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ABSTRACT 

The ~ e h e r a l  Electric/ Sea. World Photovoltaic Concentrator Application Experiment will be 
'a 

located at  Sea World's Marine Park near Orlando, Florida. The experiment will consist of nine 
% 

I< azimuth-tracking turntable arrays,  each containing twenty-four elevation-tracking parabolic 

trough PV concentrators of a type developed on this contract. The system will produce a peak 

power output of 330 kW and an annual net electrical energy 'of 355 MWh corresponding to an 
2 

annual direct normal insolation of 1375.5 kwh/ m . A line-commutated DC/ AC inverter con- 

trolled to operate at  the solar array maximum power point will deliver three-phase power 
I 

through a bidirectional transformer to a 13-kilovolt line serving the sea World Park. In addition 
5 to generating electrical power, the system will produce 3.56 x 10 ton-hours of cooling for a i r  

conditioning a nearby shark exhibit. by supplying collected thermal energy to a lithium-bromide 

absorption chiller. With credit included for the amount of electricity that would be required to 

1 produce this cooling by a vapor compression cycle, the overall system efficiency i s  estimated 
I 

to be 11.7 percent. 
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SECTION 1 

INTRODUCTION 

I * 
A s  part of its PRDA-35 Phase I contract with the Department of Energy, the General Electric 

Company, in cooperation with .Sea World, has designed a Photovol taic Concentrator Application 

Experiment to be located adjacent to Sea World's Marine Park in Orlando, Florida. A s  illustrated 

I on the artist 's rendering of Figure 1-1, the concept uses nine turntable solar arrays deployed 

I on a 5. 8-acre site. The turntables track the sun's azimuth while trunnion-mounted parabolic 

I collectors track the sun's elevation. Solar cells mounted along the focal lines of the parabolic 

I collectors supply DC power to a line-cornmutated inverter which, in turn, feeds its AC output 

I ' .  through transformation to a Sea World 13 kilovolt distribution network, operated and maintained 

I by the Florida Power Corporation. Additionally, circulating hot water for cooling the solar cells, 

I is fed to a lithium-bromide absorption chiller which produces chilled water for a i r  conditioning 

a nearby newly constructed shark exhibit. 
/ - 

Because of its proximity to Sea World's Theme Park, the PV plant location i s  excellent for 

project visibility. Over 3 million visitors a r e  expected annually, including management decision 

makers in industry and government. A Visitor Information Center will be designed and constructed 

by Sea World along the perimeter of the project site and will serve to create public understanding 

of photovoltaics. : The role played by Florida Power Corporation will assure proper treatment of 
. . . .  . 

technical and iistitutional. interfaces wch'klectric utilities. 
. . 

. . 

This study w& s b  '. ledby , ~ d t ~ n & e d : ~ n e r ~ ~  Programs of General Electric's Space Division. The 
. . . ., , 

participation and cdhtribdtio@ . , . . .  by the following organizations and individuals to the results of this 
. . 

study a re  gratefully ic.knowiedged:- :'.: 
. . . . 

;>: . .. I 
I -. 

>: ;  ! 

I 
. .  . .  . . 
. .., 
>.' .,: :. 
: ;. .. - 

.:i . . ' 
I.. ' 
- ,  

. .  . 

. . . .  . 



Figure 1-1. Photovoltaic Concentrator System ~nstalled at Sea World, Florida 
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SECTION 2 

PROJECT SUMMARY 

- 2.1 CONCEPT 

Evaluation of performance, cost, and availability have resulted in the selection of a concept 
r 

for the Sea World application which utilizes two-axis tracking, and, a s  illustrated earlier on Fig- 

ure 1-1, consists of nine turntable solar arrays. The tiirntables track the sun's azimuth while 

trunnion-mounted parabolic collectors track the sun's elevation. Solar cells a r e  vee-mounted on 

a liquid-cooled tube located along the focal line of each collector. The geometric concentration 

ratio i s  33.4. The photovoltaic output i s  produced at  a nominal 360 Volts dc. The power i s  

routed through spiral wraps at  each turntable hub and underground cabling to a control building 

where i t  i s  inverted to 277/480 volts ac. It is parallel-connected through transformers to a 13 

kV utility loop owned and maintained by the Florida Power Corporation, which serves various 

Sea World loads. The plant i s  rated at  a peak output of 330 .kW. Using hourly Miami weather 

data corrected for the latitude at  Sea World, computer analysis indicates a net annual electrical 

energy production of 355 MWH. 

Through a spiral hose a t  each turntable hub, the thermal by-product associated with solar 

cell cooling i s  routed to an absorption chiller. The resulting chilled water (annual output: 356 x 
3 

10 ton-hours) i s  furnished to a nearby shark exhibit building. 

Features of the proposed concept include: 

Demonstrated W concentrator with: (1) tksted W annual.efficiency of 7.1 percent with 
projected efficiency of 8.7 percent (coolant temperature at  83 '~,  suitable for absorption 
chiller operation); (2) tested thermal efficiency . . of 33 percent with coolant at  83OC. 

~tructurallv-provkn solar collector with following features: (1) aluminized polyester 
(U-V stabilized) reflective surface bonded to 25-mil aluminized steel substrate; 
(2) demonstrated 74 percent optical efficiency; (3) 7x30-foot low-weight design (< 2.8 
lbs/ft2 aperture not including solar cell receivers) with exceptional beam and torsional 
stiffness; (4) low-cost construction consisting of stretch-formed ribs, standard section - - "  . 

. , longerons, and flat sheet metal laminate; (5) design adaptable. to.on-site assembly. 

. Tested solar cell receiver of unique design: , (1) cells mounted on split-vee extrusion - 
-, five-foot segments easily clamped o r  removed from electrically insulated coolant tube - - 

without interrupting fluid lines; (2) uninterrupted g b s s  encapsulation; (3) compliant bond 
materials and flexible interconnects to fully accommodate ,differential expansion; (4) 
al&ninum heat sink which serves a s  current bypass for failed o r  shaded cells. 

Levelized Annual economic benefit of $31,400 for W-generated electricity and thermal 
by-product chilled water pl-oductibn. 



Two-axis tracking turntable solar array with low physical profile (< 8-feet high) and low 
wind loading effects. 

Simple I-beam/box-beam turntable framework with turnbuckle diagonal rod bracing. 

Concentric track turntable mounting witb 16 uniformly distributed wheel supports plus 
center pintle. Azimuth drive provided by two motorized wheels on outer track. 

Stiff, though light-weight linkages and structural transitions (e. g., use of collector tor- 
sional stiffness) throughout the turntable, permitting use of single elevation drive. 

Alignment features including: (1) collector end-to-end angular twist; (2) in-line collector- 
to-collector angular adjustment; (3) two degrees-of -freedom in row-to-row linkage adjust- 
ment. Optical alignment of entire field achieved by carpenter's level - no complicated 
boresighting required. 

Coarse azimuth and elevation tracking from central computer ; fine elevation tracking 
with receiver mounted fiber optics sun sensors. 

Inverter System based on proven commercially available components. 

Hydraulic system designed in accordance with standard. codes and practices - readily 
- adaptable to the production of hot o r  chilled water. 

2.2 APPLICATION AND SITE DESCRIPTION 

The GE/SEA World photovoltaic ejrperiment will be located at  Sea World, southwest of 

Orlando, Florida.. As shown on Figure 2-1, the selected plant site is  located a t  the southeast 

corner of the Sea World property adjacent to the shark exhibit. The aerial view of Figure 2-2 

shows the proposed W site along with other planned additions to Sea World Park. 

The solar array will be installed on level land with a total slope of approximately two feet 

in 420 feet. The site is  well drained by existing canals on the north and east  boundaries. The 

site and adjacent areas, east, south and west of the site, a re  undeveloped with low-lying vegeta- 

tion and a scattering of trees. An access road skirts the northern edge of the site. The nine 

turntables, each having a swept diameter of 150 feet, a r e  arranged symmetrically, with suffi- 

cient spacing for roadways and access. 

A control building and heat removal equipment associated with the solar array active cooling 

system will be located in the northern area of the site. This location i s  close to the access road .- 
and avoids any possibility of array shadowing by building structures and equipment. 

The distances for transporting the electricity and chilled water output to the utility tie-in (I 

and shark exhibit points a r e  also minimized. Underground piping and cabling interconnect each 

of the solar array turntables with the centrally located control building and heat removal equip- 

ment. 



FUTURE HOTEL SHARK EXlBlT 

TIE-IN 

COLLECTOR 

Figure 2-1. W Plant Site Description 

Site preparation will consist of clearing all vegetation, sterilizing the soil against seeding, 

and back filling areas with appropriate surface materials. Concentric concr-ete tracks and a 

central pier wil l  be poured for each turntable. The areas within each turntable will  be back 

filled with crushed rock while other surrounding areas will  be covered with mulch. 

It is proposed that the electrical energy derived from the experimental W station be utilized 

to subsidize the power requirements of the mammal life-support system for this marine park 

1 - i  complex. The existing life-support system consists of an array of sophisticated performing, 

holding, breeding, isolation and research tanks and attendant mechanical infra-structure, which 

serve to contain, circulate, filter, cool, chemically balance and purify 2.5 million gallons of 

man-made saltwater for the healthful subsistence of the park's marine mammal family. 





L' 
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The mechanical inf ra-structure includes a series of twenty 8-foot diameter, high-pressure 

1 sand filters, each serviced by a 750 gpm pump and a 40 hp electric motor; an 88,000 gallon filter 

backwash complex; a high-capacity ozonator/mixer system; two chiller units of 1200 and 600 tons, 
-i 

respectively; a heat exchanger unit utilizing a 50 hp electric pump motor; three 75 hp saltwater 

circulation pumps; and a 1000 to 1200 gpm non-potable well drawn by a 100 hp electric pump r 

motor. Table 2-1 summarizes these demands. 

Table 2-1. Sea World Water Conditioning Uads  

The demand of the mammal life-support system is essentially constant, 24 hours per day, 

365 days per year. Peak-load power factors occur in August and range from 74 to 94%. 

2.3 PHYSICAL CHARACTERISTICS SUMMARY 

Table 2-2 presents a summary of the gross physical characteristics of the system. 

Table 2 -2. Physical Characteristics of 9-Turntable System 

Quantity 

1 
1 
1 
1 
1 
3 

2 1 
14 

Equipment 

1200 Ton Chiller 
600 Ton Chiller 
Chilled Water Pump 
Condenser Pump 
NPW Well Pump 
Saltwater Sump Pump 
High Pressure Sand Filters 
Cooling Tower Pumps 

* 

Rating 

1000 HP 
500 HP 
250 HP 
100 HP 
100 HP 
75 HP 
40 HP 

7.5 HP 

Each turntable solar array has a swept diameter of approximately 46 meters and has a low 

Item 

Number of Collectors (2.1 x 9.2 m each) 

Number of solar cells (3.5 x 4 m each) 
2 

Total solar cell area (m ) 
2 

Total Aperture area (m ) 
2 

Site Area (m ) 

Turntable Swept diameter (m) 

Max height above ground-level (m) 

profile not exceeding 2.5 meters above ground level. The turntables are  spaced sufficiently to 

Value 

216 (24 per 
turntable) 

93,312 

112 

3,866 

23,480 

4 6 

2.5 

permit access for servicing and repair. A roadway snakes through the array field to permit 

truck access to any turntable. 
L 83 L> 



Hardwarn cbaracterietic summaries of the k b l e ,  collector structure and optics, and 

sokr cell receiver are presented on Figures 2-3, 2-4 and 2-5. 

- - -  

PEAK ELECTRICAL RATING: 36.7 kW @180°F' 

OUTPUT VOLTAGE: 360 VDC 5 2 %  

PEAK THERMAL RATING: 0.49 MBTU/Hr @ 180 '~  

TOTAL ENERGY CONVERSION EFFICIENCY: 4296 

COLLECTORS: 24 parabolic troughs; 7 It x 30 ft; 5-ft st8mnted solar cell receivers, each with 36,3 5 cm x 4 cm 
21 6 series x 2 p a d e l  circuits. Measured weight per collector = 750 lbs. 

AZILfUTH TRACKING: 21 O. Requires only 2 motorized wheels 

ELEVATION TRACKING: ~ 0 . 1 ~ .  Extremely rigid troughs pennit ganging all 24 collectors to a single drive'. 

STRUCTURE: I-Beam and Box Beam framework. Total weight = 16,000 Ibs. 

TRACKS: Concrete; 137.2 and 83.5 Ft. diameters 

ELECTRICAL CONNECTION: Spiral cabling at central hub. Nc slip rings. 

WATER CONNECTION: 3-In. main with spiral hoses at central hub - no rotary joints. 

Figure 2-3. Turntable Characteristics 



CONCEPT AND rCATURE5 

FRAME: Stretch-formed (inexpensive commercial process) 

aluminum -ribs provide accurate parabolic shape. Extruded 

aluminum longerons form keel and edges. 
REFLECTIVE SURFACE: 25-mil steel sheets-aluminized 

for smoothness and corrosion protection-clamped to frame 

for lowcost asseliibly and increased rigidity. 4-mil alumi- 

nized polyester film coating provides high specular reflec- 

tivity at low cost. 

BRACES: Diagonal rods. tension-adjusted with nuts re- 

move moment loading and enable simple accurate, staMe 

optical alignment -accomplished with a socket wrench and 

carpenter's level. 

MOUNTING AND DRIVE: Rigid 30-ft span supported by 

stuh shitfts on eich end, turned by single jackscrew per turn: 

table for accurate elevation tracking with few moving parts. 

1 PERFORMANC'E ANU IkY'I'INC; 

TESTED OPTICAL PERFORMANCE: 74% of direct radia- 

tion impinged receiver. Specular reflectance: 8m. 

Concentration ratio: 3.4. 

STIFFNESS TEST; Distributed weights and torsional 

loadings simulating high winds has little effect on optical 

integrity. 

REFLECTIVE SURFACE TESTS: Total reflectance of 

80% (Diffuse (9%) after salt, weathering, abrasion, and 

multiple cleaning tests (design basis). Further improvement 

expected by applying GE silicone hardcoat. 

REFLECTIVE SURFACE PROCESSING: Two layers of 

UV stabilized polyester film (aluminized surface sealed 

between them) bonded to  stretcher-level aluminized steel 

sheet a t  20 ft/min gives excellent adhesion and flatness. 

J 

Figure 2-4. Collector Structure and Optics 



RECENER SUBASSEMBLIES: 36 NIP, 3.5 x 4 cm, 16% 
efficient solar cells bonded to 5 ft. Aluminum extrusion. 12 
units (qside) damped to Cu coolant tube to form receiver. 
Voltage drop aaoss celllsubstrate bondc 25V, permitting 
high thermal conductance for effective cell cooling. Seg- 
m n t b  (C ft kngths) reduces manufadutimg (308t8. 

g h s  cover for 36 alla with &nc gel t h e d  compk 
ance coat provides high reliabb seal. Optical enhancement 
by matching gless/sealant refraction increases efficiency. 
COOLANT PASSAGE: Single 30 ft. Cu tube/collector for 
high thermal conductivity and corrosion resistance. 
Entire coolant loop uses standard industrial process practice. 

Figure 2-5. Solar Cell Receiver 

2.4 PERFORMANCE SUMMARY 

A performance summary is presented on Table 2-3 for two modes of system opera#oa. 

(1) a IW-only mode with output only in the form of inverted W generation; (2) a PV/thermal 

mode with output appearing both in PV and thermal forms with the latter used for operating an 

absorption chiller. 

In the PV-only mode, high performance is achieved by circulating the array coolant fluid at 
0 a relatively low average temperature of approximately 100 F . All heat collected in this mode is 

rejected through a cooling tower. The peak PV output for this mode is estimated to be 388 k W  
2 

(at 1 kW/m insolation). Deducting for inverter, pumping, and fan losses, the peak system out- 

put is estimated to be 365 kW. 

In the PV/thermal mode, array output is reduced somewhat by circulating the array coolant 
0 

fluid at an average temperature of approximately 180 F, adequate for operating an absorption 

chiller. Analysis in Section 4 shows that the annual chilled water outptt provided by the thermal by- 

product could be produced by an electrically driven chiller that would require an annual electri- n 

cal demand equal to 75 percent of the PV system output. Thus, the thermally-driven chiller may 
r 

be rated electrically a t  75 percent of the W system output. The peak array output for this sys- 
2 

tem mode is estimated to be 330 kW (at 1 kW/m insolation). Deducting for inverter, pumps, 

and fan losses, the peak system output is estimated to be 277 kW. Adding 75 percent of this out- 

put for credit to the chiller system yields a total output of 485 kW. 



2 

W -Only W/Thermal 
Parameter Mode Mode - 

Peak Array Output (kW) 388 330 

Peak System Output (kW) 365 277 (W sys) 
208 (Chiller) - 
4 85 

Gross Annual Electrical Output (MWH) 512 460 

Annual Parasitic Losses (MHW) 3 6 105 

Annual Thermal Output (MBtu) - 5.67 x 10 
3 

Annual Cooling Output (ton-hours) , - 3.56 x 10 
5 

Annual Equivalent Electricity to - 2 67 
produce Cooling (MHW) , 

2 
Annual Direct Normal Insolation (kW~/m ) 1376 1376 
For 3866 m2 aperture (MHW) 5317 5317 

System Efficiency 512-36 
= 9. 0% 

460-105 + 267 
= ll. 7% 

5317 5317 
b . 



SECTION 3 

SYSTEM DESCRIPTION 

C 

3.1 SYSTEM OVERVIEW 

3.1.1 REQUIREMENTS 

A review of the environmental conditions applicable to terrestrial PV plant operation, the 

demonstration goals defined for the PV experiment, 'and the specific constraints associated 

with the Sea World application have led to the broad system design requirements enumerated 

on Table 3-1. 

Table 3-1. System Design Requirements 

DESIGN FOR FOLLOWING ENVIRONMENTS: PRODUCE ELECTRICAL OUTPUT AS. FOLLOWS: 

- AMBIENT TEMP: 20-1050F - 277/480 VAC, 3 PHASE W E  

- WIND: 0-35 MPH (OPERATIONAL) - 300 kW, PEAK AT 1 ~ w / M ~  

35-70 MPH (SURVIVE WITHOUT ' 

DIRECT NORMAL INSOLATION 

TIE-DOWN) - CONVERT ANNUAL DIRECT NORMAL 

70-120 MPH (SURVIVE WITH 
INSOLATION A T  EFFICIENCY r a 

TIE-DOWN) - PARALLEL & SYNCHRONIZED WITH 
UTILITY - FLORIDA MOISTURE AND FUNGUS 

- DESERT SANDSTORMS 
- INTERRUPT OPERATION WITH LOSS O F  

UTILITY POWER 
7 IIAIL - OPERATE'ON NON-INTERFERENCE BASIS 

' - SEVERE LIGHTNING , WITH SEA WORLD LOADS 

7 LIFE: 20-YEAR GOAL r PRODUCE THERMAL OUTPUT AS FOLLOWS: 

2 YEAR DEMONSTRATION - HOT WATER OUTPUT WITHJN 

r M E E T  LOCAL HEALTH/SAFETY RANGE O F  100 TO 200F 

REQUIREMENTS - 1500 kwt  PEAL GENERATION 

r MEET LOCAL CODES -, COLLECT- 33% OF ANNUAL DIRECT . .  , . 
I 

NORMAL INSOLATION IN FORM O F  ' . . . THERMAL OUTPUT 

r PV PLANT AREA NOT TO EXCEED 6 ACRES 

LIMIT PARASITIC LOSSES TO LESS THAN 
20 PERCENT O F  ELECTRICAL, OUTPUT 

- The environmental conditions listed on Table 3-1 are typical for the central Florida region. The 

design requirements for wind are based on an analysis using several SOLMET weather tapes. The 
'..! 

results, shown on Figure 3-1, tank the prevalence of sunshine with wind speed for two widely dif- 

ferent regions.. The plots indicate that'99 percent of the sunshine occurs at wind speeds of 30MPH ! 

or less. Therefore, the 35MPH ;perationalsdesign requirement on Table 3 - i  conservatively estab-' 

lishes the wind speed for which the design must be optically accurate. The system must, of course, 



be capable of surviving wind speeds up t o  hurricane force, A wind speed of 70 MPH has been sel- 

ected a s  the condition at  which the collectors a r e  secured t o  prevent damage to the solar  array. - 
Lightning is particularly prevalent i n  the central Florida region and, therefore, careful at- 

tention has been given to this environment. A detailed analysis indicates that a direct strike can be - 

anticipated once every 6 years. Strikes causing indirect effects will occur at a frequency of approxi- 

mately 26 times pe r  year. As described in Section 3,  several design measures have been included to 

minimize damaging effects. 

The electrical requirements specified on Table 3-1 a r e  largely dictated by the Sea World appli- 

cation. The common form of power distributed for  various loads is at 277/480 VAC and, therefore, 

the PV plant output is specified accordingly. It is not feasible to transport power at these voltages 

aver long distances, even to other locations with- . . 

in the Sea World Park. For this reason, the WIND SPEED, MPH 

power at 277/480 VAC will only be used to  serve 30 - ; 

the PV plant parasitic loads, t o  operate pumps 

and fans associated with the absorption chiller; 
20 - 

and to serve the needs of a future visitor cen- 

t e r  to be located adjacent to the PV site. The 

remaining power will be tranhformed to  13 KV 

for distribution to the shark exhibit which has - 1961 
1967 

an annual electrical energy demand of 1080 MWh 

exclusive of that required for a i r  conditioning. 20 40 60 80 i 00 

Several important requirements relate t o t h e  x INTEGRATED DIRECT NORMAL RADIATION 

dependence on utility power for operation of 

the PV plant. Line commutation techniques 
. . .  Figure 3-1. Integrated Insolation v s  

a r e  employed which assure  that the PV plant Wind Speed 
will in no way interfere with the normal operation of Sea World. As shown later ,  the inclusion of 

a circuit breaker at  the interface with the PV plant and under the control of the Florida Power Cor- 

poration satisfies these requirements, v 

. . 

. . 

The thermal requirements specified on Table 3-1 pertain to  the utilization of the thermal energy 

derived from active solar  a r ray  cooling which enhances the economic benefits. An investigation of 



Sea World loads with regard to  utilizing the thermal energy has identified a i r  conditioning for the 

i nearby shark exhibit as the most attractive, The annual cooling demand for this exhibit is approxi- 
O~ -, 6 
I: mately 2 x 10 ton-hours. A s  an alternative, domestic hot water can be provided for a hotel complm 

I planned for the southwest corner of the Sea World property (See Figure 2-1). All of the solar array 

thermal byproduct can be used for producing chilled water for a i r  conditioning the shark exhibit, 

while only about one-third of the thermal byproduct can be used for domestic hot water for the hotel 

complex. Although the benefit of the chilled water case is. somewhat reduced by the cost of an ab- 

sorption chiller, i t  is still preferred over the domestic hot water case because of the high cost of 

transporting the hot water approximately one mile to  the hotel complex, 

The plant size requirement in Table 2-1 was arrived at after analysis and tradeoff of several 

considerations including the following: 

a It is desirable for the plant to contribute a significant portion of the total required load. 

I a Plant design is essentially modular by virtue of increasing or  decreasing the number of 
turntables. Hence, the design effort is not significantly affected by the particular number 
of turntables selected. 

a .The plant should include enough turntables to permit a good cost assessment, based on 
volume, including fabrication, site preparation, and installation. 

.. 2 SYSTEM DEFINITION. An overall definition of the system is first presented below with 

the aid of the block diagram shown on Figure 3-2. Key component and subsystem selections a re  : 
discussed later in this section. 

Each turntable contains twenty-four 7 x 30-foot collectors arranged electrically in six paralleled 

circuits of 4 collectors each. With each collector containing a double row of vee-mounted solar cells, 

these circuits result in an equivalent matrix of 12 cells in parallel by 864 in series. The six cir-  
. . 

cuits a re  paralleled through isolation diodes and the power is then fed through underground con- 

duits to the inverter system located in  the control building. 

The inverter receives the solar array DC power at 360 VDC - + 12 percent and converts it by 

line gommutation methods to three phase, 4-wire 227/480 VAC in synchronism . . with local utility 

- power. The inverter duty cycle is.adjusted to present ari impedance to the photovoltaic source 

which yields maximum power generation. This is ackomplished by a power sense circuit at the in- 
* .-I 

verter output which develops the necessary feedback infoimation for the inverter through sonware 
. . 

in the computer system. 

After providing power for PV plant parasitic loads and an Emergency Power System (ips), 
the inverter output feeds a two-way transformer which inserts the power into a 13 kV power loop 
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' Figure 3-2. GE/Sea World System Block Diagram 



serving the Sea World Park. A circuit breaker on the low voltage side of the transformer, and the 

transformer itself, . a re  owned and operated by the Florida Power Corporation. Aside from the 

power connections, no other electrical interface' exists with the breaker o r  transformer. Inter- 

ruption of utility power for any reason will result in shutdown of the Inverter System. This is a 

utility requirement. 

I Each turntable contains azimuth and elevation drives, position sensors,  and elevation sun sen- 

sors .  The centrally located computer system provides the necessary signals for  these various 

turntable components. Though not shown on Figure 3-2, the computer system also has important 

links with the On-site Data Acquisition .System and various component-s of the Hydraulic System. 

The EPS provides continuous power for  thos'e functions that require uninterrupted power. These 

princ<pally include power fo r  the computer syste.m, and the needs of emergency shutdowns. In the 

l a t t e r  case,  this pertains t o  defowssingthe sdlar  collectors t o  a safe oposition in the event of a 

utility outage, interruption of codlant flow, o r  solar: cel l  overtemperature a s  detected by thermo- . 

stats  located on selected solar  cel l  receivers. 

The turntable cooling system consists of separate hydraulic circuits for  each electrical se t  of 

collectors. By paralleling these circuits,  each electrical se t  is subjected to  the identical temper- 

ature conditions, resulting in matched output characteristics.  Circulating fluid is supplied through 

underground piping by a pump located near  the control building. The fluid is circulated through an 

absorption chiller which produces chilled water with a COP in the range of 0.65 to 0.8 depending 

on the supply temperature. A cooling tower is required t o  reject low-grade heat from the chiller. 

A back-up heat exchanger is provided to remove heat from the solar  a r r a y  field during times of 
Y, 

chiller shutdown. . 
\ 

System operation is b r i h y  described belkw : 

a After the previous day's sunset, the turntable6 are'positioned to the-sunrise position by 
instructions from the computer system. 

a At sunrise, azimuth and elevation sun-tracking is initiated by the computer, based on 
: 

stored aphemeris data; the .coolant loop circulatiqg pump is turned on. 
\ 

a Under b,onstar?t flow, the solar  a r r a y  fluid temperature r i s e  is proportional t o  insolation . 
as shown on t k p l o t  included bn Figure 3-2. At a AT of  OF, the inverter is turned on 
producing about ..lo percent of rated power. 

. . 

a ~ h e . " s o l a r  a r r a y  temperature rise increases in proportion to insolation. The absolute 
temperature will a lso increase until the temperature drop throught the absorption chiller 
is'dqual t o  the solar  array. temperature rise, not c.onsidering heat leaks. This equilibrium 
condition occurs a t  temperatures in excess of 1 6 0 ~ ~ .  Pumps and fans associated with the 
chiller and cooling tower will be activated automatically in response t o  temperature and 
pressure control signals. 



The inverter will be turned off when the output power is less than about 5 percent of rated 
output and will be turned on only when the solar array temperature rise increases to 3OFo 

At sunset, sun tracking is turned off by the computer system and turntables returned to the 
sunrise azimnth position. Collectors are stowed in the night-time inverted position. 

3.1.3 ! SUBSYSTEM DEFINTIONo .The ,majQr. subsystems and components comprising the overall .' 

system are  depicted on Figure 3-3. The broad aspects of subsystem definition are covered below 

according to the categories noted on Figure 3-3, while detailed component descriptions are pre- 

sented in.later sections. A drawing tree for the overall system is shown .on Figure 3-4. 

, /' 

PHOTOVOLTAIC CONCENTRATOR 
APPLICATION EXPERIMENT 

SUBSYSTEMS 

COLLECTOR SOLAR ARRAY LOOP POWER SITE PREPARATION 
TURNTABLE HEAT DELIVERY LOOP CONTROL PLANT LAYOUT 
LINKAGES & DRIVES INST RUMENTATION ELEC. INSTALLATION 
PINTLE UTILITY WTERFACE MECH. INSTALLATION 
SOLAR CELL RECEIVER EME~GENCY POWER CONTROL BUILDING 

Figure 3-3. Major System Elements 

3.1.3.1 8olar A r r a ~ ,  Requirements for the solar array are  summarized on Table 3-2. 

The selected turntable approach for the solar array shown on Figure 3-5 was based on the fol- 

lowing characteristics: (1) low physical profile with low wind loading effects; . (2) . distributed weight ' 

with small unit area loading; (3) potential for using fewer tracking drives to serve a large number of 
. . 

collectors; (4j no shadowing by adjacent turntables; .,(5) shadowing within the turntable collectos at 

low elevation angles permits power generation within the unshaded portions, . 
The turntable design characteristics are summarized on Table 3-3. The basic mbchanical 

: design was developed through tradeoffs involving the spacing of major I-beam supports and the lo- L 

cation of wheel supportso . . . , 
b 

The design was%strongly influehced by t i e  so la i  colledtor design whose basic width and' length 
. .. . . . .  . . . . . . 

dimensions (7 x 30 feet) were selected to permit easy transport . . on'a flat-bed truck. Although the 





T a e  3-2. Solar Array Requirements 

CONVERT 8% OR MORE OF ANNUAL PROVIDE 1500-VOLT SOLAR CELL CIR- 
DIRECT NORMAL INSOLATION TO CUIT TO GROUND INSULATION 
DC ELECTRICITY 

PROVIDE BY-PASS CIRCUITRY TO PER- 
PRODUCE DC OUTPUT AT 360 VOLTS MIT UNINTERRUPTED OPERATION IN 
+ 12% - EVENT O F  INDIVIDUAL CELL FAILURE 

CONVERT 33% OR MORE OF ANNUAL OR SHADOWING 

DIRECT NORMAL INSOLATION TO HOT DESIGN ARRAY WITH ACCESS FOR 
WATER THERMAL OUTPUT SERVICING AND CLEANING 

PRODUCE HOT WATER THERMAL OUT- PROVIDE FOR ARRAY NIGHT-TIME 
PUT A T  RANGE WlTHIN 100 to 2 0 0 ' ~  STOWAGE TO MINIMIZE DEW BUILD- 

U P  AND DUST ACCUMULATION 

Figure 3,-5 Solar Array Turntable 



Table 3-3. Turntable Description 

PEAK PV RATING: 37.8 kW COLLECTOR WEIGHT: 18,000 LBS 

24 - 7 x 30-FT. PARABOLIC OTHER WEIGHT: 16,000 LBS 

COLLECTORS MECHANICAL INTERFACES: 

WATER-COOLED SEGlMENTED SOLAR PINTLE BEARING 

CELL RECEIVER; 3.5 x 4 CM SOLAR 137.2-FT & 83.5-FT DIAMETER 

CELIS IN 216 SERIES x 2 PARALLEL CONCRETETRACKS 

MATRIX IN EACH COLLECTOR 3-INCH WATER SUPPLY & RETURN 
THROUGH SPIRAL HOSES AT PINTLE 

l-BEAMLBoX-BEAMTURNTABLE ELECTREALINTERFACESTHROUGH FRAMEWORK WITH DIAGONAL ROD 
BRACING SPIRAL CABLING AT PINTLE: 

360 VDC PV OUTPUT 
+ lo AZIMUTH TRACKING WITH 2 120 VAC SERVICE POWER 
MOTORIZED WHEELS ON TURNTABLE 5-WIRE SIGNAL LINK 
PERIPHERY 

- + 0. lo ELEVATION TRACKING WITH A 
ALLCOLLECTORSGANGEDTO 
SINGLE DRIVE 

30-foot collector length is somewhat unwieldy in terms of handling, the size is judged to be a 

positive feature because fewer turntable support members and mechanisms are  required. The 

collector uses stock 4 x 10-foot sheet metal sizes which are  wrapped to conform to accurately 

formed ribs and longerons. Simple channel and band clamps snub the sheet metal against the 

rib/ longeron framework. A significant attribute of the collector design is the exceptional- beam 

and torsional stiffness provided by the sheet metal skin, in addition to the skin's principal function 

as  a reflector. 

An important consideration in the development of the turntable concept concerned the means 

for articulating the collectors for azimuth and elevation tracking. The basic collector geometry 

permits angular errors  of up .to several degrees in the axial direction while an accuracy of 0.2 

-degree is required in the transverse direction. Since the collector axes a re  oriented in a hori- 

zontal direction on the turntable, azimuth tracking within - + 1 degree is sufficient to achieve the 

required collector axial pointing accuracy. Elevation tracking to achieve transverse collector 

pointing within 0.2 degree is somewhat more difficult and is accomplished by careful attention to 

sources of angular e r ror  and the use of regid sections to minimize angular distortions. 

Figure 3-6 illustrates the basic approach of the elevation tracking system. A motorized jack-' 

* 'screw drives a series of push-rods connected to  crank-arms attached to  one column of collectors. 

Theee collectors, in turn, drive the remaining collectors in each row through rigid shaft 



couplings. Several key features of this design provide the pointing accuracy required: 
i 

The crank-arms are positioned relative to the collectors to provide the highest average 
distance between the point of rotation and the push-rod line of thrust. Maximizing this 
distance yields the highest accuracy. 

Ball-joint bearings with small clearances are used to articulate the push-rods with the 
collector crank-arms . 
Advantage is taken of the high-torsional stiffness of the collectors in transmitting the re- 
quired angular motion. I 
Low-friction bearings support the collectors throughout the turntable (Rather than using 
expensive circumferential bearings, two small trunnion rollers are used). 

. I 
Alignment adjustability is provided at several key locations indicated on Ngure 2-7; I 
a. The length of each push-rod is adjustable. I 
b. The relative angular position of the collector couplings can be adjusted. 

c. The angular twist of each collector can be adjusted by the diagonal rod bracing. 

d. An eccentric located at the push-rod end of the collector crank-arm permits crank arm 
positioning adjustment. 

Collector alignment is accomplished with a simple carpenter's level placed across the 
collector edges. 

ADJUSTMENT 

- COLLECTOR ALIGNMENT 
WITH CARPENTER'S LEVEL 

LOW-FRICTION TRUNNION 



3.  1 . 3 . 2  Hydraulic Coolant System. A requirement for the hydraulic coolant system i s  to keep 

the  so lar  cells a s  cool a s  possible for improved P V  performance'while at the same time producing 

a thermal byproduct that will yield attractive economic benefits, These objectives a r e  somewhat 

in opposition since the highest thermal economic benefits a r e  usually associated with higher temper- 

atures which a r e  counter to P V  performance. Thus, the main objective in the design of the coolant 

system was to obtain the best balance of these opposing requirements. 

An additional requirement of importance is to minimize pumping losses. This can be done by 

using variable-speed o r  staged pumping in conjunction with the variable solar  input received by the 

solar  a r ray ,  

A number of design alternatives were evaluated for the coolant system. Use of the thermal 

output for domestic hot water production was compared with producing chilled water using absorp- 

tion chiller equipment. Comparisons of single ve r sc s  staged and variable-speed pumps indicate 

that adequately-sized single-speed pumps were most effective overall. Their slightly higher pump- 

ing energy i s  more  than compensated for by the reduced capital requirements and control simpli- 

fication. The chiller approach was selected because all of the thermal output could be utilized 

(versus 30% utilization for the dotnestic hot water case) ,  and because of the cost of transporting 

the hot water to i t s  point of use in a planned hotel complex, approximately a mile from the P V  site.  

The pr imary approach adopted for the hydraulic coolant system is illustrated on the schematics 

in Figure 3-7. The turntable hydraulic system consists of seven circuits formed by the intercon- 

nected collector tubes together with miscellaneous distribution piping and values. Five circuits 

contain four collectors each while the forward and r e a r  circuits consist of two collectors each. 

The tube and pipe sizing i s  selected to achieve balanced flows among the five circuits,  roughly with- 

in 10 percent of each other. The forward and r e a r  circuits use throttling valves to reduce the flow 

to about one-half that of the other circuits.  Thus, the temperature r i s e  i s  identical in all circuits.  

Since the so la r  cell  circuits of the e'xtreme rows a r e  wired in s e r i e s ,  this matching in temperature 
. 

r i se  results in all solar  cell  circuits having the same average temperature.  

The flow in each turntable is routed through a spiral  hose at the pintle from whence it flows 

through underground pipes to the heat removal equipment near the control building. The balance- 
. . 

of flow among the various turntables i s  achieved by inlet balance valves as  shown on the turntable 

schematic. 

Figure 3-7 (b) shows the other of the hydraulic schematic with the flow directed through 

4 
an absorption chiller. As noted in ear l ie r  cliscussion, the solar  a r r ay  temperature r i s e  represents 

one of the important control parameters  used fo r  inverter turn-on, since it i s  proportional to in- 
. , , ~j 

. , 

!sblation. It i~ not necessary tocontrol  the absolute level qf temperature a s  long a s  it i s  within • 1 i 
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safe limits. Thus, with solar  input to  the solar array,  the temperature level will increase until 

the heat.remuved by the chiller and losses is equal to the heat gain in the solar array. The response 

of the chiller>for analyzing system performance is discussed in P a r a g r a ~ h  2 .4 .  

3 . 1 . 3 . 3  Electrical Subsystems. Electrical subsystems identified for.the PCAE are: (1) power; 

(2) control; (3) instrumentation; (4) utility interface; and (5). emergency power. The principal sys - .. 
tern requirements a r e  highlighted in Table 3-4 and the major system components required to per- 

form these functions a r e  shown in Figure 3-8. 

The solar ar rays  on eaoh of nine turntables a r e  connected in parallel and provide a peak power 

capability of 340 kW at a.voltage of approximately 360 VDC to  the input of the inverter system. The 

DC voltage is inverted to  three-phase (277/480 VAC) power synchronized with utility power by line 

commutation techniques. The inverter is operated as  a current source with the power inserted 

through the ~ C A ~ / u t i l i t y  interface. 

The central computar provides the data and logic required for system control. The most signi- 

ficant control functions include: sun-tracking controls for each turntable; solar a r ray  peak power 

tracking; emergency shutdown control; and normal operation start-up and shut-down controls, The 

computer provides a flexible means for implementing alternate'power and tracking control strategies 

Table 3 -4. Electrical System Requirements 

POWER SUN TRACKING 

. INPUT PV VOLTAGE: 360 VDC 2 12% ACHIEVE COARSE SUN TRACKING O F  2 1 

0 TO 350 kW 
DEGREE (BOTH AZIMUTH & ELEVATION) 

INPUT PV POWER: USING PROGRAMMED EPHEMERIS DATA 
OUTPUT POWER: 277/480 VAC, 60 AND POSITION SENSORS. 

HZ* 3-PHASE WYE ACHIEVE FINE SUN TRACKING O F  2 0.1 
INVERSION EFFICIENCY: >90% FOR 15 TO DEGREES IN ELEVATION USING OPTICAL 

75 kW OUTPJJT SUN SENSOR(S) 
'95?6 'OR 75 DEFOCUS COLLECTORS I F  CELLS REACH 

350 kW OUTPUT EXCESSIVE TEMPERATURES 
OPERATE AT SOLAR ARRAY MAX. POWER 
POINT 

UTILITY INTERFACE INSTRUMENTATION 

OPERATE IN PARALLEL WITH LOCAL PROVIDE SENSORS FOR KEY MEASUREMENTS: 
UTILITY CURRENTS. VOLTAGES, TEMPERATURES, 

FLOWS. PRESSURE. INSOLATIDN, ETC. 
POWER FACTOR & POWER QUALITY 

'ONTENT' BE 'OMPATIBLE CONDITION SENSOR OUTPUTS TO UNIFORM 
WITH LOAD AND UTILITY 

TRANSMISSION FORMAT FOR USE W ~ T H  
INTERRUPT PV SYSTEM OUTPUT WITH ODAS (GFE) 
LOSS O F  UTILITY: RE-ENABLE PV SYSTEM 
AFTER UTILITY IS RE-ESTABLISHED EMERGENCY POWER 

NO INTERRUPTION O F  UTILITY SERVICE TO. PROVIDE UNINTERRUPTED POWER FOR 
LOAD FOR ANY MALFUNCTION O F  PV COMPUTER SYSTEM AND ODAS. 
SYSTEM 

PROVIDE SHUTDOWN POWER (DEFOCUS 
COLLECTORS) IN EVENT O F  UTILITY OUT- 
AGE, LOSS O F  COLLANT, OR ARRAY 
OVERTE MPERATURE. 



Figure 3-8. Electrical Subsystem Block Diagram 
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System performance data is collected and dispatched by the government-furnished On-Site Data 

I Acqui~ition system. The ODAS has been integrated on a non-interference basis with the PV system 

I controlls although both systems will share the inputs from certain sensors. Instrumentation inputs 
1 

a r e  provided frommany points in the system, although a larger  number of measurements will be 

I associated with one "experimental" turntable. This single turntable will be equipped with more ver- 
- satile data handling equipment to provide greater  latitude in the nature of the performance variables 

to be evaluated. 

An emergency power system contains sufficient storage to sustain the computer system for sev- 

I era1 hours and to also bring the system to a safe shutdown condition in the event of utility o r  pumping 

I outages. 

I The system architecture associated with the various power control, tracking control, and in- 

I strumentation functions has been selected based on the following objectives: (1) minimizing the 

I power and signal cabling required between the solar  a r ray  and control building; (2) use of standard 

circuits and electronic components; (3) low cost by minimizing the amount of equipment required; 

(4) flexibility for  evaluating alternative controls and instrumentation. The selected electrical sub- 

systems described in more detail in Section 3 meet these objectives and facilitate their Phase I1 

hardware implementation. 

3.1.3.4 Field Systems. Field systems include the site preparation, construction of turntable found- 

ations, erection of the control building and'all electrical and mechanical installations. The basic 

site and plant layout characteristics have been described earl ier  in Section 2.2. Specific features 

of the control building, 'and electrical and mechanical installations a r e  noted below. 

The turntable foundation consists of two concentric concrete tracks and a concrete pier at the 

I turntable hub. The concrete tracking. is made up of a continuous 12x 12-inch footing with two #5. 

! steel reinforcing bars  placed 3 inches from the bottom. Three-quarter inch expansion joints will 

be located at the quarter joints of the outer ring and at the half points of the inner ring. The center 

pier is 10 x '10 x 2 feet thick with a 2 1/2 x 2 1/2 x 3 foot high pedestal for the pintle base. 

I The control building is a 16 x 50-foot concrete masonry structure. It will be supported 

I on a continuous concrete footing and has a 5-inch concrete floor slab. The roof consists of pre- 
, 

I cast concrete slabs with a built-up roof covering. The electrical and mechanical installations 

b&,,within and outside thecontrol  building are designed in abcordance with standard engineering 

practice@. 



3.2 ' SOLAR ARRAY 

3.2.1 Solar Collector The solar collector consists of the 7 x 30-foot skin-frame assembly 

shown schematically on Figure 3-9,. The framework is composed of seven accurately formed ribs . 
/' tied together with three longerons along the keel and edges. Stock size 25-mil 4 x 10-foot alumi- 

nized steel sheets with a laminated reflective surface are snubbed against the framework by band 

and edge clamps. Diagonal rod braces across the aperture both stiffen the collector torsionally 

and provide armeans for trimming out angular twist errors.  Circulating fluid through a 1.25-inch 

ID copper tube along the focal line provides the means for cooling solar cell receivers mounted 

along the tube between each rib section. Stub shafts are  provided at each end for bearing support 

and coupling with adjacent collectors. 

BRACING CABLES 

AND 
SIIPPORT SPAFT RECEIVER ASSEMBLY 

SECTION "A-A"  -- S l DE MEMDERS 

' Figure 3-9. Parabolic Collector 

The reflector ge'ometry i s  illustrated on Figure 3-10. . The focal point of each half of the 

parabolic trough is located at the mid-point of the Vee-mounted solar cells. A r im angle of- 
I 

90 degrees is used resulting in a theoretical aperture width to focal length ratio of two. The 

20.38-inch focal length was dictated by the arc-length obtained by wrapping the 48-inch wide 

reflectdr sheets around the parabolically shaped ribs with sufficient allowance for longitudinally . - 
clamping the sheets along the tee-section keel and ell-section longerons. These clamping sur- 

faces a r e  tangent with the theoretical parabolic cylinders. In conjunction with the parabolic 

i ribs they form the boundary conditions for establishing the parabolic contour. 



With allowance for shadowing by the solar cell receiver the effective half-aperture width 

is 39.5 inches. The effective length of each of the six sections making up the collector i s  58.5 

inches. This results in an effective area of 192.2 ft2 (17.86 m2) for each collector. 

FOCAL LINE 

/ SEPARATION: 1.76 IN. ELL-SECTION 
LONGERON 1 

VEE-MOUNTED 
SOLAR CELLS 

L TEESECTION- 
KEEL 

' Figure 3-10. Collector Geometry 

The parabolic'ribs use commercially available aluminum tee sections with a T4 heat treat. 

Aluminum was chosen to maximize the accuracy of the stretch forming process. The bottom keel 

and side rails a re  also aluminum extrusions (35,000 psi yield) chosen because of cost and corrosion 

d resistance considerations. The reflective film approach used in this design decouples the reflector 

surface and reflector substrate material selection and allows the substrate material to be chosen on 

structural cost effectiveness alone. Sheet steel shows a significant advantage over sheet aluminum 

in this regard. 



Full structural advantage is taken of the reflector substrate in providing shear and torsional 

resistance for  the collectorls 30-foot length. Although bending is primarily resisted by the bottom 

keel and side rails,  the substrate provides the shear resistance required along the sectionls neutral 

axis. In conjunction with the diagonal bracing rods and rib members, the substrate also provides 

a high degree of torsional stiffness. 

Moments a r e  taken out of the collector through the shear developed by each support shaft in 

combination with each end pair of r ib assemblies. This removes the requirement to transmit 

moments through the vertical members of the rib assemblies, thereby reducing their material 

thickness and cost. ,, 

The structure is fastened by rivets and clamp assemblies. Rivets are  also used to attach the 

rib assemblies to the bottom keel and side rails. The 4 x 10-foot reflector substrates a re  attached 

to the parabolic ribs, bottom keel, and side rails by clamp assemblies. 'I'hese clamp designs 

reduce assembly time and allow field replacement of a reflector panel if required. 

Several features of the collector trough have inherent prod.ucibility and cost advantages as 

discussed below. 

The parabolic ribs make use of the mature, high-volume stretch forming technology. The 

reflector substrate is not preformed but wrapped around the parabolic ribs at assembly. Thus, 

the rib i s  the only component formed to an optical requirement. The cost of generating the para- 

bolic trough shape through the use of stretch-forming is approximately 10C per square foot of 

collector aperture. 

The reflective film approach adopted in this design makes use of cost-effective materials a s  

well a s  high-volume production techniques. The 4-foot wide polyester composite film is W stabi- 

lized and metalized in continuous coil processes. Coil lengths are  on the order of 600 feet. The 

lamination of the film to the substrate is provided by the high-volume plastic to steel lamination 

industry.. The polyester is. laminated to coil steel at process speeds of approximately 20 feet per 

minute. 

The upper layer of the composite film i s  a high clarity 3-mil W stable film, commercially 

available under the trade name LLUMAR from Martin Processing, Inc. UV absorbers a r e  added 
. .. 

to the film in a dying process.   his film is currently in use as  a glazing on commercial flat-plate 

solar  collectors and on greenhouses. The lower film is a 1-mil clear polyester film. The upper 



film is vacuum, metalized (aluminum) to a thickness having a resistance of less than one ohm per  

square. The two films are  laminated with the metalizing sealed in-between. Cost of the composite 

film is 23$/ft2. 

The Martin film has been extensively characterized and compared with other materials in tests 

conducted at GE. As shown on Table 3-5, five film-type reflective materials were evaluated by 

subjecting them to a series of environmental exposures with measurements of total and diffuse . 

reflectance made after each exposure. As indicated in the remarks column, the LLUMAR material 

performed best. However, it  did exhibit some r ise  in diffuse reflectance (and therefore a decrease 

in specular reflectance) after the abrasion and cleaning tests. The other materials had more se- 

vere shortcomings and therefore the LLUMAR has the greatest promise as  a low-cost reflective 

material. 

The abrasion resistance required to achieve a field life of 20 years.has not yet been determined 

quantitatively. GE is evaluating the performance and cost of a protective overcoat such as  the 

silicone hard coat deveLoped by GE's Lexan division for outdoor Lexan applications. The coating 

is commercially used on Lexan head lamps for the automotive industry. 

The feature of the collector design which permits easy reflector replacement can be considered 

as  an alternative to 20-year reflector durability. Replacement of the skin, for example after 1 0  

years, may be more cost effective. 

Lamination of the reflective film to the substrate has implications on performance because of 

the resulting surface quality and on costs which a re  strongly dependent on the manufacturing process. 

Laminating techniques were evaluated during Phase I with strong emphasis on the appropriateness 

of the ,already established decorative film laminating and hot stamping industries. These high 

volume industries apply films and coatings to steel and aluminum substrates in both coil and sheet 

processes. 

Two 150-foot coils of the Martin composite polyester film and other candidate materials were 

obtained and used in the trial laminations, noted in Table 3-6, using high-volume process rates. 

Finished products were evaluated on the basis of adhesion and surface flatness. The term ''orange 

peelu is  used to indicate the most common type of non-flatness encountered in laminating films to 

substrates. The orange peel effect can be caused by non-uniform thickness of the adhesive layer 

between film and substrate, failure to remove all a i r  between film and substrate, and/or surface 

imperfections in the substrate. 



Table 3 -5. Reflective Surface Evaluations 
. - 

Scotchcal-5400 I 3M Co. 1 .873 1 .025 1 .865 1 . l 36  '!:I .650 1 .625 ' 1  No test 

Material 

Llumar I Martin Proces- I . 8 l3  1 .032 1 .784 I . I 61  1 .802 1 .076 I .789 1 .076 
siw. Inc. 

Metalized I Enamel Products 1 .837 1 .065 1 .830 1 . I33 1 .819 1 . I18  ( "- No test  

r .  

Source 

polyester 
on steel I 
Metallzed / K m - H a s t h g s  1 8 0 0  I -165 
polyester 
on Polyviql  

As Received 
T * D* 

I I I 

Metallzed I Kurz-Hastias 1 .839 1 .076 
ABS plastic 

Description 

Salt 
T I D . 

I I 

*T: Total hemlapherical r e f l e c t m e  
*D: ~ t f f u s a  reflectance (3' aperture) 

I .  
~ ~ ~ ~ - ~ 1 1 7 - 6 4  
for  15 days 

Weat'nering 

T I D 

. Abrasion 
T D 

ASTM-G53-77 FED-STD-141A 
for 15 cycles Method 6191 I 

.780 

.612 

-- ... . 

. .- - 
Table 3-6. ~amina t io i  Test Results 

.858 ( ,058 1 .848 1 .070 1 Failed Weatherlngtest I 

.250 

.517 

.800 1 .067 1 . I95 1 .088 1 Decreased performance after 
abrasion and cleaning teats I 

No test  

-. 

No test  

No test I No test  I Material not W stable 1 

No test  Diffuse component too hlgh 

No test  I I Failed weather iq  tee 

Low-pressure 
detergent 
spray &rinse  

Low-pressure 
detergent 
spray &.rinse 

1 

2 

3 

4 

5 

Laminator 

Enamel Products, 
McKeesport, Pa. 

Poloron 
Industries, 
Scranton, Pa. 

Raymond 
Engineering, 
Quebec, Canada 

Laminex 

Kurz-Hastings. 
Philadelphia 

Process 
Type 

Coil 

Sheet 

Sheet 

Sheet 

Coil 

Film 

Martin composite 
Single Piece 

Polyester 

Martin Composite 

Martin Composite 
Single Piece 

Polyester 

Scotchcal 
(Pressure 
sensitive adhesive) 

Hot Stamping Foil 

P rocess  
W e d .  

80 ft/min 

' 

20 . f t /dn 

20 ft/min 

1 0  ft/min 

. - - 

50 ft/miri . - 

fhbstrate 

Steel 
Commercial 
Brite Steel 

Galvanized Steel 
Steel , 

Aluminum 

Aluminum 
Aluminized Steel 

Aluminum 

Plastic 

Results 

Steel showed moderate orange 
peel. Commercial Brite showed 
light orange peel. Good adhesion. 

Galvanized spangle showed through 
film. Poor adhesion with all 
substrates. 

Essentially no orange peel with 
single piece polyester on aluminum. 
Good adhesion. Martln Composite 
film and aluminized steel presently 
under evaluation. 

Essentially no orange peel. (Film 
will not withstand outdoor 
environment. ) 

Moderate orange peel 



The r d t s  of this lamination development program are  briefly outlined in the final column 

of Table 3-6. Note that the smoothness of the substrate surface is also important in minimizing 

the orange peel of the reflector surface. Galvanizing spangles showed through to the film's sur- 

face and thus galvanized steel was discounted a s  an acceptable substrate. On the other hand, 

aluminum generated the best film reflective surface with virtually no orange peel visible. Since 

aluminum is more expensive than steel and requires more energy in its production, GE i s  con- 

tinuing to work with these lamination vendors to increase the cost effectiveness of the reflector 

assembly. Aluminized steel, an inexpensive, smooth, corrosion resistant, commercially avail- 

able product, is an attractive candidate for achieving a low-cost high-performance lamination. . 

An adgitional factor of importance concerns the flatness of the substrate needed to obtain the 

geometrical accuracy when the substrate is wrapped .to form the parabolic reflector. Sheet metal - ' \  

in coiled mill runs may deviate significantly from the flatness required. Stretcher-leveling pro- 

vides the means for correcting any non-flatness in which the sheet metal is yielded slightly on a 

flat surface removing any wrinkles and waviness. This step is generally applied to such com- 

mercial products as  truck panelling and steel partitions in which waviness would detract from 

esthetic appeal. Requirements for the reflector substrate include the stretcher-leveling specifi- ' 

cation. 

Summary Specifications 

Type: 7 x 30-foot linear focus parabolic trough 

- ! 

Intercept faitor on lsolar :ells: 0.97, 

Optical winds up to 35 mph i 
I 

Survive winbs of 70 mph in vertical position, 
I 

I Survive winds of 10'0 mpli in horizontal position' I 

3.2.2 Solar Cell Receiver The s'olar cell receiver converts the concentrated sunlight.to elec- , 
trical energy by means of N/P-type silicon cell8 which are  vee-mounted along. the collector focal 

line. In addition, the receiver absorbs the non-converted thermal energy and transfers it to the 

copper tube for removal by the circulating fluid. 

~k shown on Figure 3-11 a split design is used in which two aluminum extrusion receiver 

halves, each with a string of solar cells, are  clamped to the copper tube through an electrical 

insulating layer. Principal advantages of this split design are: (1) easy removal and replace- 

ment of receivers without interrupting fliud lines.; (2) use of the copper tube as  a fully qualified 



METALIZEO SOLAR 
CELL CONTACTS 

EXPANDABLE COPPER 
INTERCONNECTIONS 

Figure 3-11. Solar Cell Receiver 

corrosion-resistant material for plumbing systems; (3) the use of the electrically insulated alu- 

minum bar, in conjunction with a diode, as a current bypass for shaded or damaged solar cells; 

(4) small voltage drop between the solar cells and aluminum substrate resulting from the previoue 

advantage, permittin'g the use of more thermally conductive materials (see discussion below); 

and (5) ease of manufacture resulting from the segmented approach. 

Each receiver half is about 5 feet in length and accommodates 36 3.5 x 4 cm solar cells in .. 

series. Multiple tab copper interconnector strips are  connected along the cells edges and ar&- 

used to accommodate thermal expansion displacements. A 3 to 5-mil thickness of adhesive is 

used to bond the cells to the anodized aluminum substrate. It is important to keep the adhesive 

as thin as possible and use high-thermal conductivity materials. Analysis of this characteristic 

is  summarized on Figures 3-12(a) and 3-12@) which show the effect of film thiclmess and conductivity 

respectively. The line of higher slope' on Figure 3-12(a) pertains to the effect of uneven distribution 

of light readting the receiver which at its peak may be on the order of twice the average value. 

Figure 3-12 (b)ghows the effect of introducing high conductivity fillers into silicone adhesives. For  
/ 

the nominal 5-mil design thickness and the nominal aluminum fill factor of 30 percent yielding. 

KEflective/~RTV equal to 2.5, the maxtmum peak temperature drop is computed to be approxi- 
. . mately 8.6' F ( - 21.5 - 2.5). 
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Figure 3-12. bond Thbrmal ~haracteri ' i t ' ics 
! 1 

Methods for achieving the desired thermal characteristics for the cell  to substrtite bond include 

the use of film adhesives such as the mica-filled type made by D6w-Corning, or  notched trowels 

o r  notched rollers for metering on the RTV adhesive, also with good thermal conductivity fillers 

(0. g., alumina or  'magnesia) introduced. Final selection of the.production process will be based 
i'J . . on./tfSsts conducted early ~hase(11. An attracti+e , .  alternative , arises when the relatively low cell- 

to-substrate voltage breakd&n rg&irements &the split receiver design are  considered, since - 

the bulk of the voltage drop occurs acrdsk;'the aluminum substrate and the coolant copper tube. 

The solar cell voltage breakdown requirement of only 25 volts can easily be satisfied by a 1/2-pi1 

anodize coating on the aluminum substrate. This opens the possibility of introducing high-thermal 

conductivity metallic fillers into the cell-to-substrate bond. This is prepared in the form of a 

semi-cured film adhesive and applied on the back of each cell in postage stamp style to effect the 

necessary cell-to-cell electrical insulation. 

A single piece of glass covers the cells over the entire receiver length. This approach provides 

the maximum protection against the entry of corrosive moisture. An anti-reflection (AR) coating 

is  being evaluated for the outer glass surface. One of the receiver prototypes described later used . 

a glass with a silicon dioxide AR coating. If performance enhancement / cost tradeoffs show a pos- 

- itive indication, the AR coated glass would be used for the production receivers. 

Silicone rubber glazing strips hold the glass in place and permit relative expansion between 

the aluminum substrate and glass. The gap between the cells and glass is filled with a,  transparent 

silicone gel, RTV 615. The gel has a high degree of complialice for accommodating material dif- 

ferences in thermal expansion. Six receiver pairs are clamped over the tube in a single collector 



and connected in series. Figure 3-13 shows the schematic indicating the cell strings, the bypass 

diodea and current paths, and the fnsulation between the receiver bars and copper tube, The 

bypass diode limits the maximum voltage that can be imposed across any current-deficient cell 

in the 36-cell string of each receiver. As a worst case, a single 3 x 4 cm cell could be subjected 
,- 

to a reverse voltage of about 16 volts.at a current of 8 amperes before the bypass diode starts 

to conduct. The resulting added heat dissipation of 10.7 watts/cm2 is about twice as high as the 

normal peak dissipation occurring at the center of the cell (me Figure 3-12 (a).)). Thus, the tem- 

perature drop across the cell bond would be about three times higher than normal. With a normal 

design A T  of g°F, the abnormal A T  would be approximately 27 '~.  As reported later in Para- 

graph 5.7, the cell bond of the initial receiver prototype indicates AT% of approximately 

50'F. This abnormal A T  will be corrected in the production receivers by one of the methods 

described above. The tests described in Paragraph 5.7 show that the solar cells can operate 

safely up to 280'F without damage. It is concluded that the worst case dissipation due to current . 
deficiency in one cell can be safely tolerated. 

SECTION 81 e- SECTION 82 ' 0 0 14-.SECTION 06 
I 1 .- . 
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Figure 3-13. Solar Cell Receiver Circuit 



Summary Specific rtione 
. . 
a Solar Cells: N/P dlicon for operation at 25 to 50 suns, 16% nominal efficiency 

@ 1 sun & 28'~.  

I Glass cover: chemically strengthened low iron-glass I 
I o 

Glass Optical transmission: 0.95 I 
I Temperature limits: - 3 0 ' ~  to +250°F I I Electrical Insulation: I 

Cell to receiver bar: 25-volt breakdown 
Receiver to copper tube: 1500-volt breakdown 

I Thermal impedance: I 
Cell to receiver: . 2 watts/cm2P c 
~ e c e i v e r  to copper tube: 0.3 watts/cm2Pc 

3.2.3 TURNTABLE FRAME WORK 

.A; illustrated on Figure 3-14, the turntable framework consists of 5 main I-beams upon 

which the collectors are ,supported. Periodic box beams fix the I-beam spacing. Sixteen dis- 

tributed wheel assemblies are located along the main I-beams and rest on two concentric tracks, 

the inner one 83.5 feet in diameter, and the outer one 137.2 feet in diameter. Racking of the 

entire framework is prevented by diagonal rod braces which span from the base of the wheel 

assemblies and the central pintle bearing. Since the collectors swing below the plane of the 

I-beams, the plane of the diagonal rod braces is placed low enough to avoid interference. The 

wheel assemblies, to which the rods are attached, are braced in several directions in order that 

the sti£bess provided by the rods is properly imparted to the rectilinear framework. 

Standard structural. forms are  used throughout the framework. Al l  field joints are bolted, 

with the need for field welding eliminated. The five main I-sections q e  W12 x 16. 5 lbs/ft. 

beams whose total weight is about 8700 pounds. Periodical gussetting is used to improve 

lateral stability. The maximum I-section center deflection is estimated to be about 2.0 inches 

with a corresponding bending stress of about 15 ksi. Margin is available for stresses due to 

small amounts of twisting, local actuator reactions, stress concentrations, fit-up preloads, etc. 

The cross box-beams are 3 1/2 x 3 1/2 x 3/16-inch sections whose weight totals about 6250 

pounds. Box sections were chosen because of their stability against buckling. The diagonal rod 

braces are made of 9/16-inch diameter stock and have a total weight -of 690 lbs. The diagonal 

rod braces are intended only as tension members and are preloaded to about 1350 lbs. to impart 

overall stifhess to the structure. The rods have left- and right-hand screw connections with 

adjustment accomplished by turn-buckles. The framework weight per turntable is 15,640 lbs. 

All are made of ASTM A36 steel, primed and painted for corrosion resistance. 
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Figure 3=14. Turntable Framework 
Summary Specifications 

a Provide rotating framework for collectors with planarity held to * 2 inches. 

I a 
Use standard low-carbon steel structural shapes. I 

I a 
All field joints to be  bolt assembled. I 

pintle bearing assembly. Figure 3-15 illustrates these components. 

A motorized jackscrew is used for elevation tracking which drives a series of pushrods and 

+ 

crank-arms articulated with the turntable collectors. Duty-cycle operation of +he jackscrew motor 

a Use durable weatherproof coatings not requiring maintenance more often than every five 
years  . A 

permits sun tracking at variable rates. The jackscrew is outfitted with an additional motor, mag- 
: . .. 

netic clutch, and gear . . train to permit rapid forward and reverse motions needed for emer&ncy 

3.2.4. . Mechanical Drive Hardware. Mechanical drive hardware consists of the .elevation drive 

mot* and connecting linkages to the turntable collectors, the azimuth drive motors, and the central 

shut do^ and ease of servicing. The design of the system was dictated by an overall mechanical 

e r r o r  of 0.1 degrees apportioned as follows: 

i. Jackscrew backlash: 0.005' 

, a , Bearing play: 0. 010' 
. . .  

Torsional displacements: 0.040' 

' . a Push rod compression: . 0.044' 

a Collector angular distortion: 0.001' 
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Figure 3-15. Tr:acking Drive Components 

Design features for meeting these allocations include the following: (1) use of a standard 

jackscrew unit with a 2-mil backlash over the intended life; (2) permanently lubricated bearings 

with 1/2-mil clearances; (3) 30-inch radius crank-arms on collectors to reduce the bearing clear- 

ance angular errors;  (4) large diameter shafting (4.25 inches) between collectors to reduce trans- 

mitted angular errors;  (5) low-friction collector support bearings consisting of small diameter 

anti-friction rollers; and (6) exceptionally stiff collectors by virtue of the diagonal bracing torque 

tube design. As noted previously in Paragraph 2.3.3.1, key adjustment features a re  designed 

into the elevation tracking system for achieving collector alignment. 

The turntable azimuth drive system shown on Figure3-15consists of two motorized assemblies 

located at opposite points along the outer track, which also operate on a duty-cycle basis dependkg 

on the sun azimuth rate. A double reduction wormgear catalog unit with an 1800 rpm motor was 

selected for the application. The overhang capability of the unit permits the traction wheel to be 

mounted directly resulting in an extremely simple installation. 

The central pintle consists of mechanical assemblies and bearings which position the entire 

turntable about its point of rotation. An azimuth position sensor provides a position feedback 

signal for the tracking control system. The unit is housed at a convenient location inside the mov- 

able pintle weldment. The pintle base is bolted to a concrete pier designed for maximum wind 

loading on the turntable. 

3 - 27 



Summary Spec if ic a ti ons 

Elevation Drive System 

Total mechanical tolerance: 
Operational drive rate (100% duty cycle): 
Drive torque: 
Screwjack capacity: 
Rapid-motion drive rate: 
Operational motor rating: 

' Rapid-motion motor rating: 
Number of on-off cycles : 

Azimuth Drive System 

Total mechanical tolerance: 
Operational drive rate (100% duty cycle): 
Wheel traction load: 
Motor rating: 
Number of on-off cycles: ' 

Linkages, Pintle Assembly 

Small-clearance bearings 
Permanent lubrication . 
5-ton pintle side load 

0.1 degree 
0.0052 to 0.0085 degreea/sec 
23,400 inch-pounds , 

5 tone 
0..15 degree/sec 
0.025 hp 
0.167 hp' 
2 x 106 

k1.0 degree 
0.025~/sec 
1500 lbs 
0.25 hp 
2 x 106 

- 
3.2.5 TURNTABLE FOUNDATION 

The turntable foundation consists of the two concentric concrete tracks and central pier 

illustrated schematically on Figure 3-14. 

The foundation soil within the turntable area of the Sea World site does not contain any 

appreciable amount of organic material and will, therefore, be capable of supporting the turn- 

table weight. The foundation footings are  sized for an allowable soil pressure of 3,000 psf. 

.Foundations for the concentric tracks will be excavated 24 inches below existing grade to a . . 

width of 18 inches. The bottom of the excavation w i l l  be compacted to a density of 95% of modi- 

fied proctor density of the material. The excavation will be backfilled with 15 inches of select 

material and compacted to 95% of modified proctor density. The foundation for the ring will be 

poured on the prepared base and will consist of a continuous footing 12" x 12" of 3000# concrete. 

Two #5  steel reinforcing bars wi l l  be placed 3" from the bottom of the footing. Six 3/4" expan- 

sion joints will be installed at quarter points of the exterior rings and three 3/4" expansion 

joints at half points on interior rings. 

The pintle foundation area wi l l  be excavated to approximately 5' below existing grade. The 

size of the excavation will be about 16' x 16' and the bottom of the excavation will be compacted 



. 

to 95% of modified proctor density. The foundation will be 10' x 10' x 2' of 3000# reinforced 

concrete. The pedestal for the pintle base will be 2 1/2' x 2 1/2' x 3' of 3000# reinforced con- 

crete. 

3.2.'6 SOLAR ARRAY WATERTAL BREAKDOWN 

Table 3-7 tabulates the weight for one turntable array by .different material categories. 

Material costs are also indicated using unit costs suggested by Sandia in instructions for the 

preparation of Phase I1 & I11 proposals. 

3.3 'HYDRAULIC SYSTEM 

I 
The hydraulic system for the field of turntables includes all piping, valving, pumps, and subsys- 

tem controls pertinent to the operation of the fluid loop. Clean water will be used for the heat 

transfer fluid which will keep the array heat transfer piping free of scale fouling and eliminate 

the need for extensive water treatment. As operating temperatures up to 220 degrees F are 

planned, minimum system pressure will be maintained at 30 psig Under normal dynamic cbn- 

ditions, maximum system pressure will b e 60 psig. 

Two hydra'ulic schemes are presented in this section which are based on serving: (1) the 

absorption air  conditioning load for the sea World Complex which requires 8 2 ' ~  (180°F) hot 
< 

water, and (2) a domestic hot water load for a planned hotel complex. The turntable coolant . 
circuits and the overall array coolant loop serving either of these loads are first described below. 

3.3.1 TURNTABLE COOLANT CIFEUIT 

The hydraulic network for each turhtable is composed of seven parallel fluid loops, five of 

which use four 30-foot series connected receiver lengths, and two of which use two 30' lengths 

in series (see Figure 3-16). The circuit setting valves in the two extreme branches limit the 

flow to half that in the interior runs. With a nominal flow rate of 260 gpm from the overall 

field, each'turntable receives approximately 28.9 gpm, with each interior branch receiving 
I ~ 4.82 gpm. Flow is equalized to the turntables by the inlet trim valves to each turntable. Pipe 

sizes are selected to maintain the same flow velocity throughout the hydraulic system. 

Each turntable is fed through a 15-foot, 2-inch flexible hose joining the fixed and movable 

parts of the pintle assembly. The coiling motion causedby the turntable rotation is constrained 

1 -, 

to a metal pan attached to the fixed portion of the pintle assembly. Hard plastic bushings at- 

I tached to the flexible hose prevent direct wear to the hose itself. From the pintle, a 2-1/2" 

black iron pipe runs the radius of the table and feeds the supply headers to the collector assem- 

blies. Hydraulic takeoffs from the headers consist of 18" lengths of 1-1/4" silicone flex hose. 
\ 
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Table 3-7. Solar Array Material Cost for One Turntable 

mRUCTURAL STEEL ($0.38/lb) 

A. FIELD SUPPORT STRUCTURE 

M d n  -port Beams 
C r o s s  Box Beams 
Diagonal C r o s s  Bracing 
Wheel -ports 

B. PINTLE WELDMENTS 

C. ELEVATION DRIVE SYSTEM 

Crank A r m s  
Slave Arm 
Push r o d s  
Drive Mount 

D. BEARING HOUSING 

E. COLLECTOR STRUCTURE 

Support p ipes  
Stubshafts 
nl;leonnl Rraces  
Hydraulic Plping 

TOTALS 

ALUMINlZED SHEET STEEL ($0.27hb) 

4' x 10' x .025" 

MACtlINED PARTS ($4.OO/lb) 

Turnbuckles 
Wheel Assemblies 
Bearings (Assorted) 
Elevation Drlve 
A imuth Drive 

TOTALS 

MOTORS ($3.00/lb) 

Elevatlon Drive Motor 
Azimuth Drive Motor 
Clutch 

TOTALS 

STRUCTURAL ALUMINUM ($1.05/lb) 

Stretch-formed Ribs 
Collector Keel 
Collector Edge Members 
Clamping l lardware 

TOTALS 

EXTRUDED ALUMINUM ($O.85/lb) 

Cell  Receiver Oar 

ALUMINIZED FILM ($0. 20/ft2) 

SOLAR CELLS ((a)$ 25/cm2) & 
1NTERCONNECTIONS 

GLASS.($l. 20Ab) 

COPPER ($1.70/lb) 

Cabllng 
Coolant Tube 

TOTALS 

GRAND TOTAL 

Turntable Aperture Area 

- 17.9  m2/collector x 24 col lec tors  

= 423.5  s q u a r c  mctcro  
62936 . 

Material  Cost ($/m2 = - 
429.5  

+ $146.5/m2 

u d t  weight 

16.5 Ib/R 
8.14 lb/R 

8 2 6  lb/R 
99 Ibs 

1330 lbs 

26 l b s  
100 lbs  
93 lbs  

150 l b s  

10 lbs  

54 lbs 
14 lbs  
34 Ibs 

41.62 l b s  

2 lbs  
12 lbs  

70 l b s  
135 lbs  

25 lbs  
25 lbs  
5 lbs  

8.6 Ibs 
27 lbs  
20 lbs  

9. 1 l b s  

1. 6 lbs  

50 lbs/l000 ft 
105 lbs 

Quantity 

528 R 
76.8 f t  

796 ft 
16 

1 

7 
1 
H 
1 

3 1  

24 
I A 
24 

144 

16 
16 

1 
2 

2 
2 
1 

16H 
24 
4 H 

/ 

2HH 

5.760 ft2 

145.152 c m 2  

2HH 

1.500 ft 
24 

~ o t a l  w a t g k .  ~ b a .  

H. 700 
6.250 

690 
1.5M 

1.330 

182 
100 

744 
150 

3 10 

1.296 
672 
816 
679 

23,50:1 

5.993 

3 2 
192 
33 1 

70 
270 

895 

50 
50 

5 

105 

1.445 
64 8 
960 
621 

3.676 

2.621 

460 

75 
2.520 

2,595 

Cost 

8.931 

1.618 

3.580 

R 15 

:I. H60 

2.228 

1. 152 

36.2HH 

553 

4.411 

$62.936 



Figure 3 -16. Turntable Piping Schematic 

These hoses provide the flexure required at the entrance (exit) of each collector row as the 

troughs rotate to follow the sun in elevation during the day. 

The coolant tubes in each collector are  1-1/4" diameter copper (68 mil wall). The tubing 

is electrically isolated from the cell and aluminum substrate, and futher electrically buffered 

from the black iron header by the flex hoses which eliminate galvanic coupling between the cop- 

per and iron piping, 

A l l  piping is insulated with two-inch thick fiberglass insulation to minimize. heat losses. 
-.- - 

Thermal insulation is also applied to the back surface of the solar cell receivers. 

The adjustment of flow to the various branches of the hydraulic circuit will be accomplished 

with the use of a strap-on flowmeter which can be moved from position to position without the 

necessity for breaking into fluid lines. The flowmeter intended for this purpose is commercial- 

ly available and uses a sound wave principle for measuring flow. Once the flows are properly 

equalized, they should remain fixed with only periodic checks needed to assure that the flow 

parameters are  within acceptable limits. 



3.3.2 FIELD COOLANT LOOP 

The coolant loop for the nine turntable collector field is shown schematically in Figure 3-17. " 

Turntable supply and return lines are  buried underground. Coolant is circulated by dual 5 H P  

pumps located near the control building with only one, as selected, operating. Heat is removed 

from the circulating fluid by heat transfer surfaces associated with the absorption chiller (for 

the cooling case) or a separate heat exchanger (for the domestic hot water case). 

A constant circulating flow of 260 GPM is used for the entire range of insolation with the 

fluid temperature rise proportional to the insolation level. This proportionality serves as the 

basis for inverter turn-on. When the temperature rise is about 3 degrees, the corresponding 

insolation is about 10 percent of maximum, an acceptable level for inverter turn-on. The in- 

verter is turned off when the current drops to a value corresponding to a nominal insolation at 

about 8 percent of maximum. 

EXPANSION . . . TANK HEAT 
REJECTION 

F U X I B U  
PINTU- 

CO)(NECTIO)(S - .  . . . 
SUPPLY 

UNDERGROUND LINES - . . . 
RETURN 

5 HP 
PUMPS 

1 1  
CHILLED 
WATER 

Figure 3-17. Field Coolant Loop 



3.3.3 HEAT DELIVERY LOOP - ABSORPTION CHILLER OPTION 

The schematic of the coolant loop for operating the absorption chiller is shown on Figure 

3-18. The system satisfies ,the thermal load directly with no storage required. An internal by- 

pass built into the chiller will assure that a minimum temperature limit has been satisfied. Ex- 

cept for the thermal loss in the external field piping, the AT appearing across the input to the 

chiller will be equal to that occurring across the collector field. The absolute temperature of 

the system will depend partly on the increasing heat losses as the temperature increases and on 
s .  

the equilibrium temperature conditions of the chiller. Section 4.2 presents the performance 

analysis of this system. 

The absorption chiller is of the lithium-bromide type. Its chilled water output is furnished 

to the nearby Sea World shark exhibit. The chiller will'generate up to 318 tons of cooling at . 

peak insolation. 

The thermal loads from the array and the chiller are rejected to atmosphere through an 

induced draft cooling tower, Dual w p s ,  connected in parallel, are provided to circulate cool- 

ing tower water through the chiller. One or  two pumps will operate depending on the thermal 

transfer required. A 2-speed tower fan will automatically speed adjust with the thermal transfer 

demand. 

A heat exchanger is included in the array cooling circuit for use in heat transfer to the 

cooling tower circuit whenever the chiller is not in use. The normal mode of operation will be 

WATER LO<W 

Figure 3-18. Hydraulic System AbsorptionChiller Option 



to reject all heat through the chiller and realize cooling effect therefrom, even at periods of low 

insolation. 

Pipe insulation is applied to array cooling piping, and chilled water piping, both above and 

below ground. Equipment characteristics are summarized on Table 3-8. 
I 

Table 3 -8. Hydraulic Cooling System Equipment 

*Basis for design 

The schematic for the domestic hot water option is shown on Figure 3-19. Solar array heat 

Lead Time 

6 Months 

5 Months 

5 Months 

4 Months 

4 Months 

Item 
h .. 

Absorption CMler 

Cooling Tower 

Heat Exchanger 

Array Circulation Pump 

Condenser Pump 

is removed in the domestic hot water heat exchanger and transferred to a thermal storage tank 

nominally set at 140°F. A temperature controlled bypass valve in the heal; exchanger domestic 

Rating 

600 Tons 

300 Tons of refrigeration 
based on absorption 
service 

120 f t2 surface 

5 HP ,  260 GPM 

15 HP, 1100 GPM 

water circuit assures that only water at the proper temperature level is delivered to the storage 

Source 

York* 
C arrie r 
Tram 

Marley* 
Flour 
Goodfellow 

Alf a-Lava1 * 
Aurora* 

Aurora* 

tank for ultimate use by the hotel loads. A thermal excess heat exchanger is required to re- 

move heat if the thermal storage tank is filled to capacity. The schematic shows heat removal 

by intoducing well water through the excess heat exchanger. An laternate method would be to 

circulate water on the secondary side through a cooling tower as described in the previous sys- 

tem option, 

3.4 ELECTRICAL SYSTEMS (POWER CONDITIONING, CONTROL, AND MAJOR SWITCHGEAR 

Key component characteristics aye covered below for the following electrical subsystems: 

inverter system, utility interface, emergency power, control, instrumentation, and lightning 

protection. 

3 -34 



Figure 3-19. Hydraulic System Domestic Hot Water Option 

3 .4 .1  INVERTER SYSTEM 

Besides the solar array, the DC/AC inverter system represents the other major element 

of the power system. The elements which comprise the inverter system are shown in Figure 

3 -20. Physical characteristics are enumerated in Table 3 -9. The inverter and the voltage 

regulator are standard products manufactured by GE and have been used 'in similar arrangements 

with utility power grids. Power inversion is achieved by a line commutated 6-pulse con- 

verter which is controlled to regulate its DC input voltage in response to a max-power tracker 

control voltage. The inverter is line-cornmutated and only operates if  the utility line voltage is 

- present. This type of inverter was selected for several reasons: (1) it is an existing proven :de- 

sign presently in production; (2) it has been successfully used in similar applications and is 

suitable 'for solar array-type DC energy sources;'and (3) its control flexibilities are adaptable 

to peak power tracking. 

The inverter comes equipped with all of the liecessary protection circuits. An electronically- 

controlled circuit breaker is supplied to open the DC circuit in the event of a commutation "fail- 

ure" which is not self-clearing. Use of the AC induction-type voltage regulator allows the in- 

verter system to operate near unity power factor for large variations in DC input voltage and 

power. Thus, the W A  rating for a given power rating can be minimized and the efficiency can 

be maximized. 
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I Figure 3-20. Inverter System Block Diagram 

Table 3-9. Inverter System, Physical Characteristics . 

Source 

GE Drive Systems, 
Salem, Va. 

Max Thermal 
Dissipation, kW 

15 

7 . 5  

.Item 

Inverter ,Equipment 

DC Reactor ' . 

InductionVoltageRegulator 

High-Pass Filter 
Capacitor (each of 3) 
Reactor (each of 3)  
Resistor (each of 3) 

i 

Size 

11' x 3' x 7 . 5 '  

48" x 48" x 14" 

2 8 " ~ 2 5 " x 4 8 ! '  

17" x 5" x 25" 
12" x 12" x 1 2 ~ "  

3 " x  3 " x  7" 



The predicted efficiency and power factor of the inverter system as a function of load are 

shown in Figure 3-21. The filter is sized to ensure a m&imum harmonic distortion of less than 

5 percent. 

2' .4 .6 .8 1.0 1.2 

! % RATED OUTPUT POWER 

Figure 3-21. Inverter System Efficiency and Power 
Factor vs. % Rated Output Power 

The maximum power tracking scheme, as illustrated in Figure 3-20, senses the inverter 

. system output power and, through dithering logic provided by the central conlputer , establishes 

the solar array impedance that will yield maximum power. .The inverter is turned on whenever 
0 

the coolant temperature rise across the solar array exceeds approximately 3 F indicating that 

the insolation leve1,is high enough to produce output power in excess of 5-10 percent of the in- 

verter rating. An initial operating point is selected and the dithering logic rapidly converges on , 

the maximum power operating point. 

Summary Specifications 

a Inverter System Rating: 350 kVA I 
a Input Voltage: 

a Output Voltage: 

360 - + 12% 

277/480 VAC, 4-wire 

I a AC output synchronized with utility power by line commutation techniques I I a 95% efficiency at 300 kW I 
a 90% efficiency at 30 kW I 



Detailed discussion of the inverter system component functions, component ratings, and 

system modes of operation are presented in the following paragraphs. The theory of inverter 

operation is presented in Appendix A. 

3.4.1.1 Preliminary ~ele'ctians 

The inverter being proposed for the Sea World Concentrator Application Equipment is a 

6-pulse unit based on the well-established technology for rectifier-inverter motor drives used 

in many industrial applications. The inverter is a line-cornmutated unit in the voltage and power 

range suitable for the Sea World PCAE. 

Rectifier-motor drives have been built for many years and offer the cost advantages associated 

with assembly line production. 

In selecting the most appropriate unit(s) for the application, a basic question considered 

whether single o r  multiple units should be used. Estimated costs were obtained for basic in- 

verter equipment (no filters or  voltage regulators) in three sizes as listed below: 

Inverters 

1 - 300 kW Unit 

3 - 100 kW Units 

9 -  33kWUnits 

Estimated Price 

$36,920 

Based on these cost estimates, the 300 kW unit was selected for the detailed system de- 

sign described below. 

3.4.1.2 Function of Inverter System Components 

The functions of the various inverter system components shown in Figure 3-20 are described 

below. 
- 

1. INVERTER (VALVE ASSEMBLY AND INVERTER CONTROL CIRCUITRY) 

The inverter converts the DC power generated by the photovoltaic array to the AC power 
which is required by the Sea World distribution system. Each thyristor valve will conduct 
unidirectional current with the start of conduction by thyristor gating circuits. 

2. INVERTER TRANSFORMER 

The inverter transformer serves as the power link between the AC and DC circuits. It pro- 
vides transformer action to match the .AC supply voltage to the working voltage of the inver- 
te r  valves. It also provides electrical isolation of the DC system from the AC system to 
permit development and control of the DC voltage. 

3. DC CIRCUIT BREAKER 

The DC circuit breaker protects the inverter system from DC faults, commutation failures 
and loss of AC voltage. 



4 .  DC REACTOR 

The DC reactor attentuates the harmonics generated by the inverter in the DC portion of the 
system thus smoothing the DC current. In addition, the reactor limits the overcurrent due 
to faults in the DC circuit. 

5. INDUCTION VOLTAGE REGULATOR 

The induction voltage regulator adjusts the AC system voltage to the appropriate value re- 
quired by the DC voltage at which the photovoltaic array is operating;. This regulation en-, 
ables the inverter to operate at a margin angle of approximately 20 for dl voltage levels, 
Without the regulator, the inverter would have to operate at larger margin angles which 
would decrease the inverter power factor. 

6. HIGH PASS FILTER 

The HP filter consisting of a capac'itor, reactor and resistor in each phase, furnishes a low 
impedance path for the harmonic currents generated by the inverter in the AC portion of the 
circuit. The filter thus reduces the voltage distortion on the AC bus q d  reduces the har- 
monic current flow to the AC network to acceptable levels. The filter also contributes 
capacitive VAR1s required by the inverter and thus improves the power factor of theyinverter 
system. 

3 . 4 . 1 . 3  . Rating of Inverter System Components 

The ratings of the inverter system components were determined as follows: 

1. INVERTER 

The maximum output of the photovoltaic array is estimated to be 300 kW at 360 Volts DC. 
Thus, the DC current is: 

The DC voltage of 360 volts may increase or  decrease 12%. Thus, the maximum DC voltage 
wiU be 403 volts and the minimum DC voltage will be 317 volts. Assuming the current of 
833 amps is associated with the maximum insolation, then the maximum DC power will 
occur at the maximum DC voltage and is: 

.- 

403 x 833 
k W  = = 336 kilowatts 

1000 

Therefore, the inverter must have a maximum power rating of 336 kW. 

2. INVERTERTRANSFORMER 

The inverter transformer must be sized to handle the maximum inverter power rating of 
336 kW. For this condition, U* is 403 Volts and Id.is 833 Amperes. d 

%ee Appendix A for definition of terms. 



The theoretical no load direct voltage Udo was calculated to be 446 'volts. 

The kVA of the transformer was calculated to be 390 kVA. 

The secondary voltage of the Inverter transformer was calculated to be 330 volts FLMS line- 
- 

to-line. 

At the nominal inverter rating of 300 kW and 360 Volts DC, the secondary voltage of the in- 
verter transformer is 295 Volts. Since the nominal AC voltage of the Sea World distribu- 
tion system is 480 Volts, the primary voltage of the inverter transformer s h a d  be 480 
Volts giving a transformer turns ratio of 480/295. 

If the inverter transformer was rated 480 V primary and 295 Volts secondary, the trans- 
former at the maximum power point would be operating at 330 secondary volts on the 295 
volt winding which could be over the knee of the transformer saturation curve and lead to 
excessive transformer heating. 

Therefore, the transformer primary winding was rated 537 volts and the secondary winding 
was rated 330 volts which maintains the 480/295 turns ratio but assures that the transformer 
will always be operated below the knee of the saturation curve. 

3. DC CIRCUIT BmAKER 

The DC .current output of the photovoltaic array is 833 Amperes. The array cannot generate 
much more current than this even for a shorted condition. Therefore, a nominal current 
rating of 900 Amperes DC was deemed sufficient for the DC breaker. 

4. DC REACTOR 

The DC reactor was sized at 3. 8 millihenries which will limit the ripple of the DC current 
to approximately 1% of the nominal value of 833 amperes. 

5. VOLTAGE mGULATOR 
\ 

The voltage regulator must compensate for a + 12% variation of the DC voltage from the 
photovoltaic array and a + 3% variation of the480 V AC system for a total of 2 15% variation. 
The kVA capability of theregulator was calculated to be 51 kVA. Induction voltage regula- 
tors are available with standard voltage variations of 2 10% and 2 20%. Thus, the + 2 0% 
variation was chosen. For this voltage variation, the standard available kVA ratings step up 
from 37.5 kVA to 75 kVA regulator was chosen. It was determined that a standard regulator 
rated 75 kVA and + 20% voltage variation was more economical than a special regulator 
rated 51 kVA w i t h  - 15% voltage variation. 

6. HIGH PASS FILTER 

The high pass filter was designed to furnish a low impedance path for the harmonic currents - 
generated by the inverter. The predominant harmonics are the 5th, 7th, l l th  and 13th. The 
high pass filter reaches a minimum impedance at the 9th harmonic, midway between the 7th 
and l l th  harmonics. Designing for minimum impedance at a lower frequency would increase 
the siz-e and cost of the filter components and also increase the filter losses. The filter as 
designed is also more effective in minimizing telephone interference. 



3.4.1.4 Operation of the Inverter System 

1. CHANGE IN DC VOLTAGE 

When the photovoltaic array is operating at the nominal voltage of 360 Volts DC , the voltage 
- regulator will be at its neutral position. The AC voltage ,at the inverter transformer pri- 

mary will be 480 volts RMS line-to-line and the secondary voltage will be 2 95 Volts. If the 
photovoltaic array voltage now 'increases to 360 Volts .plus 12% or  403 'volts DC , the voltage 
regulator will raise the 480-volt AC distribution voltage 12% '0 538 Volts at the inverter, 
transformer primary. The inverter transformer .secondary voltage will now be 330 volts., 
which is the required secondary voltage for operation at 403 volts DC. 

If the photovoltaic array voltage decreases 12% to 317 Volts DC, the voltage regulator will 
decrease the distribution voltage of 480 volts AC minus 12% to 422 volts at the inverter 
transformer primary. The inverter transformer secondary voltage will now be 259 Volts, 
which is the required secondary voltage for operation at 317 Volts DC. 

? 

2. POWER FACTOR 

When the inverter system is operating at 3 00 kW (10Wo load), the capacitive WARS of the 
high pass filter are not quite enough to meet the inverter requirements so the overall power 
factor of the inverter system calculates to be 98% lagging. 

At 150 kW (50% load), the capacitive WARS of the HP filter are more than the requirement 
I 

of the inverter so the power factor calculates to be 97% leading. 

A t  20% load, the inverter becomes even more over-compensated by the HP filter and the 
power factor .calculates to be 62% leading. 

PROPOSED CONTROL MODE 

Explanation of the proposed control mode is expedited with the use of Figure 3-22 which 
indicates assumed array overall characteristic curves. E , the open circuit voltage, is 

0 
assumed to be a function of cell temperature. It is relatively constant with respect to 
insolation as long as cell temperature is maintained. 

The converter is a 6 pulse unit of the type used for rectifier-'inverter motor drives in this 
voltage and power range. It is' a line-commutated unit utilizing standard control system 
as far as possible. 

The maximum safe back emf .of the,inverter is indicated by the curve labeled E and located 
above the Eo characteristics of the array. This margin will allow for sudden c%anges in 
AC system voltage. While any desirable margin could be provided it is now visualized as 
15%. In other words, the system can withstand sudden AC system voltage dips of 15%. Some- 
what greater dips than this will result in commutation failure and temporary interruption of 
power flow. The larger the margin provided,' the greater the cost of the inverter and the 
greater the consumption of reactive power by the converter. 

The converter is coupled to the array through a DC breaker and a smoothing reactor. The 
DC breaker will be used to open the circuit in the event of a commutation failure which does 
not clear by itself. The reactor smooths the direct current by absorbing the harmonic , 

voltages generated by the converter. It also colitrols the current during AC system voltage 
disturbances. 



The 6 pulse converter operates in a voltage controlling automatic control loop as shown in 
Figure 3-20. The reference voltage wil l  consist of a signal in analog voltage form provided 
by the Maximum Power Tracker. The converter will hold the DC voltage as current varies . 
and maximum power will be realized as long as the reference voltage is correct. 

The voltage out of the'transducer is also presented as a reference to the AC induction vol- 
tage regulator located at the input to the converter transformer. This wiU maintain the 
voltage E (Figure 3-22 at the safe margin above E o )  The voltage from the transducer is 
compoun&d with Anent-to provide a characteristic Which changes with insolation to approx- 
imate the requirements of the array. 

The voltage regulator is a conventional unit with a dead-band control and relatively slow 
motor drive voltage adjustment. It win look after slow changes in AC system voltage or  
slow changes in cell characteristics E as temperature changes. 

0 

All rapid changes in operating point. due to temperature, insolation or AC system voltage are 
absorbed by the margin between Ed and'Eog If this margin becomes zero, a temporary 
inverter commutation failure and power' ixiterruption occurs. .This is not serious since pro- 
tection circuitry will operate to open the circuit and reclose. 

The converter acts as  a current source, injecting AC current into the AC system. The 
power factor will always be less than unity, probably in the vicinity of 0.8 with the converter 
always absorbing reactive power. 

The High Pass filter (see Figure 3-20) has a dual purpose: to absorb AC harmonic currents 
generated by the converter, and to compensate' for the reactive power absorbed by the cm- 
verter. 

i- INVERTER VOLTAGE MARGIN : 15% 

ARRAY CURRENT 

Figure 3-22. Inverter Voltage Margin 
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3.4.2 UTILITY INTERFACE. A simple tie-in with the utility line has been adopted and is shown 

schematically on Figure 3-23. . .  Full agreement on this'approach has been reached with Sea World 

and the Florida Power Corporation. The flow of power is bidirectional with appropriate metering 

installed to record the relative flow of power. 

The utility interface transformer is tied-in with a 13 kV loop serving the general Sea World 

loads and is  owned and maintained by the Florida Power Corporation. A circuit breaker is  in- 

stalled on the low voltage (PCAE) side of the transformer and protects the Sea World system 

against any PCAE faults. This breaker is controlled by utility safety considerations and is  entirely 

independent of inputs from the PCAE. The breaker and transformer a re  housed in locked cabinets 

and are  imiccessible t o  all but authorized utility personnel. This equipment will be provided a t  

no direct expense to the PCAE project. 

A safety switch is located in the PCAE control building to permit electrical isolation for main- 

tenance and repair. 
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Figure 3-23. Utility Interface Diagram 

3 . 4 . 3  EMERGENCY POWER SYSTEM (EPS). 'The .EPS power to two critical loads. It 

supplies continuous AC power (0.4 kW max), to the central computer and control system. Also, 

in the event of a utility power outage, it will supply about 4 kW of AC power required for program- 

med system shutdown. 

A block diagram of the required functions i s  illustrated in Figure 3-24. A battery charger 

operates from utility power and maintains the battery at full charge. Inverter A, rated at 0.5 kVA 
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Figure 3 -24. Emergency Power Sys tem Block 'Diagram 

operates on battery power and continuously supplies AC power to the computer load. Inverter B, 

rated at 5 kVA, supplies power for  system shutdown after the closure of switches S1 and S2 in . . - * 

response to a utility outage in excess of 1 to 2 minutes. The battery is sized to provide approx- -. . 
imately 5 kW for 30 minutes to the load. Recovery of the utility power automatically resets switches . . 
S1 and S2. 'Several a la rm and metering features a r e  also provided as shown. Physical character- 

I 

istics a r e  summarized on Table 3-10. 

Table 3-10. Emergency Power System Physical Characteristics 

Source 

Solid State Controls, Inc. 

Thermal 
~ i s s i ~ a t i o n  

- 

100 w 

I 

Item 

Battery 

Inverter 
Equipment 

Size 

2.5 kwh 
9' x 13" x 3', 
400 lb 

30" x 30" x 6', 
250 lb 

1 



Summary Specification 
1 

Continuous supply of 120 VAC to 0.5 kW load 

Supply 120 VAC to 5.kW load for up to 30 minutes in response.to utility outage of I, to 2 
minutes o r  greater. 

- -  - .  

3.4.4 CONTROL SYSTEM. As shown on the block diagram of Figure 3-25, a central computer ' . 

located in the control building issues azimuth and elevation tracking instructions through a digital ' 

link to each turntable soiar a h y .  This information is processed.by turntable conditioning equip- 

ment and communicated to and from positioning sensors, fine sun-tracking devices, and tracking 

motor drives. 

~ o t h  the azimuth and elevation tracking system on the turntable are  controlled by on-off duty 

cycle operation of the tracking drives. Er ror  signals derived by comparing position sensor infor- 

mation with the central computer reference position data initiate any corrective motions required. 

Because azimuth tracking is only required within an accuracy of + 1 degree, the azimuth con- 

trols only respond to the central computer reference data. An optically encoded position sensor 

mounted at the turntable pintle provides the position data against which the reference data is 

compared. 

A similar approach is used for coarse elevation tracking. Additionally, f k e  sun sensors are  

used to bring elevation pointing within * 0.1 degree of the true sun position. Optical fiber elements 

mounted in several solar cell receivers (see cross-section in Figure 3-26) serve as  the fine sun 

sensors. Slight off-pointing of the solar collector causes an imbalance of the light stimuli to the 

optical sensors. .The resulting e r ror  signal is  then processed electronically and used to activate 

the elevation drive. The optical fiber sensors were successfully tested in conjunction with the 

5 x 7-foot collector segment described in Paragraph .5.3. 

Besides normal tracking, the control system has the capability for additional operational . 

modes including repositioning of the turntable overnight to the sunrise position and rapid defocus . 

of the solar collectors in the event of a utility power outage or loss of coolant pumping. Over- 

temperature thermostatic devices a re  located at key locations of the turntable collectors that ini- 

tiate emergency defocussing should the solar cells temperatures exceed the preset limit. . 

Means a re  also provided at the control building for overriding automatic controls. Thus, for. 

example, the collectors may be rotated to a stowage position by manual control to minimize the 

effects of an impending storm or  hurricane. 

The control system hardware is  based on available components. The central computer uses 

off-the-shelf micro-processors and printed circuit boards. In general, the computer is  configured 

to provide a high degree of experimental flexibility. In addition to its functions for the control . 
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system, the computer also serves the power inverter and instrumentation systems. For the in- 

verter, the computer proces.ses the data for maximum power tracker operation, and for the instru- 

mentation system, it processes sensor outputs for delivery to the on-site - data acquisition system 

(ODAS). Physical characteristics of the control 

hardware are summarized on Table 3-11. 

summa& Specification 

e Prwide azimuth and elevation 
tracking to required accuracies 

Prwide means for other non-tracking 
operational modes (e. g., return to 
sunrise position,- rapid elevation 
motion for stowage) 

Sense solar cell wertemperatures 
and initiate collector defocus . ~ r w i d e  computer capability for in- 
verter max power tracking operation 
and ODAS data processing. 

I 
\ 

FIBER OPTICS 

I CABLE 

0.25O RMS 

0.1' RMS 

LIGHT PROFILES 
REACHING SOLAR CELLS 

Figure 3-26. Receiver Sun Sensor 

Table 3-11. Controls Hardware Physical Characteristics 

3 . 4 . 5  INSTRUMENTATION. ' Temperature and electrical instrumentation will be distributed 

Major Items 
, . . ,  

Turntable Equipment Box 

Central Computer & Peripherals 
. .  . 

on the turntable and at key points in the power conditioning and fluid cooling systems. One of, 

the nine turntables will have an increased instrumentation capability to permit greater flexibility 

for evaluating the system during Phase III. 

The instrumentation system consists of two basic elements: 1) installed sensors and 2) On- 
': 

site Data Acquisition System. This data-gathering system will collect and report both the solar 

system performance and climatic data. Meteorological sensors will collect outside temperature, 

humitidy, wind velocity and direction and available sunlight data. Sensors for monitoring the 

system performance will include voltage and current transducers, and temperature. and flow rate 

sensors. 

Size 
(Inches) 

12 x 24 x 24 

60 x 30 x 72 

Max 
Thermal 

Dissipation 

100 W 

500 W 

Sources 

GE mace Division 

GE @ace Division 



Specific sensor data requirements a re  defined in Table 3-12 including sampling and recordir- 

frequencies. 

Figure 3-27 is a block diagram of the ODAS that is to be supplied a s  GFE by DOE/Sandia, It 

will have the capability .of accepting 40 or  more channels of transducer data as well as  the capa- 

bility of accepting expansion modules to provide up to 1000 channels for very large test systems. . 

Approximately 76 channels of data a re  required for this project. The ODAS will also have a 

capability to record an additional amount of unique .data that General Electric might require for 

additional system evaluation. A l l  output data from the ODAS is accessed via either the RS-232 

port o r  the telephone data access port. 

RS-232-C 
OUTPUT PORT 

RS-2324 
OUTPUT PORT 

ON-SITE DATA SOFTWARE 
ACQUISITION 

SYSTEM 
DIAGNOSTIC ROUTINE 
DATA REDUCTION 

THEPHONE DATA c TEST PROGRAMS 
ACCESS . 

CASSETTE VISUAL 
HARD COPY TAPE DISPLAY 

OUTPUT 

Figure 3-27. Block Diagram of ODAS 

Figure 3-28 shows a diagram of turntable transducer locations; most of the sensors are in- 

stalled only on the experimental turntable transducer locations ; most of the sensors are  installed 

only on the experimental turntable assembly. 

3.4.6 LIGHTNING PROTECTION 

The Sea World PCAE will be located in an area of prevalent thunderstorms and lightning 

strokes. In fact, there are  an average of 90 days each year on which thunderstorms are within . 
earshot of Orlando. This degree of exposure implies that positive measures must be provided 

. . 

to protect the experiment from upset ,or damage due'to lightning. Lightning Technologies,"Inc. , 
was engaged to assess the magnitude of the potential lightning problems and to develop protective 



Table 3-12. Transducer Data Acquisition Requirements (Imputs to ADAS) 
. . . .  . .  
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Figure 3-28. Turntable Transducer Locations 

measures. Recognizing that lightning protection is most effective and least expensive if designed 

into a system from the start, potential lightning problems related to the P V  system were identi-- 

fied and protective measures developed during the design phase. 

Analyses showed that about 26 lightning strikes will fa l l  within a radius of 1 kilometer of the 

PV site eaoh year generating the magnetic fields and earth voltage rises that may be expected to 

induce voltage and current surges in the PV electrical systems. These swzges are of sufficient 

magnitude to damage the sensor and control electronics and, possibly, the P V  receivers them- 

selves. 

A direct str ike to one of'the PV receiver turntables could cause extensive damage to these 

items, and it may also produce welding or  pitting within mechanical linkages and bearings, that 

would mechanically disrupt the system operation. The analysis shows, however, that a direct 

strike can be expected to fa l l  within the plant site only once every six years. The greatest need 

is to protect the PV system against the much more frequent effects of nearby strikes. 

Protective measures developed during this phase for the PV system are intended, first, to 

reduce, through added shielding, the magnitudes of surge, voltages and currents induced in 



system cabling by the magnetic fields and earth voltages; and second, to suppress remaining 

surges to levels that can be tolerated by the PV electronic equipment. 

Reduction of lightning-induced voltages in the power and electronic circuits will be accom- 

plished by use of shields, grounded at each end, between the equipment building and the turn- 

tables. These shields will make a major reduction in the amount of induced voltages that appear 

in enclosed circuits. The currents driven through these shields can still produce significant 

voltages which appear on the circuits. 

Such shielding can be accomplished by an assignment of the DC and AC power return con- 

ductors to double duty as lightning and ground return (LGR) #cables and arrangement of them so 

that they carry proportionately more lightning current than the other cables in the same under- 

ground cable runs. This can be done by putting the LGR cables on the periphery of conduit runs 

so  as to minimize their relative inductance, as illustrated in Figure 3-29. 

Surge suppression networks and devices have been incorporated into the design of each of 

the electronic circuit interfaces to protect these systems against the remaining surges. 

Analysis indicated that the PV cells should tolerate the voltages and currents induced by 

nearby strikes fairly well, although their ability to sustain higher amplitude currents produced 

by very'near or direct strikes is not known because the actual tolerance level of photovoltaic cells 

has never been evaluated by laboratory test. 
Typical Handhole 

;; 
Figure 3-29. Typical Handhole Grounding Configuration 



The Sea World experiment offers an excellent opportunity to evaluate the lightning tolerance 

of solar cells and acquire the data'necessary to assure the design of adequate lightning protec- 

tion for future PV power generation systems. This can be accomplished by performance of sim- 

ulated lightning current tests on PV cell units at  known current levels, and also by monitoring 

the performance of the cells under actual thunderstorm conditions after the .plant is constructed. 

' A series of simulated lightning tests is proposed for the 'sea World system and will consist 

of relative geometric scale model tests to validate the induced voltage analysis, followed by cur- 

rent injection tests on a full-scale PV receiver (one of the test units already constructed) to de- 

termine its tolerance level. 

Because of their necessarily exposed locations, solar PV power plants will nearly always be 

subjected to lightning effects, and protective measures will-be required to prevent damage. The 

Sea World PV experiment thus offers an excellent opportunity to optim?ze and validate protective 

measures for use in future systems; some of which will be larger, more widespread and thus 

even more susceptible to lightning that the Sea World PV plant itself. 

A comprehensive report on the lightning protection philosophy for the Sea World PV applica- 

tion is presented in Appendix C. 

E 
3.5 FIELD SYSTEM 

Field systems encompass the areas of s'ite preparation, plant layout, electrical intercon- 

nections between the major plant installation (turntables, control building, field-mounted hydrau- 

lic equipment), hydraulic interconnections between major plant installations, and the control 

building for housing electrical equipment and serving as an operations center. 

3.5.1 PLANT LAYOUT 

The site plan for the GE/Sea World PCAE is shown in Figure 3-30. The nine turntables a re  

laid out symmetrically resulting in minimum distaices for cabling and piping runs. 

Access to the site is provided along the northern boundary from an existing road. The con- 

trol building and equipment pads are  conveniently located near the point of entry. Being in the 

northern area of the site, they cannot cause shadowing of the turntable solar arrays. 

A gravel road is constructed through the site to permit access to every turntable for instal- 

ling equipment and making repairs. 

Underground cabling and piping connect,the turntables to the control building and equipment 

pads. Valvepits and manholes are distributed through the field for convenience in servicing and 

isolating specific turntables. 
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A padmount transformer and circuit breaker owned and operated by the Florida Power Cor- 

oration are  located in the northwest corner of the site and connect the PV plant to the 13 kV grid 

.ocated within the Sea World Park. 

Plumbing interconnections between the' PCAE and the Sea World Park are made across the 

northern boundary. The chilled water lines from the absorption chiller mounted on the equipment 

pad are  connected to a nearby shark exhibit just north of the PV plant site. Other service lines 

(water, telephone, etc. ) are also routed across the northern boundary. 

3.5.2 CONTROL BUILDING 

The equipment building is, a 16' x 50' concrete masonry structure. . The building will be sup- 

ported on a continuous reinforckd concrete wall footing and a 5" monolithic concrete floor slab. 

The soil under the building will be compacted to 95% of modified proctor density. A plan view of 

the building layout is shown on Figure 3-31. 

Incoming 480-volt power cables from the utility company transformer will terminate in a 

facility junction box. From the junction box, 'the cables are extended to a 480, 3-phase distribu- 

tion panel board having a main circuit breaker. This panel will serve supportive equipment (cool- 

ing tower, pumps, etc. ) and also by means of a 480-volt, 3-phase delta primary to a 208/120 Volt, 

3-phase wye'type transformer ahead of a branch circuit panel will serve plant lighting. 

DC cabling from the turntables will enter the building into a field junction box. From this 

point, they will be routed in conduit to the input of the inverter. Output cables from the inverter 

will connect to the line side of a 600 ampere, 3-phase, 600-Volt AC non-fused disconnect switch. 

From the load side of the disconnect switch, the cables will terminate at the interface 600 Ampere 

circuit breaker at the power company's transformer. 

. . Equipment (inverter, reactor, voltage regulator a.pd UPS) interconnecting cabling w i l l  be 

routed in overhead cable trays. 

Office areas will be fully air conditioned while the equipment areas will only be heated and 

ventilated. 
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SECTION 4 

SYSTEM AND DESIGN ANALYSIS 

4.1 INTRODUCTION 

This section presents system performance and e d o n ~ m i c ~ a n a ~ ~ s i s . ,  Simulation models for 

solar cells, system optics, thermal characteristics, hydraulics, and power conditioning a r e  de- 

scribed. Performance predictions a r e  presented for the two principal heat removal options: 

(1) use of the hot water produced by solar cell do l ing  for domestic hot water that would be used 

in a planned Sea World hotel complex; (2) use of the hot water for operating an absorption chiller 

for the production of chilled water for a i r  conditioning the Sea World shark exhibit. 

4.2 SYSTEM PERFORMANCE 

4.2.1 SIMULATION MODELS 

4.2.1.1 Subsystem Analytical Models 

4.2. 1.1.1 Solar Array Optical Model 

The optical model computer routine utilized for both parametric analysis a s  well a s  annual 

performance studies is  based on the product of the following factors: 
2 

Solar direct normal insolation level (W/m ) 

Geometric concentration ratio (33. .4X) 

Surface reflectivity ( p  = 0. 80) 

Receiver intercept factor (y = 0. 97) 

Optical enhancement factor of the cell'cover material compared to a bare cell (7 = 1. 04) 

Effective absorptivity of the bare cell (aeff = 0.82) 

The geometric concentration ratio is  simply defined a s  the ratio of the effective aperture width 

(excludes inactive blockage of solar cell receiver) to the sum of the active width of the two cells 

mounted opposite one another (See Figure 4-1). Since in the case of the thermal model, an energy 

balance is performed on an axial increment of length equal to a single cell length (4 cm), obstruc- 

tions from trough structural partitions and series gaps a r e  of no concern; that is, they do not af- 

,, fect the concentration ratio. These obstructions do, however, alter the overall effective length 

of an installed collector row. 

The surface reflectivity of 0. 80 is  generally consistent with values obtained for polyester 

aluminized films (See data on Table 3-5). As.described in subsequent paragraphs, the receiver 

• intercept factor and optical enhancement factors a re  based on analytical estimates. The overall 

optical efficiency of the concentrator, i s  represented by the product of the reflectivity and the 



V'EE-MOUNTED 
SOLAR CELLS 

intercept and enhancement factors. Actual measurements with prototype hardware show an over- 

all optical efficiency of 0.74 (see later discussion in Section 5) whereas the values cited above 

would produce an optical efficiency of 0.807, representing a projected improvement of 9 percent. 

Evaluation of the test hardware indicates that such improvements a re  valid, and therefore per- 

formance analysis based on the projected factors is considered to be realistic. 

The receiver intercept factor was calculated for the particular geometry of Figure 4-1 a s  a 

function of the width of the cell with RMS slope e r ror  and surface specularity of the reflector a s  

a composite parameter. In addition, the sensitivity of the energy fraction intercepted by the cell 

mutual half angle, a ,  was determined. The results given in Figures 4-2 and 4-3, respectively, 

indicate that a 3 cm active cell width will intercept 0. 97 of the energy incident predicated on a 

slope e r r o r  of l /aO and a 4 rnilliradian reflective specularity. The optimum cell configuration 
0 

appears to be determined by a mutual half angle a, = 35 independent of cell width (concentra- 

tion ratio) over the range studied. - 
. . 
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The optical enhancement factor is associated with the improvement .in output when optically 

matched cover windows a re  bonded to solar cells with transparent materials, in this case, RTV 

615 silicone gel. The results of an analysis on the optical enhancement provided by the cover 

window and bond is shown in Figure 4-4. Sketch (a) indicates a reflection loss of 18 percent for 

light impinging on a bare cell coated with a tantulum pentoxide layer. Sketch (b) shows a total 

reflection and absorption loss of 15 percent for the system employing a bonded cover window. 

Thus, the cover window bond system provides an optical enhancement of (I-. 15) + (I-. 18) which 

equals 1. 04. An anti-reflection coating on the exterior surface of the cover window would about 

halve the reflection loss and would result in an enhancement of about 1.06. This was not included 

since the incremental output benefits did not appear to offset the cost of the coating. 
J 

4.2.1.1.2 Solar Array Electrical Model 

The synthesis of solar array electridal characteristics is  based on the performance evaluation 

of Spectrolabts E3-2 solar cells (Reference 1). In order to determine the overall performance of 

the electrical system, the solar cell was first modeled in terms .of its maximum power point con- 

version efficiency a s  a function of concentration and temperature. Figure 4-5 shows the normal- 

ized conversion efficiency a s  a function of normalized concentration ratio which is defined a s  the 

actual intensity incident on the cell divided by.the design intensity. To account for a cell operating 
, I 

0 
temperature (T ) which differs from the standard 28, C reference condition, the efficiency was 

C 

adjusted by factor 11- D (Tc - 28) 1 where 0 is  the efficiency temperature coefficient. Figure 4-6 

shows the 0 characteristics versus normalized concentration ratio (Reference 1). 

The radiation flux that reaches the solar cell was calculated using the following collector array 

design parameters: 

Geometric Concentration Ratio 33.4 

Specular Reflectance of Concentrator 0. 80 

Intercept Factor on Cell Active Area 0. 97 

i Glass Cover Optical Enhancement Factor 1. 04 

Combining these design parameters with cell efficiency and temperature coefficient, the max- 

imum power output can be expressed as: 

2 
PWR (kW/m ) = I * (3'3.4) * (0. 80) * (0. 97) * (1. 04) * (7 /'$ .) * 11-B(T -28)) 

max DN C 
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where 

2 
IDN 

= Direct Normal solar isolation kW/m , 

" D  = Cell efficiency at  design solar intensity 

q = Cell efficiency a t  instaneous solar intensity ' 

For a total active solar cell area of 111.974 m' and a cell efficiency (q )of  0.16 at the design 
2 

D 
concentration ratio (C ) of 20 (or 20 kW/m intensity), Figure 4-7 shows the maximum power out- 

D 
put characteris tics of the solar array a s  function of cell temperature and direct normal solar in- 

solation. 

The array maximum power output is further reduced by the inefficiency of the inverter in 
2 

transforming DC to A C power, and by the I R dissipation in the cable. Figure 4-8 shows the in- 

verter efficiency as  a function of the inverter operating point in percent full load which is  rated 
2 

a t  300 kW. The I R cable losses were assumed to be 2% at full  load condition 

Solar cell maximum power point voltage was derived from the I-V performance curves in 

Reference 1 by correlating the cell maximum power voltage with openkircuit voltage a s  shown 
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in Figure 4-9. The open-circuit voltage can be expressed empirically as  a function of cell tem- 

perature (T ) and normalized concentration ratio (C/C ) as: c D 

Figure 4-10 presents the sensitivity of array maximum p w e r  output voltage to cell temper- 

ature and solar insolation. 

4.2.1.1.3 Solar Array Thermal Model 

The thermal model created to approximate the heat transfer from the solar cells to the water 

coolant is based on incrementa1,energy balances at  each cell along the four series-connected col- 

lectors comprising one of the hydraulic circuits.on each turntable. The model receives inputs 

of fluid inlet temperature, flow rate, solar insolation level, ambient temprature, and mean wind 

speed. Outputs a re  expressed in terms of cell temperatures, fluid outlet temperature, and spe- 

cific intermediate material temperatues. Parametric summaries of thermal energy, electrical 

energy, and parasitic pump power were generated from this model for use in the annual model 

which utilized the SOLMET '67 Miami weather tape to predict performance for the entire field of 

turntables. Control logic for the hydraulic loop was built into this latter program. 

Figure 4-11 depicts the energy balance parameters used in Lhe solar cell receiver thermal 

model. Radiation and convective losses occur along the cell faces together with similar losses 

on the skin of the top insulation. Conduction through the various materials from the cell to the 

coolant fluid is modeled according to the data given below: 

KB = 0.266 w/mOc Bond conductivity 

TB = 5.09 x m . Bond thickness 
0 

KI = 0.036 w/m C Insulation conductivity 

TI = 0. 019 m Insulation thickness 

KS = 180 w/mOc Substrate conductivity 

TAL= 0.0138 m Substrate (aluminum) thickness 

KEI = 0.210 w/mOc Electrical insulation conductivity 

TEI = 1.271 x 1 0 - ~ m  

CW=0.035m . 

Electrical insulation thickness 

Cell width 

CL = 0.040 m Cell length 

SW = 0.051 m Substrate width 

AFC= 0. 857 Active area correction factor of cell (applies to CW) 



Figure 4-9. Maximum Power Point Voltage and Open Circuit Voltage Correlation 
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Figure 4-11. Thermal Energy Balance ' ~ o d e l  f o r . ~ e a  World Receiver . 

Heat transfer into the fluid (water) is determined by calculating the Reynold's number, and 

from its magnitude, determining the flow regime and appropriate Nusselt number at  the bulk fluid 

temperature of the increment. Figure 4-12 shows the predicted temperatue thermal drops rise 

distribution at  one station along the receiver a s  a function of solar insolation level for a flow of 

160 GPM. 
2 

At a direct normal insolation of 1 kW/m , the plot predicts a cell-to-aluminum substrate 
0 0 

temperature drop of 5 F, an aluminum-to-copper tube temperature drop of about 10 F, and a 
0 

copper-to-fluid drop of about 6 to 8 F depending on flow rate. The comparison of predicted and 

actual results is discussed later in section 5. 

4.2. 1.2 System Analytical Models , 

4.2. lb 2. 1 Domestic Hot Water System 

The thermal energy generated by the active cell cooling system was utilized in the system 

performance analysis studies to provide domestic hot water heating to a planned hotel and food 

complex a t  Sea World. Figure 4-13 shows the simplified schematic diagram of the system. To 

minimize pumping losses, the system i s  designed for low and high flow rates in both primary solar 
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array loop and the secondary heat delivery loop. ' A s  illustrated on Figure 4-14, the low rate 

(160 gpm, 1 BHP pump power in the primary loop; 80 gpm, 1 BHP pump power in the secondary 
0 

loop) is used until an array coolant temperature r ise  of 30 F is reached. When this occurs, the 

high rate (340 gpm, 5 BHP pump power in the primary loop; 170 gpm, 5 BHP pump power is the 

secondary loop) is activated for a possible temperature rise up to 3y0k, corresponding to a direct 
2 

normal insolatiod of 1 kW/m . The system reverts to the low rate when the solar array temper- 
0 

ature r ise  drops to 10 F. 

To maintain the desired hot water temperature inlet to the thermal storage tank, a three- 

way modulating valve is utilized in the storage loop. A s  the heat exchanger outlet fluid temper- 
r 

ature begins to decrease or increase due to a change in the collector fluid temperature, the valve 

will divert more o r  less return fluid to the heat' exchanger, mixing with cold .water makeup from 

the storage, to maintain the desired heat exchanger outlet temperature. The heat exchanger was 

modeled as. a gasketed plate heat exchanger with an effectiveness of 0.79 at high fluid flow and 

0. 94 at  low flow. 

The  collector fluid absolute temperature level is  allowed to swing according to the solar in- 

solation level and thermal energy demand on the system until a preset upper limit is reached. A 

three-way valve, sensing the fluid temperature above the limit at  the heat exchanger outlet side, 

will direct the fluid to a cooling tower for heat dissipation. The cooling t&er was sized with the 

capacity to cool 340 gpm of water from 165OF to 130°F corresponding to peak solar insolation 

conditions. 

The daily domestic hot water demand profile for the planned hotel and food complex is shown 

in Figure 4-15. The daily energy demand based on 75OF ground temperature and 140°F supply 

temperature is 4705 kwh. Performance of this domestic hot water system was analyzed using 

hourly weather data for Miami. Results are  discussed in Section 4.2.2. 

4.2.1.2.2 Absorption Chiller Cooling System 

Another option for thermal by-product utilization is to provide chilled water cooling by driv- 

ing an absorption chiller at  elevated temperature. Figure 4-16 shows a simplified schematic 

diagram of this concept. After energy pickup on the solar array, the fluid is introduced directly 

into the chiller generator, eliminating the need for a thermal storage tank. Thus, the operation 

of the chiller depends largely on the instantaneous solar insolation level. 

Since the absorption chiller is designed for a single flow rate,, only one collector fluid pump 

(260 gpm, 3 BHP) is  utilized in the system. In order to reach a steady state condition, the 

generator of the chiller must absorb all of the solar array thermal energy; i. e . ,  the temperature , 
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Figure 4-15. Daily Domestic Hot Water Demand Profile 
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Figure 4-16. Absorption Chiller System Schmeatic Diagram 

drop across the generator must equal the temperature r.ise across the collector field. Thus, the 

absolute fluid temperature is  allowed to vary until equilibrium is reached. The absolute temper- 

ature level of the fluid will be determined by the specific design of the chiller chosen and solar 

insolation level. 
. . 

To predict the overall performance of the system, a York ES7D2 absorption chiller was 

' modeled in the simulation. The performance characteristics of the chiller a re  shown in Figures 

4-17 and 4-18. The data was obtained.from. the manufacturer based on the following . . design para- 

meters : 

Generator - 2 pass, 260 gpm, varying inlet temperature 

Evaporator - 2 pass, 1500 gpm, 510F water out 

Condenser - 2 pass, 1500 gpm, 85OF water in . . 

For a given instantaneous insolation level, the fluid temperature r ise  across the collector 

field can be determined from Figure 4-19 which is the .result of a parametric analysis using the 

array thermal model a s  delineated in Section 4.2.1.1.3. Given the fluid temperature r ise,  the 
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Figure 4-19. Collector Fluid Temperature Rise 
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absorption chiller performance can be predicted from Figure 4-17 and 4-18 assuming steady 

state conditions. 'The transient period in the morning during collector loop fluid warmup is also 

taken into account in the 'performance model. 

4.2 .2  SYSTEM PERFORMANCE RESULTS 

The electrical and thermal performance of the domestic water heating system and absorption 

chiller cooling system were analyzed using a SOLMET weather tape for Miami as  the data most 

closely approxkating conditions a t  Orlando, FL. The tape was obtained from the National Cli- 

matic Center with 1967 weather data chosen from the 23 available years a s  being the most repre- 

sentative. The monthly summary of direct normal insolation is listed in Table 4-1. Also shown 

in the table for comparison is the direct normal insolation from the recently obtained synthetic 

Typical Meteorological Year (TMY) tape. The TMY tape was prepared by Sandia based upon a 

selection of the most typical January, February, etc. , . available in the years of record for each 

of the 26 SOLMET sites. Typical months were selected by a weighting technique for insolation, 

temperature and wind speed. The table indicates that the 1967 SOLMET insolation values are  

lower by 3.3.  percept compared with the TMY data. 



Table 4-1. Monthly Direct Normal Insolation. for 
1967 SOLMET and TMY Miami Location 

4 . 2 . 2 . 1  Domestic Hot Water (DHW) System 

Using the domestic hot water load profile in Figure 4-15 a s  input, the overall sytem per- 

formance was evaluated parametrically for various domestic hot water supply temperatures and 

Month 

Jan. 

Feb. 

Mar. 
> 

Apr. 

May 

June 

July 

A ug. 

Sept. 

Oct. 

Nov. 

Dec. 

A nnual' Total 

thermal storage sizes. Figure 4-20 shows.the sensitivity of system performance to domestic 

hot water supply temperature. A s  the hot water temperature decreases, the gross electrical 

Direct Normal Insolation (kwh/m2) 

output increases due to lower fluid temperature, and consequently lower cell temperature and 

higher cell conversion efficiency. However, the gain in electrical output is more than offset by 

1967 SOLMET 

84.7 

114.1 

140.7 

139.2 

155.3 

89.4 

111.8 

. 88.8  

95. 8 

106..*3 

114.5 

134.8 

1375.5 

the increase in parasitic power required to dissipate the excess thermal energy. The cooling 

T MY 

112.3 

122.1 

140.7 

150.6 

113.6 

95.7 

106.2 

116.3 

93. 8 

119.3 

129.2 

121.2 

1421.1 . 

tower heat dump scheme has a two-speed fan with 20/6 BHP ratings. The auxiliary energy re- 

quirement also increases with decreasing water temperature as more auxiliary heat is  needed 

to bring the water up to its useful temperature of 140°F. 

Figure 4-21 shows the system pekformance tradeoff with varying thermal storage sizes for 

1400F hot water supply temperature. A s  the storage volume increases, more useful thermal 

energy is available to meet the nighttime domestic hot water demand, while less excessive heat 
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dump and the associated parasitic power a re  required. Figure 4-22 .shows the monthly electri- 

cal and thermal output profiles for the 140°F DHW case. 

The system output voltage and maximum power point characteristics a re  shown in Figures 

4-23 and 4-24. For a range of hot water temperature between 100°F and 180°F, 99.5 percent 

of the electrical energy generated are  within 2 15 percent of 360 VDC, thus establishing the oper- 

ating requirement of the inverter. Figure 4-24 presents the maximum power output duration 

plot. 
) 

4.2. 2.2 Absorption Chiller Cooling System 

The actively cooled concentrating PV system utilizing a 617-ton York absorption chiller was 

analyzed to predict the overall electrical and thermal performance characteris tics. Figure 4-25 , 

shows the'monthly energy output profiles for such a system. Over 90 percent of -the thermal 

energy collected was utilized to supply cooling through the chiller with the remaining energy used 

in collector loop warmup each morning. For the relatively high chilled water operating temper- 

ature (51°F) requirement at the Sea World complex, an avera.ge thermal COP of 0.817 was 

achieved. The gross electrical energy output at 460 MWH is 6 percent less than the output from 

the 140°F domestic hot water system as  the solar cells operate at higher temperatures most of 

the time. Figure 4-26 shows the duration plot for the maximum solar cell temperature which is 

the cell temperature at  the end of a 120-foot receiver trough. The curve indicates that the ma- 

jority of the cells will operate between 1500F and 220°F most of the time well within acceptable 

cell assembly operating temperatures. 
, 

The parasitic power required to operate the'chiller system is  considerably higher than the 

domestic hot water system. Table 4-2 shows the comparison in pump power requirements be- 

tween the two systems. 

Yearly system simulation indicates that total parasitic losses in the chiller system is 105mWh 

which equals approximately 24% of the gross electrical output, a s  compared to 33.4 mWh for the 

hot water system. However, the decrease is net electrical output gain is offset by full utilization 

of the thermal by-product for cooling. 

Figure 4-27 shows that the system operating voltage is between 330 and 425 VDC for 99. 5% 

of the electrical power -- generated. Figure 4-28 presents the maximum power point output dura- 

tion plot of the system. 

4.3 ECONOMIC ANALYSIS 

An economic comparison of the chiller and domestic hot water approaches analyzed in the 

previous section shows that, for their application at Sea World, the chiller approach yields a 
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Figure 4-24. Electrical Power-Output Duration 
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~ i g - u i e  4-26. Solar Cell Temperature Duration Plot 

Table 4-2. Parasitic Power Requirements Comparison 

higher margin of benefits over costs. The principal factors contributing to this result are  the 

greater utilization by the chiller of the solar array thermal energy, and the high expense of 

Absorption System (BHP) 

Collector Pump 3 

Storage Pump - 
Cooling Tower Fan 20/6 
(2-Speed) 

Condenser Pumps 2 0/2 0 

Absorption Unit Pumps 6.83 

transporting the domestic hot water to its point of use a t  the planned hotel complex. 

Hot Water System (BHP) 

6 

6 ' 

2 0/6 

- 
- 
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The annual benefits for the chiller and domestic hot water approaches are  summarized.in 

Table 4-3. . .  

Table 4-3. PV/Thermal Benefits 

*Includes Allowance for 60% burner efficiency 
. . 

The P V  benefits a re  based on a monthly demand charge of $1.85/kW and an energy charge 

System 
Approach 

Domestic 

Hot 

Water 

Absorp- 

t ion 

Chiller 

of 2.47 b/kWh (both in 1975 $Is) using data from the. Florida Power Corporation for large com- 

mercial users. The thermal benefits a re  based on a natural gas rate of $. lO?/theerm (1975 $Is) 

using data fro; the Florida Gas Company. a lsofor  large commercial users. The levelized an- 

nual benefits shown in Table 4-3 a re  calculated in constant $1975 using-the method described in 

Appendix B and the factors listed in Table 4-4. The resulting levelizing factor is 1. 53757. 

The benefits for the chiller approach are  similarly obtained except that they are  expressed 

Useful 
Thermal 

Output 
(mWh) 

386 

6 14 

83 6 

1661 

supply 
Temperature 

(OF) 

100 

120 . 

14 0 

160 

to 

2 00 

Energy 
Displaced 

by 
Thermal 

Natural 
Gas : 

22,000 
Therms 

35,000 
Therms 

47,600 
Therms 

Electrici- 
ty: 

290 mWh 

in terms of the electricity required to operate a-vapor compression chiller which produces -an 

equivalent amount of cooling. The absorption chiller produces an annual cooling of 1357 mWh . 

Net P V  
Output 
(m Wh) 

465 

465 

4 54 

355 

with a 244 kW power capacity requirement. Therefore, the levelized annual energy savings of 

the vapor compressor is obtained a s  follows using the electric rates cited earlier: 

Levelized Annual Benefits 
Constant 1975 $ I s  

Savings = [ 12 x 1.85  x 244 + .0247 x 290,000 ] x 1. 537 = $19,300 
Due to Thermal Output 

PV 

$17,700 

17,700 

17,300 

$13,480 

Thermal* 

$ 3 , 6 0 0  

'--. 5,-800 

7,800 

$19,300 

Total 

$21,300 

23,500 

25,100 

432,780 



Table 4-4. Economic Analysis Factors 

System Operating Lifetime, N 20 ye.ars 

Annual "other taxes" as a fraction of 
Capital Investment, P1 0.02 

Annual Insurance Premiums as a 
Fraction of Capital Investment, P2 0.0025 

Effective Income Tax Rate, T 0.50 

Ratio of Debt to Total Capitalization, D 0.50 

Ratio. of Common Stock to Total Capitalization, C 0.40 

Ratio of Preferred Stock to Total Capitalization, P 0.10 

Annual Rate of Return on Debt, r 
D 

0.10 

Annual Rate of Return on Common stock, r 
C 

0.12 

Annual Rate of Return on Preferred Stock, rp 0.10 

Rate of General Inflation, g 0.07 

Escalation Rate for Capital Costs 0.07 

Escalation Rate for Operating Costs 0.07 

Escalation Rate for Maintenance Costs 0.07 

Escalation Rate for ~ l e c t r i c i t ~ / ~ u e l  Costsi f 0.10 

Base Year for Constant Dollars 1975 

First  Year of Commercial Operation 1980 - 
The annual useful energy output of the PV system is reduced to 3 5 5 m ~ h  due to the larger 

auxiliary power required to operate the absorption chiller. The levelized annual savings for the 

PV output is then: 

Levelized Annual Savings 
Due to PV Output 

= .0247 x 355,000 x 1.53757 

The total levelized annual benefits (LAB) for this system then become: 

LAB = $19,300 + 13,480 

= $32,780 

in constant 1975 dollars. 



The economic tradeoff between the hot water and absorption chiller approaches can be determined 

by comparing the difference of their levelized annual benefits (LAB) and levelized annual costs 

(LAC). The preferred system will have the larger positive difference between benefits and costs. 

The comparison can be expressed as follows: 

Comparison = (LAB1 - LAC1) - (LAB2 - LAC2) 

where the subscripts 1 and 2 refer to the chiller and hot water app&aches, respectively. If the 

comparison is positive, then system 1 is preferred and vice versa. This equation can be. rear- 

ranged as follows : 

Comparison = (LAB - LAB2) - (LAC1 - LAC2) 
1 Eq (1) 

This form is  convenient since only differences in equipment costs and benefits need be considered 

rather th'an treating total costs and benefits. 

The levelized annual cost in constant base year dollars is obtained from the methods de- 

scribed in Reference 1. Using the economic factors listed in Table 4-4, a levelizing factor of 

. 09829 is  obtained which is the multiplier against the capital investment which yields the level- 

ized annual cost. Based on recent estimates, the capital costs (including shipping and installa- 

tion) .of the components in the hot water approach are listed below (in 1975 dollars): 

Heat Exchanger $ 4,500 
Cooling Tower 18,470 
Piping from HX to 

point of use 

Total $62,970 

Therefore, 

LAC = ,09829 x 62,970 = $6190 

The estimated capital costs for the chiller approach are  listed below (in 1975 dollars): 

Heat Exchanger' $ 4,500 
Absorption Chiller 62,240 
Cooling Tower 26,390 

Total $93,130 

Therefore, 

LAC = .09829 x $93,130 = $9,150 



The levelized benefits, and costs for the two systems are summarized in Table 4-51 

Table 4-5. LAB and LAC for Two Systems 

Applying these values to Equation (1) gives: 

LAB 

LAC 

Comparison = (32,780 - 25,100) - .(9150 - 6190) = + $4720 . 

By the sign convention of Equation 1, this shows the chiller system to be the more attractive 

Chiller System 

$32,780 

$ 9,150 

approach. 

Domestic Hot Water 
System (140°F Case) 

$25,100 

$ 6,190 



SECTION 5 

HARDWARE DEVELOPMENT AND TEST 

5.1 INTRODUCTION 

Several hardware development projects were carried out under the Phase I effort: 

Specification, procurement, and test of concentrator solar cells 

Solar cell receiver fabrication 

a Receiver thermal impedance tests 

a Reflective surface evaluation 

a 30-Foot prototype collector 

a 5-Foot collector segment fabrication and performance test 

The significant results of these projects are described below. 

5.2 SOLAR CELIS 

A group of 100 concentrator-type silicon solar cells were purchased from Optical Coating 

Lab, Inc. , (OCIJ) to be used in the fabrication of a prototype solar cell receiver. The cells 

were procured in accordance with General Electric Specification 295A8176. As shown on Figure 

5-1, the cells are approximately 3.5 x 4 cm in size. Deducting for the two conducting side bars 
2 

(0.25 cm each), the active cell width is 3 cm providing an active area of 12 cm . A sampling of 

11 of the 100 cells were tested under q ' s  flash illuminator at 1-sun using a JPL-supplied sec- 

ondary solar cell standard. With a Swedlow Fresnel lens, the 10-cells were also tested at 

approximately 13.6 suns using the ratio of short-circuit currents as the basis for determining the 

1 concentration ratio. Limitations of tbe flash illuminator measurement circuitry prevented tests 

at h i a e r  concentrations. Table 5-1 summarizes the test data. Figure 5-2 shows the typical 1-sun 

and 13.6 sun I-V plots obtained for Cell No. 008. An independent evaluation of cell performance 

was also obtained in tests conducted by Dr. C. E. Backus of Arizona State University. 

The tests covered a wide range of concentration and temperature and are continuing at this 

writing. Several of the original 100 cells were furnished to Dr. Backus for this purpose. One 

cell (No. 17) was tested using sunlight which was concentrated by a 1.08 m diameter fresnel lens. 

The incident energy was determined by assuming a linear relation between short circuit current 

and incident energy. The relation was determined by measuring the short circuit current under 

direct normal sunlight, using a collimating tube, and comparing it to the incident energy flux as 

@ measured by an, Eppley NIP pyrheliometer. The temperature of the cell was measured using two 

different thermocouples which were placed through holes in the copper substrate and touched the 

back of the cell. 



Figure 5-1. 3.5 x 4 cm Concentrator-type Silicon Solar Cell 
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Table 5-1. Concentrator Cell Test Data 
(Cell Temperature: 28'~) 

Average Efficiency = 15.9 

Cell 
Serial 
No. 

032 

GE 
1 Sun 

I 

GE 
I 

Concentration 

Isc 
(MA) 

396 

Is c 
(Amp) 

5.35 

Voc 
(Volts) 

0.540 

Efficiency 
a t  CR fi) 

15.7 

voc 
(Volts) 

0.605 

Vmp 
(Volts) 

0.46 

vmp 
(Volts) 

0.51 

Pmax 
(MW) 

167 

Efficiency 
at 1 

sun (%I) 

1 13.9 

Fmax 
(Watts) 

2.55 

CR 

13.5 



Tests were conducted for a range. of concentrations from 1 to 75 suns and for cell tempera- 

tures of 28Oc, 40°c, and 60'~. Figure 5-3 shows a typical regult of efficiency versus concen- 

tration for a 2 8 ' ~  cell temperature. Ibe  test results produced with GE1s flash illuminator for 

Cell No. 17 are  included on the plot indicating excellent correlation with the results obtained by 

Dr. Backus. 

A review of the data on Table 5-1 indicates that Cell No. 17 has an efficiency significantly 

lower than the average for the cells tested (15.1% versus 15.9%). For this reason, the test data 

obtained for Cell No. 17 was upgraded by the ratio 15.9 i 15.1 to make it more indicative of 

average cell performaqce. The summary plots.' shown on Figure 5-4, 5-5, and 5-6 include this 
0 

adjustment. The 28 C plot on Figure 5-4 indicates a peak efficiency of 16 percent at  20 suns. 

This value verifies the 16 percent nominal efficiency selected for the performance simulation 

analysis described in Section 4. 

5.3 SOLAR CELL RECEIVER FABMCATION 

A prototype solar cell receiver was built to develop the manufacturing processes and to use 

in conjunction with testing a 5-foot segment of the 'solar collector. The segment tests a re  re- 

ported later in paragraph 5.7. 

Concentrator solar cells from the group of 100 described earlier were used in the prototype 

receiver. Two strings of 36 cells each were first as~embled~by joining the cells with preformed 

copper interconneotion strips along the two edge contacts of each cell. A s  shown on Figure 5-7, 

the interconnection strips a re  formed with extended tabs to achieve maximum flexibility for 

accommodating differential expansions. The tabs a re  then folded with respect to the main con- 

ductor .strip .to keep the overall.solar cell receiver a s  narrow a s  possible thereby minimizing 

blockage of the concentrator aperture. Since the cell-to-cell interconnections a re  joined from 

the underside of one cell to the top edge contact of the adjacent cell, overlapping of the copper 

interconnections occurs. To prevent electrical contact of the overlapping\portions , an insulating 

tape is  introduced a s  indicated on Figure 5-7. A simplification of this approach uses a similar 

but shorter interconnection strip in which the overlapping is  avoided and the insulating tape elimi- 

nated. However, i t  is anticipated that this approach would result in higher ohmic losses. \ 

Following their interconnection, the strings were bonded to each extruded aluminum receiver 

half with GE silicone adhesive RTV-511. Anodization of the aluminum surface insured that ade- 

quate electrical insulation was provided. A single glass.strip over the 5-foot receiver length was 

secured by glazing strips and the gap between the cells and glass backfilled with clear silicon 

rubber RTV-650 .using a combined pressure-vacuum technique. Appropriate electrical terminations 

5-4 
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were then made a t  each re&iver end, and an insulating teflon-coated fiberglass tape applied 

to the surfaces which mate with the copper coolant tube. Figure 5-8 shows a segment of the 

receiver with the above identified elements. 

Figure 5-7. Solar Cell Interconnection 

Fabrication and subsequent testing of the prototype receivers yielded important data 

relevant to design refinement and production manufacturing procedures, Foremost among 

these were the following: 

1. Control of the cell-to-substrate bond thickness is critical in order to minimize the 
temperature drop. The design was based on a 3-mil thickness but the method of 
bonding (by spreading the bond with a doctor blade) made it difficult to control the 
thickness. Film adhesives are an attractive alternate (See earlier discussion, 
Paragraph 3.2.2). 



Figure 5-8. Rewiver Details 

2, Adhesion of the glass-to-cell bond ia important for the best optical performance as  
illustrated by the 1-em I-V measurements &own on Figure 5-9 which were taken 
a t  the several s af a~eePrbly Matad, W t W  fbe b o d  between the glass 
and cell, the short-circuit current decreases below that of uncovered cells, whereas 
the introduction of the bond improves the short-circuit current by about 4 percent 
over that of uncovered cells. Debination, which occurred over a few cells, is 
equivalent to having rm bond in terms of its effect on decreasing the output. 

3. Extriwion dimensional control ia important for effecthe heat transfer. Slight 
irmgularitiea existed at both the solar cell bonding surface and the maw surface 
with the coolant tube through the electrical insulating tape. Cleanup machining may 
be necessary to maximize heat transfer. 
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Figure 5-9. Solar Cell Receiver 1-Sun Test Results 



5.4 RECEIVER THERMAL IMPEDANCE TESTS 

A critical feature of the solar cell receiver design pertalnea to the thermal impedance at 

the clamping interface with the copper coolant tube. A s  pointed out earlier in Paragraph 

3.2.2, this design was adopted for its advantages in permitting easy removal and replacement 

of receivers without interrupting fluid lines, use of copper as  a fully qualified material for 

plumbing systems, use of this clamping interface for voltage insulation purposes thereby 

reducing the cell mounting insulation requirements and, finally, use of the aluminum material 

of the receiver itself as  a current bypass to obviate the effects of shaded or open-circuited 

solar cells. 

To evaluate the thermal impedance characteristics of the clamped joint between the 

receiver and coolant tube, tests were conducted using several types of electrical insulating 

tapes. As shown on Figure 5-10, the test set up consisted of mounting several heater strips 

on machined blocks simulating the solar cell receivers, clamping the blocks to a 1 -1/4-inch 

copper tube, introducing a flow of 3.3 gpm, and making appropriate temperature measure- 

ments. Figure 5-11 summarizes the test results for several types of insulating materials 

and shows that a temperature drop of approximately 15 to 2 0 ' ~  might be expected at an insola- 
2 

tion of 1 kW/m. . The data shows that silicone thermal grease is effective in minimizing the 

temperature drop. The use of 2.5 mil polymide film resulted in the lowest temperature drop 

and is tentatively selected as  the preferred material. Additional durability testing is required 

to ascertain this selection. 

One important feature of the mating surface design is that the insulating film is appliea 

to the receiver halves rather than the coolant tube. This provides two important advantages : 

(1) it avoids the complication of having to apply the film to the long 30-foot coolant tube with 

the attendant difficulties of process control and handling; (2) any insulation breakdown prob- 

lems are easily handled by the removal and repair of the affected receiver assembly only. 

Several minor problems in the design of the mating surface have been uncovered which 

can be easily rectified. In particular, there is vulnerability to insulation breakdown at both 

ends of the receiver where the insulating tape is terminated. Introduction of insulating end- 

caps (needed also to simplify the silicone gel filling operation) should adequately solve this 

problem. 



Eigure 5-10. Solar Cell Receiver Thermal Impedance Test 

5.5 REFLECTIVE MATERIAL EVALUAnON 

A number of reflecthe surfhce materials were obtained and bests performed to screen 

out the more promising candidates. Because of the potential for low-cost, the candidates 

were limited to film materials produced in high-volume. A description of the candidate 

materials and the tests to which they were subjected was presented earlier in Paragraph 

3.2.1 and need not be repeated here. In general, reflective surfaces consisting of the class 

of aluminized U-V stabilized polyester films laminated to adequately smooth substrate sheet 

metals provides an adequate near-term approach. These materials appear to exhibit ex- 

tended-life durability although they are deficient in certain regards, particularly to abrasion. 

Such materials a s  a silicons hard coat developed by GEts Lexan Division could potentially 

increase abrasion resistance, although further work is required to establish its compatibility 

with the polyester reflective materials. 

With regard to improved reflective surface materials that may be developed over the 

coming years, a convenient feature of the collector design is the means by which the reflec- 

tor is clamped toathe framework permitting easy replacement o r  refurbishment. 



Figure 5 -11. Results of Solar Cell Receiver Thermal Impedance Tests 



5.6 30-FOOT PROTOTYPE COLUCTOR 

A prototype collector unit was completed as  part of the Phase I activities. Figure 5-12 

shows the unit in various stagpe of assembly. The seven-rib sections were stretch-formed 

over an accurate mandrel and were within 10 mils of the prescribed parabolic coutour. 

Standard sections were used for the keel tee-section and side rails althougb splicing was 

necessary because the required 30-foot lengths could not be readily obtained. Full 30-foot 

lengths will be used for the production collectors in Phase 11. The reflector skin consists of 

six 4 x 10-foot steel sheets (25-mil thickness) laminated with 4-mil aluminized polyester film. 

The unit is essentially self-fhtwhg with hole spacing and sheet-metal squareness providing 

the required alignment. The simplified assembly procedure permits the assembly of the 

collectors near the Sea world site thereby minimizing transportation costs. 

Preliminary structural evaluation of the prototype collector indicates the design is ex- 

ceptionally stiff in both bending and torsion. Simple static loading by placing 400 pounds of 

distributed dead weight on planks epaming the aperture resulted in a mid-point deflection of 

1/4 inch, most of it attributed to yielding of the end-rib cross members. Deeper sections, 

for these members should easily correct this condition. The 400-pound distributed load 

simulates the aegative lift of 90 mph winds with the collector stowed in a horizontal position. 

A qualitative check af torsional stiffness by suspending weights on diametrically opposite 

corners indicated extremely small angular deflections. These preliminary tests indicate 

that winds of high vebdty and shear will have little effeot on the optical integrity of the 

collector . 
. The geometrical characteristics of the collector show excellent ability to focus the solar 

energy along the solar cell receivers. Using wooden mockup solar cell receivers, the photo 

of Figure 5-13 shows the interception of the solar energy along the receivers. A simple 

spirit level placed across the aperture was used to align the collector by adjusting the lengths 

of the diagonal braces. 

Solar cell receiver tests described later used a -fledor representing a segment in all 

respects, of the collector described above. The test results showed an optical efficiency of 

74 percent. Since the full collectbr achieves the necessary interception of the solar energy 





Figure 5-13. Collector 

5.7 COLLECTOR SEGMENT TESTS 

The five-foot collector segment, shown on Figure 5-14, including the prototype solar 

cell receivers described above, was tested and monitored for electrical and thermal per- 

formance. All of the manufacturing techniques planned for high-volume production were 

utilized in the buildup of this unit. For example, the ribs were stretch-formed on a. mandrel 

using produotion equipment, and the reflector surface was formed by polyester laminated to 

the substrate with heat and pressure at process speeds of 20 feet per minute by the Raymond 

Engineering firm. The solar cell receivers were clamped to the copper coolant tube with 

6-mil Teflon-mated fiberglass tape introduced to provide electrical insula#on. 

The collector was mouhted on a frame which allowed the collector to be manually aimed 

at the sun in both azimuth and elevation. The test loop provided active cooling of the receiver 

at a controlled inlet temperature of 120'~ to 180'~ end at flow rates up to 3 gpm. RTDfs 
0 

(resistance therq curate to l,&~ FF) measured the inlet and outlet temperatures. 
*fg 

Together 'Wth ents, thes B e determine thermal efficiency. Each 

series string of solar cells (one on each side of the receiver) was connected to a variable 



Figure 5-14. Collector Segment 
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electronic load. As the electronic load was varied, the I-V curve of each string was recorded 

on an X-Y plotter. Six thermocouples monitored the receiver substrate. temperature and a 

pyroheliometer measured direct normal insolation. 

Figure 5-15(a) shows the I-V curves obtained for one receiver half transposed from 

recorder data, with the voltage adjusted upward to-account for the fact that only 34 series 

cells were used instead of the nominal 36. ,This was the result of inadvertent damage to two 
' 

cells during the fabrication of this prototype. Figure 5-15@) normalizes the I-V plots to an 
2 

isolation of 1 kW/m by translating the plots along the current axis in proportion to the 

insolation ratio. Figure 5-15 also lists pertinent test and performance data. 

Solar cell temperatures were determined a s  a function of open circuit voltage (V ) 0 C 

using the following technique. The collector was defocused. The coolant through the re- 

ceiver was controlled to a selected temperature and the entire receiver including the solar 

cells allowed to reach this steady state temperature. When equilibrium was reached, the 

trough was abruptly pointed at  the sun and the instantaneous' open circuit voltage recorded. 

This instantaneous peak represents the open circuit voltage a t  the initially known cell . 
. . 

temperature. The several test points recorded in this fashion were correlated with the 

insolation level resulting in the plot shown on 

Figure 5-16. Solar cell temperatures were 

then determined using the open-circuit voltages '1 
and insolation data shown on Figure 5-1.5. 12 I 
Review of the data of Figures 5-9 1 and 5-15 3 I 
leads to the following observations: $ m t  L 

7 

1. For the cell temperatures reached, 
the comparison of measured and a re -  

L 
predicted efficiency on Figure 5-16 
shows an average relative differ- 0 - - 
ence of about 6.4 percent. The 
difference is mainly due to the 
partial delamination of the trans- . 14 4,- 50 100 

1 K) 

parent silicone rubber. As illus- c L L ~  TEMPERATURE. oc 

trated earlier on Figure 5-9 delam- 
ination can account for a difference 
a s  high a s  9 percent. Figure 5-16. Correlation of Solar Cell 

Temperature with Open-Circuit Voltage 



Averaging the test results shows that cell temperatures a re  3 0 ' ~  hotter than the 
2 aluminum substrate temperature at  an insolation of 0.80 kW/m . This compares 

with a design A T  of about 2 . 5 ' ~  for that insolation. The higher than normal A T  
acounts for an 11 percent loss of output. A variable bond thickness is suspected 
as  the source of the high A T  and corrective action has been identified to eliminate 
this (see earlier discussion in Paragraph 3.2.2.) Even with the higher than normal 
temperatures reached, the receiver operated without adverse effects such a s  glass 
cracks or  other physical damage. Delamination of the transparent silicone rubber 
which occurred at  the time of manufacture remained unchanging during testing. 

3. The measured optical efficiency of the reflector was 74 percent a s  determined by 
comparing the short-circuit current ratio of the concentration and non-concentration 
tests, at  identical insolation levels, with the geonietrical concentration ratio. In- 
cluded in this efficiency a re  the following factors : reflectance, intercept factor 
(percentage of reflected light intercepted by cells), spectral response mismatch of 
cells with sunlight, and focal line uniformity. Considering all  of these factors, the 
measured optical efficiency i s  excellent and consistent with the values used in the 
performance prediction analyses. 

4. Fill factor (max. power divided by the short-circuit current x open-circuit voltage 
product) ranged from 65 to 70 percent for the concentration tests indicating small 
interconnection losses. 

5. The average temperature drop from the aluminum substrate to the coolant fluid was 
approximately l l o c ,  consistent with earlier predictions and breadboard tests. 

6. An average thermal efficiency of 29 percent was obtained. This compares with the 
value of 33 percent assumed in performance analysis. 

5.8 SOLAR ARRAY ANNUAL EFFICIENCY 

Based on the collector segment test results and the analytical predictions developed in 

Section 4.0,  performance for the system used in conjunction with an absorption chiller is 

shown on Figure 5-17 a s  a function of annual insolation. 

Performance, based on present test results, is  shown by the solid line and is reduced 

with respect to the predicted performance by two factors: (1) a 6.4 percent penalty associated 

with reduced photon efficiency due to bond delamination in the solar cell receiver; (2) a 6.6 

percent penalty associated with higher than normal cell temperatures. This value was devel- 
2 

oped by considering that the average insolation is about 0.5 kW/m and therefore temperature 

drops a re  smaller in comparison with the higher values'mkasured in the tests reported in 

Section 5.7. 



For comparison purposes, Figure 5- 17 includes the performance prediction considering 
0 

an array outlet coolant temperature of 100 F. 

Projected thermal performance is presented on Figures 5-18 and is  in close agreement 

with the test results described in Paragraph 5.7. 
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SECTION 6 

NONTECHNICAL ISSUES 

A s  a result of the various considerations encountered during the course of this Phase I study, 

several nontechnical issues have been identified which may be of special interest relative to in- 

stalling and operating PV power plants. Some of the more significant of these issues a r e  discussed 

below: 

6.1 PLANNING IMPACT 

Presently, the State of Florida is  highly depende'nt on fossil fuels for the source of electrical 

energy generation. Sea World of Florida is a relatively high consumer of electricity. 1978 expen- 

ditures for electricity have averaged nearly $75,000 per month. Demonstrating a spirit of envi- 

ronmental consciousness, Sea World chose to participate in the PVCAE program with the hope 

that this particular experiment would be designed a s  a total energy approach to photovoltaics and 

that it would optimize both the thermal and electrical contribution to the Theme Park's energy 

budget. 

The decision to participate in this experiment has had a major' impact on Sea World's Master 

Development Plan. Relative to energy output, the experiment is area intensive and will provide 

only about 50 kW per allocated acre. ~ncorporation of this project into the Master Plan has caused 

Sea World to modify previously land-uses and area allocations. This, in t'urn, has 

had an impact on land takedown schedules and the subsequent allocation of land costs to capital 

projects. 

This proje'ct has also required re-opening of dialogues with 1,ocal jurisdictional agencies. Sea 

World's land holdings a re  contained within an approved Planned Unit Development (P. U. D. ). A l l  

proposed land-uses within this P. U. D. have been well defined since 1973. Substantial changes 

in proposed land-uses must be approved by the Orange County Board of Commissioners. The 

unusual nature of this experimental project made its land-use classification difficult to establish. 

In the initial submittal to the County, Sea World assumed that the experimental and environmental 

nature of this project would allow its development to occur in a designated area of open space; 

This petition was denied by the County and subsequently the proposed site was relocated. The 

new site has been tentatively approved by the County and the process for final approval will be 

a initiated during Phase I1 of the project. 



6.2 OPERATIONAL IMPACT 

If selected for construction and testing phases, the project will also have a significant im- 

pact on operations and maintenance programs as  they presently exist a t  the Theme Park. The 

PV facility will be sited outside, but adjacent to the Theme Park's perimeter fence, thus allowing 

unrestricted access to the general public from outside and controlled access to paying guest from 

inside the Theme Park. 

Unquestionably, the operation and maintenance of the PV facility itself will require develop- 

ment of technical expertise not required by existing O&M programs. 

6.3 ECONOMIC IMPACT 

From a cost-sharing viewpoint, some Sea World owner costs a re  readily apparent. These 

would include costs associated with land take-down, increased insurance premiums, increased 

taxes, new operating and maintenance costs, back-up system costs, potential costs for down 

stream retrofits to combat obsolesence and, finally, costs for developing a Visitor Information 

Center. Conservatively, these costs will be in excess of $1 million. 

Realistically, the cost-to-benefit ratio for the project does not appear to be advantageous to 

Sea World if based solely on an analysis of the energy end product. It is hoped that the attraction 

value of the experiment will help alleviate some of the cost burden of the project by attracting 

visitors to the Theme Park. 

6.4 INSURANCE COVERAGE 

Review of the PCAE design with insurance specialists at Sea World has not identified any . 

problems of an unusual nature relative to insurance coverage. The facility will be located in a 

secure, protected area with access limited to authorized personnel. The system is essentially 

benign with a small likelihood of causing injury. The possibility of injury by reflected sunlight 

is low since the focus of light occurs within the collectors themselves along their focal lines. 

During construction, insurance will be covered by the construction contractor in the manner 

of ndrmal construction projects. Upon completion, .the facility will be assessed by insurance 

underwriters and appropriate insurance coverage defined at  that time. 

6.5 VISITOR DEMOGRAPHICS 

6.5,1 VISITOR SCOPE , 

One of the most attractive aspects of siting this experiment at Sea World of Florida will be 

the public exposure derived from its proximity to the Theme Park. 

In 1977, over 31 million tourists visited Florida. Of these, 24 million spent visitor time in 

the Central Florida Corridor, and 11 million visited Disney World, six miles west of the proposed 



si te  for the P V  facility. In this same year, 2.4 million people visited the Sea World Theme 

Park. 

Sea World's 1978 attendance is  running 20% above 1977 and 10% above projection for 1978. 

Indications a r e  that Sea World will see  2.75 million visitors in the Orlando Park this year. In 

this event, projections for 1979 will probably be 3 million visitors, all  of whom will get some 

exposure to the planned P V  facility. 

6.5.2 VISITOR CHARACTER 

Approximately 70% of Sea World's annual attendance is  comprised of domestic and inter- 

national tourists. The group generally consists of individuals on economic, political and social 

levels that correlate to collective influence on policy decisions in those respective levels. At 

the proposed site, the goals and objectives of DOE relative to the experiment can be exposed in . . 
a window to America from a single focal point. This site can provide a universally based statis 

tical sample for use in assessing any aspect of the experiment. 
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, INTRODUCTION ..-. . 

T h e ' i n v e r t e r  system proposed f o r  t h e  Sea World 

Pho tovo l t a i c  Concentra tor  Appl ica t ion  Experiment i s  

a .6-pulse,  I f  ne-cornmutated u n i t .  Th is  i n v e r t e r  

system has  been s u c c e s s f u l l y  app l i ed  f o r  many y e a r s  

i n  s t e e l - r o l l i n g  m i l l s  t o  d r i v e  and c o n t r o l  DC motors. 

The accumulated exper ience p r e d a t e s ' t h e  i nven t ion  of  

s i l i c o n - c o n t r o l l e d  r e c t i f i e r s .  

The d i s c u s s i o n  of  t h e  theory  of  i n v e r t e r  ope ra t ion  

begins  wi th  a  d e s c r i p t i o n  of r e c t i f i e r  ope ra t ion  because. 

it .is easier t o  v i s u a l i z e  t h e  o p e r a t i o n  of a  r e c t i f i e r .  

When a  b r idge  u n i t  i s  s u i t a b l e  f o r  e i t h e r  r e c t i f i e r  

o r  i n v e r t e r  ope ra t ion ,  it i s  usua l ly  c a l l e d  a conve r t e r  

u n i t .  The conve r t e r  terminology i s  used i n  t h e  follow- 

i n g  d i scuss ion ,  b u t  t h e  Sea World b r i d g e  w i l l  be an 

i n v e r t e r  on ly ;  it w i l l  not  be s u i t a b l e  f o r  r e c t i f i e r  

ope ra t ion .  

Voltages a r e  des igna ted  by t h e  symbol U i n  t h e  

fol lowing discus ,s ion because t h i s  i s  t h e  g e n e r a l l y  

a c c e ~ t e d  i n t e r n a t i o n a l  symbol f o r  vo l t age .  



Figure: CONVERTER UNIT 

Converter'unit is an operative unit comprised of 

convertsr bzidge, converter transformer, associated 

control equipment and switching devices. 

Solid-state valves are the basic heart of the converter 

unit. They consist of series-parallel combinations of 

high pBwer Silicon Control - - - ~ectifiers (thyristors). 
The name thyristor defines any semiconductor switch 

whose bi-stable action depends on p-n-p-n regenerative 

feedback. The Silicon  ont trolled .Rectifier (SCR) is 

by far the best known of all thyristor devices. 

Because. it is a unidirectional device - current flows 
from anode to cathode only - and has three terminals 
(anode, cathode and control gate), the SCR is, 

, 
classified as a.reverse blocking triode thyristor# 

Converter transformers are the link between the AC 

power system and the HVDC valve. They are specifically 

designed to withstand the insulation requirements 

of DC application and to step up or down the AC system 

voltage to appropriate levels for optimum valve design. 

During operation the associated induction voltage 

regulator adjusts the valve voltage according to 

loading. 





Figure: 2 CONVERTER OPERATION 

Converter bridge is the building block of the HVDC 

transmission system. A typical bridge is' shown, 

where the valves are represented by ideal and 

"intelligent" switches. 

The principles of rectifier operation are based on 

the generation of DC voltages by utilizing segments 

of the sinusoidal AC voltage waves. 

One set of switches (l,3 and 5) is connected to 

the +C output terminal and furnishes a voltage UC-O 

above the zero reference line (solid curve) while a 

second set of switches (2,4 and 6) is connected to the 

-A terminal and furnishes a voltage U-A-O below the 

reference line (broken curve). Thus a load connected 

between C-A is supplied with the sum of two voltages.. 

Since the two groups of swi.tches operate with opposite 

polarity' voltages, their ripple voltages are displaced 

and the total voltage shows a so-called 6 pulse ripple. 

Note that this figure presents the alternating and 

direct voltages with respect to the neutral (0) point 

of the transformer. 



I FIGURE 2 .  I 1 CONVERTER OPERATION 1 



Figure: 3 IDEALIZED RECTIFIER 

The functions of the "intelligentn switch can be 

performed with the SCR which is a unidirectional 

current switching device. The .current can only 

flow in one direction, from anode to cathode. 

voltage 
4----1 w) cathode anode (+) . . 

Direction 'of Current Flow 

The SCR switch will normally conduct only when 

the anode is more positive than the cathode, and 

it has been switched on by application of positive 

voltage to the gate. 

A double wye, six ( 6 )  pulse converter circuit is 

shown. Three valves (2-6-4) have a common anode 

connection and three valves (1-3-5) have common 

cathode connection, 

The idealized rectifier concept implies a trans- 

former without leakage reactance and an AC supply 

system without impedance. Under these conditions 

. . . . we have instantaneous - commutation in the rectifier 

which means instantaneous transfer of current from 

" .  one phase and va'lve to the consecutive phase and 

valve. If all gates were maintained positive, 

the current at any given moment would flow through 

the anode with the highest positive potential. 



Figure: 3 IDEALIZED RECTIFIER (cont ' d)  

Beginnfng a t  t i m e  X i n  t h q f i g u r e  it i s  seen t h a t  

phase a, which i s  connected t o  valves 1 and 4 i s  
. . 

p o s i t i v e ,  phase b is zero and phase c is  negat ive but 

equal  t o  phase a i n  magnitude. The anode of v a l v e . 1  
. ,' . . .  

is t he re fo re  a t  t h e  h ighes t  p o t e n t i a l  among t h e  common 

cathode connected valves and s o  phase a feeds  cu r ren t  

through valve 1 t o  t h e  DC load c i r c u i t .  A t ' t h e  same 

time, va lve  2 of t h e  common anode connected valves 

has  t h e  h ighes t  p o s i t i v e  anode t o  cathode p o t e n t i a l  

' ac ross  it because i ts  cathode i s  a t  t h e  grea tes t -  . 

negat ive p o t e n t i a l .  Therefore,  t h e  c u r r e n t  from t h e  

DC load r e t u r n s  through valve 2 ,  thus  completing t h e  

c i r c u i t .  

'AS  we advance along t h e  time s c a l e ,  t h e  p o t e n t i a l  of 

phase a decreases  while the  p o t e n t i a l  of phase b i n -  

c reases .  A t  time Y ,  t h e  r i s i n g  vol tage  of phase b, 

which i s  connected t o  valves 3 and 6 becomes more 

p o s i t i v e  than t h e  decreasing vol tage  of phase a. 

Therefore,  t h e  cu r ren t  t r a n s f e r s  instantaneously from 

valve 1 t o  valve 3. A t  t h e  same time, va1v.e 2 continues 

t o  conduct s i n c e  i t s  anode continues t o  be a t  t h e  

h ighes t  p o t e n t i a l  r e l a t i v e  t o  its cathode compared t o  

valves 4 and 6 .  



Figure: 3 IDEALIZED RECTIFIER (cont  'd) 

Advancing s t i l l  f u r t h e r  along t h e  t i m e  s c a l e ,  

we reach time Z where t h e  increasing negat ive 

p o t e n t i a l  of valve 4 becomes .g rea te r  than t h e .  de- 

c reas ing  negat ive p o t e n t i a l  of valve 2. A t  t h i s  

po in t  t h e  p o s i t i v e  anode t o  cathode vol tage  of 

valve 4 becomes g r e a t e r  than t h e  anode t o  cathode 

vol tage  of valve 2 and t h e  cu r ren t  t r a n s f e r s  from 
* valve 2 t o  valve 4. The c u r r e n t  continuous t o  

flow through valve 3 of t h e  common cathode connected 

valves.  I n  t h i s  manner t h e  phases a ,b  and c of t h e  

AC.system feed power i n  c y c l i c  fashion t o  t h e  DC 

system. 

- The r e s u l t  of this behavior i s  t o  genera.te.a DC 

vol tage  with r i p p l e  having t h e  wave shape indica ted  

by the  heavy l i n e  labeled UC A - 
The' DC vol tage  across  t h e  r e c t i f i e r  DC terminals  . 

is defined a s  p o s i t i v e  when the  cathode termina'l i s  

more p o s i t i v e  than t h e  anode terminal.  This i s  t h e  

case  f o r  t h e  r e c t i f i e r  which can be considered a s  a 

generator .  For the  i n v e r t e r ,  t h e  cathode w i l l  be 

more negat ive than t h e  anode. 
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Figure: 4 IDEALIZED RECTIFIER - CURRENTS 
I n  t h e  i d e a l i z e d  case'the conduction period of 

each valve i s  1/3 of a c y c l e  o r  120° e l e c t r i c a l  on 

a 60 Hz bas is .  A new valve is being switched i n  

every 60° e l e c t r i c a l  which is  1/6 of a cycle .  

Thus i n  one cyc le  t h e r e  a r e  6 switchings which g ive  

6 pulses;  hence the name "6 pulse  converter" .  

U, is  defined a s  the  c r e s t  value of the  BC vol tage  

a t  no  load a n d  zero phase cont ro l .  1t i s  equal  t o  

t h e  crest value of the  phase t o  phase vol tage  of t h e  

AC transformer valve winding, 

Udo ' i s  the  average value of t h e  i d e a l  no load  DC 

vol tage when t h e r e  is  zero phase con t ro l .  A l l  o ther  

vol tage q u a n t i t i e s  a r e  preferably expressed i n  terms 

of Udo. 
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Figure:  5 NO LOAD VOLTAGE 

The d i r e c t  v o l t a g e  of a r e c t i f i e r  connect ion wi th  

ze ro  phase c o n t r o l  and no i n t e r n a l  vo l t age  drop i s  

c l e a r l y  de f ined  by t h e  a l t e r n a t i n g  vo l t ages  and i s  

t h e r e f o r e  s e l e c t e d  f o r  a gene ra l  vo l t age  r e f e rence .  

A formula f o r  computing t h i s  fundamental va lue  w i l l  

be  der ived .  
) 

In  a rectifier connection t h e  DC c i r c u i t  i s  

p e r i o d i c a l l y  "switched around" among p o i n t s  of  

a l t e r n a t i n g  p o t e n t i a l .  W i t h  open ou tpu t  t h e r e  i s  no 
I- 

?- 

c u r r e n t  and consequent ly  no vo l t age  drop. Hence t h e  

d i r e c t  v o l t a g e  a t  no load  must equa l  a t  any i n s t a n t  

a c e r t a i n  combination of t h e  a l t e r n a t i n g  vo l t ages  

as ,  f o r  example, t h e  sum o r  t h e  d i f f e r e n c e  of t h e  

a l t e r n a t i n g  v o l t a g e s  of two phases. We assume t h a t  

t h e  a l t e r n a t i n g  vo l t ages  a r e  u n d i s t o r t e d ,  the '  sum 

o r  t h e  d i f f e r e n c e  i s  a l s o  a s i n u s o i d a l  vo l t age  s o  

t h a t , d u r i n g  each  i n t e r v a l  of ope ra t ion ,  t h e  d i r e c t  

v o l t a g e  is  descr ibed  by a s i n e  func t ion .  During one 

c y c l e  t h e r e  are s e v e r a l  i n t e r v a l s  of ope ra t ion ,  

depending upon t h e  r e c t i f i e r  connection.  Thus t h e  

curve  of t h e  d i r e c t  vo l tage  a t  no load c o n s i s t s  of 

as many i d e n t i c a l  s e c t i o n s  of s i n e  curves  per  cyc l e  

as t h e r e  are i n t e r v a l s  of ope ra t ion ,  and i f  t h e  

t r a n s i t i o n  from one s i n e  curve t o  t h e  o t h e r  i s  no t  

delayed by phase c o n t r o l ,  each s e c t i o n  is  symmetrical 

with r e s p e c t  t o - t h e  c r e s t  po in t  of t he  s i n e  curve.  



Figure: 5 NO LOAD VOLTAGE (cont'd) 

The number of'sections is called the pulse Number, 

designated by q. For various pulse numbers the 

curves of the direct voltage are shown. Since the 

shape of these curves is so simple and is only a 

function of the pulse number, and since the magnitude 

is. clearly defined by the alternating voltages, 

the average value of the direct voltage at no load 

and zero phase control is used as a general Voltage 

~eference. Its symbol is Udo, and all other voltage 

quantities are preferably expressed in terms ofZ.udo. 

The quantity Udo is a theoretical figure. There- 

fore Ud; should be understood as the value computed 

from the alternating voltages, ignoring any voltage 

drop. 

For computing Udo the direct voltage at no load 

and zero phase control must be integrated over a 

certain period of time, and the result must be 

divided by the length of this period. Since there 

are q identical'intervals per cycle, and each interval 

is 'symmetrical by itself, the range of integration 

can be reduced to one half-interval, and the average 

value can be determined from the crosshatched area. 
. . 

n 
Crosshatched area = Um cos(ut)diutl = U sin - 

0 q 

where Urn = crest value of di'rect voltage at no load 

and zero phase control, Provided the sections of the 

.sine curves follow each other continuously, which ex- 

n cludes q=l, the crosshatched area also equals q Udo, 
-4-13 



Figure : 5 NO LOAD 'VOLTAGE (cont Id) 

The direct .voltage ratio is a fundamental relationship 

where q is the number of pulses 

but q # 1. The direct voltage ratio is exclusively 

based on the shape of  the DC voltage curve, 

' Example: for a.6 pulse converter, q=6 and 

udo 3 = -  sin n 
- ($1 sin 3,. = - 

' 

Ti - a 

- 3 Ud0 . - - a but U, = /5 Uv or DJS ua - 
- - - fi U . = 1.35 Uv in terms of valve 

n v phase-to-phase voltage 

a-o = 2.34 Ua-o in terms of valve 
phase-to-netural 
voltage. 

Example : 

  he converter transformer valve winding is rated 
U = 4 4 . 4  V phase-to-phase or Ua=25.63 phase-to-neutral. 
v 
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Figure: 6 EFFECT OF COMMUTATING REACTANCE . , ,  

In the real life circuit the current cannot rise 

or fall instantaneously because it is flowing through 

the transformer leakage reactance and the AC source 

reactance. There must be a time interval beginning 

at time Y in the figure when the current in valve.1 

is falling while the current in valve 3 is rising. 

The current transfers only gradually from one phase 

"a" and valve to the consecutive phase "b" and valve. 

T h i s  means that commutation in the rectifier requires 

- a certain time period. During this time, which is 

called the overlap period, two valves are simuitane- 

ously conducting current. The current of the "outgoingw 

valve steadily declines until zero is reached when 

current conduction naturally ceases, and the current 

of the "incomingn valve steadily rises until full 

value-is reached at the instant the outgoing valve 

ceases to conduct and the commutation process is 

completed. 

Starting at time Y, the potential of "b" phase 

exceeds that of "a" phase. This causes valve 3 to 

conduct (still assuming continuous positive gating). 

Valve 1- is also conducting because it still carries 

the load current. Thus the potential difference 

between "b" and '"a" phases is suddenly forced to be 

a absorbed in a ,circuit that contains only the reactance 

of the transformer windings and the very small 

reactance of the bus bars of phases "a" and "b". 



Figure  : 6 EFFECT O F  COMMUTATING REACTANCE (cont  'd)  

This  cond i t i on  is  comparable t o  a'short t ime,  

s h o r t  c i r c u i t  between phases "an and "b". 

The s h o r t  c i r c u i t  c u r r e n t  (ic) flows from phase 

"bn through va lve  3 i n  t h e  forward d i r e c t i o n ,  whi le  

it opposes the load  c u r r e n t  (il) i n  va lve  1. The 

c u r r e n t  in va lve  1 becomes zero when t h e  s h o r t  

c i r c u i t  c u r r e n t  (ic) becomes equa l  t o  t h e  load  

c u r r e n t  (il). Because ok t h e  u n i d i r e c t i o n a l  

c h a r a c t e r i s t i c  of t h e  va lves ,  va lve  1 w i l l  b lock ,  

thereby  c l e a r i n g  t h e  s h o r t  c i r c u i t  and t h e  t r a n s f e r  

o f  t h e  load  c u r r e n t  from "a" phase,  va lve  1 t o  "bw 

phase,  va lve  3 is  completed. 

The r e s u l t i n g  c u r r e n t  wave shapes a r e  shown i n  t h e  

f i g u r e  f o r  va lves  1, 3 and 5. A s i m i l a r  a c t i o n  

e x i s t s  between va lves  2 ,  4 and 6 b u t  it i s  n o t  shown. 

When bo th  va lves  1 and 3 are ope ra t ing  s imul tane-  
. t 

ous ly ,  DC ou tpu t  vo l t age  assumes a mean va lue  between 

t h e  two phase t o  n e u t r a l  voltages. .  This reduces  t h e  

average DC vo l t age  by Ux which i s  p ropor t iona l  t o  t h e  

t ransformer  reac tance  (XT)  and t o  t h e  magnitude of 

t h e  DC c u r r e n t  (Id).  The shaded a r e a  i n  t h e  AC 

vo l t age  waves i n  t h e  f i g u r e  i s  t h e  v o l t  seconds we 

l o s t  i n  t h e  cornmutating reactance.  The l a r g e r  t h e  

DC c u r r e n t ,  t h e  longer it t akes  t o  commutate and 

hence the  g r e a t e r  t h e  v o l t  second a r e a  w i l l  be. 



Figure: 6 EFFECT OF COMMUTATING REACTAKCE 

It can be derived mathematically t h a t  
T 

where 3 is expressed i n  per  u n i t ,  Id i s  t h e  DC 

c u r r e n t  a t  any p a r t i c u l a r  load and. IdN is  t h e  r a t ed  

DC c u r r e n t  (one per  u n i t  c u r r e n t ) .  

Example : 

me r a t e d  transformer impedance a t  EPRI S t a t i o n  

is 22.4%. The impedance value can be used as t r ans -  

former reac tance  with only s l i g h t  e r r o r .  Theref o r e ,  

the " r e a c t i v e  vol tage  dropn f o r  r a t e d  c u r r e n t  is: 

. . . . .. .. 
It can b e ' s e e n  from the  f i g u r e  t h a t  t h i s  moves 

t h e  c e n t e r  l i n e  of the  cu r ren t  block t o  t h e  r i g h t .  

by an cngle  p/2 and g ives  an inherent ly  lagging 

power f a c t o r  of cos p/2. 
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Figure: 7 EFFECT OF PHASE CONTROL 

Without gate control del2,: the current transfer 

between two valves and the corresponding phases starts 

as soon as the potential of the "incoming" phase 

exceeds the potential of the "outgoing" phase. Thus, 

the DC circuit has the highest possible potential at 

any instant and the DC voltage is at maximum. 

.With suitable gate control we can hold back the 

turn on of the incoming valve thereby delaying the 

transfer of load current from the "outgoing" valve 

to the "incoming" valve. This is illustrated in the 

subject figure where at tine Y the potential of 
I 

phase "b" begins to exceed the'potential of phase "a". 

If by means of gate control the turn on .signal is 

given at time "Z", the start of valve,3.conduction 

has. been delayed by the angle a (alpha). 

By delaying the gate turn on, each 1/3 conducting 

section of t h e . ~ ~ ' v o l t a ~ e  will be slid off the crest 

of the voltage'wave. By delaying the instant of 

gating, the magnitude of the 'rectifier output voltage 

can be controlled. 

It can be observed that gate control will move the 

center line of the current block to the right by the 

angle a and gives an inherently lagging power factor 
\ 

of approximately cos a. 



Figure : EFFECT OF PHASE CONTROL (cont'd) 

Mathematically the. following expression can be 

obtained : 

Ua = 'd6 
(1 - cos a) 

where Ud = DC voltage output 

'a = Reduction of DC voltage caused by 
gate control. 

a = Delay angle (also called gating a;igle) 

= Ideal no load DC voltage "do. 

~xarnpie : 
0 

F o r  the EPRI Terminal Udo is 59.95 kV with a=l8;. 
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Figure: 8 OPERATING CONDITION - RECTIFIER 

Under load and with  phase c o n t r o l  t h e  d i r e c t  vo l t age  

d i f f e r s f r o m  t h e  t h e o r e t i c a l  value Udo. I t  is reduced 

as,,  a consequence o f  cormnutation. and phase c o n t r o l ,  and 

by t h e  r e s i s t i v e  v.oltage drop. The reduct ions  caused 

by phase c o n t r o l  and c o m u t a t i o n  a r e  denoted by Ua 
r 

and Ux, whereas t h e  r e s i s t i v e  vol tage  drop i s  usua l ly  

conceived a s  p a r t  of t h e  d i r e c t  vo l tage  and i s  combined 

wi th  t h e  vo l t age  ac ross  t h e  load c i r c u i t , i n  the  

t h e o r e t i c a l  q u a n t i t y  Ud. Furthermore, a l l  vo l tages  

and vo l t ags  reduct ions  a r e  represented by t h e i r  average 

va lues  and can the re fo re  be added'according t o  

where Udo = t heo re t i ' c a1 ,d i r ec t  vo l tage  wi th  zero 

phase c o n t r o l  and no vol tage  drop,  

avg value.  

Ux = reduct ion of d i r e c t  vo l tage  caused by 

commutation, avg value.  

Ua = reduct ion of d i r e c t  vo l tage  caused by 

phase c o n t r o l ,  avg value.  

U d  = d i r e c t  vol tage including . . r e s i s t i v e  

vol tage  drop, avg value.  This  component 

is normally neglected.  because of t h e  

r e l a t i v e l y  small  value.  



Figure: 8 OPERATING CONDITION - RECTIFIER (cont 'd)  

For r e c t i f i e r  operation: 

Subist i tut ing w e  get :  
\ 

% = udO cos  a 
X~ - - Id 

-'udo 2 . IdN,  

Example : 

For normal f u l l  load operat ion a t  t h e  EPRI Terminal 

ad = 59.95 - 6.71 - 2.93 = 50.31 kV 

o r  us ing  t h e  derived fornula  

Subt rac t ing  t h e  valve vol tage drop and t h e  

r e s i s t i v e  vol tage  drop w e  w i l l  g e t  an Ud which 

is close t o  50 kV. 

Since  t h e  E P R I  terminals  have two 6 pulse  groups 

i n  s e r i e s ,  t h e  t o t a l  DC voltage is  2 x 50 kV = 100 kV. 
. 1 

Tihe r e c t i f i e r  output voltage f o r  a 6 pulse  bridge , 

is shown i n  Figure 8. - - 
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Figure: 9 INVERTER OPERATION. 

Delaying the gating further and furthes will reduce 

the magnitude of the DC output voltage until at a gating 

angle a;90° the output voltage averages zero. Further 

increase of a will reverse the pol'arity of the DC 

output voltage and will.'gradually increase it in the 

. opposite polarity. Therefore, any gate controlled 

converter can be used as an inverter by, increasing 

the gating angle beyond go0. 

The equation for Ud remains 

Ud = Udo cos a (at no load) 

for inverter operation. However, since cos a is a' 

negative value for 9 0 ~ < a < 1 8 0 ~  Ud becomes a negative 

quantity. 

In inverter operation we generally substitute the 

margin angle y (gamma) for the angle where 

for the ideal condition. (no circuit impedance and 

infinite DC reactance). 

For the realistic operating condition with finite 

reactive voltage drop in the converter (see Figure b). 

$ = angle of advance for the inverter 

p = angle of overlap ,(duration of commutation) 

y = margin of commutation 

a = delay angle for rectifier 



Figure: 9 . INVERTER OPERATION (cont'd) 

The rectifier voltage during no 1oaQ operation is: 

Ud = Udo cos a 

This voltage becomes negative if a'a is greater than 

. . g o 0 .  Since valves can conduct current only in one 

direction (from'anode to cathode), direct current 

can flow through an inverter only'when the DC 

voltage applied to it exceeds in absolute value 

1, the no load voltage. Thus the no load voltage of an 

inverter always represents a counter electromotive 

force ,(emf) to the rectifier and DC line circuit. 

To insure current flow to the inverter valves, the 

anodes must always be at a higher potential than the 

cathodes. 'The potential of the cathode is reduced 

by.connecting the negative terminal of the incoming 

DC circuit to the cathode. This means that all= 

anodes are'always at a higher DC potential than the 

'cathodes and will; therefore, tend to carry current 

all the time. This must be prevented by suitable 

gate-control and the application.of the:AC voltage. 

Gate control is a convenience with rectification, but 

it.is a must for. inversion. . . . , . . . 
valve 1 is carrying current Figure 

After the crossover time X' in Figure 9a it can be 

" seen that' the potential of phase a is becoming more 

. . ' 'positive than .the ..potential of phase b so that 
\ 

commutation from valve'.l to 3 cannot occur naturally 

at time X. Commutation must be forced to take place 



Figure:  9 INVERTER OPERATION (cont  ' d )  

before  t h e  crossover  t i m e  X ,  when t h e  p o t e n t i a l  

of phase b i s  s t i l l  more p o s i t i v e  than t h e  p o t e n t i a l  

of phase . a .  ' T h i s  is  done by app rop r i a t e  g a t e  c o n t r o l .  

It i s  e s s e n t i a l  t h a t  before  t h e  t i m e  of t h e  c rossover  

(po in t  X) i s  reached and t h e  anode of va lve  1 is  

assuming a more p o s i t i v e  p o t e n t i a l  than va lve  3 ,  

t h a t  t h e  c u r r e n t  i n  va lve  1 must be zero.  Only then 

can i t s \ a t e  r ega in  f u l l  c o n t r o l  and block t h e  r e t u r n  

of  ' t h e  c u r r e n t  i n t o  va lve  1. Current  zero is  forced 

i n  an i n v e r t e r  va lve  only  when t h e  i n v e r t e r  AC 

vo l t age  can f o r c e  an AC c u r r e n t  g r e a t e r  than and i n  

oppos i t ion  t o  t h e  DC c u r r e n t .  

The AC vo l t age  produced .by t h e  va lve  group dur ing 

i n v e r t e r  ope ra t ion  is  shown i n  F igure  9 .  

I f  t h e  de l ay  angle  a i s  g r e a t e r  than  g o 0 ,  

t h e o r e t i c a l l y  t h e  conver te r  vo l t age  becomes nega t ive .  

I n  p r a c t i c e  it remains zero as c u r r e n t  flow through1 

t h e  va lve  i n  t h e  r e v e r s e  d i r e c t i o n .  I f  now t h e  

pass ive  load  of t h e  conver te r  i s  rep laced  by a  DC 

' . 
supply v o l t a g e  (a r e c t i f i e r )  g r e a t e r  than t h e  

t h e o r e t i c a l  nega t ive  vo l tage  of t h e  conver te r  and i s  

of such p o l a r i t y  t h a t  it is  conducive t o  a flow of 

c u r r e n t  from t h e  anode t o  t h e  cathode through t h e  

i n v e r t e r  va lves ,  invers ion  w i l l  t ake  p lace .  The 

DC c u r r e n t  w i l l  be flowing a g a i n s t  t h e  i n v e r t e r  AC 

counte r  emf and power w i l l  be t r a n s f e r r e d  from t h e  

DC t o  t h e  AC s i d e  of t he  conver te r .  



Figure: 9 INVERTER OPERATION (cont 'd) 

For inverter operation (i) 
x, 1, 



\ 

FIGURE 9 

INVERTER OPERATION 

e. 



HARMONIC GENERATION 
. , 

The alternatiny currents of a rectifier connection 

are not sinusoidal. Therefore, we interpret them 

as combinations of a fundamental and harmonics. 

A method of analyzing a periodic function by means 

of Fourier's integral is used but only t!!e results 

are given here: a) The amplitude of the harmonics 

decrease reciprocally to their order l/n; b) There 

are only harmonics of the order nqzl (where q is 

the pulse number). 

f undamen ta 1 

5th harmonic = 100/5 

.7th harmonic = 100/7 

11th harmonic = 100/11 

13th harmonic = 100/13 

17th harmonic = 100/17 

19th harmonic = . 100/i9 
23rd harmonic = 100/23 

25th harmonic = 100/25 



Figure:  1 0  POWER E X C W G E  

If  w e  d e f i n e  t h e  vo l t age  a s  p o s i t i v e  i n  t h e  d i r e c t i o n  

of the anode terminal, then w e  f i n d  t h a t  t h e  a c t i v e  

power a t  the conver te r  t e rmina l s  w i l l  be p o s i t i v e  f o r  

t h e  r e c t i f i e r  ope ra t ipn  and nega t ive  f o r  i n v e r t e r  

ope ra t ion .  In  o t h e r  words, power 'is t r ansmi t t ed  from 

the conve r t e r  i n  r e c t i f i e r  ope ra t ion  and power is 

rece ived  i n t o  t h e  conver te r  i n  i n v e r t e r  ope ra t ion .  

T h i s  f i g u r e  shows t h e  power exchanged between t h e  
I 

AC system and conver te r  under va r ious  degrees  of phase 

c o n t r o l .  

A t  the AC s i d e  f i g u r e  (a) shows t h e  l i ne - to -neu t r a l  

v o l t a g e  Ua and t h e  l i n e  c u r r e n t  Ia of one phase of a 

6 p u l s e  conve r t e r  connect ion,  assuming an a 

a n g l e  of phase c o n t r o l  between zero and go0. . The 

produc t  of bo th  va lues  is  t h e  ins tan taneous  .power, 

and it .can be  seen t h a t  the average va lue  of t h e  

power. is p o s i t i v e ,  i n d i c a t i n g  a f low of energy f r o m  

the AC system t o  t h e  DC c i r c u i t .  With a=90°, 

i l l u s t r a t e d  i n  s e c t i o n  ( b ) ,  t h e  p o s i t i v e  and t h e  

nega t ive  va lues  of power a r e  i n . b a l a n c e ,  s o  t h a t  no 

a c t i v e ,  b u t  r e a c t i v e  and d i s t o r t i o n  power a r e  ex- 

changed. F i n a l l y ,  w i t h - a  f u r t h e r  i nc reased ,  t h e  

average  power i s  nega t ive ,  s o  t h a t  energy i s  t r a n s -  

m i t t e d  from t h e  DC c i r c u i t  t o  t h e  AC system (Figure  



Figure: 10 POWER EXCHANGE (cont @ d) 

The difference between rectification and inversion 

on the AC side can also be seen in the above figures. 

During rectification, the positive half-cycle of the 

current 1, coincides with the half of the 

alternating voltage Ua . During inversion, the 
positive half cycle of current 1, coincides with 

the negative half of the alternating voltage Ua '. 



Rectlflcr Oixrntion Invcrter Operation 

Active power. = 

positive. 

Active power = 0 Active power = 

negative. 
/ 

I) FIGURE 10 

P O X R  EXC t iAi IGE 
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LIFE-CYCLE COST METHODOLOGY 



frPPENDIX 3 

' LI FE-C'YCLE COST CIET!iOOOLOGY 

81.0 LEVELIZED ANI.IUAL COST . 

True l i f e  cycle cost,  analycis must necessari ly 'consider  the timing of cos ts  and benefi ts ,  
as well as the niagnitude. A method cmployed in previous General Elec t r ic  s o l a r  and wind 
eni?r?y prograns i j  to  coinpare Levclizcd Annual Benefits (LAB), representing system energy 
savings, w i t h  the Levelized Annu~l Cost (LAC), the levcl ized d o l l a r  amount required to  -' 

ovrn, operate,  and ri~aintain a  system during each year of the  l i f e  of  the system. Speci f i -  
c a l l y ,  the 1  eve1 i  zed' annual cost  accounts fo r :  

. . 

( a )  "paying o f f "  systa-11 capi ta l  costs  

- ( t )  paying for  opera t ing  and maintenance expenses 

( c )  paying taxes 

(d l  paying a return t o  investors  and i n t e r e s t  t o  c red i to r s  - 
' ( e )  building a  capi ta l  fund f o r  periodic component ?eplacement, overhaul , 

and re t i rer t~el~t  of debt. 

The leve: ized annual cos t ,  ,denoted by. L.4C, i s  given by: 
I .  

LAC = CRF X Pbl (1 ) 

wherc CRF i s  the capi ta l  recovory fac to r  and PW i s  the  present wo ' r th  of the year by 
year revenue requirements throughaut system l i f e .  

The following sections describe the analy t ics  f o r  computing LAC & LAB a s a p p l i e d  t o  phoio- 
vol ta ic  systems for  various user-types. 

Bl . 1 CPtP ITAL RECOVERY FACTOR, CRF 

T k . c a p i t a 1  recovery fac tor  i s  the  uniform periodic payment, as a  f rac t ion  of the .o r ig in -  
a1 pr inc ipal ,  tha t  will  fu l ly  repay a  loan (including tile i n t e r e s t  r a t e ) .  The i n t e r e s t  
r a t e  uscd to  ca lculz tc  C2F i s  ca l led  the discount r a t e  and represents  the weighted zvcrdge 
cost  of c a p i t a l .  

Analytical l y ,  the capital  recovery fac to r  i s .  given by: 

wherc r  i s  the a?P:-opriate a n t i u ~ l  discount r a t e  and N i s  the .system l i fe t ime in years .  
The discount t.;ctc, r ,  varies  with tile apl)lic.?l;ion. '/slues of . 0 9 ,  , 0 7 2 ,  and . I 0  have 
'.ecn uscd .for t h e  u t i l  i t y ,  r e s i d ~ n t i a l  an:! inict-r!icdiatc app l i ca t ions ,  r-espectively. 



The p resen t  wor t t i  i s  qnalogous t o  t h a t  sniount wh ich,  i f  depos i ted  i n  an i n t e r e s t  bear -  
i n g  account a t  t h e  d i s c o u n t  r ~ t e ,  would pcrmi t annual \vi thdtaawals t o  pay a l l  system 
c o s t s  and d i l a i n i s h  t o  ze ro  a t  t h e  end o f  system 1  i f e .  For t h e  e v a l u a t i o n  o f  PV ;Ystems, 
t h e  Pi4 i s  comprised o f  two co~i lponents:  (1) a  component accoun t ing  f o r  c a p i t a l  c o s t s  
and ( 2 )  a component a c c o u n t i n g  f o r  t h e  c o s t  o f  o p e r a t i o n  and maintenance (O&l4) .  

The t o t a l  p resen t  wor th  i s  g i v e n  by: 

The f i x e d  chargc component i s  g i v e n  by: 

- IC . FCR . CCF 
PWFI XED CHARGE 

- 
CRF 

Here, IC, i s  t h e  t o t a l  c a p i t a l  c o s t  o f  t h e  system and CCF i s  t h e  c o n s t r u c t i o n .  c o s t  
f a c t o r  accoun t ing  f o r  i n t e r e s t  d u r i  ng c o n s t r u c t i o n  o f  t h e  PV system. 

The parameter FCR i s  t h e  f i x e d  charge r a t e  and r e p r e s e n t s  t h e  y e a r l y  c o s t  o f  ownership,  
expressed as a  Z o f  t h e  c , a p i t a l  i n v e s t m e r ~ t ,  IC. These c o s t s  c o n s i s t  o f  c a p i t a l  o u t l a y ,  
taxes  and insurance.  An exp l2 : l a t i on  o f  the f i x e d -  . . charge r a t e  and i t s  d e r i v a t i o n  i s  
give11 i n  t h e  f o l l o w i n g  s u b s e c t i o n .  

The second. component i n  e q u a t i o n  ( 3 )  accounts ' f o r  sys tern o p e r a G o n  and maintenance. 
T h i s  i s  g i v e n  by: 

I - 
= AOCI . .' M Pwoara 

CRF 

T h i s  i s  s i m i l a r  i n  form' t o  e q u a t i o n  ( 4 ) ,  b u t  w i t h  d i f f e r e n t  parameters. Aolq i s  t h c  
c o s t  o f  o p e r a t i n g  and rna in ta i r t i ng  t h e  systern. 

The parameter M.; d e f i n e d  as t h e  l e v e l i z e d  v a l u e  ' o f  .an e s c a l a t i n g  c o s t *  stream, accounts 
f o r  t h e  f a c t  t h a t  A0:.! - i s  i n c r e a s i n g  o v e r  .the l i f e t i m e  o f  t h e  system because o f  i n f l a t i o n  

r (1 + c& 
+I = r - g  1 + r ) I i  - 1  

!" I 
where g i s  t h e  acnual i n f l a t i o n  o r  e s c a l a t i o n  r a t e .  

Subs t i  t u t i n g  equat ions ( 4 )  and (5). i n t d  e q u a t i o n  ( 3 )  y i c l  ds : 

p u  . =  - CRF [Ic . FCR . CCF + i l l  ' (no;,,)] ' . 



. , 

B1.3 F I X E D ' C H A R G E  RATE . % . . 

The f i x e d  char5c  r a t e  (FCR) r e p r e s e n t s  t h e  y e a r l y  c o s t  o f  ownersh ip ,  expressed as 
a  7; o f  t h e  inves tment ,  Ic. 'These c o s t s  c o n s i s t  o f  d e b t  i n t e r e s t  and p r i n c i p a l  
payments, r e t u r n  .on e q u i t y  (where a p p l  i c ~ b l e )  , . insurance,  l o c a l  taxes  and t h e  n e t  
e f f e c t  o f  Federal  taxes .  . The concep t  o f  t h e  f i x e d  c t la r i je  r a t e  comes f rom e l e c t r i c  
u t i l i t y  f i n a n ' c i a l  a n a l y s i s ,  b u t  has .proven t o  be a p p l i c a b l e  and conve.nicnt  i n  t h e  , 

a n a l y s i s  o f  o t h e r  s e c t o r s  as well. 

The residential energy u s e r  has one i m p o r t a n t  d i f f e r e n c e  f r o m  o t h e r  energy  consumers 
i n  t h a t  energy i s  n o t  a t a x  d e d u c t i b l e  expense. The e f f e c t  i s  b e s t  shown by  example. 
Consider  an i n d u s t r i a l  and a  r e s i d e n t i a l  u s z r  i n  48 and 2G p e r c e n t  t a x  b r a c k e t s ,  
respectively. Assume each has $1000 o f  b e f o r e - t a x  income and i s  e v a l u a t i n g  $100 
energy purchase:  

W i t h o u t  I-li t h  
. . Energy  Eneray 

Homeowner 

W i t h o u t  W i t h  
Energy Energy 

Gross Income 1000 1000 Gross Income 1000 1000 

Dcduc t i  b1 e  Expenses - 0 .  100  - Deduc t i  b l  e  Expenses 0  ' - 0 

Taxab1.c. Income. 1000 900 Taxabl  e  1ncome 1000 1000 . . 
Federa! Taxes (4.8%) 48 0  - Federa l  Tsxes (20?L) 200 200 - .  432 

Nut Income 520 . I  468 Net  Income 800 800 

Less Energy 

. . A f t e r  Tax Energy Cost  = $520 - 468 = $52 

. 2 .  

Tlius, ~ h i l e  t h e  hor!icci.!ner pays t h e  f u l l  $100, t h e  c o r p o r a t i o n  e f f e c t j v e l y  pays g n l y  
.$52 (51C.U .:( (1 - t a x  r a t e ) ' )  s i n c c  t z x e s .  a r e  reduced by $48. I t .  i s  due t o  t h i s  t a x  
e f f e c t  t h a t  c o s t s  o f  a1 t e r n a t c  c h c r y y  systenls must  be e v a l u a t e d  on an a f t e l - - t a x  b a s i s  
f o r  t h e  honco::ner dnd on  a b e f o r e - t a x  b a s i s  f o r  t h e  c o r p o r a t i o n .  On ly  i n  t h i s  way 
can s y s t ~ n i  c o s t s  be con:)ared w i t h  p r e v a i l  i t l g  energy  c o s t s .  

A d c t a i  1 cd d i s r u s s i o r ~  o f  f i x e d  chal-ge r s t e ,  - i t s  v a r i o u s  components, amd c o r p o r a t e  
t a x  e f f c c i s  i s  p r e s c r ; t e ~ l  i n  "Tlie Cost  o f  Et?e~-gy from U t i l  i ty-Owned Solat' E l e c t r i c  
Systcms" ( ~ e f c r e n c e  6 -  1 ) .  The r e s i d e n t i a l  s e c t o r  p r e s e n t s  .a .much si.mp1 e r  case.  
Assirriling a I: p c ~ ~ c ~ i t  lc(111 f o r  a  t lonco\ .~n~t .  i n  a 20 p e r c e n t  i nc rc f i i en ta l  t a x  b r a c k e t ,  
t h e  t ' f f c c t i v e  a i t c r - ' i d ? :  r a t ?  can bc shov:ri t o  be 7.2 p e r c e n t  ( . 9  X (1 - . 2 ) ) .  Conpi t t ing  
t!)? ,~ppi-:.?;!r-iatc! CilF ( ~ n d  addir lg  l x a l  ta:.:cs ~ 1 - d  i n s u r ~ n c e  y i e l d s  t h e  f i x e d  charge ' r a t e .  
For. cs ; rc :~~ lc , '~ssu; : : i .  J 10 y e a r  1 i f e  iyst;t' i!~ a!1d 2 . 5  pet ,ccnt  . f o r  l o c ~ l  t s x e s  and - insu r -ance :  

L 



. T y p i c a l *  f i x e d  charge r a t e s  ' (FCR)  as  a f u n c t i o n  o f  system l i f e  N atid a p p l i c a t i o n  a r e  
t a b u l a t e d  below: 

81.4 LEVELIZED AI!NUAL COST I N  CURRENT DOLLARS 

SYS'TEt.1 LIFE 
N YRS. 

1 0  
20 
30 . 
50 

- 

I f  e q u a t i o n  ( 7 )  i s  s u b s t i t u t e d  i n t o  e q u a t i o n  (1 ) :  

I n  ' t h i s  case, t h e  l e v e l  i zed annual  c o s t  i s  expressed i n  terms ' o f  c u r r e n t  do1 l a r s .  

FCR 

Express ing  LAC i n  c u r r e n c  do1 1 a r s  e s t a b l i s h e s  equal  c o s t s  o v e r  t h e  system 
l i f e .  Th is  i s  analogous t o  t h e  case o f '  a home mortgage.  The homeo:.rner borrows 
money a t  some i n t e r e s t  r a t e .  I t  i s  p a i d  back i n  equal  mon th l y  (hence, year1,y)  
i n s t a l l n e n t s  o v e r  t h e  l i f e  o f  . t h e  mortgage (i .e., he pays $X/month i n  t h e  f i r s t  y e a r  
and SX/nlonth i n  t h e  3 0 t h  y e a r ) .  

UTILITY 

.23 

. I 9  
- 1 8  . .  

.18 

- 81.5 LEVELIZED AI!NUAL COST IN CONSTAFIT DOLLARS 

An a l t c r n z t i v e  method o f  e x p r e s s i n g  l e v c l i z c d  annual  c o s t s  i s  t o  r e f e r e n c e  t h e  c o s t s  
t o  a  p ; t - t i cu lar  b a s ?  y e a r ,  e.g., '1976. The r e s u l t  i s  t h e  i e v e l i z e d . a n n u a 1  c o s t  i n  
c o n s t a n t  (base y e a r )  do1 l a r s .  

RES 1DE:ITIAL 

.I 7 

.12 . .  

.10 
' .I0 

To c a l c u l a t e  LAC i n  c o n s t a n t  do l la r ; ,  a d i s c o u n t  r a t e  t h a t  a c c o u i t s  f o r  i n f l a t i o n  
o v e r  t h e  system l i f e  i s  detcrr :~ i r ,ed.  T h i s  r a t e ,  denoted by  r ' ,  i s  g i v e n  by :  

I NCUSTR IAL/COI'.!HERCIAL 

.27 

.23 

.22  

.22 

where g i s  t h e  anrlual i n f l a t i c n  r a t e .    his r '  i s  then  used i n  t h e  CRF e q u a t i o n  t o  



yie ld  a  capital  recovery . f ac to r  in constant (base year)  dolla ' rs :  
. . 

1 + r l )N 
C R F '  = ,&F'17-1 

Subst i tut ing CRf' , fo r  C R F  i n  eqi~at.i.on (1 ) gives : 

LAC (Constant 5 )  = CRF' .. PW (11 

Further subs t i tu t ion  of equation' ( 7) in to  (11) r e s u l t s  in :  

C R F '  1 FCR . CRF + M . (A~~,,) ] LAC (constant $) = . . 

Combination of equations ( Z ) ,  (6), and (bO) rcsul ts in  

CRF'  - . .  M = l  
CRF 

. . 

provided that g ,  the annual i n f l a t i o n  br escalat ion r a t e ,  i s '  the same fo r  0&1.1 as 
f o r  , t he  gcrieral r a t e  of inflat i 'on used in computing r ' .  This expression, i n  turn, 
reduces 'equation (1 2 )  t o  : 

. . 
81.. 6 L;EVELIZEB ANNUAL BENEFITS 

The comparison of the energy cos t  savings of the  PV system t o  t h ;  l evel i red  annual 
cos t  i s  accoriplished by conputing the  level ized annual benef i t s  (LAG) fo r  the  enerqy 
savings. LAB i s  inherently a  function of  present and projected energy prices and may 
be expressed' by , 

C R F '  . Mf . Po . E' 
LAB (Constant $1 = CRF 

where E represents the annual energy saved by the  s o l a r  system, M i s  an energy savings 
.mu1 t i p l i e r  :tfllicn i s  defined as the level ized value of an esca la t ing  cos t  stre?m xhich 
accounts i c r  the r a t e  of energy price escalat ion over the l i f e t ime  af the systew, and 
Po i s  the enera!, price in year zero. In actudl prac t ice  the appropl-izte u t i l i t y  r a t e  
scheSuie i s  appi icd with the savings determined by the  di fference c f  the e l e c t r i c  b i l l s  
coniputed r ~ i  tti and without tire PV system. 

The mul t ip l ier  Pif i s  a  function of energy pr ice  esca la t ion  r a t e  ( i ) ,  system l i f e t i m e ( N ) ,  
and d iscou~l t  r a t e  ( r ) ,  and i s  expvessed as* 

(1 6) 

* \dtlen :: f :  

' 1.1 = C R F  . N 



The ent!rqgy price in year zero ( Po ) i s  related to the energy price in constant '  
(base year)  .do1 1 ars  p e r  energy uni t  ( p) through' the expression 

where L i s  the number of years from .'the base year to  year zero; 

The economic viabil  i t y  of a system 'can be measu,red by' comparing the level ized annual 
cos t  to  the levelized ar:nual benef i ts .  I f  the level ized annual benefi ts  exceed the 
level izcd annu~l -  cos t ,  the system i s  economically .viable.  Ttie break-even system cost  
occurs !-/hen LAC 'and L4B a r e  equal. 

REFERENCE . . 

8-1. "'The Cost of Energy from 'Util ity-Owned Solar Elect r ic  .Systems", 
Doane, J.W., e t .  a l . ,  June 1976, Report JPL 5040-29, J e t  Propulsion . 
Laboratory 



APPENDIX C 

LIGHTNING PROTECTION ANALYSIS 



The Sea World Photovoltaic (PV) Concentrator Application 
Experiment will be located in an area of the U.S. where thunder- 
storms and lightning strikes are most prevalent. In fact, there . 
are an average of 90 days each year on which a thunderstorm is 
within earshot of Orlando. Consequently, .lightning protectcon must 
be incorporated in the equipment design to assume satisfactory per- 
formance in this environment. Lightning Technologies, Inc. was 
engaged to assess the potential lightning hazard to the experiment 
and to re,cormnend protection. 

The site will receive about i direct strike every six years. 
It can be adversexy affected by about 26 strikes per'year which 
fall within a 1 kilometer radius of the site. A direct strike to 
a receiver turntable can damwe mechanical linkages and bearings 
as well as electrical/electronic systems. The nearby strikes will 
only affect electr ical . /e lectronic 'systerns but occur much more 
frequently. 

Protective measures recommended consist of shielding and 
suppression. Power and signal cables are shielded by locating 
return cables at the edges of the conduit. runs and grounding them 
at'many points. The signal conductors are contained within an 
additional overall shield which is grounded at the ends. Each of 
the shields will reduce a lightning transient by about an. order 
of magnitude (10 to 1) but the remaining transient must be removed 
by suppressj.on devices to fully protect the equipment and elec- 
tronics. Metal-oxide varistors and silicon Zener diodes are 
recommended as suppressors because of their excellent protective 
characteristics. 

Direct strikes to the turntable can induce currents in the 
receiver cells that are potentially destructive. Analysis of the 
silicon solar cells has shown that the cells should be able to 

'-tolerate the induced currents. However, no laboratory test data 
on solar ce1l.s is readily available to verify the analysis. The 
Sea World experiment offers an excellent opportunity to perf o m  
tests that will verify not only the silicon solar cell tolerance 
levels but obtain base line data on the hazard levels in typical 
array structures. This data could be obtained by performing 
simulated lightning tests on a relative geometric scale model of 
the turntable leading to full scale current level tests on re- 
ceiver assemblies and solar cells. : 

Solar power generation facilities of the future will often 
be located in areas of high lightning activity and will require 
lightning protection. Data and experience derived from this 
project will be useful in the design of the protection for future 
systems which will be more extensive. 



This report summarizes expected susceptibility of the Photo- 
voltaic (PV) Concentrator Application Experiment to lightning 
strikes, and the electrical environment that test strikes may be 
expected to apply to the system. The effects that this environ- 
ment may have on the system.are outlined and used as a guide for . 
the subsequent tasks to follow the comprehensive lightning data 
compiled by Cianos and Pierce in Refer.ence 1 will be utilized to 
establish severity levels for design purposes. 

1.1 Number of Expected Strikes to the PV Plant. 

Thunderstorms and 1ightning.flashes do not occur with uniform . 

frequency throughout the world, but vary instead with the climate 
and topograpliy. A parameter which can be utilized to estimate the 
number of flashes to an object and for which historical data ex- 
ists is the t h u n d e r s t 0 r . m  day. This data is accumulated by the 
World Meteorological Otganization (WMO) and is called the i s o k e r -  
aunic level. A thunderstorm day is defined as a 24-hour day on 
which thunder is heard. Thus, the parameter does not give infor- 
mation on the duration or intensity of the storm. For the United 
States, the isokeraunic level ranges between a low of 5 thunder- 
storm-days.per year along the West Coast:, to a high of 91 days on . 

which thunder is heard at Orlando, Florida. When used in the 
analysis that follows, this parameter is designated at Ty. 

Most observers agree that there are about 3 lightning flashes 
per minute in the.average thundercloud and that a cloud covers 
about 500 square kilometers of ground for an average of between 
1 and 3 hours. This would work out to a flash density, r of 
between 0.3 and 1.0 flashes per square kilometer on each &under- 
storm day. Actually, flash density over a wide area has been 
shown (Reference 2) to be related more closely to the square of 
the isokeraunic level as follows: 

The flash density of equation' (1) includes flashes between 
clouds and flashes to ground, but those that reach the ground 
would be of concern with respect to physical damage to structures. 
Pierce (Reference 3) has noted that the percentage, P, of flashes 
to ground varies with geographical latitude as follows: 

where X is the geographical latitude in degrees. For the U.S., 
the percentage of earth-bound flashes ranges between 20% (in the 
South) to 36% (in t h e  North). Equation (2) may be used to estimate 
the average number of times lightning may be expected to strike the 
ground within a given area. 



Within a large area, Lightning wili strike higher objects 
sl.l(:h as r;ttlio towers, utility poles and rooftops much more fre- 
C ~ ~ I C I I L ~ Y  than objects that are shorter than these, but 'if all of the 
objects within a region are of nearly the same height,as in a 
forrest, the height of any single object will not increase its 
lightning attractiveness. 

This appears to be the situation'at'the PV plant. The PV 
turntables, converter station, perimeter fence, and wooded area 
surrounding much of the plant'are all nearly the same height, and 
are not overshadowed by tall buildings or towers. Thus, the num- 
ber of strikes expected to land within each square kilometer of 
area near the plant site can be determined by combining equations 
1 and 2 as follows: 

No. of Strikes X reaching earth = (0.02 Ty I") [0,1(1+ (rn)')] 
per year 

X 
= 0.002 Ty I.' [I+ (-) ] 30 

The Id'MO (Reference 4) records an isokeraunic level (Ty), of 
91 thunderstorm days per year at Orlando., Florida, which is'lo- 
cated at 28033 '  latitude. If this data. is ,inserted in equation 4, 

No. of Strikes 
. reaching earth = [O. 002(91) (1 + ( 28.55;)] 

per year 30 
(5) 

= 8.16 strikes per square kilometer 

The PV plant covers 5 acres, or 

Thus. the number of strikes ex~ected to fall within the.PV 
plant each year are: 

No. of Strikes 
to PV pl.ant = (8.16 h-')(2.02 x km 2, 
per year 

( 7 )  

= 1.65 x10-' strikes per year * 

or about 1 strike every 6 years. 



E c c - x s c  of thfs it mf. -h+  hn rnnc!*rJed t h q t  1 i ~ h t n i n z  will. he  
U"' 

of l i t t l e  concern t o  the  PV p lan t  and t h a t  p r o t e c t i v e  measures 
a r e  not  warranted. Lightning need no t  s t r i k e  wi th in  the  p l a n t ,  
however, f o r  damaging ' s u r g e s , t o  be coupled i n  t h e  power'or con- 
t r o l  c i r c u i t s .  Experience has shown t h a t  l i g h t n i n g  s t r i k e s  f a l l -  
ing wi th in  1 ki lometer  or  more can cause damage t o  unprotected 
power and s i g n a l  c i r c u i t s  i n  many types of systems. Thus, a  more 
r e a l i s t i c  measure of.  the  number of s t r i k e s  t h a t  may cause damage 
t o  an  unprotected system i s  t h e  number t h a t  f a l l  w i th in  a r a d i u s  
of 1 lan from t h e  p l a n t ,  o r  i n  t h i s  case,  

. No. of . . 

damaging = (8.16 strike.; per km2) (-rr km2) 
s t r i k e s  

(8) 

= 25.6 s t r i k e s  p e r  year 
.? 

The ana lys i s .  t o  t h i s  po in t  has considered only cloud-to- 
ground s t r i k e s .  I t  i s  known t h a t  cloud-to-cloud f l a s h e s  which do 
not contact  t h e  ground can a l s o  induce surges i n  e l e c t r i c a l  sys- 
tems, e s p e c i a l l y  when such systems involve e l eva ted  e l e c t r i c a l  
wires  or  o t h e r  apparatus  exposed t o  thunderstorm e l e c t r i c  f i e l d s .  
The s e n s i t i v i t y  of t h e  PV c o l l e c t o r s  t o  the  r a p i d  e l e c t r i c  f i e l d  
changes produced a t  the  e a r t h  by cloud-to-cloud f l a s h e s  has no t  
ye t  been assessed ,  so no judgment can ye t  be made a s  t o  t h e  addi-  
t i o n a l  exposure presented by these  f l a s h e s .  I t  may t u r n  o u t ,  
however, t h a t  any increase  i n  hazardous exposure due t o  in te rc loud  
f lashes  w i l l  be diminished by those s t r i k e s  t h a t  f a l l  wi th in  t h e  
1 lan  r ad ius  t h a t  a r e  too low i n  i n t e n s i t y  t o  be harmful. 

1 . 2  The E l e c t r i c a l  Environments 

1 . 2 . 1  From Direc t  S t r i k e s  

For design purposes t h e  e l e c t r i c a l  environment produced by 
d i r e c t  s t r i k e s  t o  the  PV p l a n t  w i l l  be i n  accordance with t h e  
Severe Basic Model described by Cianos and P i e r c e  i n  Reference 5 .  
This model descr ibes  the  cu r ren t s  r.eaching the  e a r t h ,  and recog- 
n izes  t h a t  wi th in  any s i n g l e  strike, c a l l e d  a  f i a s h ,  more than 
one s t roke  may occur i n  r ap id  succession. The model i s  shotm i n  
Figure 1. Other c r i t i c a l  parameters  a s soc ia ted  wi th  t h i s  model, 
which a r e  of importance t o  t h e  PV s y s t e q a r e  t h e  number of s t r o k e s  
p e r  f l a s h ,  t h e  peak cur ren t  i n  the  f i r s t  and second s t r o k e s ,  and the  
t o t a l  charge t r a n s f e r .  The s c v e r i t y  of these  parameters i s  approx- 
imi t ly  t h e  2 percent  extreme of the  s t a t i s t i c a l  d i s t r i b u t i o n s  of 
each paramter, determined by Cianos and P ie rce  from a study of 
a l l  of the  a v a i l a b l e  e l e c t r i c a l  da ta  on n a t u r a l  l i g h t n i n g .  The 

, l i gh tn ing  model thus c o n s i s t s  of t en  s t rokes  wi th  a  peak c u r r e n t  
of 140 kA i n  t h e  f i r s t  s t roke  and 70 kA i n  t h e  second s t r o k e .  The 
time i n t e r v a l  between these  s t rokes  i s  10 mi l l i seconds .  The r e -  
maining subsequent s t rokes  a r e  chosen a s  having a  peak cur ren t  of 

. 3 0  hl, on the  high s i d e  of t h e  median but not  so much so as  t o  be 



t:<!rli:cd severe .  The time between s t r o k e s ,  except f o r  a  con t inu ing  
c.urrcnt0 i n t e r v a l , ,  i s  taken a s  t h e  t y p i c a l  va lue  of 60 m s .  

TlME TO 'PEAK CURRENT - 1.5 ps 
TlME TO HALF VALUE - 4 0  ps 

Figure  1 - Time History. of t h e  Severe (Basic)  L igh tn ing  Model. 

For a l l  s t r o k e s ,  t h e  time t o  peak i s  1 . 5  p s .  Hence, t h e  
average r a t e  of r i s e  i s  about  100 k A / p s  f o r  t h e  f i r s t  r e t u r n  
stroke. ,  50 U / p s  f o r  t h e  second s t r o k e ,  and 20 k ~ / p s  f o r  t h e  r e -  
maining subsequent s t r o k e s .  The f a l l  t ime t o  h a l f  t h e  peak cu r -  
r e n t  i s  chosen a s  t h e  t ~ ~ i c a l ' v a l u e ,  40 p s ,  f o r  each s t r o k e .  The 
t o t a l  charge t r a n s f e r r e d  i n  t h e  f l a s h  i s  200 coulombs. 

The c r i t i c a l  hardwate such a s  t he  PV r e c e i v e r  assembl ies ,  
p i n t e l  bear ing  and c o n t r o l  l inkages  should,  wherever p o s s i b l e ,  be  
designed t o  t o l e r a t e  t he  c u r r e n t s  i n  t he  s eve re  model. 

1.2.2 From Nearby S t r i k e s  

Ear th  v o l t a g e  r i s e s  and magnetic f i . e l d s  w i l l  be  produced by 
nearby s t r i k e s  (def ined a s  occur r ing  wi th in  a  r a d i u s  of 1 km from 
the  p l a n t ) .  The magnitude of t h e s e  e f f e c t s  ?us t  a l s o  be knoyn i f  
adequate p r o t e c t i o n  i s  t o  be, designed.  

~ i ~ u r e  2 shows t h e  equa t ions  from which t h e  magnetic f i e l d s  , 
and e a r t h  vo.l tages a t  va r ious  d i s t a n c e s ,  D ,  from t h e  pl 'ace where 
a  s t r i k e  e n t e r s  t h e  e a r t h  can b e  es t imated .  The ampli tude and r a t e  
of r i s e  of t he  f i r s t  s t r o k e  i n  t h e  f l a s h  a r e  u t i l i z e d  f o r  t h i s  . 
a n a l y s i s ,  because they a r e  t h e  most s eve re .  Thus F igu re  2  sl~ows a  
140 kA s t r o k e  e n t e r i n g  e a r t h  of t y p i c a l  1 ,000 ohm-meters r e s i s t i v -  
i t y .  . 



D + I  lfalagnetic F i e l d ;  
, I  

( = I(150) 
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Figure 2 - Magnetic Fields and Earth Voltages 
a Earth voltage profile is shown 

for a 140 kA srroke into soil 
of 1,000 ohm-meters resistivity. 



The expression governing the earth voltage is: 

1 1 -) volts E = g (5. - wx 
where 

E =Voltage between two points x meters apart on 
the earth surface due to current, I, entering 
the earth at an average distance, D, away Erom 
the' point of interest. (volts) . 

x = Radial distance outward to another point of 
interest from the reference point. .(meters) 

The expression for the magnetic field intensity is: 

I 150) H = + amps/meter 
2n D 

where 

. H = Magnetic field intensity a distance, D, 
away from the strike due to current, I, in 
the channel (amps/meter) 

D'= Distance away from the flash channel (meters) 

I = Lightning current (amperes) 

and 
wou 
140 

Table I shows examples of ,the magnetic field intensities 
I 

earth voltages determined from expressions. (9) and (10) which 
Id -appear at three different distances, D, away.from where a 
kA stroke entered earth of resistivity 1,000 ohm-meters. 

TABLE I - Typical Magnetic Fields and Earth Voltages 
Produced by a 140 kA Stroke 

Earth Voltages for 
Distance, D, from Magnetic Fields p = 1000 R-m 

Strike ' A/m x = 150 m 

100 m 3.3 x lo2 134 kV 

1 km 3.3 x -loo 2.9 kV 

10 km 3.3 x lo2 
I 

33 volts 



Tfie magnetic fields and earth voltages will cause surges to 
appear in the power and signal cables running between the turn- 
table and the converter station. The voltages and currents in- 
duced by these 'effects can be estimated as follows: 

1.3 - Surges Induced in Cables by Magnetic Fields 

The magnetic field. H, produced by the lightning stroke will 
pass through the loop formed by the cable and the earth, shown in 
Figure 3, inducing a voltage in this loop or a current in it if a . 

return path is present. The earth is represented by a distributed 
resistance, R, at some finite distance below the actual surface. 
In reality, the induced current flows throughout a wide volume 
between the two- terminals,but it will be sufficient to lump th~is 
into a single,resistance for the purpose of analysis. 

The voltage induced by the magnetic field is: 

dH volts per meter e(t) = %=pas 
dt of cable length 

where; . 

e(t) = induced voltage in the cable - earth'loop 
(voltslmeter of cable length) 

$ = magnetic flux passing through the loop (Webers) 

H = maghetic flux . . density (ampereslmeter) 

"0 = of free space = ~ I T X I O - '  henrysImeter 
' S = spacing between cable and earth return (meters) 

Magnetic Flux 

Earth Resistance 

Figure 3 - Magnetic FieldInteraction with Power Cables. 



The magnetic flux. H, follows the same waveform as the 
liGi'ltl~ing stroke current that produces it. Most natural light- 
ning stroke currents are concave and can be represented best by 
a (1-cos) function reaching its peak (at n/2 radians) in 1.5 
microseconds in accordance with the severe model of Figure 1. 
This is shown in Figure 4. 

v . ~=6""6=l*lo6sec-1 

I 

1.5~10'~ . time (sec.) 

Figure 4 - Mathematical Representation of Return Stroke and 
Magnetic Field Wavefront. ' 

V 

then, 

Inserting this expression into equation (11) for the voltage . 

induced in the cable-earth loop and letting S = 1 meter, gives: 

e(t) = pouHma*sin~t ' volts peG meter of ( (14) . 
distance between turntable 

' and the converter station 

Since the PV.system is grounded at the converter station this. 
voltage would appear between the PV receivers annd earth-grounded 
structural hardware on the turntable. At t = sinwt is unity 

For the same distances, D, from a 140 kA lightning stroke as 
in Table I, equation 15 gives the voltages per meter length of . 
cable shown in Table 11. 



TABLE I1 - Voltages Induced by Magnetic 
Fields in PV System Cables 

- - - 

The low level induced by'strikes beyond 1 km away illustrates why 
strikes farther than 1 km away from the plant need not be considered. 

Distance, D, trom 
Strike 

100 m 

1 km 

.10 km 

A-strike 100 meters away from a 25 meter long cable may cause 

Volts per meter 
- 

of Cable Length 

415 

4.15 

0.04 

2,5(415) = 10,375 volts 

to appear at the turntable between the PV receiver and grounded 
-hardware, however. This voltage is probably sufficient to cause. 
a sparkover across the insulation. When this happens a complete 
circuit may be formed with the earth as return. The induced volt- 
age will then'drive a surge current through the cable, returning 
through the earth as shown in the equivalent circuit of Figure 3. 
This current is limited by the earth resistance and the loop 
inductance. The equivaleqt circuit is shown in'Figure 5. 

Figure 5 - Equivalent Circuit of Cable and Earth 
Return. 



- - -- 
C (f 1 (I-€ i ( t )  = ' amperes 

where, ' 

r = . e a r t h  r e s i s t a n c e  p e r  u n i t  l e n g t h  of  c a b l e  (ohms/meter) 

a = c i r c u i t  inductance I I II 11 " (henryslme ter . )  

e ( t )  = v o l t s  I t  . t l  t I  t I " ( v o l t s / m e t e r )  

i ( t )  = l aop  c u r r e n t  f lowing i n  c a b l e  (amperes) 

s u b s t i t u t i n g  express ion  (14) ' fo r  e ( t )  i n  equa t ion  16  'g ives :  

This exp res s ion  and those  t h a t  preceded i t  a r e  v a l i d  u n t i l  
t he  s t r o k e  c u r r e n t  reaches  i,ts c r e s t  (coswt = n / 2 ) ,  assumed t o  
be 1.5. p s  i n  accordance wi th  t h e  s eve re  s t r o k e  model. w i s  ava i l :  
a b l e  from F igu re  4 and t h e  peak magnetic f i e l d  s t r e n g t h ,  Hmax, was 
ca l cu l a t ed  i n  Table  I for t h e  140 kA f l a s h  s t r i k i n g  t h e  e a r t h  a t  
s e v e r a l  d i s t a n c e s ,  D ,  away from t h e  p l a n t .  , r depends on t h e  s o i l  

' r e s i s t i v i t y  a t  t h e  p a r t i c u l a r  l o c a t i o n ,  but .  II i s  l e s s  dependent 
on such si,te f a c t o r s  and can be assumed t o  be  1 microhenry .per 
meter -of c a b l e  l eng th .  Values of i ( t )  t h e r e f o r e  can  be' c a l c u l a t e d  
by equat ion 17 f o r  va r ious  combinati.ons of D and r .  Peak c u r r e n t s  
f o r  s e v e r a l  combinations of D and r a r e  p r e s e n t e d , i n  Table  111.. 

TABLE I11 - Peak Curren ts  Induced i n  
Cables by Magnetic F i e l d s  

' . Pass ing  between. a Cable - 
, and 'Ear th  Return . . 

I Return Pa th  Res i s t ance  1 
Dis tance ,  D, (ohms /meter)  
from F la sh  0 . 5  1 . 0  10 .0  

Peak Curren ts  (amperes) 

' .  100 m ., 
. . 

471 322 18 .6  

1 km 4.68 3 .2  0 .18  

10 km 0.05 0 .03 0.0023'  

Table I V  shows t h a t  t h e  g r e a t e r  t h e  r e t u r n  p a t h  r e s i s t a n c e  
through t h e  e a r t h ,  t h e  lower t h e  c u r r e n t s  which nay .be induced i n  
the  cable ,  This r e s u l t  i l l u s t r a t e s  the  p o s s i b i l i t y  t h a t  a  low 
ground r e s i s t a n c e  ( i . e .  r e s i s t a n c e  between t h e  hardware .and 
"earth")  may "solnetimes agg rava t e '  l i g h t n i n g  e f f e c t s  i n s t e a d  of 



mit iga t ing  tllcm. ~ h i l c  "grounding" has. an important r o l e  t o  . .  . 7 .  p i a y  i l l  ~ ~ ~ l r L i r ; r l ~  p~uiccL;uLr, tbiui~. oE i ho  l t i k t n i - g  p rc tcc  t i o n  
l i t e r a t u r e  t o  d a t e  has been excess ive ly  preoccupi.ed with ground- 
ing ,  while overlooking induct ive  e f f e c t s  which a r e  a t  l e a s t  a s  
s i g n i f i c a n t  . 
1.4 Surges Produced by .Earth .Voltages 

The o t h e r  i n d i r e c t  e f f e c t  which may cause surge vo l t ages  
and c u r r e n t s  t o  appear i n  cables  i s  t h e . e a r t h  vo l t age  r i s e .  

' 

The vol tage ,  E ( t ) ,  between two s h e l t e r s  a  d i s t ance ,  x ,  a p a r t  
d r i v e s  a. c u r r e n t ,  i ( t ) ,  through any c a b l e ( s )  t h a t  extend between 
them: This  s i t u a t i o n  is  shown i n  Figure 6. 

Figure 6 - Earth Voltage Drives Current through Cables. 

Assuming t h a t  t h e  l igh tn ing  c u r r e n t  wavefront i s  a. (1-cos) 
funct ion  a s  before,  t h e  e a r t h  vo l t age  w i l l  fo l low and d r i v e  a  
cu r ren t  through the  cab le  inductance,  a s  shown i n  equiva lent  
c i r c u i t  of Figure 7 .  

Figure 7 . -  Earth Voltage Waveform and Equivalent C i r c u i t .  . 

1 



. . 
The e a r t h  vol tage  i s  given by equation (9) and is:  

. . . - . :/. 

, \ 

~ e t  e ( t )  b e .  t h e  average e a r t h  v o l t a g e  per  m e t e r  of cab le  
length between t h e  t w o  s h e l t e r s ,  then:. . > .  . 

and 

( 1  - coswt) dt' x 

= 'max - -  I. sinut]  
Rx 0 

I f  the  cab le  inductance, a ,  i s  again assumed t o  be 1vHImeter 
and the  cab le  length ,  x, i s  assumed t o  be 150 meters ,  the  peak 
cable  c u r r e n t ,  imax, can be ca lcu la ted  f o r  var ious  combinations 
of p and D by s u b s t i t u t i n g  the  appropr ia te  va lue  ,of Emax obtained 
from equation ( 9 )  i n t o  equation (22).  Peak cab le  cu r ren t s  r e s u l t -  
ing from a  140 kA s t roke  a r e  presented i n  Table I V .  

TABLE I V  - Peak Currents  i n  Cables a s  
a  Resul t  of Earth Voltages 

TableTV shows t h a t  the re  a r e  condi t ions  under which e a r t h  
vol tages from a  nearby f l a s h  can d r i v e  up t o  seve ra l  hundred 
amperes through cables .  

S o i l  
R e s i s t i v i t y  

(n-m) 

- 10 . P ,- 

p = 100 

p = i ooo  

Stroke Distance from Buil'dings 

D = 100 m 1 km .,lo km 
Peak Cable Current imax 

6.4 0.16 i n s i g n i f i c a n t  

11  64.0 1 . 4  

640.0 14 .6  . I (  



Thus, there are at least two mechanisms whereby nearby light- 
ning strikes can cause surge voltages and currents to appear in 
interconnecting cables, even when the strikes occur outside of the 
plant. 

If surges of the magnitudes appearing in Tables 111 and IV 
appear in power or signal conductors they may damage some of the 
electronic components. If the cables are shielded, the induced 
currents will flow on the shields instead o.f the conductors. .The 
shields will greatly attenuate the voltages that are induced upon 
the conductors but some voltage will still appear on the conductors 
due, to the shield resistance and to magnetic flux leaking through 
the shield. Vulnerability of the PV system electrical and elec-. 
tronic components to surge voltages and currents of the magnitudes 
estimated in the-foregoing paragraphs will be considered in 
Section 2. a 



2 . 9  t . -? l . -*c;  c nf T.inhtnin'F! Effects ._.-- - . - -  . . - .. 

The analysis begun in Section 1 is continued in this section 
to develop specific recomendacions for protection of the GE/Sea 
World Photovoltaic Concentrator Application'Experiment. To. facil 
itate.this, several protection concepts have been considergd and 
evaluated. Those that appear promising are discussed in this 
section and included in the list of protective recommendations 
presented in Section 3 (Protective~Recommendations). 

2,.1 Direct Strike Damage 

In t.he analysis of Section 1 it.was determined that the 5-acre 
collector site would.receive about' one 1ightning.strike every 6 
years. The collector turntable structures cover approximately 62% 
of the 5 acres, but due to protrusions and sharp corners, it can 
be assumed that811 strikes to the area will terminate on one of 
the nine turntables or the perimeter fence. Thus each turntable 
will be struck only about once every 55 to 60 years. 

Very little information is available about the electrical 
transient capability of silicon solar cells and so it is not known 
whether the cells can survive the induced currents and voltages 
associated with a lightning strike direc.tly to a collector. Such 
a stroke, which .could be of .either positive or negative polarity, 
would impose open circuit voltages of lo3 to lo4 volts and short 
circuit currents of lo2 to 10' amperes on the system for time 
durations of 10'' to 10," seconds.' The cell bypass diodes, which 
typically have 1't ratings of 60 to 100 ampere2seconds may survive 
the short circuit currents and are protected from the reverse volt- 
ages by the solar cells. The "or-ing" (blocking) diodes most likely 
will be failed on reverse voltage unless protected by appropriate 
surge suppression devices such as varistors. Further discussion of 
possible lightning effects on the photovoltaic receivers is pre- 
sented in Paragraph 2.3. 

. . 
A direct lightning strike to the turntable structure would 

;. also cause possible mechanical damage to the turntable mechanisms. 
Pitting and arcing may take place in wheel and pintel bearings; 
craters may be blown in the concrete outer wheel path,, and possible 
welding of control rod'and collector bearings could all result from 
'.a direct strike to a turntable. 

Most of the mechanical damage can be minimized by using bond- 
ing'straps around the bearings and providing adequate grounding 
paths from the turntables. However, protection of the mechanical 
system nay not be justifiable, especially for a once in 55-year 
anticipated strike level. 

The only way to completely protect the solar cells and turn- 
table system would be to intercept the lightning before it could 
s'trike a turntable. Twelve 30-foot tall lightning masts erected at 

a 



VLILiUUS ;uirii';u,,b . w A L I . L A A  .:..1.:.- - . - . I  ---.. t k c  5 -3c re  site wni i ld  intercept 
99% of all of the lightning strikes that would otherwise fall 
within the site. These masts, however, would also attract more 
strikes 'than would normally occur and deposit their currents near' 
the power and control cables, greatly aggravating the more impor- 
tant p,roblem of protecting the electrical and electronic systems 
against indirect effects. This approach, therefore, is not recom- 
mended. 

When lightning strikes a turntable, a significant portion of 
the lightning current will be carried by the cables interconnecting 
the turntables and the converter station building. The longest 
cable run is about 75 meters and AWG #2/0  cables are being consid- 
ered to carry the DC power from the turntable to the converter. 
Using the ground voltage rise equation from the previous section 
(equation No. 9): - 

and substituting 

D = 1 meter (a very close strike) 
x = 75 meters 

p = 100 ohm-meters (an average value). 

I = 140x10' amperes (98th percentile stroke) 

a value - 
.. E = 2. 2x106 volts is obtained 

However, the resistance, R, of AWG #2/0 cable is 0. 13x103 ohms 
per meter of cable length. Thus the resistance, R75, of 75 meters 
of this cable is 

R75 = 9.75~10'~ ohms 

If the entire current (140x103 amperes) were conducted, the 
voltage drop along the cable would only be 

V = 1365 volts 

So the cables are the path of least resistance and most of the light- 
ning current will be conducted by the cables and not by the earth. 
However, not all of the current will be conducted by any one of the. 
interconnecting cables but will be distributed as a function of their 
respective impedances. The cable can essentially be,represented by 
a series circuit consisting of cable resistance and self-inductance. 
The sel £-inductance, L,' of. large cables (AWG 83 and 210) is a 'func- 
tion of cable diameter and will be between 0.5 and 1 . 0 ~ 1 0 - ~  henries/ 
meter. The cable circuit time constant, tc, is given by: 



Sizcc t h i s .  t h e  ckns+nnt: i s m ~ c h  l o n ~ e r  than t h e  dura t ion  of 
a  l igh tn ing  s t r o k e  (1xlO"seconds) t h e  inductance w i l l ' g o v e r n  t h e  
current ,behavior  and the  conductors wi th  l e a s t  inductance w i l l  
c a r ry  most  of  t h e  l igh tn ing  cur ren t .  

2 . 2  Analysis o f '  Cable Trans ients  

Conduction o f . l i g h t n i n g  s t r o k e  c u r r e n t s b y  t h e  cables  w i l l  no't 
usual ly  be de t r imenta l  t o  t h e  cable .  For i n s t a n c e ,  an AWG {I6 wire  
w i l l  conduct a  2x10' ampere l i g h t n i n g  s toke  wi th  an a c t i o n  i n t e g r a l  
( a b i l i t y  t o  d e l i v e r  energy) of 2 x 1 0 6 ~ * - s  without  damage t o  t h e  wire .  
However, unless  p ro tec t ive  devices  a r e  i n s t a l l e d  a t  t h e  ends of the  
cable  . to  provide current  en t ry  a n d ' e x i t  pa ths ,  passage o f ' l i g h t n i n g  
current  through h p r o t e c t e d  equipment . . may'damage t h i s  equipment. 

I f  two o r  more p a r a l l e l  cables  a r e  l a i d  s i d e  by s i d e ,  t h e  in-  
ductance of both cables  w i l l  be only s l i g h t l y  l e s s  than t h a t  of a  
s i n g l e  cab le .  However, i f  t he  cables  a r e  separa ted  by a  few meters ,  
each cable  w i l l  be unaffected by i t s  companion and w i l l  e x h i b i t  t h e  
same inductance a s  i f  i t  were used alone.  The p a r a l l e l e d  system 
inductance w i l l  be reduced by t h e  r e c i p r o c a l  of the  number, n ,  of 
cables  ,in. t h e  system ( l l n ) . '  This phenomena i s  very s i m i l a r  t o  s k i n  
e f f e c t  i n  ' l a rge  conductors; whereshort  dura t ion  c u r r e n t s  a r e  concen- 
t r a t e d  on t h e  ou t s ide  edges of a  conductor o r  conducting s t r u c t u r e .  
Basical ly  t h e  current  i s  following t h e  path,  of  t h e  l e a s t  impedance, 
which i n  t h i s  case i s  t h e  pa th  of l e a s t  inductance.  

A s  p resen t ly  conceived; t h e r e  w i l l  be f i v e  e l e c t r i c a l  cables  
ektending from each tu rn tab le  t o  the  equipment bui ld ing .  These 
cables  a r e  a s  fol lows;  

DC power p o s i t i v e  cable ,  AWG #2/0 

DC power negative cable ,  AWG #2/0 

AC power supply cable ,  AWG #3  
AC power r e t u r n  cable ,  AWG j/3 

.: . 
Control  cable ,  3  p a i r  - AWG,//22 w i t h , a n  o v e r a l l  s h i e l d .  

The f i v e  cab les  a r e  routed i n  a  random p a t t e r n  through.,polyv'inyl- 
ch lo r ide  (PVC) l ined  concrete  conduits  between t h e  converter  and the  
tu rn tab le .  Fresent ly  the  negat ive  DC power c a ~ l e  i s  grounded t o  
the t u r n t a b l e  s t r u c t u r e  and ground.rod, and t h e  AC power r e t u r n  
cable  i s  grounded a t  the  transformer n e u t r a l  , i n  t h e  equipment bu i ld -  ,. . .  
ing.  The c o n t r o l  cable should be a  telephone-type cable  w i t 1 1  folded 
continuous 0,005" th-ick copper s h i e l d .  

To reduce the  port ion of l i g h t n i n g  c u r r e n t  which flows on t h e  
p o s i t i v e  DC power cab le ,  t h e  AC power supply cab le  and t h e  s h i e l d  
of the c o n t r o l  cable ,  i t  i s  suggested t h a t  t h e  DC power negat ive  and 
AC power r e t u r n  cables  be replaced b.y AWG #1/0 cable-s which a r e  
grounded a t  both the  tu rn tab le  and equipinent bu i ld ing  ends. 



These cables .  should b e ~ o u t e d  along t h e  edges of t h e  conduit  s t r u c -  
t u r e  t o  minimize t h e i r  inductance.  AdJ i t rona l ly ,  two ground rods  
should be dr iven  a t  t h e  bottom ou t s ide  edges of each handhole w i t h  
a v e r t i c a l  copper busbar a t t ached  t o  j o i n  and ground these  l i g h t -  
ning ground and r e t u r n  (LGR) cables  a t  every handhole. A ske tch  
of p re fe r red  conduit  cab le  rou t ing  i s  shown i n  Figure  8. Typica l  
handhole layouts  a r e  .shown i n  Figure  9. 

S e c t i o n  C - C  S e c t i o n  D - D  

. . 

Key: , . 

1 - S i q n a l  C a b l e  . 3  - DC P w r  C a b l e  

S e c t i o n  A - A  

1 

0 0 ~ ~ 0 0 0  
@ @ . @  0.0 0 

- 

2 - A C - ~ w r  C a b l e  4 - L G R  C a b l e  

: 

S e c t i o n  8 - 8  

S e c t i o n  G - G  

S e c t i o n  E - E  

Figure S - Typica l  Conduit Cable Layout. 
" S e e  Rogers & Lopatka Preliminary 
Plant L a y o u t  Dwg .  8 /1/78.  



Figure  9 - Typical  Handhole Grounding Configurat.ion+: 
, : 



Si l i ce  thc Inductnnce of t h e  p a t h  formed by t h e  two o u t e r  cables  i s  . 

l e s s  than t h a t  of the  t h r e e  inner  cab les  i n  t h e  arrangement of 
Figures  .8 and 9 (Reference 6) most (but no t  a l l )  of t h e  l i g h t -  
ning cur ren t  w i l l  want t o  flow on t h e  ou te r  cab les .  This  w i l l  reduce 
the  amount of l ightn ing  c u r r e n t  flowing on t h e  inner  cables  and min- 
imize the  requi rements . for  p r o t e c t i o n  of t h e  e l e c t r i c a l  equipment a t  
e i t h e r  ends of these cables .  It i s  .probable t h a t  t h i s  arrangement 
w i l l  r e s u l t  i n  60% of the  l i g h t n i n g  c u r r e n t  b e i n g ' c a r r i e d  by t h e  two 
ou te r  (grounded)' cables  and 40% on t h e  inner  cab les .  Under t h e  worst 
case i n  which a  140 kA s t r o k e  e n t e r s  a t u r n t a b l e  and a l l  of t h i s  
cu r ren t  leaves  the t u r n t a b l e  v i a  t h e  5 .  cables ,  60% of t h i s  c u r r e n t  
would be c a r r i e d  s a f e l y  t o  ground v i a  the  two ou te r  cab les ,  40% would 
en te r  the  t h r e e  inner  cab les .  Thebdivision among these  cables  might 
be a s  follows: 

c o n t r o l  c a b l e  s h i e l d  - 20 kA 
p o s i t i v e  DC power - 18 U 
AC power supply - 18 kA 

Since ,  t h e  cont ro l  cab le  s h i e l d  has no openings o r  ho les  (as  a r e  
p resen t  i n  braided sh ie lds )  t h e  vo l t age ,  v ( t ) ,  i n  i n t e r n a l  conductors 
w i l l  be equal  t o  the  s h i e l d  c u r r e n t ,  I s ,  mul t ip l i ed  by the  s h i e l d  
r e s i s t a n c e ,  Rs.  A t y p i c a l  s h i e l d  r e s i s t a n c e  i s  2 . 5 ~ 1 0 - ~  ohms per  

' m e t e r ,  so  t h a t  the  peak v o l t a g e ,  V,, along t h e  cab le  s h i e l d  w i l l  be 

= 50 v o l t s  per  meter of cab le  length .  
o r  

1250V f o r  25 meters of cab le  l eng th  and 

Cr 3750V f o r  75 meters of cab le  length  

The amount of cur rent  t h a t  i s  induced i n  t h e  i n t e r n a l  conductors of 
the  c o n t r o l  cable  i s  dependent upon t h e  inductance and r e s i s t a n c e  of 

, . these conductors a s  wel l  a s  t h e  h i v i n g  vo l t age .  ,The r e s i s t a n c e ,  Rc, 
of t h e  conductors i s  t h a t  of AWG #22 wire ,  o r  5 .32x10-~  ohms per  
meter o f .  length ;  The inductance,  LC, of these  wires  (wi.th r e s p e c t  
. to  t h e i r  s h i e l d  r e t u r n  path) may. be der ived from the  surge impedance 
of t h e  cab1e.s a s  follows: 

' Z L = -  
v (26) 

where ,. 
Z = cable  surge impedance (ohms) 

t y p i c a l l y ,  75 ohms 

v = v e l o c i t y  of propagation along 
the  cab le  . (meters/second) , .  
t y p i c a l l y  213 the  speed of 
l i g h t ,  or 2x10' m/s. 

. '1 



Thus : . . 

The time constant, ,  t c ,  of cu r ren t  buildup i n  a conductor c i r c u i t  
i s :  

= 7 . 1 4 ~ 1 0 - ~  seconds 

which i s  on t h e  sanie order  a s  t h e  l i g h t n i n g  s t r i k e  time dura t ion  
of 100 microseconds. This confirms t h a t  both inductance and 

' r e s i s t a n c e  w i l l  govern t h e  peak cur ren t  t h a t  r e s u l t s  i n  t h e  con- 
ductors .  

The peak cdnductor c u r r e n t ,  I,, c%n be c a l c u l a t e d  a s  a func- 
t i o n  of the  shi.eld (d r ive r )  vo l t age  and shown i n  Figure 10 together  
with the  d r iv ing  vol.tag'e V( t ) .  Using s t r a i g h t  l i n e  approximations 
f o r  t h e  vo l t age  r i s e  and f a l l  introduces some small  e r r o r s  but 
.grea t ly  s i m p l i f i e s  the  ca lcu la t ions .  

The r i s e  and f a l l  times of t h e  s h i e l d  v o l t a g e  w i l l  be nea r ly  
i d e n t i c a l  with those of t h e  l igh tn ing  s t r o k e  c u r r e n t  i n  t h e  c a b l e  
sh ie ld .  For t h i s  anal .ysis ,  t h e  r i s e  time w i l l  be assumed t o  be 2 
microseconds (as  i n  Figure 41, and the  f a l l  t i m e  w i l l  be 100 micro- 
seconds, a s  i s  t y p i c a l  of many l igh tn ing  s t r o k e s .  

Figure 10 - Approximate Shield Voltage and Current Waveshape.' 

where, 0  < ' t  < 2x10e6 seconds V(t)  = - - Vm 
2 ~ 1 0 ' ~  

2 - < t j 1 0 0 ~ 1 0 - ~  seconds V(.t) = V,(-1.02x104 t + 1.02)  (28) 



ihr currknc Lllat ~ h i o  vol tage  w i l l  produce i n  the  c a b l e  con- 
ductor w i l l  be ou t  of phase wi th  t h e  vo l t age  and peak a t  a l a t e r  
time dete,rmined by t h e  c i r c u i t  r e s i s t a n c e  when I ( t ) R  = . V ( t ) ,  a s  
shown i n  Figure 10. Neglecting t h e  r e s i s t a n c e ,  I, w i l l  occur 
when V(t)  r e t u r n s  t o  zero,  o r :  

Subs t i tu t ing  equat ions (27) and (28) i n t o  (29) and simp.lifying g ives :  

and i f  no r e s i s t a n c e  were p resen t ,  

Im = 2x10' amperes. 

On t h e  o the r  hand, i f  no inductance were p resen t  t h e  conductor cur-  
r e n t  would reach i t s  maximum a t  t h e  same time a s  t h e  s h i e l d  vo l t age .  
I t s  pea.k would. be:  

but a t  2 m i c r o s e c ~ n d s ,  t h e  conductor cu r ren t  i s  a c t u a l l y :  

Im = 132 amperes and V(t) = 50 v o l t s  

By choosing d i f f e r e n t  times (t)  and determining t h e  vo l t age  a t  t h a t  
time from Figure 10, t h e  peak cur ren t  can be determined by i t e r a t i o n .  

Whcn t h e  vo l t age  has decayed t o  112 c r e s t :  

t V I I R  
:. . 

( l o - % )  ( v o l t s )  (amperes) ( v o l t s )  

which i s  i n  c l o s e  agreement wi th  t h e  a c t u a l  d r iv ing  vol tage. ,  So, 
Im w i l l  be about 4700 amperes and w i l l  occur a t  about 45 microseconds. 

This i s  t h e  peak cur ren t  i f  t h e  sh ie lded  cab le  had only a 
s ing le  conductor i n  i t .  The ac tua l -  s i g n a l ' c a b l e  has 6 conductors.  
I f  each were t o  c a r r y  4700 amperes, t h e r e  would, hyop the t i ca l ly ,  be 
a t o t a l  of 28 ,200  amperes in,  t h e  conductors which i s  more than t h e  
l igh tn ing  cur ren t  t h a t  was i n  t h e  s h i e l d  t o  begin wi th ,  an ~mposs i - .  
b i l i t y .  The cur ren t  c a r r i e d  by each conductor i n  the  c o n t r o l  cable  
w i l l ,  however, be more than 116 of t h e  4700 amperes, s i n c e  t h e  
p a r a l l e l  impedance of a l l  of them i s  lower than t h a t  of a s i n g l e  



conductor, An estimate fo r  each wire of between 500 and 750 
amperes sce~us reasrir~atle sincc t h i s  represents a t o t a l  of between 
3000 and 4500 t o t a l  amperes, leaving the balance t o  flow i n  t h e  

3 
shield.  Voltages of 50 vol t s -per  meter of cable length and c u r t  
ren ts  of up t o  750 amperes per conductor a r e  thus the  leve ls  t h a t  
must be dea l t  with by protective devices a t  the  ends of the s igna l  
cables. Protective devices t o  suppress these surges are described 
i n  Section 3 . 0 .  

2.3 Lightning Effects on the Photovoltaic Receiver 

The p o s s i b i l i t i e s  for  lightning damage t o  the PV recei-vers 
a r e  now.considered i n  fur ther  degail.  A typ ica l  receiver assembly 
i s  pictured i n  Figure 11. - 

Bypass Diodes . 

.- .: a*; -( >- .. *!-A .., , L 

-1; = Figure 11 - Photovoltaic Receiver Assembly 
t. , A Lightning S t r ike  Would H i t  

the Receiver Bar and Not the . 
PV Cells Themselves. 



A s  shown i n  f i g u r e  11, the  PV c e l l s  themselves are 
faced downward and w i l l  not  be exposed t o  a d i r e c t  l ightning 
s t r i ke , '  but the  receiver  bars i n  which the  c e l l s  a r e  mounted 
may receive a d i r e c t  s t r i k e .  .The probabi l i ty  of t h i s  happening 
is not  g rea t  because t he  r o b a b i l i t  of a d i r e c t  s t r i k e  t o  a 
spot  anywhere on any of t ! e turntab r es, i n  the  f i r s t  p lace ,  i s  
very low (I s t r i k e  every 6 years). ' Secondly, a t  most times of 
the  day the  edges of the  r e f l ec to r s  would be higher than the  PV 
receiver  assemblies, making it l i k e l y  t h a t  t he  r e f  l e c t o r s  , and 
not  t he  receivers ,  would be s t ruck a s  shown i n  Figure  12. 

Figure 12 - A Lightning S t r ike  Would Most Likely 
H i t  the  Edge of a Relector Instead of 
a Receiver Assembly . 

When a r e f l ec to r  is struck the  l ightning s t roke  cur ren t  t h a t  en te rs  
it w i l l  d ivide and flow t o  ground along the  various me ta l l i c  e le -  
ments of the r e f l e c t o r  and turntable  s t ruc tures .  Some of the  
current  w i l l  a l s o  flow i n  the  reinforcing wires and i n  the  copper 
coolant tubes. Due t o  i t s  close proximity t o  the  PV'receivers ,  
the  portion of l ightning current  ghat flows i n  the  coolant tubes 



w i l l  have t h e  g r e a t e s t  a f f e c t  upon t h e  PV r e c e i v e r s .  The amount 
of cu r ren t  t h a t  flows i n  the  coolant  tubes o r  any o the r  s t r u c t u r a l  

'member w i l l  depend upon i t s  proximity t o  t h e  s t r i k e . p o i n t  and i t s  
impedance t o  e a r t h .  Those elements t h a t  a r e  i n  l i n e  with t h e  
s h o r t e s t  pa ths  t o  e a r t h  w i l l  t he re fo re  conduct t h e  h'ighest por t ion  
of cu r ren t .  

'Due t o  t h e  number of s t r u c t u r a l  pa ths  a v a i l a b l e ,  i t  i s  'prob- 
ab le  t h a t  no more than 25% of t h e  l i g h t n i n g  s t r o k e  c u r r e n t  can 
flow i n  a n y ' s i n g l e  coolant  tube,  and i n  most cases  t h e  percentage 
w i l l  be even l e s s  than t h i s .  Assuming, f o r  des ign  purpose.s, t h a t  
140 kA i s  t h e  maximum . l igh tn ing  . s t r o k e  current . .  t h a t  w i l l  occur ,  ' ; 
t h e  amount of cu r ren t  i n  a  coolant  tube would be: 

. itube = (0.25) (140kA) = 35kA ' (32) 

This cu r ren t  produces a  magnetic f l u x  which w i l l ' p a s s  through loops 
formed by t h e  PV rece iver  c i r c u i t s  mounted on t h e  tube and induce 
surge vo l t ages  and/or cu r ren t s  i n  these  loops.  The induct ion  
mechanisms a r e  t h e  same a s  described i n  paragrap.h 1 . 3 .  of. Sect ion 1 
f o r  magnetic f i e l d s  passing through loops formed by cables  and the  
e a r t h ,  except t h a t  the  loop a reas  involved a r e  smal ler .  The 
l a r g e s t  c i r c u i t  loops a r e , l i k e l y  t o  be Chose formed between power 
and , re tu rn ' conduc to r s  and the  coolant  t u b e . a t  t h e  ends of .each 
compartment, c o l l e c t o r  and s t r i n g  of r e c e i v e r s  where these  conduc- 
t o r s  run between one u n i t  and t h e  n e x t . .  Along the  r e c e i v e r s  them- 
se lves  the  conductors a r e  d i r e c t l y  adjacent  t o  each o t h e r . a n d  the  
loops formed a r e  very small .  

Figure 13 i l l u s t r a t e s  the  severa l  loops formed between t h e  
PV c e l l s ,  r e c e i v e r  bars ,  r e t u r n  conductor and coolant  tube,  and 
the paths  of surge cu r ren t s  t h a t  may be induced i n  these  loops.  
There a r e  s i x  poss ib le  cases .  Only two 'of t h e  PV c e l l  compartments 
a r e  shown, but  the  surge cu r ren t  pa ths  would be s i m i l a r  i n  a l l  
compartments i n  a  s t r i n g .  

Figure 13 . a l so  includes a  r eve r se  bypass diode,  a  va , r i s to r  
and an a d d i t i o n a l  "or-ing" diode: These devices ,  whiCh a r e  d i s -  
cussed i n  s e c t i o n  3 ,  were included t o  provide s a f e  p a t h s . f o r  a l l  
cu r ren t s  i n  t h e  'system. . . 

An es t ima te  of the  magnitude,of surge current - induced i n  the  
loops and Figure 13 can be obtained by- assuming an e f f e c t i v e  loop 
area through which f l u x  may pass land c a l c u l a t i n g  the  r e s u l t i n g  loop' 
cur rent  a s  fo l lows:  



Equivalent C i r c u i t  of PV Receivers.  Two Compartments Shown. 

Case 1 

----  ------- 
Magnetic flux passing between t h e  r e t u r n  conductor.and PV c e l l s  
2n t h i s  d i r e c t i o n  induces a vo l t age  t h a t  immediately d r i v e s  cu r -  
r e n t  through t h e  PV c e l l s  i n  t h e i s  r e v e r s e  d i r e c t i o n ,  of a  mag- 
n i tude  poss ib ly  s u f f i c i e n t  to des t roy  t h e s e  c e l l s .  

Magnetic f l u x  passing betwe-en t h e ' r e t u r n  conductor and PV c e l l s  
i n  t h i s  d i r e c t i o n  induces a  .vol tage  t h a t .  d r i v e s  c u r r e n t  i n -  t h e ,  

- 
forward d i r e c t i o n  through t h e  PV c e l l s -  (Path A) a n d ' t h e  bypass 
diodes and rece ive r  ba r s  (Path B ) .  The diodes and PV c e l l s  w i l l  
probably ' t o l e r a t e  t h i s  cu r ren t .  

Case 3 . . . 

Magnetic f l u x  ( i n  e i t h e r  d i r e c t i o n )  passing b e t k e n  t h e  coolant  
tube and t h e  r e t u r n  conductor induces a  v o l t a g e  between t h e  
negat ive bus bar ,  r e t u r n  conductor and t h e  coolant  tube.  This  
vol tage  w i l l  a l s o  e x i s t  between t h e  o the r  elements o f  the  r e -  
ce ive r  and the coolant  tube,  and w i l l  be maximum a t  t h e  negat ive  
(rim) end of each s t r i n g .  No damage w t l l  r e s u l t  un less  t h e  in -  
s u l a t i o n  f a i l s  and a  sparkover occurs .  

Figure 13 - Poss ib le  Surge Current Paths  Induced by Lightning Current 
i.n the Coolan't Tubes. Paths i n  Each P a r a l l e l  Receiver Are 
I d e n t i c a l :  Only One side Shown. . . 



Equivalent ~ i r ' c u i t  of PV ~ e c e i v e r s .  Two ~ o m ~ a r t m e n ' t s  Shown, 

Case 4 

----------- 
., . 

I f  the' i n s u l a t i o n  breaks down , i n  case  3 ( above) ,  t h e  vo l t age  
w i l l  f o rce  current  to'  c i r c u l a t e  harml.essly between t h e  r e t u r n  
conductor and coolant.  tube.. Some power c u r r e n t  may commute t o  
the,  coolant  tube a l s o ,  but  t h i s  should 'not be harmful.. 

... . .  . *  .. 

i ' : Case 5 
, . . . . .. . . . + 
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Magnetic f l u x  passing' between t h e k e t u r n  conductor and the  
, . .::, :b,& ., ,.;. . r ece ive r  bar i n '  t h i s  d i r e c t i o n  induces a  v o l t a g e  t h a t  appears . ., . ..-. . . ; 5: 

.'. _ .  across  . the  bypass diodes a ~ : d  the. ,PV c e l l s .  i n  t h e  r eve r se  d i rec -  '."'''>' , . a .,.. .- .. ,. I 
t i o n .  The PV c e l l s  w i l l  ' conduct i n  t h e  r e v e r s e  d i r e c t i o n '  a t  i?"?"", . ... 
about 0 . 6  v o l t s  per c e l l  o r  22  v o l t s  pe r  36 c e l l  s t r i n g ,  which 
i s  l e s s  than t h e  100 v o l t  r eve r se , ava lanch  r a t i n g  of the  bypass 
diodes.  Thus, the  induced vo l t age  wil1:cause c u r r e n t  t o  c i r c u -  
l a t e  i n  t h e  PV c e l l s  a s  shown. The r e s u l t  i s  s i m i l a r  t o  Case 1. 

. . 

r and t h e  r e -  
v o l t a g e  t h a t  d r ives  cur-  

r e n t  the  PV c e l l s  and the  bypass diodes i n  t h e  forward d i r e c t i o n  
a s  s h o ~ h .  The r e s u l t  i s  s i m i l a r  t o  Case 2 ,  and t h e  diodes and 
c e l l s  w i l l  .probably t o l e r a t e  t h i s  c u r r e n t .  

Figure 13 -.Concluded. 



~Issuxc t h a t  thc  P I T  c e l l s  and t h e  r e t u r n  conductor a r e  between 
and 2 and 4 cent imeters  away from t h e  coolant  tube r e s p e c t i v e l y ,  
and t h e  c e l l  compartments a r e  separated by 0.5 meters a s  shown 
i n  Figure 1 4 :  

/ 2 b  

1 
3 em Coolant Tube 

Figure 14 - Trans i t ion  Area between Two PV . 
C e l l  Co l l ec to r s ,  Showing Lo.op 
Area between Return and Power 

' Conductors. 

Then , the .  r a t e  of change of magnetic f l u x  pass ing  through t h e  loop 
a rea  shown i n  Figure 14 . i s  (Reference 7 ) :  ' 

whcr e , 
@ = t he  magnetic f l u x  passing through t h e  

loop . (webers) 

L = length  of t h e  loop (meters) = 0.5m ' 

i = t h e  l igh tn ing  cur ren t  i n  t h e  coolant  
tube (amperes) = 35 kA 

r 1 ,  r2 = dimensions a s  shown (meters) 



and the  p e a k v o l t a g e  induced by t h e  magnetic f l u x  passing through 
t h i s  loop would be: 

e  I loop d t '. , 

where N i s  t h e  number of tu rns  i n  t h e  loop, .= 1. 
Thus, 

The waveform of ' t h e  loop vol tage  w i l l  be t h e  d e r i v a t i v e  of t h e  
l ightn ing  c u r r e n t  t h a t  produces i t .  For t h i s  a n a l y s i s  i t  w T l l  be 
assuned t h a t  t h e  l igh tn ing  cur ren t  has a ( 1 - c o s w , t )  r ise i n  2 
microseconds and a  cosine wave decay over a  per iod  t en  times a s  
long. The waveforms o f t h i s  cu r ren t  axid t h e  v o l t a g e  i t  induces 
i n  t h e  loop a r e  shown i n  Figure 15. 

. . .  

Figure 15 - Lightning Current Wavefork and t h e  
Voltage It Induces i n  t h e  Loop. 

. . 



The current that: is d ~ ; u c L i  Lj- (;h= lo@:! vo l tase  is limited by the 
loop resistance and inductance. Neither of these parameters is 
presently. av.ii.lable, but an estimate of the maximum surge current . 
may be made if the loops arc assumed to' have no resistance and the 
inductance is taken to be that of the entire compartment loop. 
The loop inductance can be estimated from the formula (Reference 
8) : 

where, L = the loop inductance (microhenrys) 

L = the length of the loop (centimeters) , 

.d = the distance apart of the two 
con~uctors (centimeters) 

p = the radius of the conductors (centimeters) 

The length of each compartment is 144 centimeters. The aver- 
age separation of conductors in a loop will be assumed to be one 
centimeter and the radius of each conductor, on the average, 0.5 
centimeters. The inductance of a loop would then be: 

1 1 L = 0.004 (144) [Ln- + 
0.5 

= .0.543 microhenrys 

and the current in the loop would'be: 

. . 
.where e,, and e, are the separate 'induced voltage' functions before 
and after the transition at w,t = n / 2 .  The loop current flowing 
before n / 2  will be deskgnated i; and is determined by integrating 
el to n / 2  as follows: 

n  / 2  



i, - 2.3C:slQ3[!.! = 7900 amperes a t  n /2 .  

Af t e r  n/2,  t h e  c u r r e n t  i s  determined by i n t e g r a t i n g  t h e  v o l t a g e ,  
e , ,  a s  fo l lows:  

% = -1450 amperes 

This  i s  t h e  amount by which i, w i l l  d iminish 40 microseconds a f t e r  ,. 
t h e  l i g h t n i n g  c u r r e n t  has reached i t s  c r e s t .  It  means t h a t ,  due 
t o  t he  induc tance  of t h e  loop ,  (2920 - 1450) = 1450 amperes w i l l  
s t i l l  be f lowing i n  t h e  loop when t h e  l i g h t n i n g  c u r r e n t  i t s e l f  has  
decayed tp ze ro .  Another 40 microseconds would be  r e q u i r e d  f o r  
t he  loop c u r r e n t  t o  decay t o  zero .  

The waveform of t h e  loop. c u r r e n t  i s  shown i n  F igu re  16. S ince  
l i g h t n i n g  c u r r e n t s  may be expected t o  f low i n  e i t h e r  d i r e c t i o n  i n  
t h e  coolan t  t ubes ,  t h e  induced c u r r e n t  m a y ' a l s o  f low i n  e i t h e r  d i -  . .  , 

r e c t l o n  i n  t h e  PV r e c e i v e r  loops .  

i l o o p  

. . 2900 amperes - - -  - - -  

I 
I 

1 

ll 3iT w t  - 
2  

4 2 p s  

I 
il = 2900(1 - C O S U ,  t )  - -. 

Figure  16 - Current  Induced  i n  a  PV C e l l  Compartment Loop. : 



The r e s i s t a n c e  of the  so la r  c e l l s ,  dioCcs and any o t h e r  
components i n  t h e  loops w i l l  diminish t h i s  c u r r e n t  somewhat from 
the  values c a l c u l a t e d  above, so t h a t  t h e  peak surge c u r r e n t  of 
2900 amperes should be considered a  maximum. 

The a b i l i t y  o f ' . t h i s  cur rent  t o  damage t h e  PV c e l l s  and diodes 
i n  t h e  system depends not  only on t h e  amplitude of t h e  surge cur-  
r e n t  but a l s o  i t s  a c t i o n  i n t e g r a l  ( / i 2 d t ) .  This  i s  a  measure of 
t h e  amount of energy t h a t  can be de l ivered  by t h e  surge.  The 
ac t ion  i n t e g r a l  of  the  s i n e  wave c u r r e n t s ' o f  F igure16  r e q u i r e s  
a  complex d e r i v a t i o n ,  but  can be est imated from t h e  t r i a n g u l a r  
approximation shown i n .  Figure 17 .$ 

i l oop  'ma, = 2900 amperes 

2 40 80 t .(W> 

Figure- 17 - Triangular  Approximation of Loop Surge Currents .  

Here , 

I i loop 
0  2x10- 

- .  
and. 

i2 - - 
loop 4x10-12 

and the  i n t e g r a l s  a r e :  

I2  
~ O X ~ O - ~ S  

/ i 2 d t  = 4k10-" 'L2 (-.) t 3  + 
- 6 . 1 ~ 1 0 -  

($1 
0 '  2 ~ 1 0 - ~ s  

Le t t ing  I = 2900 amperes ( the  peak surge c u r r e n t )  and solving the  
above expression g ives :  ' 



Some diodes can withstand action integrals o'f this order, but 
others can not. Here again, .the tolerance of the particular PV 
cells and bypass diodes utilized in the system must be knowri be- 
fore the probability of damage can be assessed. 

The foregoing analysis, of course, was based on the severe 
but infrequent case in which a 140 kA stroke current directly en- 
ters a reflector on one of the turntables. Surge currents o.f 
lower magnitude will also circulate through the PV circuit loops . 

when nearby strikes occur, so the PV cells and other components 
will experience surge currents an order of magnitude lower in 
amplitude much more often. ~ e f o r e a  valid estimate of damage 
potential can be made, it is necessary to know the surge current 
withstand capability of the PV cells to be utilized in this system. 

The literature provides no meanihgful information on this 
point, so surge withstand tests will have to be made to obtain 
this information. Recommendations' for performance of such tests 
are provided in Section 3. 

2.4 Summary f 

The foregoing analyses have shown that the AC and DC power 
return conductors between turntables and equipment building should 
be rep1ace.d by two AWG #1/0 cables located in the outside spaces 
in the conduifs and grounded to turntable structural ground, con- 
verter building ground and to 8 foot ground rods in each handhole. 
These lightning ground return (LGR) cables will conduct about 
60% of the lightning current that results from a very near or 
direct strike to a tarntable, thereby reducing the amount of light- 
ning current that could get into the AC or DC power cables or the 
shield of the control cable. Recommendations for this are pre- 
sented in Section 3. 

Analysis o f  the ~ossible surge voltages and currents that may 
appear.in PV-receiver loops shows that up to 1300 volts may be 
induced in a typical PV circuit, and that this voltage may be 

. - .  able to circulate up to 3,000 amperes through these circuits which 
include the PV cells. The amount of damage which may occur to 
these cells is not known. Recommendations for additional 'bypass 
diodes and a varistor to minimize the possibility of such damage 
are made in Section 3. 



3.0  Pro tec t ion  Design 

The analyses  repor ted  i n  Sect ion 1 ahd 2 have shown t h a t  
d i r e c t  and nearby l i g h t n i n g  s t r i k e s  may damage t h e  PVAC e l e c t r i -  
c a l  and e l e c t r o n i c  systems. In t h i s  s e c t i o n ,  p r o t e c t i v e  measures 
aimed a t  minimizing t h e  p o s s i b i l i t y  of t h i s  damage are descr ibed .  
These measures inc lude .modi f i ca t ion  of c a b l e  rou t ing  and ground- 
ing provis ions ,  and t h e  a d d i t i o n  of surge  suppressors  and l i g h t -  
ning a r r e s t e r s  a t  c r i t i c a l . y o ' i n t s  throughout' t h e  system. The 
r a t i n g s  of these  devices  have been se lec ted  t o  provide p r o t e c t i o n  
aga ins t  t h e  l e v e l s  of surge vo l t age  and c u r r e n t  expected i n  t h e  
system a s  a  r e s u l t  of a  nearby l igh tn ing  s t r i k e ,  a s  determined 
from the  analyses  of Sec t ions  1 and 2 . .  These devices  w i l l  p r o t e c t  
many p a r t s  of t h e  system from the  e f f e c t s  of a d i r e c t  s t r i k e  t o  a  
t u r n t a b l e  a s  w e l l , - a l t h o u g h  it  i s  expected t h a t  some damage may 
occur t o  t h e  PV c e l l s  a s  a  r e s u l t  of such a  s t r i k e .  

The p r o t e c t i v e  recommendations a r e  descr ibed i n  t h e  fol low- 
ing paragraphs and were ' i l lus t ra- ted  by r e d - l i n e  markings on sev- 
e r a l  GE drawings de l ivered  during t h e  p r o j e c t .  

3 .1  ~ i r n t a b l e  Di rec t  Stroke Pro tec t ion  

The vol tages '  and c u r r e n t s  induced i n  t u r n t a b l e  e l e c t r i c a l  w i r -  
ing by a  d i r e c t  s t r o k e  may des t roy  many of t h e  s i l i c o n  s o l a r  c e l l s .  
The a b i l i t y - o f  t h e  c e l l s  t o  surv ive  under t h e s e  c o n d i t i o n s ,  a s  
discussed i n  t h e  previous sec t ion ,  depends on t h e i r  a b i i i t y  t o  
s u s t a i n  high forward diode c u r r e n t s  ( reverse  s o l a r  c e l l  c u r r e n t s ) .  
I f  the  c e l l s  have forward diode cur ren t  r a t i n g s  s i m i l a r  t o ' r e c t i -  
f i e r  diodes wi th  12 tenumbers  of 100 'to 500 A'S they w i l l  probably 
survive;  i f  no t ,  they could f a i l .  In  e i t h e r  case ,  i t  i s  no t  prac-  
t i c a l  and may n o t  be poss ib le  t o  provide any a d d i t i o n a l - p r o t e c t i o n  
f o r  the  c e l l  i t s e l f .  A r eve r se  bypass diode connecting t h e  nega- 
t i v e  lead t o  t h e  output  l ead  behind the  "or-ing" o r  blocking diode.  
This diode w i l l  provide a  path f o r  induced c u r r e n t s  t o  c i r c u l a t e  i n  
. the forward diode d i r e c t i o n  ( reverse  s o l a r  c e l l  d i r e c t i o n )  without 
causing a  r eve r se  overvol tage on the .b lock ing  d iodes .  

E l e c t r i c a l  power l i n e s  on t h e  tu rn tab le  should be p ro tec ted  a t  
motors, e t c .  w i th  suppressors  such as  GE V130LA20 v a r i s t o r s .  The 
wiring cables  do not  need t o  be sh ie lded  i f  suppressors  a r e  i n s t a l l e r .  
The v a r i s t o r  may f a i l  under some r a r e  condi t ions  ( i .  e .  a s  when a  
s t r i k e  a t t a c h e s  d i r e c t l y  t o  t h e  AC power wires)  but w i l l  p r o t e c t  the 
motor i n  any event .  The 120 v o l t  r e t u r n  wire  should be connected 
t o  s t r u c t u r e  a t  both ends. 

mt 

Other t u r n t a b l e  e l e c t r o n i c  wires  should be sh ie lded  wi th  both 
ends of  t he  s h i e l d  grounded. Thermocouple wires  u s u a l l y  cannot 
have the  s h i e l d  grounded a t  both ends so a  v a r i s t o r  o r  diode should 
be connected between t h e  s h i e l d  and ground .at  the  'thermocouple end. 



small cha ins  1 2  l i n k )  should be hung from t h e  t r u c t u r e  
t o  provide low inductance paths  f o r  l i g h t n i n g  . t o  reach  ground 
without f l a s h i n g  over t h e  wheels o r  being conducted through t h e  
p i n t e l .  . Four t o  s i x  cha,ins should -be hung around t h e  ou te r  d i a -  
meter of t h e  t u r n t a b l e  with a  small  spacing,  (1/2" o r  l e s s )  
between t h e i r  en'ds and ground. The chains  shou ld 'be  pos i t ioned  
over e a r t h  t o  prevent a r c s  from c r a t e r i n g  t h e  concre te  wheel 
path.  

P r o t e c t i o n . o f  Cable C i r c u i t s  

I n  sec t ion  2  it  was .shown t h a t  t h e  p r e s e n t  AC and DC r e t u r n  
cables  should be replac.ed by l i g h t n i n g  and..-ground r e t u r n  (LGR) 
cables  of AWG $1/0 s i z e .  These cab les  w ' i l l  b-eZ-connected t o  s t r u c -  
t u r e  a n d . t h e  ground rod a t  t h e  t u r n t a b l e  p i n t e l .  The 'p resen t  
design c a l l s  f o r  these  r e t u r n  l i n e s  t o  be c a r r i e d  up t h e  f l e x i b l e  
connection t o  t h e  e l e c t r o n i c s  box on t h e  t u r n t a b l e  toge the r  wi th  
t h e  shielded s i g n a l  cable .  It  would be p r e f e r a b l e  t o  bundle t h e  
AC power, DC power and s i g n a l  cab le  i n  an o v e r a l l  s h i e l d  i n  t h i s  
a rea .  The s h i e l d  could be made of enough l a y e r s  of copper over- 
bra id  t o  conta in  the  equivalent  copper i n  two AWG # 1 / 0  cables .  . 

and s t i l l  remain somewhat ' f l e x i b l e .  With l a r g e  conduit  o r  p ipe  
f , i t t i n g s  on t h e  ends, t h i s  f l e x i b l e  s h i e l d  w i l l  conduct l i g h t n i n g  
c u r r e n t s  from t h e  t u r n t a b l e  t o  ground without  damage o r  l a r g e  
induced vol tages  on t h e  cables  contained w i t h i n  i t .  

3 . 2 . 1  AC Power. Cables 

A t  t he  p i n t e l  e l e c t r o n i c s  box, the  120 VAC power l i n e  from 
the  equipment bui ld ing  should be p ro tec ted  by connecting a  sup- 
pressor  such a s  V130HE150 v a r i s t o r  wi th  s h o r t  l eads  between l i n e  
and s t r u c t u r e .  . .$ 

A t  the  equipment bui ld ing ,  t h e  AC power , f o r  a l l  t u r n t a b l e s  
i s  supplied by a  480: 1201208 3-phase t ransformer.  Three suppres- 
s o r s ,  a s  above, should be connected l i n e  t o  ground on each of t h e  

. t h r e e ,  120 v o l t  phases a t  the  junct ion  s e r v i c e  box f o r  t h i s  t r a n s -  
former. Under very r a r e  circumstances,  i t  would be p o s s i b l e  f o r  
a  l igh tn ing  s t r i k e  t o  occur. during a  time when t h e  c i r c u i t  breakers  
feeding the  t u r n t a b l e s  were opened.. Under such cond i t ions ,  t h e  
l igh tn ing  induced vol tage  could cause a  sparkover i n  t h e  s e r v i c e  
box. Usually i t . t a k e s  l e s s  vo l t age  t o  spark  between t h e  wir ing and 
ground (4-8'kV) then t o  spark ac ross  t h e  switch con tac t s  (15-20 kV). 
Such an induced vol tage  surge w i l l  no t  u s u a l l y  con ta in  enough energy 
t o  cause much damage i n  the  se rv ice -box  and without  any 120 v o l t  
power app l i ed ,  i t  w i l l  ex t inguish  very quickly .  

3 . 2 . 2  DC Power Cable. 

A t  the e l e c t r o n i c s  box, t h e  DC p'ower- l i n e  between t h e  
equipment bu i ld ing  and t h e  t u r n t a b l e  should be pro tec ted  wi th  a  
suppressor such a s  a  V420HE250 connected from p o s i t i v e  terminal  



t o  s t ~ . u c t u r c  with s,l.~or't l eads .  A t  t h e  peak c u r r e n t  of 18 kA pro- 
j ~ c t ~ d .  for th . i  s c a h l  P the ~ 2 ~ i  stor cnncli.rcti on v o l t a ~ e  w i l l .  exceed 
che 1000 v o l t  r eve r se  vo l t age  r a t i n g  of t h e  system "or-ing" o r  
blocking diodes.  A 2000.vol t  r a t i n g ,  which c'an be. obtained by 
p u t t i n g  two diodes i n  s e r i e s ,  w i l l  overcome t h i s  problem. 

A t  t h e  equipment build-ing , another  suppressor  must be i n s t a l l e d  
t o  p r o t e c t  t h e  inputs  . to  t h e  i n v e r t e r .  The,smoothing inductor  w i l l  
help t o  prevent  t r a n s i e n t s  from e n t e r i n g  the  i n v e r t e r  from t h e  DC 
. s ide  of t h e  system. 

3 . 2 . 3  Signal  Cable 

The s i g n a l - c a b l e  p a i r s  should be contained i n  a  s tandard t e l e -  
phone type c a b l e  which has a  s i n g l e  corrugated s h i e l d  appl ied  longi -  
t u d i n a l l y  with an overlap of 1 / 8  t o  1 / 4  inch.  Shie ld  m a t e r i a l  s h a l l  
be f u l l y  annealed s o l i d  copper,  0.005 inches t h i c k  o r  copper c l a d  
s t a i n l e s s  s t e e l .  Such cab le  i s  a v a i l a b l e  from C l i f f o r d  of Vermont 
(1-800-451-4381); spec i fy  3  p a i r ,  22  gauge, Di rec t  Bur ia l  D i s t r i -  
but ion  wire ,  copper s h i e l d  per  REA PE-54. The s h i e l d  should be 
s o l i d l y  grounded by shor t  l eads  t o  s t r u c t u r e  and ground a t  both 
ends. 

The s i x  wires  (3 ' pa i r )  should a l l  be t r e a t e d  i d e n t i c a l l y  and 
be pro tec ted  t o  a  vo l t age  l e v e l  of 6 t o  8 v o l t s  peak t o  minimize 
damage t o  t h e  TTL s o l i d  s t a t e  c i r c u i t r y  p resen t  a t  e i t h e r  end. 

The p r ~ t e c t i o n  design f o r  both ends of t h e  s i g n a l  cab le  i s  
shown i n  Figure .18 .  Each wire  i s  clamped by a  v a r i s t o r  which 
conducts t h e  750 ampere surge a t  about 100 v o l t s .  'The r e s i s t o r  
l i m i t s  t h e  c u r r e n t  t o  t h e  zener  p r o t e c t o r  which conducts 20 amperes 
a t  7 . 5  v o l t s .  - 

. - - . - - . 

Cable TTL 

I I 

d77 
V 1  = General E l e c t r i c  V24ZA50 v a r i s t o r  

D l  = General Semiconductor 1CTE-5 

R 1  = Allen-Bradley Carbon Composition 
G B  r e s i s t o r  4 .7Q + - 10%. 1W 

Figure 18 - Typical  S ignal  Conductor 
P r o t e c t i o n  Schematic. 



3 . 2 . 4  Protec t ion  of the  Equipment bu i ld ing  

Some means f o r  s t r u c t u r a l  p ro tec t ion  o  
bui ld ing ,  ( i . e .  a conductive roof with down 
l igh tn ing  rods). must be provided by the  A&E 
f o r .  the  bui ld ing '  design. 

f  t h e  c  
conduc 
f i rm r 

ement block 
t o r s ,  o r  
espons ib le  

The 480 v o l t , '  3-phase A C  power connection between t h e  power, 
company and t h e  bui lding should be pro tec ted  wi th  a r r e s t e r s  o r  
suppressors a t  t h e  bui ld ing  and t h e  transformer s i t e .  Because 
s e n s i t i v e  e l e c t r o n i c  monitoring d e v i c e s . a r e  connected t o  t h e  . 1. , . . 

power system i n  t h e  equipment bui ld ing ,  GE Type V480HE450 va r -  2 -  
i s t o r s  a r e  recommended . f o r  protectcon of t h e  main t h r e e  phase 
480 v o l t  power a t  t h e  bui ld ing  entrance.  The equipment a t  t h e  
transformer i s  standard d i s t r i b u t i o n  gear  and a  GE Model 9L15- 
BCC003 surge a r r e s t e r  i s  recobended  t o  p r b t e c t  t h i s  e  u i  ment. 
I f  l i gh tn ing  does s t r i k e  t h e  a r r a y  system s u b s t a n t i a l  9 i g  R tn lng  
cur ren t  w i l l  b e ' p r e s e n t  i n  these  c i r c u i t s  because t h e  u t i l i t y  
system presents  an u l t i m a t e  ground f o r  t h e  l i g h t n i n g  c u r r e n t .  
The pump motors a r e  genera l ly  q u i t e  c l o s e  t o  t h e  bui, lding and 
w i l l  need no a d d i t i o n a l  p ro tec t ion .  . . 

3 '& 

: A l l  e l e c t r o n i c  sensing c i r c u i t s  en te r ing  t h e  bu i ld ing ,  ex- 
cept  t h o s e , a s s o c i a t e d  wi th  t h e  t u r n t a b l e s ,  come from nearby . .,.> 

sources and r e q u i r e  only shielded cab les  which a r e  grounded a t  .. . , %.. 

.- . .  
both ends. . . 

3 . 2 . 5  Summary of Pro tec t ion  Reco~nmendations 
. . : . ..:: 

. ... .. . In  most cases  where t h e  d i s t ances  involved a r e  s h o r t ,  pro- . .. , 
;, ,:y: t e c t i o n  can be afforded through t h e  u,se of s h i e l d s  grounded a t  

! ' ,, ;x. , both ends. Where the d i s t a n c e s  a r e  g rea te r ( such  a s  between t h e  .$ 

t u rn tab le  and the  equipment bui lding)  a d d i t i o n a l  suppression i s  . 
requi red  t o  remove p o t e n t i a l l y  damaging t r a n s i e n t s  from t h e  con- 
ductors .  A l l  recommended p-rotec-tion has been incorporated on ' t he  
red- l ined  GE drawings d e l i v e r e d ' e a r l i e r .  S p e c i f i c a l l y  those  

- .  drawings were : 

1. 147D9785 Schema:tic - Plant  E l e c t r i c a l  Rev 12/4/78 
2 .  9195232 " Schema t i c  -. .  Equipment Building . Rev 12/4/78 
3 .  9195233 Sh#2 Schematic - Turntable(Operationa1) ' 11/30/78 
4 .  9195233 SH#1 Schematic - Turntable(Experimenta1) 11/30/78 

The terminat ion and grounding methods used f o r  o v e r a l l  s h i e l d s  
(OAS) a r e  very important and when d-one improperly can degrade t h e  
e f fec t iveness  of the  s h i e l d .  Figure 19 shows var ious  methods and 
r a t e s  t h e i r  effect . iveness .  A s  shown i n  t h e  f i g u r e ,  a 360" s h i e l d  
contact  t o  the  panel s t r u c t u r e  provid.es the  bes t  connection f o r  two 
reasons: ? . .  

8 

1. A low inductance connf c t i o n  .provides  the  loweit  impedance 
termination f o r  the  s h i e l d  c u r r e n t ,  and 



. . . . 

2.  The uniform s h i e l d  currei~l :  r int i rc ly c r c l n d r s  masnetic f i e l d s  
from coupling t h e  i n t e r n a l  conductors.  

s tandard  conduit  couplings o r  water-pipe type f i t t i n g s  w i l l  
provide 360° e l e c t r i c  contac t  t o  panels  and t h e  o v e r a l l  s h i e l d s  
can e a s i l y  be clamped t o  such f i t t i n g s .  When such f i t t i n g s  can 
n o t  be used,  s h o r t  p i g t a i l s  between t h e  s h i e l d . a n d  t h e  panels  
may be used. Other s h i e l d  grounding methods must be avoided. 

On t h e  t u r n t a b l e s ,  shielded conductors should be routed  and 
clamped t i g h t l y  to .conduct ing s t r u c t u r e s  t o  minimize magnetic 
loop a reas  and thereby reduce s h i e l d  c u r r e n t s '  t o  a minimum. 

O V E R A L L  SHIELD (OAS) 

O A S  4 
EQUIPMENT, r7 

3606 CONNECTOR 
(BEST) 

0 A S  

EXTERNAL P I G T A I L  
(BETTER) . 

O A S  

I N T E R N A L  P I G T A I L  
(BAD)  

(dl. 

O A S  . 

(el . . 
STRUCTURE 

GROUND 

Figure  1 9  - Types  of Grounding f o r  Sh ie lds  
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