wind e x c i t a t i o n  i s  t h e  shedding of 

v o r t i c e s  o f ?  c y l i n d r i c a l  t ype  bodies  a t  a  f requency g iven  by t h e  

r e l a t i o n  

f = 0 . 2 3  ( f  i n  h e r t z )  

T h i s  equa t ion  a p p l i e s  i n  t h e  r ange  of ~ e ~ n o l d s  number o f  l o 3  <' N R  c 1 0  5 

where NR - - - Vdp = 6310 Vd. The frequency range of  p e r i o d i c  e x c i t a t i o n  
!J 

i s ,  t h e r e f o r e ,  



. . I '  

Values of interest are given below: 

~. 

This shows that a body of 0.5-1 ft,in diameter sheds vortices in the 
. . '  ; ; . . .  

frequency range of the lowest natural frequencies. Thus, the, central 
. . . '. 

column and the main structural tubes will be subjected to oscillatory 
, .  ' 

forces near the system resonance. However, these forces should be - ". . . . . .  
insignificant compared to the stiffness of the structure since the 

structure is designed to withstand a 60 mph wind acting on the . I  entire 1 

. . 
array surface. 



. . 

Each a r r a y  has  44  channels  which each suppor t  1 0 c o n e s . .  These 
--1 

channe l s  a r e  made. from 0.063 i n c h  t h i c k  aluminum s h e e t  t h a t  i s  
, . . .  . t 

fo lded  i n t o '  a  U s e c t i o n .  E a c h  channel  i s  supported a s  an over- 
. .  , 

, . 

hanging beam by t h e  o u t e r t w o  members of t h e  H-frame a t  t h e  spacing 
. . . . .  

which n e a r l y  minimizes t h e  e l a s t i c  r o t a t i o n  of  t h e  Ehannel under a  
. , . . 

uniform g r a v i t y  l o a d .  . The nominal spacing used is  t h a t  which sets 

t h e  r o t a t i o n  a t  t h e  s u p p o r t s  t o  be zero .  To show t h e  advantage t h a t  
. . is  ga ined ,  t h e  ro ta '  t i o n s r e s u l t i n g  f r o m  t y p i c a l  suppor t  c o n d i t i o n s  

a r e  shown below. 

1 
I 8 " -  ~->xF" 530 EX 

~ v e r h r r n q i n ~  ' 
B o t h t h e  channels  and t h e  H-frame members t h a t  suppor t  t h e  channeis  

are uniformly loaded -and can be suppor ted  i n .  t h i s  f a sh ion  a s  shown 

below. 



'' The cbnfiection t6 the .  1.1-fr6riid a t  orie e'nd of  t h e  channel  'is 
. . .  . . . . ,  

des igned '  td  a l low l o n g i t u d i n a l  61-ippagc of t h e  c h a n n i l  , .  %which w i l l  " 
. . . .  . . .  . . . . . . . .  . . 0 , .  

r e l i e &  thermal  expansion and' cbr i t rac t ion  a r i s i n g  f  kom t h e  d i f f e r -  
. . .  . . .  . -.:.. . . ;;' .. , " . . ,. . t -  ....... 

ence i n  t h e n a l '  expans ion  c o e f f i c i e n t  between i t e e l  and g1';aninum 
, . - .  . . . ' . . . . 

and changes '  i n  t h e  ambient temperature.. Also,  t h e '  connec t ions  ' 

. - ,  . . 
. . . . . , 

i s o l a t e  t h e  aluminum from t h e  s t e e l  e l e c t r i c a l l y  t o  p revent  co r ros ion .  
, , . . . . . . 

The ends of  t h e  channel  a r e  covered'  . . .  wi th  a  c o a r s e  s c reen  t o  l i m i t  
. , ' '. , ., - 2  : 

acces s  by b i r d s ,  e t c .  b u t  t h e  open s c r e e n  a l lows  convec t ive  . .  a i r  
. . . . .  

c u r r e n t s  t o  a i d  i n  cool ing  t h e  c e l l s .  

The cones a r e  a t t a c h e d  t o ,  t h e  channel  f l a n g e  ,: with  ,. :4-point . 
. a . . . . .  

suppor t .  This  i n c r e a s e s  t h e  t o r s i o n a l  s t i f f n e s s  o f . . t h e  

assembly. Access t o  t h e  s o l a r  c e l l s  is.prov.ide,d; through 3 i nch  

diametor  h o l e s  i n  t h e  bottom of t h e  channel .  The channel  i s  s t i f f  
. . . 

i n  bending b u t  r e l a t i v e l y  . ,  f l e x i b l e  i n  to;sion. The primary source  

of  t o rque  on t h e  channels  i s  t h e  wind h i t t i n g ' t h e  conks and channels .  

However, on ly  two channe ls ,  one a t  each end  of t h e  arr .ay,  a r e  
. . 

exposed t o  t h e  wind.,  . . . .  1f' winds  p rod ice  .&xcessive  . . t o r s i 6 n i l  r o t a t i o n  
. . 

i n  t h e  end channe ls ,  they  can be t i e d  t o  t h e  a d j o i n i n g  i n t e r i o r  

channel  a c r o s s  t h e  bottom w i t h  s h o r t  beam segments a t ,  , .say,  t h e  . . . . 

middle and ends i . .Thjl,s. ' w i l l  c a u s e ,  khe bend,ing s t i f  fness . .of  t h e  > .  . , 

i n t e r i o r  channel ,  which i s  large.f. to  i n t e r a c t  w i t h  t h e  t o r s i o n a l  - 
. . . .  . .- , 

. . I". . 

, s t i f f n e s s  and thereby,, , . r e d u c e  the: rota t ions  . - . The a n a l y s i s ;  of load ing  

c o n d i t i o n s  given i n ~ b ~ e n d i x  . . .  D i n d i c a t e s  t h a t  s u r v i b a l  c o n d i t i o n s  of 
' . . .  - . . . . .  ..... ... . . . . .  

60 mph winds w i l l  de . f l ec t  t h e  cones more than  t h e  0.050" spacing 
. . s .@. 

and sugges t s  tlYat ,,she e x t s r i o r .  3 

m 
-hanne:s rn+y k,ave to be. ,. r e i a f c r c e d .  . . --- . . .  . . . . . . . . . . . . .  



THERMAL EXFANSION CF CHANNEL: . . 

The shalinel is supported so,,that it can expand longitudinally. 

However, a temperature gradient over the depth of the channel will 

cause it to bow. An estimate of the gradient is given here. 

Assume channel can rotate at suppotts as illustrated in the 

sketch below. 
0 rl ^ = 110 



- 7 .The conductic~ity for' aluminum is 
. I  . . . . , .  

. . I . .  I . ,  

The heat flow produced by a 12OF AT over 4 ins. is 

1 

Therefore, if 10% of incident heat flows down each side of the 
. . .  

channel, a 12OF/4 in. temperature gradient will exist. It is 

doubtful, however:,.if 10% of the incident heat would be introduced 

at the flange of the channel. Also, maintaining a 12OF differential 

requires a heat path between the charmel and . . H-frama , .  . which. doe,s not 

exist. A more likely process is for the channel to chang@ tern- 
, . 

perature fairly uniformly to the point where it is in equilibrium 

with the surrounding structure and air. A uniform temperature 
. . 

change will produce a uniform.change in length but will not warp 

the channel. 



. .. 

COOLIXG SYSTEM . . .  

,: The.solar  c e l l s ,  with t h e i r  high concentration r a t i o ,  require 

ac t ive  cooling a t  l e a s t  loca l ly  a t  the  c e l l s .  J e t  impingement 

cooling i s  used whereby a nozzle d i r e c t s  a  flow of .water  onto the 

back surface of a .  heat conductive, - e l e c t r i c a l l y  insula t ive  . d i sc  

at tached , t o  the  c e l l .  .Because no makeup water is  avai lable  a t  the 
- .. 

s i t e ,  a closed system is used t o  g e t  r i d  of the waste heat.  A 

volume of water i s  used as  a heat s ink t o  co l l ec t  the' heat during 

the  day and t o  pass'ively r e j e c t  the  heat  pr'imarily a t  night through 

convection and radia t ion.  with t h i s  system, it i s  ,necessary t o  

have s u f f i c i e n t  volume of water t o . s t o r e  the heat collected over 

a day without the  cooling water exceeding some maximum temperature, 

say bo i l ing ,  a t  any location in the system. Also, it i s  necessary 

t o  have su f f i c i en t  surface area i n  the storage f a c i l i t y  t o  r e j e c t  

the col lected heat i n  a specif ied time, say conservatively, 10 

hours. The surface area of a 55 gal .  d r k ,  including the top and 

2 s ides ,  i s  20 f t .  . .An experiment with a b a r r e l  showed t h a t  an 

average of 2 BTU/£~ .   hour hour was re jected by a b a r r e l  over a 24  

hour period and was about equally divided between 'convection and 

radia t ion.  Therefore, a 55 gal .  drum w i l l  r e j e c t  about 40 BTU/OF- 

hour. Also, 55 gals .  (450 lbs .  of water) w i l l  s t o re  450 BTU/OF. 

~ s suming  both processes are  l i nea r ,  the ba r re l  w i l l  then r e j e c t  

i t s  stored heat i n  about 11 hours. Because of t h i s  idea l  surface 

area-to-volume r a t i o ,  low cos t  and a v a i l a b i l i t y ,  standard 55 ga l .  

drums are  used for storage. A sketch of the  system is shown i n  

f igure  2. The i n l e t  t o  the i n l e t  header and the o u t l e t  for  t h e  

o u t l e t  header a re  a t  are  a t  opposite ends of the array t o  equaliz-e 
I- 
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t h i  p r e s s u r e  d rop '  o c r p s s  t h e  l e n g t h  o f  each c h a n n e l .  The b l a d d e r  

tank.' skiown is t o ' . s t o r e  t h e  i n c r e a s e d  w a t e r  voliune due t o ' t h e r m a l  

e x p a n s i o n .  T h i s  amounts t o  a b o u t  20 g a l l o n s  o v e r t h e  e x p e c t e d  

t e m p e r a t u r e . r a n g e .  The two e x t r a . t a n k s '  p r o v i d e  a n . e x c e s s  a i r  . . 

volume t o  l i m i t  ' t h e  . r i s e  i n  p r e s s u r e  a s '  t h e  , b l a d d e r  t a n k  f i l l s .  

The s y s t e m  w i l l b e  f i l l e d  from t h e  bo t tom (back-pumping i n t o  t h e  

b a r r e l s )  'and l i n e s  w i l l  b e  d i s c o n n e c t e d  from t h e  header  a t  the. ' 

t o p  of  t h e  a r r a y  t o  v e n t  t h e  a i r .  ' .The open t y p e  c o n s t r u c t i o n  of 

t h e  channe 1s h o p e f u l l y  w i l l  prociide c o n s i d e r a b l e  ad 'di t i 'onal  c o o l i n g .  

D u r i n g ,  t h e  da$, w i t h  t h e  a r r a y  a t  l ess  t h a n  90° e l e v a t i o n  ( h o r i -  

G z o n t a l )  , . c o n v e c t i v e  a i r  c u r r e n t s  w i t h i n .  th; c h a n n e l s  s h o u l d  be ' 

. g e n e r a t e d  b y  t h e  h o t  c o o l i n g  l i n e s .  A d s t a i l e d  a n a l y s i s  o f '  t h e  

h e a t  t r a n s f e r  a t  t h e  c e l l  and t h e  r e q u i r e d  puinping power is  g i v e n  

i n  Appendix 5. 



! 0 

CELL ADJUSTMENT 

  he' procedure f o r  a d j u s t i n g  t h e  c e l l s  is  important  t o  the,  

s u c c e s s f u l  development of  t h e  s o l a r  a r r a y .  With 4 4 0  c e l l s  p e r  , 

.. . . _ I ,  

a r r a y ,  t h e  method ad j ustment should be f a s t ,  a c c u r a t e  and 

r e l i a b l e .  The p r e s e n t  method i s  Sased on t h e  premise t h a t  one 

adjustment  w i l l  be made. That i s ,  the Y- 2nd H-frames and t h e  

channels  w i l l  be assembled x i t h o u t  adjus tments  a t  t h e  i n t e r f a c e s ,  
. . . . .  

The h e i g h t  of  t h e  cones w i l l  be ground t o  an  a c c u r a t e  dimension 

(20.025 i n . )  t o  provide  t h e  proper  f o c a l  l eng th .  A f t e r  t h e  cone 

i s  a t t a c h e d  t o  t h e  channel ,  an e r r o r  w i l l  e x i s t  i n  i t s  angu la r  

o r i e n t a t i o n .  Analys is  by Varian has  shown t h a t  t h e  d i r e c t i o n  . . 

a  l i n e  pe rpend icu la r  t o  t h e  l e n s  is w i t h i n  0.5' o f  t h e  lens-sun 

l i n e ,  t h e  c e l l  can be  brought i n t o  adjustment  by a l a t e r a l  movement 

no t  more than  This  freedom of motion i s  allowed 

t h e  c e l l  adjustment .  Tolerance e r r o r s  a t  t h e  va r ious  i n t e r f a c e s  
. ., . . . . 

can accumulate and a n  e s t i m a t e  o f  t h e , t o t a l  e r r o r  i n  p o i n t i n g  
. . ,  

accuracy i s  g iven i n  t h e  fol lowing.  . 

Channel 

Channel 

. . 

- f l a t  w i t h i n  0 . 0 1 0  

Resu l t ing  r o t a t i o n  

o p p o s i t e  f l anges  p lane  wi'thiri 

in .  t o t a l  

i n .  

r o t a t i o n  of  a t t a c h e d  cone, 0.020/7 = 

gaske t  t h i c k n e s s  
. . 

v a r i a t i o n ,  

0.0028 rad .  

Cone. - , ce i l  mounting s u r f a c e  p a r a l l e l  t o  l e n s  , ,  
. ,. . . % 

mounting s u r f a c e  wi th in  0.615/7 = 0.0021 

C e l l  - a x i s  of  c e l l  perpendicular  t o . c e l l  
.mounting s u r f a c e  wi th in  0.005/3 = 0.0017 

Lens - f l a t  wi.thin 0'. 005/9 = ,  0.0006 

T o t a l :  . . 0 . 0 1 1 .  r ad .  

= 0 . 6 3 O  

m f  squares  = 0.0049 rad .  = 0.280' 

1-20 



The roo t - squa re  v a l u e  i s  a  r e a s o n a b l e  e s t i m a t e  s i n c e  it i s  
. . 

improbable  t h a t  a l l  maxinum e r r o r s  w i l l  o ccu r  on a  s i n g l e  lens '  
.. 

u n i t  and,  if t h e y  d o ,  some r o t a t i o n s  w i l l '  be  p e r p e n d i c u l a r  t o  
. . '.. . : .. , 

c t h e r  ro t a ' t i ons .  I£ a  few l e n s e s  exceed t h e  O.SO e r r o r ,  t h e y  can  

b e  shimmed a t  t h e  cone-channel i n t e r f a c e .  1t i s  e n v i s i o n e d  t h a t ' a  
. . .  . .  

s i g n i f i d a n t  number of  l e n s - c e l l  u n i t s ,  j u s t  from a  s t a t i s t i c a l  

s t a n d p o i n t ,  w i l l  n o t  r e q u i r e  adjustment . .  'F.or. i n s t a n c e ,  i f  0.28O 

r e p r e s e n t s  a  2 V  v a l u e  of  a  normal d i s t r i b u t i o n  ( i .e .  abou t  5% of  

cones  w i l l  exceed t h i s  e r r o r ) ,  t h e n  50% o f  t h e  cones  w i l l  have e r r o r s  
. . . . .  . 1 ... ..' .' . 

? 

of less t h a n  0. lo. 
, . 

The inaximum r o t a t i o n  o f , a n y  p o i n t  'on t h e  a r r a y  under  i t s  weight  
. . is about di.o '. ' .. -- -. -- - . - - 

w i t h '  the ' - ' a r r&y h o r i z o n t a l  and abou t  0. OSO under  a  

30 mph Wind w i t h  the  a r r a y  v e r t i c a l .  The ce l l s  can  b e a d j u s t e d  

when t h e '  a r r a y  i s  i n  a  s p e c i f i e d  p i s i t i o n  t o  c a n c e l  t h e  e r r o r  from 
. . . ,  . . 

a  p a r t i c u l a r  l oad ing  . c o n d i t i o n .  To see what a r r a y  p o s i t i o n  might  

b e  p r e f e r a b l e  f o r  a d j u s t i n g  t h e  c e l l s ,  t h e  f o l l o w i n g  approximate  

a n a l y s i s  i s  g iven .  , .  

For a n  a r r a y  i n c l i n e d  from t h e  v e r t i c a l  a t  a n  a n g l e  a a s  shown 

i n  t h e  fo l lowing  s k e t c h ,  t h e  r o t a t i o n s a f f e c t i n g  t h e  p o i n t i n g  accu racy  

a r e  e s t i m a t e d  and t h e  r e s u l t s  f o r  %/€lo a r e  shown i n  Table  1. The 

wind c o n d i t i o n  = O 0  (wind coming from i n  f r o n t  o f  t h e  a r r a y )  

co r r e sponds  t o  a  s o u t h e r l y  wind and g1 = - 9  o co r re sponds  t o  a  n o r t h e r l y  
5 

wind. A s o u t h e r l y  wind i s  s t r o n g e s t  d u r i n g  s tormy weather .when 

l i t t l e  power i s  g e n e r a t e d  whereas n o r t h e r l y  winds a r e  s t r o n g  u s u a l l y  

d u r i n g  c l e a r  wea ther  so 8, = -9, appea r s  t o  b e  o f  more concern  t h a n  - 
- O1 - Oo. However, t h e  no-wind c o n d i t i o n  i n  t h e  middle  o f  t h e  day 

i s  o f  pr imary concern.  I f  t h e  c e l l s  a r e  a d j u s t e d  w i t h  t h e  a r r a y  a t  

45' and no wind blowing,  a ,  good compromise i s  achieved  where t h e  



t r a c k i n g  e r r o r s  due t o  g r a v i t y  and wind a r e  cons iderably  reduced. 
. . 

. . 

ro+dim akoui 5 &xis, Qr  does n o t  aSPecf cell acurncy,  
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A l t e r n a t i v e  Main Frame S t r u c t u r e s  
. . . _. 

s e v e r a l  c o n c e p t s  of a  main frame s u p p o r t e d  o n ' =  c e h t r a l  

column w e r e  c o n s i d e r e d  and a n a l y z e d  u s i n g  SAP4 on a  computer'. 

Three  c o n c e p t s  appeared  promising ' .  One, a  t r u s s  composed o f  

e q u i l a t e r a l  py;amids; ,two, a  cbmbined t r u s s  and f rame;  t h r e e ,  
. . 

t h e  chosen H-Frame. T.hese a r e  shown i n  F i g u r e  (10) . Imposing 

t h e  same s t i f f n e s s  r equ i rement  I on a l l  t y p e s  (maximuin r o t a t i o n  when 

s u b j e c t e d  t o  g r a v i t y  o f  .001 r a d . )  , t h e  a n a l y s i s  s h o r e d  d i f f e r e n c e s  

i n  we igh t  between t h e  t h r e e : . i t r u c t u r a r  c o n f i g u r a < i o n s b u t  t h e s e  
3 

d i f f e r e n c e s  were n o t  s i g n i f i c a n t  . .  . .  enough. .-... . .  t o  . .. o v e r r u l e  p r a c t i c a l  

c o n s i d e r a t i o n s .  For example, t h e  H-frame menibers are pr . imari . ly  
. '  . . 

i n  bending. ,  The s t i f f n e s s  o f  a  bending member can be i n c r e a s e d  
i . . ,  . 

and t h e  we igh t  d e c r e a s e d  b y  i n c r e a s i n g  t h e  r a d i u s  & o p o r t i o n a t e l y  
. . 

more t h a n  t h e  t h i c k n e s s  decreased.  The I weigh t  of  t h e  H-frame, 

t h e r e f o r e , .  can  be h e a v i e r  o r  l i g h t e r  t h a n  t h e  t r u s s  depending on 

whether  s m a l l  r a d i u s , '  t h i c k  w a l l e d  o r . . - l a r g e  r a d i u s ,  . , th in '  w a l l e d  
-.. 

t u b e s  are used.  A p r a c t i c a l  l i m i t  ,on .member s i z e  i n v o l v i n g  a v a i l -  

a b i l i t y ,  c o s t  p e r  pound, and e a s e  o f  h a n d l i n g  l i m i t e d  t h e  menibers 

i n  t h e  ' p r e s e n t  d e s i g n  t o  t h e  . .  7 i n c h  . diam, 0.134 i n c h  w a l l  s i z e .  . .. 

The r e s u l t i n g  w e i g h t  o f  t h e  H-Frame ' ,was  somewhat h e a v i e r ,  ( s a y ,  
. - , , .  2()%)'.,than estihates ' f o r  t h e ' t ' r u s s - : a n d  - t r u s s - f r a m e .  However, t h e  

. .  . . 
H-Frame h a s  11 minibers whereas t h e  t r u s s  has,"50 members, and t h e  

. . . .  . . . .. . .  . .  . 

t r u s s - f r a m e  h a s  40 members.  he:-:difficulty . . . . and c o s t  of < . .  f a b r i c a t i n g  . 
. . . .  . . .  . . .  ' 

m n y  members w i t h  many. j o i n t s  :over rode  t h e  s h a l l  w e i g h t  . 'adtra?tag6.' 

Another  d i s a d v a n t d g e  o f  t h e  t r u n , s  c o n f i g u r " a t i o n  is '  t h a t  t h e i r  
. . 

d e p t h  ( a b d u t  3 feet  ,cornpared t o  7 . .  i n c h e s  f o r  t h e  H0fram.e) c o n t r i b u t e s  

a t o  a  l a r g e  unbalance  t o r q u e  w h e n t h e  a r r a y  is  v e r t i c a l .  C o n s i d e r i n g  
. . 

t h e s e  and o t h e r  f a c t o r s ,  t h e  ~ - ~ . r a i e  w a s  chosen for t h e  d e s i g n .  



I n  t h e  i n i t i a l  s t a g e s  o f  t h e  d e s i g n ,  it w a s ' d e s i r e d  t o  d e t e r -  

mine t h e  number o f  a r r a y s  v e r s u s ' a r r a y  s i z e ,  f o r  a  t o t a l  o f  SOW 

o u t p u t ,  i n  a  way t o  minimize t h e  sys tem c o s t .  However, 'it became 

a p p a r e n t  t h a t .  many. c o s t s  w e r e  r & ' a t i v e  l y  i n s e h s i  t i v e  t o  t h e e -  tiumber 

of a r r a y s  and w e r e  n o t  w e l l  k n o k  f o r  such  a s y s t e m .  F o r  &campi&, 

t h e  t o t a l  nurriber o f  ce l l s ,  amount o f  r e j e c t e d  h e a t ,  number' o f '  ' 

s e c o n d a r y  s t r u c t u r a l  members a n d  e l e c t r i c a l  w i r i n g  would remain.'  

r e l a t i v e l y  c o n s t a n t .  The c u r v e s  o f  c o s t '  v e r s u s  a r r a y  s i z e  would 

be t o o  f l a t  t o  a t t a c h  any c o n f i d e n c e  t o  t h e  l o c a t i o n  o f  minimum 

p o i n t s .  T h e r e f o r e ,  o t h e r  p r a c t i c a l  r e q u i r e m e n t s  d e t e r m i n s d  t h e  

s i z e  o f  t h e  a r r a y .  It  w a s  c o n s i d e r e d  i m p o r t a n t  t o  have  t h e '  opt ' ion 

o f  a s s e m b l i n g  and a d j u s t i n g  e a c h  a r r a y  and t h e n  s h i p p i n g  t h e  u n i t ,  

s e p a r a t e  from i t s  s u p p o r t ,  t o .  t h e  s i t e  . f o r  i n s t a l l a t i o n .  '  h his :. 

l i m i t e d  t h e  s i z e  t o  less t h a n  a b o u t  1 0  x 40 f t .  I r i  a d d i t i o n ' ,  a '  
. .. 

shadowing s t u d y  b y  V a r  i a n  i n d i c a t r d  t h e  l e n g t h - t o - w i d t h  r a t i o  

s h o u l d  be i n  t h e  r a n g e  o f  2 : l  t o  4 : l .  S i n c e  t h e  a r r a y  was t o  be 
.. . ~. 

s u p p o r t e d  on  - a  c e n t r a l  ' c o l k n ,  t h e  ' s i z e .  o f  s t r u c t u r a l  members. and 

t h e i r  w e i g h t  i n c r e a s e  r a p i d l y  a s  t h e  l e n g t h  i n c r e a s e s .  Also  ' t h e  

t o r q u e  on t h e  d r i v e  sys tems  produced by  wind l o a d i n g  i n c r e a s e s  a s  

t h e  squar.e o f  t h e  l e n g t h .  These ' c o n s i d e r a t i o n s ,  a i o n g  w i t h  u s i n g  

a n  i n t e g e r  m u l t i p l e  0.f t h e  c e l l - c o n e  d imens ions ,  r e s u l t e d  i n  t h e  
. . 

s i z e  b e i n g  se t  a t  9..2 x 33.5 ft . . ' .~f t h i s  s i z e ,  ~ t r u c t u r ' a l  m e m b e r s  

are o f  r e , a s o n a b l e  s i z e  and s t a n d a r d  components c a n  be used i h  t h &  

d r i v e  systems. ~ a c h  a r r a y ' c o n t a i n s  a .  f i e l d  o f  44 x l 0 ' c e l l s .  ' 

. - .. . . .. .. . . 



A l t e r n a t i v e  bed  s t r u c t u r e s  

S e v e r a l  c o n c e p t s  were c o n s i d e r e d  f o r  t h e  b e d  s t r u c t u r e  t h a t  
. . .. 

a t t a c h e s  . . t o  t h e  main frame and s u p p o r t s  t h e  c e l l - c o n e  u n i t s :  .Since 
. . . . 

. a . l a r g . e  f l a t  s u r f a c e  w a s  d e s i r e d ,  hexagonal  c o r e  honeycomb w i t h  
. . 

aluminum f a c e  s h e e t s  was f i r s t  cons i ,dered .  However, it w a s  r e j e c t e d  . . 

2 b e c a u s e  o f  h i g h  c o s t  ($10/ f t .  ) , poor a c c e s s i b i l i t y  t o  cel ls  and 

d i f f i c u l t y  i n  a t t a c h i n g  components t o  it. Numerous c o n c e p t s  of 

beam networks were c o n s i d e r e d .  Some o f  t h e s e  c o n c e p t s  were n e a r l y . ,  

comparable t o  t h e  weset-it d e s i g n  b u t  w e r e  d i s c a r d e d  i n  f a v o r  . o f  

t h e  c h a n n e l s  which o f f e r e d  a  modular component t o  which a t t a c h m e n t  

was e a s y  and which p rov ided  a  r e l a t i v e l y  s a f e  and p r o t e c t i v e ,  

e n c l o s u r e  f o r  t h e  ce l ls  and e l e c t r i c a l  w i r i n g .  A t  t h e  same t i m e ,  

t h e  c h a n n e l s  p rov ided  a  p a t h  (open a t  t h e  e n d s )  f o r  c o n v e c t i v e  

a i r  f l o w  t o  a i d  i n  t h e  cool ing '  o f  t h e  ce l l s .  However, . t h e  

d e s i g n  d o e s  n o t  e f f i c i e n t l y  conibine w i t h  t h e  p r e s e n t l y  r e q u i r e d  

e l e c t r i c a l  w i r i n g  network and rede ' s ign  o f  t h i s  p o r t i o n  o f  t h e  

s t r u c t u r e  c o n s i d e r i n g  electr ical  w i r i n g  r e q u i r e m e n t s ,  plumbing, 

ce l l  a c c e s s  and h e a t  i n s u l a t i o n  f o r  t o t a l  e n e r g y  sys tems  a p p e a r s  

wor thwhi le .  

T h e . c h a n n e l s  a r e  made o f  aluminum. S t e e l  was c o n s i d e r e d  i n  . .  . 

hopes o f  a c h i e v i n g  lower c o s t  b u t  t h e  t h i c k n e s s  r e q u i r e d  t o  r.esist 

b u c k l i n g  f o r  s t ee l  i s  a b o u t  2/3 t h a t  o f  aluminum.'  The w e i g h t  o f  

s tee l  . . would be doub le  t h a t  o f  aluminum and i t s  c o s t  t h e r e f o r e , ,  . 

would be comparable t o  aluminum ( c o n s i d e r i n g  a l s o ,  t ,he e f f e c t  o f  

t h e  i n c r e a s e d  weight  on t h e  remain ing  s t r u c t u r e ) .  Other  r e a s o n s  

f o r  choos ing  aluminum were i t s  c o r r o s i o n  r e s i s t a n c e  2nd i t s  

l a r g e r  t h e r m a l  expans ion  c o e f f i c i e n t  which more n e a r l y  matched 

that. o f  the p l a s t i c  used ,in t h e  l e n s e s  con0s. 
. . 



1 q  
. . 

A l t e r n a t i v e  Cooling Systems 
. . 

The c e l l s ,  with t h e i r  high concent ra t ion  r a t i o ,  r e q u i r e  a c t i v e  
. . 

cool ing  and, t h e r e f o r e ,  t h e  b a s i c  design c a l l e d .  f o r  water t o  c i rcu-  

l a t e  near t h e  back su r face  of the  c e l l .  s ~ e v e r ' a l  a l t e r n a t i v e  ~ e t h o d s  

of removing hea t  from t h e  water were considered. One groundrule 

t h a t  e l iminated  t h e  p o s s i b i l i t y  of  evapora t ive  systems was t h a t  

no make-up water was ava i l ab le .  For - pass ive  c losed  systems, . siirip.le 
. . 

c a l c u l a t i o n s  showed - t h a t  a  l a r g e  . s u r f a c e  a rea  would be requ.ired t o  

r e j e c t  t h e  hea t  by n a t u r a l  convection a t  t h e  c o l l e c t i o n  r a t e  on a 
, . 

warm day. A , fo rced  a i r  convective r a d i a t o r  was considered and '. 

. ) 

appeared f e a s i b l e .  The ho t  water wouldl b e  pumped from a l l  a r r a y s  
C 

t o  a  s i n g l e  r ad ia to r 'where  a  'fan would produce t h e  requi red  cool ing.  

However,' t h e  power needed f o r  the  r a d i a t o r  was s i g n i f i c a n t  and it 

seemed b a s i c a l l y  i n e f f i c i e n t  t o  c o l l e c t  h e a t ,  t r a n s p o r t  and r e j e c t  

t h e  same h e a t  during t h e  hot  p a r t  of the  day. Therefore it was 

decided t o  use a  volume 'of water a s  a  hea.t s ink  and r e j e c t  hea t  

24  hours a day. A given volume of water was needed t o  s t o r e  

enought h e a t  while not  allowing t h e  cool ing water t o  b o i l .  On 

t h e  o t h e r  hand, a given su r face  a r e a  was necessary t o  r e j e c t  t h i s  

amount of h e a t  over a  24 hour day. One scheme considered was t o  
C 

f i l l  t h e  t u b u l a r  s t r u c t u r a l  members with water and a t t a c h  f i n s  

t o  t h e  s t r u c t u r e .  The advantage' of t h i s  method was --that it would 

be s e l f  contained wi th in  the  . r o t a t i n g  a r ray .  However, t h e  volume 

a v a i l a b l e  was inadequate and the  water nea r ly  doubled th.e load on 

t h e  s t r u c t u r e .  Large s i n g l e  ?tanks were a l s o  considered. - Iiowever ,, 
t h e s e  ind iv idua l  l a r g e  s i n g l e  tanks have a low sur face  

a r e a  t o  volume r a t i o  which would r e q u i r e  a forced a i r  r a d i a t o r .  

The common 55 g a l .  dram of fe red  a  goodso lu t ion  both from i t s  



. :  : c o s t  and .  hea t  , r e j e c t i o n  proper , t ies .  



A l t e r n a t e  Adjus tment  P rocedures  

O f  a l l  t h e  subsys tems  i n  t h e  d e s i g n ,  t h e  c e l l  a d j u s t m e n t  pro- 

c e d u r e  r e c e i v e d  t h e  most a t t e n t i o n .  Even s o  , '  a d d i t i o n a l  improve- .- . 

ments  may become e v i d e n t  a f t e r  a sys tem h a s  b e e n  b u i l t  and a d j u s t e d .  

A l l  methods t h a t :  'came. t o  mind we're c o n s i d e r e d  and no method c l e a r l y  

s t o o d  o u t  a s  a  s u p e r i o r  scheme.. Some methods i n v o l v e d  a d j u s t m e n t s  

a t  s e v e r a l  i n t e r f a c e s .  These methods i n c l u d e d ,  f o r  i n s t a n c e ,  

s p r i n g  loaded  bol ts  w i t h  l e v e l i n g  n u t s ,  e tc .  a t  t h e  cone-channei  
. . 

and channel-H-frame . i n t e r f a c e s  and a d j u s t ~ e n t  betwee.n t h e  c e l l  and 

cone.  These w e r e  d i s c a r d e d  p a r t l y  b e c a u s e  o f  t h e  s u s p e c t e d . l a r g e  

amount o f  t i m e  r e q u i r e d  t o  a d j u s t  3 o r  4 b o l t s  a t  e a c h  l o c a t s o n .  

Another  scheme was p a t t e r n e , d  a f t e r  a n  automob.i le  h e a d l i g h t  a d j u s t -  

ment.  The b o t t o m  o f  t h e  cone would be 'a s p h e r i c a l  s u r f a c e  ( o r  have  

t h r e e  pads  l y i n g  on e s p h e r i c a l  s u r f a c e )  and  a  matching s p h e r i c a l  

h o l d e r  (a stamped aluminum d i s h )  would be a t t a c h e d  t o  t h e  c h a n n e l .  

By h a v i n g  t h e  , c e n t e r  o f  r o t a t i o n  a t  t h e  c e n t e r  o f  t h e  l e n s ,  it 

c o u l d  be r o t a t e d  w i t h o u t  moving t h e  l e n s .  l a t e r a . 1 1 ~  which .would 

close t h e  0.050 i n c h  g a p  between l e n s e s .  However., t h e r e  appeared  

t o  .be prob lems .  a s s o c i a t e d  w i t h  l o c k i n g  t h e  cones  w i t h o u t .  a f f e c t i n g  

t h e  a d j u s t m e n t  and matching t h e  s p h e r i c a l  s u r f a c e s . .  ~ i m e *  was n o t  

a v a i l a b l e  t o  b u i l d  and t es t  a model s o  a more s t r a c g h t  forward  

p r o c e d u r e  w a s  chosen.  
. .  .. ' . 



Appendix 1-1 ~ o . & d a t i o n  
. . . . 

S o i l  P r e s s u r e s :  : .. . - .. . . .  . , .  . . . 

- The ' c o n f i g u r a t i o n  o f  t h e .  f o u n d a t i o n  i s  shown below,. . . . .  ' '& 

. . T h e  -n.t a r e a  o f  t h e  p i l e  c a p  i s  assumed'  t o  c a r r y  t h e  v e r t i c a l  

. . load'. , T h e  . so i l  p r e s s u r e  under t h e  c a p  is 

, . . . 
. . - .  . 

For t h e  l a t e r a l  l oad  and moment rwhich a r e  p r i m a r i l y  s h o r t  

t e r m  . . l o a d i n g s ,  . t h e ,  f o l l o w i n g  ' ' l oad  d iagrams  a r e  assumed. . . . . 



For  e q u i l i b r i u m  --a't f a i l u r e ,  t h e  l a t e r a l  l o a d  i s  

Summing moments a b o u t  t h e  b a s e  g i v e s ,  

a s s  rC rfling 

Y = 120 #/st?, % ~ 1 ) .  t ~ d o o  P ~ 4 ,  b =  2,s $TI 

~ ~ d - i o v .  2 become 5 

3 \ 2 3 y 1.5 1.r. t 0.25h - 1 2 . s h y  + ~ , 1 6 7 y r s ( 5 . ~  h +  1 ~ o = 0  ( 4 )  

. . .  

w e  can '  s o l v e  eqs. 3 & 4  as f o l l o w s .  ~ s s u m i n ~  a v a l u e  o f  h ,  e%, 
. . 

" ( 3 )  c a n  be s o l v e d  f o r  y. u s i n g  t h e s e  v a l u e s  o'f h  and y ,  t h e  l e f t  

s i d e  bf eq.  ( 4 )  can be computed and t h e  z e r o  v a l u e  o b t a i n e d  from 

i n t e r p o l a t i o n .  R e s u l t s  a r e  shown i n  t h e  t a b l e  below. 

. . R e i n f o r c i n q  steel ' : .  

The p i l e '  i s  s u b j e c t e d  a t  i t s  t o p  t o  30,000 f t . - l b s .  which 

c a n  be a p p l i e d  from any  d i r e c t i o n .  ' A  c o n s e r v a t i v e  b u t  s i m p l e  

c a l c u l a t i o n  t o  o b t a i n  t h e  a r e a  o f  r e i n f o r c i n g  s t e e l  i s  t o  i g n o r e  

t h e  l o a d  c a p a c i t y  o f  t h e  c o n c r e t e  b o t h  i n  t e n s i o n  and compress ion .  



. . 

Replac ing  t h e  ba . rs  w i t h  a c o n t i n u o u s  t u b u l a r  member, 

w i t h ,  Vs = 16,000 p s i  . .  - 

rs = 11.5 i n .  . . 

M = 360,000 +l i n .  

w e  g e t ,  

t = 0 , 0 5 9 ~ i n .  

The a r e a  o f  s t ee l  i s ,  As = 2 r r s t  = 3 .91  i n .  2 .  

. . 2 '  : - .  
f o r  # 5  b a r ,  As:= 0 . 3 1  i n .  N .= - .=  3.91 1 2 . 6 .  

0 . 3 1  

. . 

u s e  1 2  - #5 ba. rs  

. e q u a l l y  spaced.  
, .. . . 

A more d e t a i l e d  a n a l y s i s  would show t h a t  a  smaller column was 

s u f f i c i e n t  t o  t r a n s f e r  t h e  l o a d s  from t h e  a r r a y  t o  t h e  f o u n d a t i o n  
3 - -- 

b u t  t h e  c o n t r o l l i n g  f a c t o r  i n  d e t e r m i n i n g  t h e  o v e r a l l  s i z e  i s  t h e  

t r a n s f e r  o f  l o a d  from t h e  f o u n d a t i o n  t o  t h e  poor s o i l .  

: Anchor bol ts  

 h he anchor  b o l t s  a r e  p o s i t i o n e d  a s  shown. 



. . 

Assuming t h e  rnoment,acts abou t  t h e  weak a x i s  .A-A ' ,  t h e  b o l t  
. .. 

f o r c e  i s  

T h i s  neg,l ,ects the'.  c o n t r i b u t i o n  o f .  t h e .  c o n c r e t e  . (.say, a  gap  exis ts  

. be tween .  t h e  g r o u t  'and s u r f a c e  p l a t e )  . 
To p r e v e n t  t e n s i o n  b e t w e e n  b a s e  p l a t e  and c o n c r e t e ,  t h e  b o l t  l oad  

i s  de te rmined  a s  f o l l o w s :  

t h e  b a s e  p l a t e  a r e a  : 40 x 36" 
3 I = ' Y O & )  = I S J ; O O ~  in?  

. . I2 

on t h i s  s e c t i o n :  

bo l t  diam. f o r  f  = .  16,700# 

1.75" : 9,000 p s i  = a i n  b o l t  

p u l l o u t  s t r e n g t h  : - 
A l l o w a b l e  s h e a r  s t r e n g t h  = 0.045 (2500) = 110 p s i  

. . bol t  diam. . . 

d & , i n .  . . 

1.75 . . .?6 .. . . ' 



. . . . . .  . . . , . 

b a s e p l a t e  t h i c k n e s s :  

Two c a l c u l a t i o n ' s  w i l l .  b e .  made:.- .: One assumes t h e  anchor  bo l t  

is  i n  t e n s i o n  and t h e  b a s e p l a t e  i s  s e p a r a t e d  from t h e  f o u n d a t i o n  

( i .e . ,  ,the . b a s e p l a t e  is  s h e a r e d  th rough  by t h e  anchor  b 6 i t ) .    he 

second is t h a t  t h e  anchor  b o l t .  i s L , t a k i n g  one  f o u r t h  o f  the '  a p p l i e d  ' 
moment ( 4  anchor  b o l t s )  . . T h e  stress i s  h i g h e s t  h e a r  t h e  'bolt and 

o u t e r  boundary c o n d i t i o n s  of simple s u p p o r t s  and clamped ' ,s l lpports  

'. a r e  c o n s i d e r e d :  
. . . .  . . 

, .  .; '-3:. : . .  . , . 

. . 
Case. 1: 

p e d e s t a l  weldmerit 
. * 

, . ... . . assume b ' =  1.5" 
a = 4.6 ' 

a  = 7 "  

' a  ' r e p r e s e n t s  t h e  a.veraye 
. . .  d i s t a n c e  t o  t h e  .wall o f  t h e  

p e d e s t a l  weldment, which 
t r a n s m i t s  t h e  moment t o  

' ' t h e  b a s e p l a t e .  

The maximum stress is  (Ref.  P la . t e s  & S h e l l s ,  ~ i m o s h e n k o )  

s i m p l e  s u p p o r t s  : Omax. = 2.25 (16 ,700)  ' 
t2 . . 

. . \ ' .., . . .. . 

= 1.15 (16 ,700)  clamped s u p p o r t s  : omax. 
t2 



Case 2 

. f o r  simpce supports ,  t he  radiaLA'moment. can be found 

. . 
f o r  clamped outer  edges 



. . :  . . . 1 ,  
,. . Appendix 1-2  levat ti on and'  Azimuth D r i v e s  

. , . . .  
The g e a r s  and i n t e r i o r ' c o m p o n e n t s  o f  t h e  d r i v e  u n i t s  a r e  

d e s i g n e d  b y  t h e  .manufac tu re r s  t o . . c a r r y  t h e  r a t e d  . l o a d s .  The 

e x t e r n a l  components.  inc luding, , ,  t , h e .  s h a f t  and f l s n g e s  are. , . .analyzed . 

. ' 

h e r e .  . . . . 

E l e v a t i o n  d r i v e  s h a f t :  ' 

The maxinum moment i n  t h e  s h a f t  o c c u r s  when t h e  a r r a y  i s  

v e r t i c a l  and s u b j e c t e d ,  t o  a 6 0  mph wind. The l o a d s ,  . i nc lud ing '  
. , 

. L 

t o r q u e ,  a r e  
. . ' . ._ . I. . . .  . . 

~ a m e n t  = 93,  &0 # i n .  ' . . 

Torque = 5., 400 # i n .  (l/2' o f  . s u r v i v a l  t o r q u e  i n  e a c h  s h a f t )  

, ShaEt d i a m e t e r  = 3.0 i n .  

S h a f t  t o r s i o n  . 

'C 

stress c o n c e n t r a t i o n  f o r  keyday: s = 3,000 p s i  
. .  . 

Aximuth d r i v e  s h a f t  . . 

Torque = 36,000 #in. '  

. . . . 

. w i t h  keyway -r = ' . 10 ,000  p s i ' .  



. , 
š leva ti on d r i v e  b r a c k e t :  

T h i s  b r a c k e t  connec t s  t h e . e l e v a t i o n  d r i v e  t o  t h e  c e n t r a l  

Torque: . 

lo 800 = 1 ,350 ,  '+ /bo l t  (1/211 b o l t s . )  b o l t  l o a d  = 

, ,. . . 
Moment c a p a c i t y ' o f  p i a t e  

Under a .  30 mph wind a c t i n g  on h a l f  o f  t h e  a r r a y '  ( r i g h t  o r  l e f t  

s i d e )  , t h e  moment i n  t h e  s h a f t  is abou t  M = 1/4 (93,000) = 2'3,000 # i n .  

T h i s  moment can be s a f e l y  c a r r i e d  by  b r a c k e t .    he syminetric moment 

produced by  a 60 mph wind (93,000 +in . )  remains  i n  t h e  s h a f t .  The 

bo l t  l o a d  f o r  23,000 + in .  i s  

- 'ab = 27,000 p s i  . . 

. . .. 
hse 1/2 "'. b o l t s , .  g r ade  5 



F l a n g e  Design.  
. . . . 

It is u s e f u l  ' t o  o b t a i n  ' a  g e n e r a l  fo rmula  . f o r  s i z i n g  bolted 

f l a n g e s  . s u b j e c t e d  to' a .  bend ing  load .  Both i n t e r n a l  and e x t e r n a l  

f l a n g e s  w i l l  be c o n s i d e r e d .  ~ h e * b o l t  p r e l o a d  w i l l  ije a s s u r n e d , t o  

be a : d i s t r i b u t e d ,  p r e s s u r e  o v e r  t h e  a r e a  o f  t h e  f l a n g e .  The j o i n t  

w i l l  be d e s i g n e d  so t h a t  n o  ' t e n s i o n  -(i .e.  no s e p a r a t i o n )  e x i s t s  

. . a t  t h e  i n t e r f a c e .  

. . B o l t  p r e l o a d :  

f l a n g e  

The bend ing  stress o n . t k e  f l a n g e  s u r f a c e  is . ' 

- Y . M G  p r e l o a d :  P= vbAAe+ - - .  

2 \*L. 
. . . , ' < ' '  . .  
, . .  r* t d 

E x t e r n a l  f l a n g e :  . . 



This can be treated-as a plate with a .rigid tube as'shcwn.: 

the deflection of the flange is, where 8 is circumferentiai 
. - 

coordinate, 

where, 
- - , L r ( L * v I  .+( l -Y) j3~13+pL))1  r3 - - 

( 3 s ~ )  + ( , -v)p 

The bending stress is maximum at p = B. The bending nomefits 

are - - p ~ 2 ~ ~ e [ e 3 ( . z o t  q , ~ J + & f ' z v ) ~ ~  trh-w)G +- IZ&F W, - - , . .  172 , . . , e3 e I 

calculated at p = B 



n e g l e c t i n g  s h e a r  s t r e s s e s .  The e f f e c t i v e  stress (Von Misescr i te r ia )  

I n t e r n a ' l  f l a n g e :  

T h i s  c a n  be t r e a t e d  a s  t h e  f o l l o w i n g .  

The maximum r a d i a l  moment oCcurs  a t  p : =  I / ,  a n d  is  
. . 

~ a l c u l a t i o n s  a r e  Shown i n  t h e  f o l l o w & i g  g r a p h .  





E l e v a t i o n  . d r i v e :  

f l a n g e  a t  b e a r i n g  a t  end OF to rque  tuhe :  
. . 

g r a v i t y  

. r e  = 2500# r e s u l t a n t  
. .  . . A  = JS = 0 ~ 7 3  

' Y o  315 ,. 
. . 

, h =  l q o 0 o t t i n  
7# use  6  b o l t s ,  p r e l i a d  = ( I D . O ~ O ) ( ~ S ]  , 4+50 

gs)f . . 

. . 

. f b  = 1610 %/bolt ( p r i m a r i l y  f r o m g r a v i t y )  .. 
... 

'bolt = 20,.000 ps i ' !  u se  6-3/8 b o l t s .  ' 

. . 
SAE Grade 5 :  

e x t e r n a l  f l a n g e :  working stress. = 20,000 . , 

froin graph  ' T = 0.16 . tf = .16 (3,s) = 0.56" . . 
. * 

. . . . . . 
. . . . . . . . .  i n t , e r n a l  f l a n g e :  ' 

. . .. . . . . .  . . . . . . .  . . . . . .  - . . . . . .  . . 
t f  < 0.1(3 .5)  = 0.35!' :, b u t  r e q u i r e .  s u f f i c i e n t  : 

. . . . . . .  . . . . . . .  . ,. ' t h i c k n e s s  f o r  3/8 in..  b .o l t  
threads;' - : . n .  

. . . .  -., . 
. . . . 

f l a n g e  . connec t ing  e l e v a t i o n  d r i v e  t o  t o r q u e  - tube :  .. -.. ...- . . .  . -,-. ; . 
. . , . .  . . . . 

from computer a n a l y s i s :  . * . . .  - .  * .  

M = 64,000 # in .  wind . . . . 

15,000 # i n .  g r a v i t y ,  @ .  go0.  .. . . . . . .  
. . .  

r '  ' 

r e s u l t a n t  66,000 Cin.  -. . % .  

- .  . ' . 6 '  ..,,. . 

4 ( 6 6 , 0 0 0 ) ' ( 3 * 5 )  =,.63,700# . 
use  6  b a l t s ,  p r e load  = -. . , . 

(3.5)2 + (1.5)2 



fb = 10,600 # / b o l t  load  is p r i m a r i l y  from wind s u r v i v a l  . 
load  which' s'eldom' occu r s .  

. . . . _ . .  - , . 
for 1/2" b o l t ,  ab = 68,000 p s i  

. . 
. . . . . . 

. us'e 6-l/2 ". b o l t s ' ,  g rade  5 ' 

. . . .  1.62., ' . - . . . .  E x t e r n a l  f l a n g e :  P = - - 0 . 4 6 ~  " " . 3.5 
. . . . 

. .  , -  , . .  T = 0.30 t, = 0.30(3.55 = 1.1" 

I n t e r n a l  f l ange :  
T = 0.15 t, = O.lS(3.5)  = 0.53" 

. . . . . .  . . . . .  :: . . .  . . .  - .  . . . . - .  . . .  , -  . . ,. . . ' I  . i .  

use  3/4" f o r  t h r eads  of 
1/2" b o l t  

, . . ,  . 

. ,- 
Azimuth D r  ive : 

. . 

t h e  wind moment i s  t r ans ' f e r r ed ,  t o  t h e  b e a r i n g  from t h e  
' , 

c e n t r a l  column. T h i s  r e q u i r e s  t h e  fo l l owing  f l ange .  
9 .  . . . 

. . . . .  
L1.' 

M = 290;000 # in .  use  o* = 30,000 p s i :  

E x t e r n a l  ,flan'ger @ = 0,65;-, . '  



Appendix 1-3 p e d e s t a l  . . Weldmetit,. , .' ' .  . . 

Load on bear ing:  . . . . 

On t h e  1 7 . O U . b o l t  c i r c l e ,  t h e  l i n e  load ing  a p p l i e d  t o  

the bearing i s  . . 

where t~ = 21,000 Q + . - ~ b s ,  ef hcigk+ of' ~ ~ ~ ; ~ ~ l  
A x i a l  load -- 100 # / i n . ,  ,. . .  I 

. . 

N~ = .12'60 #/ in.  

. . . . TOP p l a t e :  , . 

The t o p  p l a t e  i s  i d e a l i z e d  a s  t h e  c i r c u l a r  p l a t e  shown 

From T;moshento Pldes LWJ shel\t 

0.z 36 EL& c 3 6  ( 3 0 ) 1 0 6 ( , o ~ o ~ ~ )  = / ~ , o o o ~ ~ ~  
r,. .- 

I?. 5 



e .  i t i f  fehek charac te r i s t i c s  : 

., . ., . . 

for  t h i s  assulned cross  sect ion:  

assume a loading of 



With the door removed, the top p la te  . . . thickness .is adequace . I s . .  . .  t o  

carry the  n~aximum bending load,. . . 

Torsional twisting of s ide  walls: 
. .  . , . . .  . . . 

Bend t A j  : 
60 m b ~  w\nd,'  1\1= - 3 ~ 5  &/A, 

I 
"' 60 . . 



Pedestal - baseplate screws: 



~ z i m u t h  drive mounting p l a t e :  

f rom + o r c g ~ e  : 
FT = 36 ,bo0  = 4000 *dE/b0lf 

2 (13 .2 )  



Torsion from cam fo l lower  b e f o r e  weight is t i a n s f e r r e d t o  mounting 
. > . - . .. . , 

p l a t e .  



Appendix 1-4 Channels 
I-:, . , ' . . . , . .  . . .. . , .  

The c r o s s  s e c t i o n  o f  t h e  channe l  i s  shown below. 

c r o s s  s e c t i o n a l a r e a :  A 'P 0.976 .in.2 

moment of  i n e r t i a :  ' IN.A. = 2.35 i n . 4  

The assumed load ing  i s  d i v i d e d  Pn to  t h e  fo l lowing :  

Channe 1 : i # / f t .  

Cones, l e n s ,  c e l l s  3 # / f t . .  . 
. . 

water  l i n e s ,  wi r ing ,  . 1 # / f t .  

The o v e r a l l  d imensions a r e  assumed t o  be, assuming symmetric 

s u p p o r t s ,  a s  shown. 

The bending  d e f l e c t i o n  and r o t a t i o n  a r e :  

Overhang: 6 = = 0 ,000  7'' ( k = 2c) er ... 



~ 0 n u n i f o r m  T w i s t i n g  o f  c h a n n e l s  

The c h a n n e l  is a n  open c r o s s - s e c t i o n ,  n e g l e c t i n g  t h e  s t i f f e n i n g  

e f fec t  of  t h e  a t t a c h e d  c o n e s ,  f o r  which t h e  warpage is r e s t r a i n e d  

b y  t h e  a t t a c h m e n t  t o  t h e  H-Frame. A wind l o a d i n g  on t h e  c h a n n e l s  

and cones  w i l l  p roduce  a  d i s t r i b u t e d  t o r q u e .  The f o l l o w i n g  a n a l y s i s  

n e g l e c t s  t h e  s t i f f e n i n g  o f  t h e  p l a s t i c  cones  (which may be v e r y  

s i g n i f i c a n t )  b u t  i n c l u d e s  t h e  warpage r i g i d i t y .  

The e q u a t i o n  f o r  nonuniform t o r s i o n  is 

where C1 = warpage r i g i d i t y  

C = t o r s i o n a l '  r i g i d i t y  

Q = r o t a t i o n  o f  cros ;  s e c t i o n  

++ h>' 
If t h e  t o r q u e  i s  o f  t h e  form 

t = t h i c k n e s s  

t h e  s o l u t i o . n f o r  9 is 

where 

x =  



The c h a n n e l  is s u p p o r t e d  a t  i n t e r i o r  p o i n t s  s o  it w i l l  be 

c o n s i d e r e d  a s  t w o  segments  a s  shown. 

. '. 

For  t h e  ' overhang ing  p o r t i o n  ' . . 

These g i v e  . . . .. 

A3: - A \  
.. . . . .  . A L  = A I C = O ) ' x a ,  ''2 ,-s\l 

. . CX : s  2 .  

f o r  t h e  i n t e r i o r  p o r t i o n  . 



These condi t ions  g i v e  

BS=-a,  
. , ,  B, = BI+anh X f r  - . _  

2 
, . 

* , .  ' .  '.. ] . .  . 
.. , 2 

F o r  c o n t i n u i t y  o f .  warpage displacement and. , longitudinal  streks . 
. . 

a t  t h e  support, .. . . 

@ t z . 0  dQI - -d4 ,  - -  
d.2, x r  

This  g i v e s  

A , =  8, 

. .. 
L e t t i n g  k,=,)&, . . .  . , X, = A&, 

. . 
2 I .  

with  b = 4.06 ji = 60 . . . .. 

F o r  a 30 mph wind, the  pressure i s  2 . 5  p s f .  This  g i v e s .  

H4 = 2,s k6]b2\' , \,is #iqe/ih, L S S V G ; ~  e /2 "Le lqA*  
197 qu\cl 6'' m o m e n t  7 artn, 



A l a r g e  b a l a n c i n g  e f f e c t  i s  p r o v i d e d  b y  t h e  t o r q u e  on t h e  

overhang.  To see t h i s  e f f e c t ,  assume 'no wind o c c u r s  on t h e  over -  ~. 
. . 

hang. Then,. 2' I T  ) 
,S,&)= yc[T j. ~ 0 6 L X l  1 

and ,  o 

4,($) = ~ , 0 o 2 q  pad.'- 0.16 = - p , : u o 3 b i i r ~ ~ .  -0,z.o 
) . ,  

It i s  s e e n  t h a t , ,  w i t h o u t  t h e  wind a c t i n g  on t h e  overhang,  
. .  , j . '  

a r e v e r s e ' : , t w i s t i n g  o c c u r s  where t h e  y a l u e , ' a t  t h e  c e n t e r  is 4 times 
.. . 

t >. , -.: 
l a r g e r  andd t h e . - v a l u e  a t  t h e  end i s  6 t i m e s  l a r g e r .  T h i s  i n f e r s  

t h a t  t h e  c h a n n e l  i s  s u f f i c i e n t l y  S t i f f  under  a s t e a d y  . . .wind b u t  . 

dynamic o s c i l l a t i o n s  under wind g u s t s  c o u l d  c a u s e  a problem i n  

t h e  o u t s i d e  rcjws,.of cones  . , t h a t  a r e  s u b j e c t e d  t o  wind l o a d .  . . 
. . .. .. . . 

Another  ' l o a d i n g ;  c o n d i t i o n  o f  i n t e r e g t  i s  where a c o n c e n t r a t e d  

t o r q u e  is  a p p l i e d  . a t  .. , midspan. . For  t h e s e   condition^, 

- ,  
a n d ,  

F o r  o u r  c a s e ,  
-S - 0 8 0 0 3 q / 5 & ' =  6.12Y,* 10 H o  a ,@ - . . 'ZXC . . 

. . .  , .  . 



The f o r c e  a p p l i e d  a t  t h e  t o p  ~f t h e  channel  needed t o  d e f l e c t  
#I Mo 

t h e  cone 0.050 l a t e r a l l y  i s  FT = - 5 

Mo = 45.4 Yin. FT = 9.1% . ,  

, . 
L a t e r a l  s t i f f n e s s  o f  channel  . . 

Assume t h e  cones prov ide  a r i g i d  t o p  on t h e  channel .  The 

s i d e  walls of t h e  cone; b i l l  providd' 'moft  of  t h i s  r i g i d i t y .  The 

a bot tom of t h e  channe l  i s  assumed t o  -be f l e x i b l e  ( s ay ,  a t  midspan) . 

s i d e w a l l :  . . . , 



F O ~  our  c a s e ,  

2.5 
A 30 mph wind a p p l i e s  about  i2- = 0 .21  #/in. t o  t h e  cones and 

channels .  This  g i v e s  

6 = 0.0207 (0 .21) .  = , . - 0.004!' . . , . d e f l e c t i o n  . . . . .  . . . .  
. . . %.  . . -  . . 

The , . l a t e r ' a l  d isplacement  .of.:th.e l e n s  ,due  t o  a  .30 .mph, steady: 

wind i s ,  inc lud ing  t o r s i o n  and  assuming.  a  ,. , t o t a l  h e i g h t  of  16 ", , , . .  
> .  

', . . . . . .  , . 
. . 

6 = 0.0007(16) + .O'iO04 =10.015" 
. .' 

. . 

This  is  w i t h i n  t h e  0.050" spac ing  of t h e  l e n s e s .  1.f a  30 
. . 

mph g u s t  acts on ly  on t h e  c e n t r a l  p o r t i o n  .of t h e  channel ;  t h e  
, . 

. ,. . 
, . 

I :' 2 :  
For s u r v i v a 1 , a  s t eady  60 mph wind a p p l i e s  a b o u t  0 . 8 4  #/in. 

This  g, ives 

Th i s  s ays  t h a t  t h e  e x t e r i o r  channels  should b e  a , t t ached  t o  
j . , . . . .  * L ,  ad jo in ing  inter iot . . ' chankels  . . ; . .. , . , . . . . : . c - 7 , .  3 .,, :'" ' t ,. 1 I .  .! . . .  

.... 



. . .  Es t ima te  of t o r s i o n a l  n a t u r g l  frequency: 
I . . . 

A s o l u t i o n  is' a v a i l a b l e  . f o r  a ' 3 mass t o r s i o n a l  beam t h a t  is  

unsupported.  This  can b e  used ' t o ,  o b t a i n ,  a  reasonable  estimb'te . f o r  
. . . .  . . 

I .  

o u r  c a e a .  Cons ide r  our  c a s e  t o  be modeled : a s  shown below. 

The equa t ion  f o r  t h e  f r e q u e n c i e . ~  ,.of ' ou r  ..model 'is ' . . ?  

The . r o o t s  a r e  . . . . . . . . . . . . . . . .  
. . . . 

1: ' I 
, . 

. . .  . The mode. shapes'  , a r e  . . . . .  . . . . .  . - .  . . . . . . . . .  ..?., .. 

. , . . 
. . 

( - =  'AZ-0.  mode ii a n t i s p , , ~ t r i c  
about  midd1.e mass. 

. . 
mode. i s  syrrmetric wi th  
o u t s i d e  masses r o t a t i n g  

Iw, - o p p o s i t e  t o  middle mass. 
. . . . . . .  

The lower mode is  no t  p o s s i 5 l e  because of  t h e  suppor t s  b u t  

t h e  h ighe r  mode is  a good e s t i m a t e  o f  t h e  lowest  mode of  t h e  
>. .. . . 

i . . . .  ..: 
s y s  tern s i n c e  t h e  suppor t s  ' , a r e  ac; '' o r  n e a r ,  tbe..:nod& p o i n t s  of 

- .;.,a 

t h e  model. ... 

To e s t i m a t e  t h e  s t i f f n e s s  of  t h e  channel  we need t o  know t h e  

r o t a t i o n  a t  t h e  end f r o m ~ ~ t h e f o l l o v + n g  .laad,.* . . . ,  . . . .  



rue k n o d  

. . 

Theref o r e ,  . . 

where M = 1.2.5 (24) =. 30 # in .  
. . 

. . 
The t o t a l  mass has been lumped i n t o  3  masses.. ~sskne  the 

e f f e c t i v e  mass i s  .i/2 o f  total. 



. ". . - 
The s u p p o r t s  n o t  b e i n g  a t  t h e  nodes w i l l  c a u s e  t h e  a c t u a l  

f r e q u e n c y  t o  be h i g h e r  t h a n ,  t h e  . e s t i m a t e d  v a l u e  . s.0 it can  be . . . ..... . 
t a k e n  as a lower  bound e s t i m a t e .  . , - .  . . . . . .  ?. : 

s t i f f e n i n g  o f  channe l :  

/ I 

/ 
A 

t h e  r o t a t i o n  of t h e  o u t s i d e  c h a n n e l  i s  
t 

e L e A -  oF  - o), e ~ .  $-rob hpp~c'ed do bi)k w t y  



':This prov ides  s ~ f f ' i c i e ' n t " s t i f f n e s s  for t h e c h a n n e l .  

s t i f f e n e r  s i . i e  : 

u s e  A l u m .  I .  bea .~n ,  channel  or Tee.  



-/ 
4 I 

A ppc.~\c! ' t ,~ 1-5 C o o l  lhq Srz i i  I,, 

. . . .  
, . . . .. 

S o l a r  ~ r r a y  Cooling System 
. .  . . . . . / G, . ... . . ,. . 

Typica l  s o l a r  c e l l  dimen- ( G) qehev&5A'ince;.lI, . J - . ~ . :  
s i o n s ,  p r o p e r t i e s  and h e a t  f l u x e s  

a r e  shown a t  r i g h t .  . Within 

each  c e l l  40  w a t t s  of  thermal  

energy i s  genera ted  which is t o  

be  t r a n s f e r r e d  away.from t h e  

c e l l  by t h e  wate r  coo l ing  system. 

Any h e a t  t r a n s f e r  through t h e  

p l a s t i c  suppor . ts ,  E l  w i l l  'be  

neg lec t ed .  I t  i s  w e l l  known 

t h a t  s t a g n a t i o n  p o i n t  f lows . . . . 
8 ' 

a f f o r d  t h e  h i g h e s t  , hea t  t r a n s -  ~&er'LkI fh ;~k .  P L :T -~ .~T .  ' . I ~ - ~ . C Y W L L ~  

. . . , - : L ~ ~ ' , v s  ~ o n A u e t .  fer  r a t e s  t h u s  t h e  nozz l e  arrange-  
. . 

AX . )P.+g 
ment a s  shown.. The nozz le  para-  

J? 

. . 
CCn\ 0 )  LC *I) W / C ~  CC 

J " -  . .. . .  . 

meters a r e  chosen t o  p rov ide  ~ - - G a r l j '  , 0 4 1 .  ,635 GI73 
t h e  maximum h e a t  t r a n s f e r  : ra tes .  

- 4. 
p o s s i b l e  w i th  t h e  minimum 

C-Be'Oi. . ,152 t 7 7 S  2,68 
f low l o s s e s .  From Walz 

. .. . .  D-,q,o a , ~ ,  -,. : - , ,775- - (S tanford  Un ive r s i t y .  Depart- 
. E - Q ~ ~ ~ + ; L  . .,- - - 

lnent o f  Mechanical Engineer ing 
.. . . . . . .. . , . . 

' TR-61) f i g u r e s  9 and 35 we . . . .  

have e / ~  - 2 .5  and 6/D 2 1, 

t h u s  t h e  nozz le  d iameter  
. . , . . . . . .  . . .  .. . . D = 3 .2  mm and t h e  nozz le  . , -: 

, I . ..,_. . 
,. . 

t o  c e l l  d i s t a n c e  6 = 6 . 4  in. 
1-60 



To opt imize  t h e  c e l l  coo l ing  s.ystem, t h e  e l e c t r i c a l  power 

I 
. . 

l o s s  d u e ,  t o  . i n c r e a s i n g  c e l l  j unc t ion  tempera ture  and t h e  h y d r a u l i c  
1 

I pumpi.ng 'power r e q u i r e d  t o  p rov ide  t h e  r e q u i r e d  wate r  flow r a t e  
. . .. ' 

must' be 'minimized a s  a  f u n c t i o n  o f  t h e  wate r  f low r a t e .  From t h e  
. .  . 

. d a t a  provided by Varian i n  t h e  fo l lowing  f i g u r e  t h e  e l e c t r i c a l  power 
. . 

-. loss is-.,- .-. . . .  - . . . . 
I 

. > '  

. , . . . . . .  
. , 

where 

-I? cel l  - - 0.0154 (Tjunction - T r e f )  

. - 
I .  

. . 
Tjunction = , C e l l  j unc t ion  temperature  

. , = c e l l  r e f .  t empera ture  from which tempera ture  . 
.Tref . . .  

t h e  power l o s s e s  a r e  measured (30°C) 
. . . . ,  

% t a r t  = H20 temp. a t  s t a r t  :of day (35OC) 

. .. 

' T r . i s e / c e ~ l  = H 0 temp. .rise p e r  c e l l  p e r  pas s  2 .  <, 

n = number .of c e l l s  i n  s e r i e s  

. . 
N = number of t i m e s  t h e  t o t a l  H20 volume c y c l e s  through 

. . t h e  system p e r  1 2  h r  day . . 

ATcond = temp. drop a c r o s s  c e l l  due t o  conduct ion r e s i s t a n c e  

(=3.25OC) 

 AT^. L,. = temp. d rop  a c r o s s  boundary l a y e r  

. m .. ' rate' = 3.65 ;; ( m  i n  gm/se&.) 
that = system volume , 

( 2 5  b a r r e l s )  



Assume t h a t  t h e  i n l e t  temp.-. rises in s t an t aneous ly  i n  propor-  

t i o n  t o  t h e  number of passes  through t h e  system. 
. . 

.Therefore  t h e  average H20.temp. is  ( i n  t h e  s e r i e s  loop).. . . . . 

- + n A T r i s e / c e l l  + .iN) T ~ 2 0  average - T s t a r t  2 

. . 

C . e l l   unction ~ e r n ~ e r a t u r ' e  Power ' ~ f f i c i e n c ~  
' 



. . 

:' :: : ' 'a). .. Conduct ion  Temperature .Drop;, : 

: 
..-.a . 

I t  c a n  be ' shown t h a t  t h e  terriperature i n  t h e  c e l l  i s  n e a r l y  
. -. . . .  

r a d i a l l y  uniform (Kre'ith: p r i n c i p l e s  o f  Heat ~ r a n s f e r ) .  A one 

d i m e n s i o n a l  a n a l y s i s  w i l l  t h e n  s u f f i c e  

AT = . Q  A X  = - Q 
2 k  

=, 3.2S°C 
7rr e f f  

b) Boundary Layer  Tempera ture  Drop . . 

From Walz e q u a t i o n  (26)  t h e  a v e r a g e  S t a n t o n  member is, 

where 

Re = ~ e y n o l d ' s .  nuinber = Ge/p 
. . 

4; G ='mass'  f l u x  a t  n o z z l e  e x i t  =- . , 

. . 2 . '  nD . . 

p = c o e f f i c i e n t  o f  v i s c o s i t y  =..00'9 gm/sec-cm 

P r  := P r a n d t l . ' ~  number = 6.0 

h = c o o l i n g  w a t e r  f low r a t e  (grn/sec) 

have  = a v e r a g e  c o n v e c t i v e  h e a t  t r a n s f e r  c o e f f i c i e n t  

c = spec i f i c  h e a t  a t  c o n s t a n t  p r e s s u r e  = 4.1876 
P - . . gmOc 

. . 
The t e m p e r a t u r e  , d r o p  a c r o s s  t h e  boundary  l a y e r  i s  



c) Water t empe ra tu r e  r i s e  p e r .  c e l l . : .  . . . . 

. . 0 .  

The r e s u l t i n g  c e l l  power l o s s  is  

-E = ,0154 [8.25+ .0,,566 40-75 + 3 . 5 8 3  (? ,+  7.3),1 for 25 b a r r e l s  
c e l l  m m 

The t a b l e  shows t y p i c a l  l o s s e s  ( w a t t s / c e l l )  f o r  v a r i o u s  numbers o f  

cel ls  i n  ' series' and .  f low r a t e s .  

. . -E ' c e l l  I 



Cooling System Flow Losses and Pressure Drops 

Array h e d e v s  
A schematic of the cooling system ... l , L S  in. 2 D 

a I--+ 

for each solar array is shown below. 

The hydrauiic losses associated with 

the system are: 1) Cell spot cooling, ' 

2) Cell connecting tubing, 3) Array p , .  ..' ; ? '  ' 

. , . , .  

headers,' . 4 . ) .  .Plumbing from array ' 
. 

headers, and 5). Barrels and Barrel 

headers-. '- The dimensfons of -the . ' 

plumbing are as shown. The sizes 

were selected to minimize pump.ing 

losses and fabrication costs. 



1. C e l l  s p o t  coo l ing  l o s s e s  

W e  assume t h a t ' a l l  of  t h e  dynamic head a t  t h e  c e l l  nozzle  e x i t  
' ., * . ?>,; " ', '. . , . . !. :,' 

i s  l o s t ,  t h u s  

and t h e  hydrau l i c  energy l o s s  i s  

2. C e l l  connect ing tubing.. l o s s e s .  

The c e l l  connect ing tub ing  c o n s i s t s  of 12 inches  of 0.25" I D  

smooth tub ing  wi th  no elbows. The , p ressure ' . and '  energy l o s s e s  a r k  

where 
. . K2 = f r i c t i o n  f a c t o r  

. * 

d2 = tube  in te rn8 i ' , d i amete r  = 0..i5" 

3.  Array headers  l o s s e s  . . 
- ,  . . . . 

The header on t h e  a r r a y  con 's i s t s  of a  p ipe  wi th  440/n smoothi) 

forged openings. 

where 
. . . . . ., . . K~ = f r i c t i o n '  f a c t &  ' ' 

d3 = header  i n t e r n a 1 , d i a m e t e r  = 1.25" 



. . . .. . . . .  . . 

' 4 .  plumbing - a r r a y  headers  t o  b a r r e l  headers  

. . , .  . " . .  . . . . . .<,  . 
where 

K 4  = f r i c t i o n  f a c t o r  

d4 =.plumbing i n t e r n a l  dlamet.er = . 1 . 5 "  

, . ... . . 

5. B a r r e l  plumbing l o s s e s  . . L .  . , . . 

where 
K ~ .  = f r i c t i o n  f a c t o r  . '  . _ . .. .' : . . .  

d5 = i n t e r n a l  p i p e  d iameter  = 0.75" - . .  . : .  .. . , 

T = t o t a l  number. of b a r r e l s .  . . , 
. . 

Z = number of  rows of b a r r e l s  

6 .  B a r r e l  header l o s s e s .  

where . .. , , 

K 6  = f r i c t i o n  f a c t o r  
. . 

d6 = header i n t e r n a l  d iameter  = ,1 .25"  

a . .. 

0 3 .  ; ,  m - ' - 4 .  . m .  . E6 = Ap6 - - - X.65XlO Z 7 n ( w a t t s j c e l l )  
n 



. . 
. .  
' Combining the last two losses and minimizing the lssses with 

respect to Z obtains for 25 barrels 5 rows 'of 5 barrels each 
. a  1 

arrangement . For this optimum then the losses are 

0 2  . 
m Ap,, = 0.255 7 (psi/25 barrels!' 
n 

The total hydraulic £lot$ losses are ' 

. 
Etotal hydraulic loss = I?, + i2 + i3 + i4 + is, 

. . 

Assumi~g a pump efficiency of 25% the pump .power required is 1/0.25. 

times the total hydraulic loss. ' Both of these losses are shown in 
. . 

the following graph. The coLling' system values an2 drops 

at the optimum 'flow r'ates of 10 gm/sec/cell and 12.5 gm/sec/cell 

for n = 10 and 30, respectively, ar8 shown in the following tables. 





T o t a l  

PRESSUFtE DROPS AT OPTIMUM FLOW RATE (psi) 



CONDITIONS FOR OPTIMUM FLOW RATES 

Number o f  R e q u i r e d  . . T o t a l  
C e l l s  i n  T o t a l  P a s s e s  p e r  Pumping k r e s s u r e  

S e r i e s  N e t  Loss Flow R a t e  1 2  h r  d a y  Power Drop L. A T i i ~ e / ~ e l l  A T H 2 ~ ~  k x  " ~ ~ 0  max 
(n)  ( % I  (gpm) (N) ( w a t t s )  ( p s i )  . ("C) (OC) . ( " C )  . , (OF) 

Note:. These  f i g u r e s  are f o r  25 B a r r e l s  and a pump e f f i c i e n c y  o f  rl = 25%. The H 2 O ' c o o l i n g  s y s t e m .  

must  a b s o r b  30 w a t t s / c e l l .  The ce l l  r e f e r e n c e  t e m p e r a t u r e  is  T = 30°C. The H 0 s t a r t i n g  
r e f  2 

t e m p e r a t u r e  o f  t h e  sys tem i s  T = 35OC. 
H2° 



Convection from Bar re l s  

Assume some average amb' temperature 

The temperature of H20 i n  t h e  b a r r e l  i s  

Need t o  find T a s  a funct ion  of time . 

at t = . . O  t h e  H20 temperature 



B a r r e l  C o n v e c t i o n  

2  Now A = 20  f t  

h  = 1 B T U / ~ ~ - ~ ~ ~ - O F  

c = 1 BTU/ibm OF 
3 l b  ft x 6 2 . 4  - = 4 5 8 . 8 6  l b m  m = 55 g a l  x . I 3 3 7  - 

g a l  f t 3  

E a c h  b a r r e l  h a s  a t h e r m a l  c a p a c i t y  of 458 .9  BTU/OF. 

t T h e  t o t a l  a m o u n t  o f  t h e r m a l  e n e r g y  dumped i n t o  t h e  H20 i s  

I .  

T h e r e f o r e  t h e  n u m b e r  o f  b a r . r e l s  r e q u i r e d  i s  

N = 
. . 

'*01 lo5 = 2 6 . 7  b a r r e l s  4 5 8 . 9  x 4 0 . 9  



Heat T r a n s f e r  ~f Bar re l  Array 

We want. t o  determine the  change i n  h e a t  t r a n s f e r  r a t e  due t o  

t h e  b a r r e l  arrangement a s  opposed t o  t h e  i s o l a t e d  b a r r e l  ca se .  

The h e a t  t r a n s f e r  f o r  an i s o l a t e d  b a r r e l  i s  given by 

where Ch = 0 .5  f o r  an  i s o l a t e d  c y l i n d e r .  

( r e f .  K r e i t h ,  P r i n c i p l e s  of Hea t .T rans fe r ,  p,. 4 1 1 )  

The empi r i ca l  d a t a  f o r  an a r r a y a r e  show11 i n  t h e  fol lowing 

f i g u r e  ( r e f .  Kays & London, Compact Heat Exchanges).  

Gar flow normal to an infinite k n k  of staggered circulor tubes, heat tronsfer 

characteristics; o correlation of experirnental data, overoge conductonce 

around tube periphery. N~,:v~~''=c~Lv~-~~' 300 < Np< 15,000 

C,, = '0.50 for isolated. cylinder 



Flow norm01 l o  on infinite bonk of  stogesrd circulor tubes, flow friction char- 
acteristics; a correlation of experimental doto. ~ = c ~ N ~ - O ' ' '  

300 < NR < 15,000 

Ref. - Kays & London, I' Compact Heat Exchanges". 

Thus ,  i f  t h e  b a r r e l s  a r e  spaced  a t  l e a s t  2 .5  b a r r e l  d i a m e t e r s  a p a r t  

t h e n  t h e  a r r a y  a c t s  e s s e n t i a l l y  l i k e  a  s e t  o f  i s o l a t e d  b a r r e l s .  

Hea t  t ransfer  o f  I s o l a t e d  C y l i n d e r  ( r e f .  R r c i t h ,  p .  4 1 1 ) .  

From t h e  above f i g u r e  between Reynolds  nuinber o f  300 and 

15000 we have  

3 .60  l o g  Re = log .45  + l o g  Re . 6  
l o g  Nn = - .35 + - 6 
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The ,temperature variation with time is shown' in Fig. 1 

and the calculated values .of the' desired 'oefficient k are .. . 

shown in Table 1. .The surface area was taken to be the top 
I 

. 2  
and sides of the"container C A  = 12 ft. ) and values of k were 

calculated using At = 2 hours.: The heat l ~ s s  is given by . . . ..: 

( 6 2  4') 
I 

AQ = 3.0 7.i8 ITwi - T w2 .,) t , where Tw ,is the water temperature. 
The initial valu; of k. of 4.8 B T U ~  should 

L (ft. - h r -  OF) 
: probably be disregarded because there may have been appreciable 

I 

heat transfer through thebottom. o.f the container into .the 

initially cold ground. The remainder of the values of k 

show that k = 2 BTU/ is a reasonable value 
(ft. - hr - OF) 

for these test conditions. However, the site conditions are 

expected.to reduce the net heat transfer. The use of multiple 

barrels in an array unde.r a roof (although vented) will reduce 

the heat transfer from radiation and forced convection. There- 

fore, a conservative number of. k; := 1 BTU/. was 
(ft; * - hr - OF) 

chosen to determine, the number of barrels required. If this 
, . 

proves to be overly conservative during tests of MOD .O, the 

number ,of parrels 'can easily be reduced for the units installed 

at the site. 
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