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ABSTRACT

The General Electric/ Sea World Photovoltaic Concentrator Application Experiment will be
located at Sea World's Marine Park near Orlando, Florida. The experiment will consist of nine
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
annual direct normal insolation of 1375.5 kWh/ m2. A line-commutated DC/ AC inverter con-
trolled to operate at the solar array maximum powei' point will deliver three-phase power
through a bidirectional transformer to a 13-kilovolt line serving the Sea World Park. In addition
. to generatingAelectrical power, the system will produce 3.56 x 105 ton-hours of cooling for air
conditioning a nearby shark exhibit by supplying collected thermal energy to a lithium-bromide
absorption chiller. 4With credit included for the amount of electricity that would be required to
produce this cooling by a vapor compression cycle, the overall system efficiency is estimated

to be 11.7 percent.
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SECTION 1
INTRODUCTION

As part of its PRDA-35 Phase I contract with the Department of Energy, the General Electric
Company, in cooperation witn -Sea World, has designed a Photovoltaic Concentrator Application
Experiment to be located adjacent to Sea World's Marine Park in Orlando, Florida, As illustrated
on the artist's rendering of Figure 1-1, the concept uses nine turntable solar arrays deployed
on a 5. 8-acre site, The turntables track the sun's azimuth while trunnion-mounted parabolic
collectors track the sun's elevation. Solar cells mounted along the focal lines of the parabolic
collectors supply DC power to a line-commutated inverter which, in turn, feeds its AC output
through transformation to a Sea World 13 kilovolt distribution network, operated and maintained
by the Florida Power Corporation. Additionally, circulating hot water for cooling the solar cells,
is fed to a lithium-bromide absorption chiller which produces chilled water for air conditioning
a nearby newly constructed shark ex,hibit; ‘

Because of its proximity»to Sea World's Theme Park, the PV plant location is excellent for
project visibility. Over 3 mllhon v151tors are expected annually, including management decision
makers in industry and government A V1s1tor Information Center will be designed and constructed
by Sea World al'ong the perlmeter of the prOJect site and will serve to create public understanding
of photovoltaics. . The role played by Flor1da Power Corporation will assure proper treatment of
technical and 1nst1tut10na1 mterfaces W1th ‘electric utilities,

This study was led by Advanced Energy Programs of General Electric's Space Division. The
participation and contrlbutlons by the followmg orgamzatlons and individuals to the results of this

study are gratefully acknowledged
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SECTION 2
PROJECT SUMMARY

2.1 CONCEPT ‘

Evaluation of performance, cost, and availability have résulted in the selection of a concept
for the Sea World application which utilizes two-axis tracking, and, as illustrated earlier on Fig-
ure 1-1, consists of r;ine turntable solar arrays. The turntables track the sun's azimuth while
trunnion-mounted parabolic collectors track the sun's élevatioﬁ. Solar cells are vee-mounted on
a liquid-cooled tube located along the focal line of each collector. The geomeffic concentration
ratio is 33.4. The photovoltaic output is produced at a nominal 360 Volts dc. " The power is
routed through spiral wraps at each turntable hub and undergroqnd cabling to- a control building
where it is 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 is rated at a peak output of 330 kW. Using hqurly‘Miami weather
data corrected for the latitude at Sea World, éomputer analysis indicates a net annual electrical
energy production of 355 MWH. ' A '

Through a spiral hose at each turntable hub, the thermal by-product assoéciated with solar
cell cooling is routed to an absorption chiller. The resulting chilled water (annual output: 356 x
103 ton-hours) is furnished to a nearby shark exhibit building.

Features of the proposed concept include:

® Demonstrated PV concentrator with: (1) tested PV annual efficiency of 7.1 percent with
projected efficiency of 8.7 percent (coolant temperature at 83°C, suitable for absorption
chiller operation); (2) tested thermal efficiency of 33 percent with coolant at 83°cC.

e Structurally-proven 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
1bs/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.

e  Tested solar cell receiver of unique design: (1) cells mounted on split-vee extrusion -
five-foot segments easily clamped or removed from electrically insulated coolant tube
without interrupting fluid lines; (2) uninterrupted glass encapsulation; (3) compliant bond

- materials and flexible interconnebts to fully accommodate differential expansion; (4)
aluminum heat sink which serves as current bypass for failed or shaded cells.

¢ Levelized Annual economic beneflt of $31,400 for PV -generated electrlc1ty and thermal
* by-product chilled water production.

2-1



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

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

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

e  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.

e 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.

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

e Inverter System based on proven commercially available components.

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

2.2 APPLICATION AND SITE DESCRIPTION
The GE/SEA World photovoltaic experlment will be located at Sea World, southwest of

Orlando, Florida. As shown on Figure 2-1, the selected plant site is located at the southeast
corner of the Sea World property adjacent to the shark exhibit. The aerial view of Figurg 2-2
shows the proposed PV 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, are undevelopéd 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, are 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 is 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
and shark exhibit points are also minimized. Underground piping and cabling interconnect eaéh
of the solar array turntables with the centrally located control building and heat removal equip-

ment.
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Figure 2-1. PV 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 concrete tracks and a
central pier will 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 PV station be utilized
to subsidize the power requirements of the mammal life-support system for this marine park
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.
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The mechanical infra-structure includes a series of twenty 8-foot diameter, high-pressure
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,
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

motor. Table 2-1 summarizes these demands.

Table 2-1. Sea World Water Conditioning Loads

Equipment Rating Quantity
1200 Ton Chiller 1000 HP 1
600 Ton Chiller 500 HP 1
Chilled Water Pump 250 HP 1
Condenser Pump 100 HP il
NPW Well Pump 100 HP 1
Saltwater Sump Pump 75 HP 3
High Pressure Sand Filters 40 HP 21
Cooling Tower Pumps T.:orHP. 14

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

Item Value
Number of Collectors (2.1 x 9.2 m each) 216 (24 per
turntable)
Number of solar cells (3.5 x 4 m each) 93,312
Total solar cell area (m2) 112
Total Aperture area (mz) 3, 866
Site Area (mz) 23,480
Turntable Swept diameter (m) 46
Max height above ground-level (m) 2.5

Each turntable solar array has a swept diameter of approximately 46 meters and has a low
profile not exceeding 2.5 meters above ground level. The turntables are spaced sufficiently to
permit access for servicing and repair. A roadway snakes through the array field to permit

truck access to any turntable.



Hardware characteristic summaries of the t\irntable, collector structure and optics, and

solar

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

N
N

PEAK ELECTRICAL RATING: 36.7 kW @180°F

OUTPUT VOLTAGE: 360 VDC +127%

PEAK THERMAL RATING: 0.49 MBTU/Hr @ 180°F
TOTAL ENERGY CONVERSION EFFICIENCY: 42%

COLLECTORS: 24 parabolic troughs; 7 ft x 30 ft; 5-ft segmented solar cell receivers, each with 36,3 5 cm x 4 cm cells;

216 series x 2 parallel circuits. Measured weight per collector = 750 Ibs.

AZIMUTH TRACKING: +1° Requires only 2 motorized wheels

ELEVATION TRACKING: +0.1°. Extremely rigid troughs permit 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. Ne slip rings.

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

2-6
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COLLECTOR STRUCTURE AND OPTICS

R s

4 CONCEPT AND I'CATURES P

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 low-cost assembly 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, stable
optical alignment -accomplished with a socket wrench and
carpenter’s level.

MOUNTING AND DRIVE: Rigid 30-ft span supported by
stub shafts on each end, turned by single jackscrew per turn-

table for accurate elevation tracking with few moving parts.

PERFORMANCE AND IESTING

TESTED OPTICAL PERFORMANCE: 74% of direct radia-
tion impinged receiver. Specular reflectance: 80%.
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 at 20 ft/min gives excellent adhesion and flatness.

Figure 2-4. Collector Structure and Optics
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CONCEPT & FEATURES

SOLAR CELL RECEIVER

® RECEIVER SUBASSEMBLIES: 36 N/P,3.5x 4 cm, 16%
efficient solar cells bonded to 5 ft. Aluminum extrusion. 12

units (6/side) clamped to Cu coolant tube to form receiver. -
Voltage drop across cell/substrate bond< 25V, permitting
high thermal conductance for effective cell cooling. Seg-
menting (S ft lengths) reduces manufacturing costs. Single
glass cover for 36 cells with silicone gel thermal comph

ance coat provides high reliable seal. Optical enhancement
by matching glass/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 operation:
(1) a PV-only mode with output only in the form of inverted PV 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
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 kW
(at 1 kW/m2 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
fluid at an average temperature of approximately 1800F, adequate for operating an absorption
chiller. Analysis in Section 4 shows that the annual chilled water output provided by the thermal by-
product could be produced by an electrically driven chiller that would require an annual electri- 2
cal demand equal to 75 percent of the PV system output. Thus, the thermally-driven chiller may
be rated electrically at 75 percent of the PV system output. The peak array output for this sys-
tem mode is estimated to be 330 kW (at 1 kW/m2 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.

2-8



r Table 2-3. Summary of System Performance

PV-Only PV/Thermal
. Parameter Mode Mode -~
Peak Array Output (kW) 388 330
Peak System Output kW) 365 | 277 (PV sys)
208 (Chiller)
485 '
Gross Annual Electrical Output (MWH) 512 460
Annual Parasitic Losses (MHW) 36 105
Annual Thermal Output (MBtu) - 5.67 x 10°
Annual Cooling Output (ton-hours) ~ - 3.56 x 105
Annual Equivalent Electricity to - 267
produce Cooling (MHW)
Annual Direct Normal Insolation (kWH/mz) 1376 1376
For 3866 m? aperture (MHW) 5317 5317
System Efficiency 512-36 460-105 + 267 _
5317 "970% 5317 11.7%

2-5/2-10




SECTION 3
SYSTEM DESCRIPTION

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

- AMBIENT TEMP: 20-105°F
- WIND: 0-35 MPH (OPERATIONAL)

35-70 MPH (SURVIVE WITHOUT
TIE~-DOWN)

70-120 MPH (SURVIVE WITH
TIE-DOWN)

- FLORIDA MOISTURE AND FUNGUS
- DESERT SANDSTORMS

- HAIL
- SEVERE LIGHTNING ,
e - LIFE: 20-YEAR GOAL ' .

2 YEAR DEMONSTRATION

e MEET LOCAL HEALTH/SAFETY
REQUIREMENTS

e MEET LOCAL CODES

e DESIGN FOR FOLLOWING ENVIRONMENTS: [

PRODUCE ELECTRICAL OUTPUT AS FOLLOWS:

277/480 VAC, 3 PHASE WYE

300 kW, PEAK AT 1 kW/M2
DIRECT NORMAL INSOLATION

CONVERT ANNUAL DIRECT NORMAL
INSOLATION AT EFFICIENCY = 8%

PARALLEL & SYNCHRONIZED WITH
UTILITY

INTERRUPT OPERATION WITH LOSS OF
UTILITY POWER

OPERATE ON NON-INTERFERENCE BASIS
WITH SEA WORLD LOADS

PRODUCE THERMAL OUTPUT AS FOLLOWS:

HOT WATER OUTPUT WITHIN
RANGE OF 100 TO 200F

1500 kWy PEAL GENERATION

COLLECT ~ 33% OF ANNUAL DIRECT
NORMAL INSQLATION IN FORM OF
THERMAL OUTPUT

PV PLANT AREA NOT TO EXCEED 6 ACRES

LIMIT PARASITIC LOSSES TO LESS THAN
20 PERCENT OF ELECTRICAL OUTPUT

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

results, shown on Figure 3-1, rank 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 operational ’desigh re‘quirement on Table 3-1 conservatively estab-

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

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




be capable of surviving wind speeds up to hurricane force. A wind speed of 70 MPH has been sel-
ecte& as the condition at which the collectors are secured to prevent damage to the solar array.

Lightning is particularly prevalent ih 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 per year. As described in Section 3, several design measures have been included to
minimize damaging effects. ’ _

The electrical requirements specified on Table 3-1 are 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
over 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, to operate'pumps'

and fans associated with the absorption chiller,
20 |
and to serve the needs of a future visitor cen-

ter to be located adjacent to the PV site. The BOSTON. __ -

1960 A

remaining power will be transformed to 13 KV 10

MIAM! 1953
- 1961
1967

. for distribution to the shark exhibit which has

an annual electrical energy demand of 1080 MWh

1 1 1 L | -
exclusive of that required for air conditioning. 20 40 60 80 100

% INTEGRATED DIRECT NORMAL RADIATION

Several important requiremrents relate to the

dependence on utility power for operation of’

the PV plant. Line commutation techniques
o : Figure 3-1. Integrated Insolation vs

are 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.

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

derived from active solar array cooling which enhances the economic benefits. An investigation of

3-2
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Sea World loads with regard to utilizing the thermal energy has identified air conditioning for the
riearby shark exhibit as the most attractive. The annual cooling demand for this exhibit is approxi-
mately 2 x 106 ton-hours. As an alternative, domestic hot water can be provided for a hotel complex
planned fo;' the southwest corner of the Sea World property (See Figure 2-1). All of tﬁe solar array
thermal byproduct can be used for pxjdducing chilled water for air conditioning the shark exhibit,
while only about one-third of the thermal byproduct can be used for domestic hot water for the hotel
compléx. Although the benefit of the chilled water case is' somewhat reduced by the cost of anab-
sorption chiller, it 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:

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

e 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,

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

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

the aid of the block diagram shown on Fig‘ui‘e 3-2. Key component and subsystem selections are
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 contaimng 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 are paralleled through isolation diodes and the power is then fed through underground con- |
duits to the inverter system located in the control building. '

The inve;ter receives _the'solar array DC power at 360 VDC + 12 percent and converts it by
line gommutation methods to three .phase, 4-wire 277/480 VAC in.éynéhrohism with local utility
power, The inverter duty éycle is:.adjusted to present an impedance to the photovoltaic source
whibﬁ yields maximum powér generation, This is ac:com’plished by a power sense circuit at the in-
veﬂér output which develops the necessary feedback information for the inverter through software
in the computer system. - | .

After providing power for PV plant parasitic loads and an Erﬁergency Power System (EPS),

the inverter output feeds a two-way transformer which inserts the power into a 13 kV power leop
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serving the Sea World Park. A circuit breaker on the low voltage side of the transformer, and the
transformer itself, ‘are owned and operated by the Florida Power Corporation. Aside from the
power connections, no other electrical interface exists with the breaker or transformer, Inter- -

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

Each turntable contains azimﬁth 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 componenfs of the Hydraulic System.,

The EPS provides continuous power for those functions that require uni'nterrupted power. These
princfpally include power for the computer system, and the needs of emergency shutdowns, In the
latter case, this pértains to défocussirig—‘thev solar collectors to a safe oposition in the event of a
utility outage, interruption of /c001aht ﬂow; or solar cell overtemperature as detected by thermo-
stafs located on selectéd solar cellvreceivers. '

The turntable cooling system consists of separate hydraulic circuits for each electrical set of
collectors. By paralleling these circuits, each electrical set is subjected to the identical temper-
ature conditions, resulting in matched outﬁut characteristics. Circulating fluid is supplied through
underground piping by a pump located near the control building. The fluid is circulated through an
absorption chiller thch 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 to reject low-grade heat from the chiller.
A back-up heat exchanger is provided to remove heat from the solar array field during times of
chiller shutdown.

. : N
System operation is brieély described below:

e After the previous day's sunset, the turntables are posmoned to the_ sunrlse posmon by
instructions from the computer system, :

o" At sunrise, azimuth and elevation sun-tracking is initiated by the computer, based on
" stored aphemems data; the ‘coolant loop circulating pump is turned on.

e Under c.onStant flow, the solar array fluid temperature rise is proportional to insolation -
as shown on th .plot included on Figure 3-2. At a AT of 3°F, the inverter is turned on
producmg about 10 percent of rated power. '

e The’ solar array temperature rise increases in proportion to insolation. The absolute
temperature will also increase until the temperature drop throught the absorption chiller
is' équal to the solar arrayate\mperaturé rise, not considering heat leaks, This equilibrium
condition occurs at temperatures in excess of 160°F, Pumps and fans associated with the
chiller and cooling tower will be activated automatically in response to temperature and
pressure control signals. '
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e 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 3°F,

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

3.1,3 ! SUBSYSTEM DEFINTION, ‘The majar 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'Fig'ure 3-4,

PHOTOVOLTAIC CONCENTRATOR
APPLICATION EXPERIMENT

A. SOLAR ARRAY B. HYDRAULIC : C. ELECTRICAL D. FIELD SYSTEMS
SUBSYSTEMS SUBSYSTEMS SUBSYSTEMS
COLLECTOR SOLAR ARRAY LOOP POWER SITE PREPARATION
TURNTABLE HEAT-DELIVERY LOOP © CONTROL PLANT LAYOUT
LINKAGES & DRIVES INSTRUMENTATION ELEC. INSTALLATION
PINTLE . ‘ UTILITY INTERFACE MECH. INSTALLATION
SOLAR CELL RECEIVER EMERGENCY POWER CONTROL BUILDING .

- Figure 3-3. Major System Elements
3.1.3.1 Bolar Array. Requirements for the solar array are summarized on Table 3-2.

The selected turntable approach for the solar array shown on Figh're 3-5 was based .on the fol-
16Wing.characte1"isties:' (1) low ﬁhysical profile with low wind loading effeets;'(z) distributed weight
with small un1t area loading; (3) potential for using fewer trackmg drives to serve a large number of
collectors; (4) no shadowing by adjacent turntables;.(5) shadowing within the turntable collectos at
low elevation angles permits power generation within the unshaded portions.

The turntable destgn characteristics are summarized on Table 3-3. The basic mechanical
design was developed through tradeoffs involving the sphcing of major I-beam supports and the lo-
cation of wheel supports, '

4 The deS1gn was strongly mfluenced by the solar collector des1gn whose basic width and length

dlmensmns (7x 30 feet) were selected to permit easy transport ona flat-bed truck. Although the
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Table 3-2. Solar Array Requirements

CONVERT 8% OR MORE OF ANNUAL
DIRECT NORMAL INSOLATION TO
DC ELECTRICITY

PRODUCE DC OUTPUT AT 360 VOLTS
+12%

CONVERT 33% OR MORE OF ANNUAL
DIRECT NORMAL INSOLATION TO HOT
WATER THERMAL OUTPUT

PRODUCE HOT WATER THERMAL OUT- e
PUT AT RANGE WITHIN 100 to 200°F

PROVIDE 1500-VOLT SOLAR CELL CIR-~
CUIT TO GROUND INSULATION

PROVIDE BY-PASS CIRCUITRY TO PER-
MIT UNINTERRUPTED OPERATION IN
EVENT OF INDIVIDUAL CELL FAILURE
OR SHADOWING

DESIGN ARRAY WITH ACCESS FOR
SERVICING AND CLEANING

PROVIDE FOR ARRAY NIGHT-TIME
STOWAGE TO MINIMIZE DEW BUILD-
UP AND DUST ACCUMULATION
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Figurg 3-5 Solar Array Turntable
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Table 3-3, Turntable Description

e PEAK PV RATING: 37.8 kW e COLLECTOR WEIGHT: 18,000 LLBS
e 24 - 7x 30-FT. PARABOLIC OTHER WEIGHT: 16,000 LBS

COLLECTORS e MECHANICAL INTERFACES:

e WATER-COOLED SEGMENTED SOLAR i:l,: T;:?,TBE‘:I;H;I?FT DIAMETER
CELL RECEIVER; 3.5 x 4 CM SOLAR s :

CELLS IN 216 SERIES x 2 PARALLEL g‘iﬁggﬂf ngiA:UKPSPLY e
MATRIX IN EACH COLLECTOR

THROUGH SPIRAL HOSES AT PINTLE
e I-BEAM & BOX-BEAM TURNTABLE :

® ELECTRICAL INTERFACES THROUGH
FRAMEWORK WITH DIAGONAL RQOD SPIRAL CABLING AT PINTLE:

prai 360 VDC PV OUTPUT

° + 1° AZIMUTH TRACKING WITH 2 120 VAC SERVICE POWER
MOTORIZED WHEELS ON TURNTABLE 5-WIRE SIGNAL LINK
PERIPHERY

® iO. 1° ELEVATION TRACKING WITH A
ALL COLLECTORS GANGED TO
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 are 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 error and the use of regid sections to minimize angular distortions.

Figura 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.

These 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:

1.

3.

4.

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.

Low-friction bearings support the collectors throughout the turntable (Rather than using
expensive circumferential bearings, two small trunnion rollers are used).

Alignment adjustability is provided at several key locations indicated on Figure 2-7:
a. The length of each push-rod is adjustable.
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.
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3.1.3.2 Hydraulic Coolant System. A requirement for the hydraulic coolant system is to keep

the solar cells as cool as possible for improved PV performance while at the same time producing

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

in opposition since the highest thermal economic benefits are usually associated with higher temper-
atures which are counter to PV 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 or staged pumping in conju-nction with the variable solar input received by the
solar array, |

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 chilledAwater using absorp-
tion chiller equipment. Comparisons of single versus staged and variable-épeed pumps indicate
that adequately-sized single-speed pumps were most effective overall., Their slightly higher pump-
ing energy is 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 domestic hot water case), and because of the cost of transporting
the hot water to its point of use in a blanned hotel complex, approximately a mile from the PV site.

The primary approach adopted for the hydraulic coolant system is iliustrated 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 rear circuits consist of two collectors each.

The tube and pipe sizing is selected to achieve balanced flows among the five circuits, roughly with-
in 10 percent of each other. The forward and rear circuits use throttling valves to reduce the flow
to about one-half that of the other circuits. Thus, the temperature rise is identical in all circuits,
Since the solar cell circuits of the extireme rows are wired in series, this matching in temperature
rise results in all solaf c4e11 circuits havihg the same average temperature.

The flow in each turntable is routed through a épiral hose at the pintle from whence it flows
through underground pipes to the heat removal equipment near the control building. The ba'lance-h
of flow among the various turntables is achieved by inlet balance valves as shown on the turntable
schematic. _ |

Figure 3-7 (b) shows the other poftions. of the hydraulic schematic with the flowdirected through
an absorption chiller, As noted in earlier discussion, the solar array temperature rise represents .
one of the ilmportant control parameters used for inverter turn-on, since it fs proportional to in-

isolation, It is not necessary to control the absolute level of temperature as long as it is within

!: l
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safe limits, Thus, with solar input to the solar array, the temperature level will increase until
the heat removed 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 Paragraph 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-
tem requirements are highlighted in Table 3—4 .and the major system components required to per-
form these functions are shown in Figure 3-8.

The solar arrays on each of nine turntables are 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—ph’asev(277/480 VAC) power synchronized Wi@h utility power by line
commutation techniques. The inverter is operated as a current source with the power inserted
through the PCAE/utility interface. ‘

The central computer provides the data and logic required for system control. The most signi-
ficant control functions include: sun—tracking controls for each turntable; solar array 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 Requireﬁlents

POWER . SUN TRACKING

. e INPUT PV VOLTAGE: 360 VDC + 12% e ACHIEVE COARSE SUN TRACKING OF +1
DEGREE (BOTH AZIMUTH & ELEVATION)

e INPUT PV POWER: 0 TO 350 kw USING PROGRAMMED EPHEMERIS DATA
e OUTPUT POWER: 277/480 VAC, 60 AND POSITION SENSORS"
A HZ, 3-PHASE WYE _ \CHIEVE FINE SUN TRACKING OF + 0,1
e INVERSION EFFICIENCY: >90% FOR 15 TO DEGREES IN ELEVATION USING OPTICAL
75 kW OUTPUT SUN SENSOR(S)

>95% FOR 75 TO
350 kW QUTPUT

¢ OPERATE AT SOLAR ARRAY MAX. POWER

DEFOCUS COLLECTORS [F CELLS REACH
EXCESSIVE TEMPERATURES

POINT

UTILITY INTERFACE INSTRUMENTATION

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

. 3 PRESS ATION, ETC.
e POWER FACTOR & POWER QUALITY FLOWS, PRESSURE, INSOLATIO

(HARMONIC CONTENT) TO BE COMPATIBLE .

T R
WITH LOAD AND UTILITY CONDITION SENSCR OUTPUTS TO UNIFORM

TRANSMISSION FORMAT FOR USE WITH

¢ INTERRUPT PV SYSTEM QUTPUT WITH ODAS (GFE)
LOSS OF UTILITY: RE-ENABLE PV SYSTEM .
AFTER UTILITY IS RE-ESTABLISHED EMERGENCY POWER

e NO INTERRUPTION OF UTILITY SERVICE TOe PROVIDE UNINTERRUPTED POWER FOR
LOAD FOR ANY MALFUNCTION OF PV COMPUTER SYSTEM AND ODAS.
SYSTEM

o PROVIDE SHUTDOWN POWER (DEFQOCUS
COLLECTORS) IN EVENT OF UTILITY OUT~
AGE, LOSS OF COLLANT, OR ARRAY
OVERTEMPERATURE.
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System performé.nce data is collected and dispatched by the government-furnished On-Site Data
Acquisition Systehi. The ODAS has been integrated on a non-interference basis with the PV systeni
controls although both systems will share the inputs from certain sensors. Instrumentation inputs
are provided from many points in the system, although a lr;lrger number of measurements will be
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-
eral hours and to also bring the system to a safe shutdown condition in the event of utility or pumping
outages. _ '

The system architecture associated with the various power control, tracking control, and in-
strumentation functions has been selected based on the following objectives: (1) minimizing the
power and signal cabling required between the solar arréy and control bui lding; (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 II
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 earlier in Section 2.2, Specific featﬁres
of the control building, and electrical and mechanical installations are noted below.

The turntable foundation conéists of two concentric concrete tracks and a concrete pier af the
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 poinfs 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 pedes.tal for the pintle base.

The control building is a 16 x 50-foot concrete masonry structure. It will be supported
on a continuous concrete footing and has a 5—inph concrete floor slab. The roof consists of pre-
cast concrete slabs with a built-up roof covering. The electrical and mechanical installations

both within and outside the control building are designed in accordance with standard engineering

practices.

A



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 i8 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 a-means for trimming out angular twist errors. Circulating fluid through a 1,25-inch
1D copper tube along the focal line provides the means for cooling solar cell receivers mounted
along the tubé between each rib section. Stub shafts are provided at each end for bearing support |

and coupling with adjacent collectors,
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Figure 3-9. Parabolic Collector

The reflector geometry is 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 s‘ola.r cells, A rim angle of
90 dégrees is used resulting in a theoretical aperture width to focal lgngth ratio of two. The
20, 38-inch focal length was dictated by the arc-length obtained by wrapping the 48-inch wide
reflector sheets around the parabolically shaped ribs with sufficient allowance for -1ong1tudinally
'clamping the sheets along the tee-section keel and ell-section longerons. These clamping sur-
faces are tangent with the theoretical parabolic cylinders. In conjunction with the parabolic

ribs they form the boundary conditions for establishing the pgrabolic contour,

[
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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 is 58.5

inches, This results in an effective area of 192, 2 ft2 (17. 86 m?) for each collector.

FOCAL LINE

SEPARATION: 1.76 IN. ELL-SECTION
, i . LONGERON
_ EFFECTIVE HALF-APERTURE
K
VEE-MOUNTED /
SOLAR CELLS - S

WIDTH: 395 1IN

40.76 IN.

I
20.38 IN.

48 IN. REFLECTOR
SHEET WIDTH

TEE-SECTION
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 are also aluminum extrusions (35,000 psi yield) chosen because of cost and corrosion
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.
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Full structural advantage is taken of the reflector substrate in providing shear and torsional
resistance for the collector's 30-foot length. Although bending is primarily resisted by the bottom
keel and side rails, the substrate provides the shear resistance required along the section's neutral
axis., In conjunction with the diagenal bracing rods and rib members, the substrate also provides
a high degree of torsional stiffness.

Moments are taken out of the collector through the shear developed by each support shaft in
combination with each end pair of rib 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 are attached
to the parabolic ribs, bottom keel, and side rails by clamp assembliee. These clamp designs
reduce assembly time and allow field replacement of a reflector banel if required.

Several features of the collector trough have inherent producibility 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 is 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 10¢ per square foot of
collector aperture.

The reflective film appreach adopted in this design makes use of cost-effective materials as
well as high-volume production techniques. The 4-foot wide poljester composite film is UV 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 is a high clarity 3-mil UV stable film, commercially
avallable under the trade name LLUMAR from Martin Processmg, Inc. UV absorbers are added
to the film in a dying process. ThlS f11m is currently in use as a glazmg on commercial flat-plate

solar collectors and on greenhouses. The lower film is a 1—m11 clear polyester film., The upper
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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 rise in diffuse reflectance (and therefore a decrease
in specular reflectance) after ihe abrasion and cleaning tests. The other materials had more se-
vere shortcomings and therefbre the LLUMAR has the greatesf promise as a low-cost reflective
material, |

The abrasion resistance required to achieve a field life of 20 years has not yet been détermir;ed
quantitatively. GE is evaluating the performance and cost of a protective overcoat such as the
silicone hard coat developed by GE's Le;{an divisionlfor outdoor Lexan applications., The coating
is comrhercially used on Lexan head lamps for the automotive industﬁ.

The feature of the collector design which permits easy reflector replacement can be considered
as an alternative to 20-year reflector durability. Replécement of the skin, for example afte r 10
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 are 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-foo£ 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 evéluated on the basis of adhesion and surface flatness. The term "orange
peel' is used to indicéte the most common type of non-flatness encountered in laminating films to
substrates., A’I‘he orange peel effect can be caused by non-uniform thickness of the adhesive layer
between film and substrate, failure to remove all air between film and substrate, and/or surface

imperfections in the substrate,
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Table 3-5. Reflective Surface Evaluations

As Recelved Salt Weathering Abrasion Cleaning -1 Cleaning -

Material Source T D+ T 5 T D 0 | ) T 5 T B Remarks
Scotchcal-5400 | 3M Co. . 873 .025 . 865 . 136 . 650 . 625 A No test . 858 . 058 . 848 .070 Falled Weathering test
Llumar Martin Proces- . 813 . 032 .784 . 161 . 802 . 076 .1789 . 076 . 800 .067 . 795 .088 Decreased performance after

sing, Inc. ’ abrasion and cleaning tests
Metalized Enamel Products | .837 . 065 . 830 .133 . 819 .118 | 77 No test No test No test Material not UV stable
polyester ’ '
on steel ¢ 8
Metalized Kurz-Hastings .800 | .165 .783 .162 | .80 | .250 No test No test No test Diffuse component too high
polyester .
on Polyvinyl N
Metalized Kurz-Hastings .839 .076 .822 | (167 .612 .517 No test No test No test Falled weathering test
ABS plastie . E
Test ASTM-B117-64 | ASTM-G53-77 | FED-STD-141A | Low-pressure | Low-pressure
Description for 15 days for 15 cycles | Method 6191 detergent detergent
PR - spray &rinse spray & rinse
*T: Total hemispherical reflectance
-*D: Diffuse reflectance (3° aperture) -
Table 3-6. Lamination Test Results
Laminator Process Film Process Substrate Results
Type : Speed
1 | Enamel Products, Coil Martin C'omposite 80 ft/min Steel Steel showed moderate orange
McKeesport, Pa. Single Piece " Commercial peel. Commercial Brite showed
Polyester Brite Steel light orange peel. Good adhesion.
2 | Poloron Sheet Martin Composite 20 ft/min | Galvanized Steel Galvanized spangle showed through
Industries, o Steel film. Poor adhesion with all
Scranton, Pa. Aluminum substrates.
3 | Raymond Sheet Martin Composite 20 ft/min Aluminum Essentially no orange peel with
Engineering, Single Plece Aluminized Steel single plece polyester on aluminum.
Quebec, Canada Polyester S Good adhesion. Martin Composite
film and aluminized steel presently
under evaluation.
4 | Laminex Sheet Scotchcal 10 ft/min Aluminum Essentially no orange peel. (Film
(Pressure ' will not withstand outdoor
sensitive adhesive) T environment. )
5 | Kurz-Hastings, Coil Hot Samping Foil 50 ft/min Plastic Moderate orange peel
Philadelphia "

n | '




The resalts of this lamin;ition development prog'ram 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 oréuige peel of the reflector surface. Galvanizing spangles showed through to the film's sur-
face and thus galvanized steel was discounted as an acéeptable 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 is con-
tinuing to work with these lamination vendors to increase the cost effectiveness of the reflector
assembly. Aluminizéd steel, an inexpensive, smooth, corrosion resistant, commercially avail-
- gble product, is an attractive candidate for achieving a low-cost high-performancé lamination,

An additional 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\cbiled 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 generaily applied to such com-
mercial products as truck pariélling and steel partitions in which waviness would detract fro_m
esthetic appeal. Reciuirements for the reflector substrate include the stretcher-leveling -specifi- ~
cation, ' |

Summary Specifications

e Type: 7 x 30-foot linear focus parabolic trough

e  Concentration ratio;: : | 33.40

e Specular reflectance: : 0.80
: I ;

e Intercept factor onisolar cells:  0.97

@ Optical integ!rity fo&‘ winds up to 35 mph :
K : S
‘e  Survive winds of 7 6 mph in vertical position

e Survive winds of 1(’)'0 mph in horizontal position’

3.2.2 Solar Cell Receiver The solar cell receiver converts the concentrated sunlight to elec-

trical energy by means of N/P-type silicon cells which are vee-mounted along the collector focal
line. In additioﬁ, ‘the receiver absorbs the non-com;erted thermal energy and transfers it to the
copper tube for removal by the circulating fluid.

As 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. Principai 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
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Figure 3-11. Solar Cell Receiver
corrosion-resistant material for plumbing Asystems; (3) the use of the electrically insulated alu-
minum bar, in conjunction with a diode, as a current bypass for éhaded or damaged solar cells;
(4) small voltage drop between the solar cells and aluminum substrate resulting from the previous
advantage, permitting 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 célls in
series, Multiple tab copper interconnector strips are connected along the cells edges and are’—-
used to accommodate thermal expansion displacements. A 3 to 5-mil thicknesé of adhesive is
used to bond the cells to the anodized aluxhinum sdbstrate. It is important to keep the adhesive
as thin as possible and use high-thermai conductivity materials, Anaiysis of this characteristic
is summarized on Figures 3-12(a) and 3-12(bj which show the effect of film thickness and conductivity
respectively. The line of higher slope on Figure 3-12(a) pertains to the effect of uneven distribution
of light reaching 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 désign thickness and the nominal aluminum fill factor of 30 percent yielding
KEffective/KRTV equal to 2.5, the maximum peak temperature drop is computed to be approxi-
mately 8.6°F (~21.5-2.5). |
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’ Figure 3-12, Bond Th]ermal Charactenstlcs S o '; '

Methods for achieving the de31red thermal characteristics for the cell to substrate bond include
the use of film adhesives such as the mica-filled type made by Dow-Corning, or notched trowels
or notched rollers for metering on the RTV adhesive, also with good thermal conductivity fillers
(€e gy alumma or magnes1a) introduced. Final selection of the production process will be based
ontests conducted early 111 Phase II An attractwe alternatlve arises when the relatively low cell-
to-substrate voltage breakdown requ1rements of the split receiver design are considered, since _
the bulk of the voltage drop occurs across’ 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-rni1
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 glas's 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 compliaiice for accommodating material dif-

ferences in thermal expansion, Six receiver pairs are clamped over the tube in a single collector
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and connected in series, Figure 3~13 shows the schematic 1nd1cating the cell strings, the bypass
diodes and current paths, and the insulation 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 /em? is about twice as high as the
normal pesk dissipation occurring at the center of the cell (see Figure 3-12 (a)). Thus, the tem-
peratsre drop across the cell bond would be about three times higher than normal, With a normal
design AT of 9°F, the abnormal AT would be approximately 27°F. As reported later in Para-
graph 5.' 7, the cell bond of the initial receiver prototype indicates AT's of approximately
50°F. This abnormal AT will be corrected in the production receivers by one of the methods
described above, ’I‘he' tests described in Paragraph .5, 7 show that the solar cells can operate
safely up to 280° F without damage, It is concllided that the worst case dissipation due to current_ -

deficiency in one cell can be safely tolerated.
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Figure 3-13. Solar Cell Receiver Circuit
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Summary Specifications

@ Solar Cells; N/P silicon for operation at 25 to 50 suns, 16% nominal efficiency
@ 1 sun & 28°C.

e Glass cover: chemically strengthened low iron-glass
‘® Glass Optical transmission: 0,95

e Temperature limits; -30°F to +250°F

e Electrical Insulation: '

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

e Thermal impedance:

Cell to receiver: - 2 Watts/em2/° C
Receiver to copper tube: 0.3 Watts /em2/°C

3.2.3 TURNTABLE FRAMEWORK
‘As 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—beains, the planga éf 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 qrder that
the stiffness provided by the rods is properly imparted to the rectilinear framework.

. Standard structural forms are used throughout the framework. All field joints are bolted,
with the need for field welding eliminated, The five main I-sections are W12 x 16. 5 lbs/ft.
beams whose total weight is about 8700 pounds. Periodical gussétting 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 Ibs. The diagonal
rod braces are intended only as tension members and are preloaded to about 1350 Ibs. to impart
overall stiffness 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 '

e Provide rotating framework for collectors with planarity held to + 2 inches.
e Use standard low-carbon steel structural shapes.
e All field joints to be bolt assembled.

e Use durable weatherproof coatmgs not requ1rmg maintenance more often than every five
years. :

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

" motor and connecting linkages to the turntable collectors, ‘the azimuth drive motors, and the central

pintle bearing assembly. Figure 3-~16 illustrates these components.

A motorlzed jackscrew is used for elevation trackmg which drives a series of pushrods and
crank-arms artlculated with the turntable collectors, Duty-cycle operation of the jackscrew motor
permlts sun tracking at variable rates. The jackscrew is outfitted with an additional motor, mag-
netic clutch and gear tram to permit rapid forward and reverse motions needed for emergency
sl_mt_down a_nd ease of servicing, The design of the system was dictated by an overall mechanical

error of 0.1 degrees apportioned as follows:

e. Jackscrew backlash: 0. 005°

. ‘e  Bearing play: 0.010°
e Torsional displacements: 0, 040°
e DPush rod compression: 0.044°

- @ Collector angular distortion: 0,001°
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Design features for meeting these allocations include the following: (i) 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 beziring 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 diagbnal bracing torque
tube design. As noted previously in Paragraph 2.3.3.1, key adjustment features are 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 traék, which also operate on a duty-cycle basis dependfng "
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 providés 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,




Summary Specifications

Elevation Drive System

e Total mechanical tolerance: . 0,1 degree
e Operational drive rate (100% duty cycle): 0,0052 to 0,0085 degrees/sec
e Drive torque: 23,400 inch-pounds
e Screwjack capacity: 5 tons
e Rapid-motion drive rate: 0.15 degree/sec
o Operational motor rating: 0.025 hp
e ' Rapid-motion motor rating: - 0.167 hp
e Number of on-off cycles: 2 x 108
Azimuth Drive System
e Total mechanical tolerance: +1,0 degree
e Operational drive rate (100% duty cycle): 0, 025° /sec
e Wheel traction load: . 1500 lbs
e Motor rating: 0,25 hp
e Number of on-off cycles: 2 x 109

Linkages, Pintle Assembly

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

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 wi]l, therefore, be capable of suf)porﬁng the m-
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 ex1st1ng grade to a
width of 18 inches. The bottom of the excavation will 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 .cont'muous footing 12" x 12" of 3000# concrete.
"Two #5 steel reinforcing bars will be placed 3" from the bottom of Athe 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 will 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 compactea
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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 MATERIAL 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 II & III proposals, |
3.3 HYDRAULIC SYSTEM

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 deg'rees F are
planned, minimum system pressure will be maintained at 30 psig. Under normal dynamic con- )
ditions, maximum system pressure willbe 60 psig. |

Two hydrafulic schemes are presented in this section which are based on serving: (1) the
absorption air conditioning load for the Sea World Complex which requires 82°¢ (180°F) hot ‘
}water, and (2) a domestic hot water load for a planned hotel complex. The turntable coelant

circuits and the overall array coolant loop serving either of 'these loads are first described below.

3.3.1 TURNTABLE COOLANT CIRCUIT

The hydraulic net:avork for each turntable 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 extx:eme branches limit the
flow to half that in the interior runs. With a nominatl flow rate of 260 gpm from the overall
field, each turntable receives approximately 28. 9 gpm, with each interior branch receiving
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 caused by the turntable rotation is constrained
to a metal pan attached to the fixed portion of the pintle assembly. Hard plastic bushings at-
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.

AN
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Table 3-7. Solar Array Material Cost for One Turntable

Unit Weight Quantity Total Welght, Lbs. Cost
STRUCTURAL STEEL ($0. 38/1b) - '
A. FIELD SUPPORT STRUCTURE

e Main Support Beams ‘ 16.5 1b/ft 528 ft 8,700

e Cross Box Beams 8.14 1b/ft 76.8 ft 6, 250

e Diagonal Cross Bracing . 826 1b/ft 796 ft 690

e  Wheel Supports 99 lbs 16 1,584
B. PINTLE WELDMENTS 1330 Ibs 1 1,330

ELEVATION DRIVE SYSTEM

e Crank Arms 26 1bs 7 1482

e Slave Arm 100 lbs 1 100

[} Push rods 93 1bs 8] 744

e Drive Mount 150 1bs 1 150
D. BEARING HOUSING 10 lbs 31 310
E. COLLECTOR STRUCTURE

e  Support Pipes 54 1bs 24 1, 296

L] Stub Shafts 14 lbs 18 672

e Diagonal Rraces 34 lbs 24 816

e  Hydraulic Piping v 679

TOTALS 23,503 8,931
ALUMINIZED SHEET STEEL ($0. 27/1b)

o 4' x 10' x . 025" 41.62 1bs 144 5,993 1,618
MACHINED PARTS ($4.00/1b)

o  Turnbuckles 2 lbs ’ 16 32

e Wheel Assemblies 12 lbs 16 192

e Bearings (Assorted) 331

e  Elevation Drive 70 1bs 1 70

[ A imuth Drive 135 lbs 2 270

TOTALS 495 3,580
MOTORS ($3.00/1b)

e Elevation Drive Motor 25 lbs 2 50

° Azimuth Drive Motor T 25 lbs 2 50

e Clutch _ 5 lbs 1 5

TOTALS 105 315
STRUCTURAL ALUMINUM ($1. 05/1b)

e  Stretch-formed Ribs 8.6 Ibs 168 1,445

e Collector Keel 27 lbs 24 648

e Collector Edge Members _ 20 lbs 48 960

e Clamping Hardware - 621

TOTALS 3,676 3, 860
EXTRUDED ALUMINUM ($0. 85/1b) .

e Cell Receiver Bar 9.1 lbs 288 2,621 2,228
ALUMINIZED FILM ($0. 20/ft?) - 5,760 ft2 - 1,152
SOLAR CELLS (@$. 25/cm?) & - 145,152 cm? - 36, 288
INTERCONNECTIONS
GLASS.($1. 20/1b) 1.6 lbs 288 460 553
COPPER ($1.70/1b)

[ Cabling 50 1bs /1000 ft 1,500 ft 75

e Coolant Tube 105 lbs 24 2,520

TOTALS 2,595 4,411
GRAND TOTAL $62,936

Turntable Aperture Area
= 17.9 m2/collector x 24 collectors

= 429.5 squarc mcters

62936 N
2 . 82336
Material Cost (/m?. 4295

+ $146.5/m?2
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Figure 3-16, Turntable Piping Schematic

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

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

- - -

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

The adjustment of flow to the various branches of tﬁe hydraulic lcircuit will be accomplisﬁed
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 avaiiable 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.

3-31




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 HiD

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 domeétic 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 propoftiona.lity serves as the
basis for inverter turn-on, When the temperature rise is about 3 degrees, the “corresp'onding
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 .
coe TANK HEAT
. REJECTION

— [1

PINTLE—»
CONNECTIONS -—
c e

ABSORPTION
SUPPLY

UNDERGROUND LINES — CHILLER

RETURN
L]

PUMPS CHILLED
WATER

Figure 3-17. Field Coolant Loop
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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 bj—'
pass built into the chiller will assure that a minimum temperature limit has been satisfied. Ex~
cept for the thermé.l loss in the gxtérnal field piping, the A’i‘ appearing across the input to the
chiller will be equal to that occurring across the collectbr field. The absolute temperature of
the system will depend partly on the increasing heat losses as the temperature increases and on
the equilibrium temperature conditions of thé chiller. | Section 4.2 presents the performaﬂc;é. ' h
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. o |

The thermal -loads from the array and the ciliﬂer are rejected to atmosphere through an
induced draft cooling tower., Dual pumps, 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. o

A heat exchanger is included in the array cooling circuit for use in heat transfer to the
cooling towef circuit whenever the chiller is not in use. The normal mode of operatibn will be

amay

SOLAR ARRAY

EXPANSION TANK

®

TO
AIR-CONDITIONING
LOADS

CHILLER

ANAAM—

COOLING
TOWER

4

~ i~
TIE-IN TO

EXISTING CHILLED

WATER LOOP _

- Figure 3-18. Hydraulic System Absorption Chiller Option
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to reject all heat through the chiller and realizebooling effect therefrom, even at peribds 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,

Table 3-8, Hydraulic Cooling System Equipment

Item Rating : Source Lead Time
Absorption Chiller 600 Tons York* 6 Months
' Carrier

Trane _
Cooling Tower 300 Tons of refrigeration A Marley* 5 Months
based on absorption Flour
service Goodfellow
Heat Exchanger , 120 £t2 surface E ‘Alfa~Laval* 5 Months
Array Circulation Pump 5 HP, 260 GPM Aurora* 4 Months
Condenser Pump 15 P, 1100 GPM - Aurora* 4 Months

*Basis for design

3.3.4 HEAT DELIVERY LOOP - DOMESTIC HOT WATER OPTION ,

The schematic for the domestic hot water option is shown on Figure 3-19, Solar array heat
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 heat exchanger domestic
water circuit assures that only wa_.ter at the proper temperature level is delivered to the storage
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 séhematic shows heat removal
by intoducing well water through the ekceés 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 cbmponent characteristics are covered below for the following electrical subsystems:
inverter system, utility intei'face, emergency power, control, instrumentation, and lightning A

prote ctién.
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Figure 3-19, Hydraulic System Domestic Hot Water Option

3.4.1 INVERTER SYSTEM

Besides the solar array, the DC/AC inverter system represgnts 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 volfage
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 ﬁax-power tracker
control voltage. The inverter is line-commutated 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 necessary profection 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 kVA rating for a given power rating can be minimized and the efficiency can

be maximized,
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Table 3-9. Inverter Syste'm‘ Physical Characteristics

Item

Size

Max Thermal
Dissipation, kW

Source

Inverter Equipment
DC Reactor
Induction Voltage Regulator

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

11'x3'x7.5'

48" x 48" x 14"

28" x 25" x 48"

17" x 5" x 25"

12" x 12" x 12"

3Hx 3"x 7"

15

7.5

GE Drive Systems,
Salem, Va.
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The predicted efficiency and power factor of the inverter systém as a function of load are
shown in Figure 3-21. The filter is sized to ensure a maximum harmonic distortion of less than

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

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

. system output power and, through dithering logic provided by the central computer, establishes
the solar array impedance that will yield maximum power. .The inverter is turned on whenever
the coolant temperature rise across the solar array exceeds approximately 3%F indicating that
the insolation level 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 log'ic rapidly converges on
the maximum power operating point. ‘
Summary Specifications

e Inverter System Rating: 350 kVA

e Input Voltage: 360 + 12%

e Output Voltage: 277/480 VAC, 4-wire

e AC output synchronized with utility power by line commutation techniques
e 95% efficiency at 300 kW
- 90% efficiency at 30 kW
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Detailed discussion of the inverter system component functions, coﬁlponent 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 Selections

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 dﬁves used
in many industrial applications. The inverter is a line-commutated unit in the voltage and power
range suitable for the Sea World PCAE., '

Rectifier-motor drives have been bﬁilt 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 or 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 ' o Estimated Price
1 - 300 kW Unit : S - $36,920
3 - 100 kW Units 55,1717
‘9 - 33 kW Units | | 91,996

Based on these cost estimates, the 300 kW unit was selected for the detailed systém 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- _ .

- ter 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,
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3.4.

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 operaﬁng. This regulation en-
.ables the inverter to operate at a margin angle of approximately 20 for all 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 capacitor, 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 and reduces the har-
monic current flow to the AC network to acceptable levels. The filter also contributes
capacitive VAR's required by the inverter and thus improves the power factor of the ‘inverter
system, ’

1.3 -Rating of Im"erter &rst_eni 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: :

I =300,000W _
DC 360 V 833 Amperes

The DC voltage of 360 volts may increase or decrease 12%. Thus, the maximum DC voltage
will 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
kw =—-—m—0-— = 336 kilowatts
Therefore, tﬁe,inverter must have a maximum power rating of 336 kW,
2. INVERTER TRANSFORMER

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

d d

¥See Appendix A for definition of terms.

Se
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The theoretical no load direct voltage U go Vs 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 RMS 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 mverter transformer should 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 saturatxon 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 BREAKER

The DC current output of the photovoltaic array is 833 Ampéres. 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 DCA current
to approximately 1% of the nominal value of 833 amperes.

5. VOLTAGE REGULATOR

The voltage regulator must compensate for a + 12% variation of the DC voltage from the
photovoltaic array and a + 3% variation of the 480 V AC system for a total of + 15% variation,
The kVA capability of the regulator was calculated to be 51 kVA, Induction voltage regula-
tors are available with standard voltage variations of + 10% and + 20%. Thus, the + 20%
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 with + 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, 11th and 13th. The ‘
high pass filter reaches a minimum impedance at the 9th harmonic, midway between the 7th _

- and 11th harmonics, Designing for minimum impedance at a lower frequency would increase
the size and cost of the filter components and also increase the filter losses. The filter as
designed is also more effective in minimizing telephone interference.
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3.4.1.4 Qperation 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 295 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% to 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 300 kW (100% load), the capacitive KVARS of the
high pass filter are not quite enough to meet the inverter requirements so the overa]l power
factor of the inverter system calculates to be 98% lagging.

At 150 kW (50% load), the capacitive KVARS of the HP filter are more than the requirement
of the inverter so the power factor calculates to be 97% leading.

At 20% load, the inverter becomes even more over-compensa.ted by the HP filter and the
power factor calculates to be 62% leading.

3. PROPOSED CONTROL MODE

Expla.natlon of the proposed control mode is expedited with the use of Figure 3~22 which
indicates assumed array overall characteristic curves. Eo the open circuit voltage, is
assumed to be a function of cell temperature. It is relatively constant with respect to
insolation as long as cell temperature is maintained.

pu

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 changes 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 controls the current during AC system voltage

disturbances.
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The 6 pulse converter operates in a voltage controlling automatic control loop as shown in
Figure 3-20, The reference voltage will 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 will maintain the
voltage E | (Figure 3-22 at the safe margin above E ). The voltage from the transducer is
compouncgd with current 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 will look after slow changes in AC system voltage or
slow changes in cell characteristics Eo as temperature changes. '

All rapid changes in operating point due to temperature, insolation or AC system voltage are
absorbed by the margin between E . and E . If this margin becomes zero, a temporary
inverter commutation failure and power inmterruption 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 con-

verter.
INVERTER VOLTAGE MARGIN: A, 15%

/Ed: MAXIMUM SAFE BACK Emf

ARRAY OPEN-
CIRCUIT VOLTAGE

SOLAR ARRAY [-V
«~" MAX. INSOLATION
CHARACTERISTIC

VOLTAGE

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 Corpofation. A circuit breaker is in-
stalled on the low voltage (PCAE) side of the transformer ahd 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 transfoﬁner are housed in locked cabinets
and are inaccessible to all but authorized utility personnel. This equipment will be provided at
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,

600 VOLTS, 600 AMPERES CONTINUOUS
THERMAL MAGNETIC TRIP, 35,000

AMPERES RMS 13KV
PCAE  SW INTERRUPTING CAPACITY OTiLrTY
T DISTRIBUTION
SAFETY :
SWITCH y

TO
INVERTER

&
480/277 VAC
LOADS

BIDIRECTIONAL
POWER TRANSDUCER
UTILITY INTERFACE

TRANSFORMER

S00KVA
13KVAC A TO
e 480/277 VAC WYE.
EQUIPMENT
BUILDING

Bt

'~ Figure 3-23, Utility Interface Diagram

3.4,3 EMERGENCY POWER SYSTEM (EPS). The EPS provides power to two critical loads. It

supplies continuous AC power (0.4 kW max), to the central computer ahd 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 is 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 System 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 batteyy is sized to providye approx- :
imately 5 kW for 30 minutes to the load. Recovery of the utility power automatically resets switches
S1 and S2. Several ‘alai'm and metering geatures are also provided as shown, Physical‘character-

istics are summarized on Table 3-10.

Table 3-10.. Emergency Power System Physical Characteristics

Thermal
Item Size Dissipation Source
Battery " 2.5 kWh -
9' x 13" x 31, : Solid State Controls, Inc.
400 1b
Inverter 30" x 30" x6', 100 w )
Equipment 250. 1b




Summary Specification
e Continuous supply of 120 VAC to 0.5 kW load

e Supply 120 VAC to 5 kW load for up to 30 minutes in response to utility outage of 1 to 2
_minutes or 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 solar array, This information is processed by turntable conditioning equip-
ment and communicated to and from positioning sensors, fine sm-trackiné devices, and tracking
motor drives,

Both the azimuth and élevation tracking system on the turntable are controlled by on-off duty
cycle operation of the tracking drives, Error 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 azvimuth 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 ig
‘ compared. ‘ |

A similar approach is used for coarse elevation tracking; ‘Additionally, fine sun Seﬁsors 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 error signal is then processed electronically and used to aci_;ivate
the elevation drive. The optical fiber sensors were sucéessfully tested in conjunction with the
5 x T-foot collector ségment 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 sunri'sé 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 are located at key locations of the turntable collectors that ini-

. tiate emergency defocussing should the solar cells teinperatures exceed the preset limit, -

Means are 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 computér also seﬁes the power inverter and instrumentation systems. For the in-
verter, the computer processes the data for maximum power tracker operation, and for the instru-
mentation system, it processes sensor outputs for delivery to the on-site data actjuisition system
(ODAS). Physical characteristics of the control |

hardware are summarized on Table 3-11. ' ’

FIBER OPTICS

Summa ry Specification l ’ CABLE

¢ Provide azimuth and elevation
tracking to required accuracies

e Provide means for other non-tracking
operational modes (e.g., return to
sunrise position, rapid elevation
motion for stowage)

0.25° RMS

0.1° RMS

e Sense solar cell overtemperatures
and initiate collector defocus

LIGHT PROFILES
REACHING SOLAR CELLS

° Prov_ide computer capability for in- : !
verter max power tracking operation |

and ODAS data processing,. Figure 3-26. Receiver Sun Sensor

Table 3-11, Controls Hardware Physical Characteristics

v Size Max
Major Items ches Thermal Sources
(In ) "~ Dissipation
Turntable Equipment Box 12x24 x24 100 W GE Space Division
Central Computer & Peripherals 60 x 30 x 72 500 W GE Space Division

3.4.5 INSTRUMENTATION. Temperature and electrical instrumentation will be distributed

on the turntable and at key points in the power conditioning and fluid cooling systems. One qf‘
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 Dai:a Acquisition System. This data-gathering system will collect and report both the solar
system performance and climatic data. Meteorological sensors will collect outside te.mperature,
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

sSensors.
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Specific sensor data requirements are 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 as 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 systeﬁs.
Approximately 76 channels of data are required for this project. The ODAS will also have a
capabilify to record an additional amount of unique data that General Electric might require for '_
additional system evaluation. All output data from the ODAS is accessed via either the RS-232
port or the telephone data access port.

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

CLASS 1
METEROLOGICAL
" STATION

RS-232.C
OUTPUT

TELEPHON
ACCE

-

porT ———]

SOATA
SS

ON-SITE DATA
ACQUISITION
SYSTEM

CASSETTE
TAPE

HARD COPY
OUTPUT

RS-232-C
OUTPUT PORT

SOFTWARE
o DIAGNOSTIC ROUTINE
o DATA REDUCTION
o TEST PROGRAMS

VISUAL
DISPLAY |

Figure 3-27. Block Diagram of ODAS

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.

to protect the experiment from upset or damage due to lightning, Lightning Technologies," Iﬁc. ',
was engaged to assess the magnitude of the potential lightning problems and to develop protective
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Table 3-12, Transducer Data Acquisit'ion Requirements (Imputs to ADAS)

Sampling

Unit of Recording Accuracy of Quantity Used
Parameter Measgure - Rate Interval Measurement with PCA System
Date Days f{rom 1 Min. . 10 Min. +1 Min, 1
Jan, 1 °
Time Local Standard 1 Min. 10 Min. +15 Sec. 1
Total Incident kW/m2 . 1 Min. 10 Min. +1.5% 1
Radiation
Direct Normal kW/m? 1 Min. 10 Min. +1, 5% 1
Radiation -
wind Speed m/s 5 Min. 30 Min. +1. 0% 1
Wind Direction Decrease from 5 Min, 30 Min. +3. 0% 1
North
Barometric Pressure mm Hg. 5 Min. 30 Min. 1
Ambient Air °c 5 Min. 30 Min. +2°F 1
Temperature
 Relative Humlidity % 10 Min, 1 Hr.. +5% 1
Reference Solar Cell Amperes 1 Min. 10 Min, 1% 1
Short Circuit Current . .
String Voltage vDC 1 Min. 10 Min. +0.5% 4
String Current Amperes 1 Min. 10 Min. +1% 1
Turntable Current Amperes 1 Min, 10 Min. +1% 9
Array Voltage vDC ,1 Min. 10 Min, +0. 5% 1
Utility Phase Voltage vDC 1 Min. 10 Min, +1% 3
Inverter Cutput Phase. vDC 1 Min. 10 Min. +1% 3
Phase Current
System Qutput Power: KW 1 Min, 10 Min. %1% 1
Inverter Output kW 1 Min. 10 Min. +1% 3
Power/Phase [
Condenser Pump Power w 1 Min, 10 Min. +1% 1
Array Pump Power ‘W -1 Min, 10 Min. +1% 1
Chiller Pump Power w 1 Min. 10 Min. +1%. 1
Control & Instrumenta- w 1 Min. 10 Min. +1% 1
tion .
Cooling Tower Fan w 1 Min. 10 Min. +1% 1
Power
Solar Cell Temperature ° 5 Min. 30 Min. +2°F 4.
String Fluid ° 5 Min. 30 Min. +2°F 4
Temperature ' ,
Turntable Inlet °F 5 Min. 30 Min. +2°F ]
Temperature
Turntable Temperature ° 5 Min. 30 Min, +*F "9
Cooling Tower Inlet ° 5 Min. 30 Min. +2°F 1
Temperature ’
Cooling Tower °F 5 Min. 30 Min. +2°F 1
Temperature
Chiller Inlet —F 5 Min. 30 Min. +2°F 1
Temperature _
Chiller Temperature ¢ ‘5 Min. 30 Min. +2°F 1
Heat Exchanger Inlet ° 5 Min. 30 Min. +2°F 1
Temperature
Heat Exchanger °F "5 Min. 30 Min. +2°F 1
Temperature
Turntable Fluid GPM 5 Min. 30 Min, +1. 07, 1
Flow Rate
Cooling Tower Flow GPM 5 Min, 30 Min, +19 1
Total Field Flow-Rate GPM 5 Min. 30 Min. o +1. 09 1
Chlllgr Outlet Flow GPM 5 Min. 30 Min. +19 1
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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 PV system were identi--
fied and protective measures developed during the design phase. -

Analyses showéd that about 26 lightning strikes will fall within a radius of 1 kilometer of the
PV site eacéh 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 surges are of sufficient
magnitude to damage the sensor and control electronics and, possibly, the PV receivers them-
selves,

A direct strike to one of the PV receiver turntables could cause extensive damagé to these
items, and it may also produce .welding or pittiﬁg within mechanical linkages and bearings, that
would mechanically disrupt the system operation. The analyéis shows, however, that a direct
strike can be expected to fall within the plant site only once every six years, The greatest need
is to prdtect 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
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system cabling by the magnetic fields and earth voltaggs; 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 rémaining 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

Conduits

b Q 2 @ g
cables / LR \:i

t.- LA
. ] q Y .
a . ts i

and Power o
Cables -

LGR
Cables

Ground
1l Rods
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The Sea World experiment offers an excellent opportunity to evaluate the ]ight‘ning tolerance
of solar cells and acquire the data necessary to assure the design of adequate lightning protec-
tion fdr 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 copstructed) to de-
termine its tolerance le\;el. ,

Because of their necessarily exposed locations, solar PV power plants will neériy aiways 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 optimize and validate protective
measures for use in future systems; some of whiph will be larger, more widespread gnd 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.

3.5 FIELD SYSTEM

Field systems encom;;ass the areas of site preparation, plant layout, electrical i;itercon-
nections between the major plant installation (turntables, control building, field-mounted hydrau-
lic equipment), hydraulic interconnections between major plant installations, aﬁd 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 are
laid out symmetrically resulting in minimum distances 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 reinfo_rced concrete wall footing and a 5" monelithic concrete floor slab.
The soil under the building will be compacted to 95% of modified proctof 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 eqmpment (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 inpuf of the 1:nverter. 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 *he 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 and UPS) interconnecting cabling will be
routed in overhead cable trays. | |

Office areas will be fully air conditioned while the equipment areas w111 only be heated and
ventilated.
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SECTION 4
SYSTEM AND DESIGN ANALYSIS

4.1 INTRODUCTION

This section presents system performance and eéonomicl,analyse‘s., Simulation models for

solar cells, system optics, thermal characteristics, hydraulics, and power conditioning are de-

scribed. Performance predictions are presented for the two principal heat removal options:

(1) use of the hot water produced by solar cell coBling 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 air 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 as well as annual

performance studies is based on the product of the following factors:

2
e Solar direct normal insolation level (W/m")

e Geometric concentration ratio (33, 4X)

e Surface reflectivity (p = 0. 80)

e Receiver intercept factor (y = 0. 97)

e Optical enhancement factor of the cell cover material compared to a bare cell (7, = 1. 04)

e Effective absorptivity of the bare cell (g = 0- 82)

The geometric concentration ratio is simply defined as 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 are 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 are based on analytical estimates. The overall

optical efficiency of the concentrator. is representéd by the product of the reflectivity and the
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Figure 4-1. Collector Geometry

intercept and enhancement factors. Actual measurements with prototype hardware show an ovér—
all optical efficie'nqy 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 are 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 asa
function of the width of the cell with RMS slope error and surface specularity of the reflector as
a composite parameter, In éddition, the sensitivit& of the energy fraction interceptéd by the cell
mutual half angle, o, 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 error of 1/ 8° and a 4 milliradian reflective specularity. The optimum cell configuration
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 associatéd with the improvement in output ‘when optically
matched cover windows are 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 fo‘r
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 (1-.15) + (1-.18) which
equals 1, 04. An anti-reflection coating on the exterior surfacé 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,.
4.2.1.1,2 Solar Ar;ay Electrical Model ‘

The synthesis of solar array electrical characteristics is based on the performance evaluation
of Spectrolab's 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 as a function of concentration and temperature, Figure 4-5 shows the normal-
ized conversion efficiency as a function of normalized concentration ratio which is defined as the
actual intensity incident on the cell divided by'the design intensity., To account for a cell operating
temperature (Tc) which differs from thel standard 28|°C feference condition, the efficiency was
adjusted by factor [1- B (Tc - 28) ] where 3 is the efficiency temperature coefficient. Figure 4-6
shows the 8 characteristics versus normalized concentration ratio (Reference 1).

The radiation flux that reaches the solar cell was calculated using the following collector array

design parameters:

e Geometric Concentration Ratio 33.4

° Speéular Reflectance of Concentrator 0. 80
e Intercept Factor on Ce‘ll Active Area 0. 97
¢ Glass Cover Optical Eﬁhancement Factor 1.04

Combining these design parameters with cell efficiency and tempei'ature coefficient, the max-

imum power output can be expressed as:

PWR - (kW/m?) = x (33.4) * (0.80) * (0.97) * (1.04) * (n/n ) * |1-B(T, -28)|
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where
IDN = Direct Normal solar isolation kW/m2
np= Cell efficiency at design solar intehsity

np= Cell efficiency at instaneous solar intehsity

For a total active solar cell érea of 111, 974 m2 and a cell e‘fficiency (nD)-of 0. 16 at the design
concentration ratio (CD) of 20 (or 20 kW/m2 intensity), Figure 4-7 shows the maximum power out-
put characteristics of the solar array as function of cell temperature and direct normal solar in-
solation, A

The array maximum power output is further reduced by the inefficiency of the inverter in
transforming DC to AC power, and by the 12R 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
at 300 kW. The IZR 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 open-circuit vbltage as shown
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in Figure 4-9. The open-circuit voltage can be expressed empirically as a function of cell tem-

perature (Tc) and normalized concentration ratio (C/ CD) as:

= * * ' - *
YOC (0. 000243 Tc + 0. 0467) LOGIO (C/CD) +0.7336-0. 0017117 T¢

Figure 4-10 presents the sensitivity of array maximum power output voltage to cell temper-
ature and solar insolation, '
4.2.1.1.3 Solar Arbray Thermal Model

The thermal model created to approximate the heat transfer from the solar cells to the water
coolant is based on incremental energy balances at each cell algng 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 temperature, and mean wind
speed. Outputs are expressed in terms of cell temperatures, fluid outlet temperature, and spe-
cific intermediate material temperatues. Parametric suﬁxmaries of thermal energy, electrical
energy, and parasitic pump power were _genérated from this model for use in the annual model
which utilized the SOLMET '67 Miami weather tape to pred_ict 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 the solar cell receiver thermal
model. Radiatibn and convective losses occur along the celllfaces tqgether 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/m°C Bond conductivity
TB =5.09x10°m . Bond thickness
KI =0, 036 w/mOC . Insulation conductivity
TI =0.019m . C Insulation thickness
KS =180 w/m°C : Substrate cdnductivity
TAL=0,0138 m | Substrate (aluminum) thicknéss
KEI = 0. 210 w/moC Electrical insulation conductivity
TEI=1.271 x 10 °m Electrical insulation thickness
CW=0.035m Cell width R
CL =0.040 m Cell length
SW = 0,051 m © Substrate width
A AFC=0.857 Active area correction factor of cell (applies to CW)
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Figure 4-11., Thermal Energy Balance Model for Sea World Receiver

Heat transfer into the fluid (water) is determined by calculating the Reynold's numbe;', and
from its magnitude, determining the flow regime and appropriate Nusselt number at the bulk fluid
temperature of the increment. Fig'dre 4-12 shows the predicted temperatue thermal drops rise
distribution at one station along‘ the receiver as a function of solar insolation level for a flow of
160 GPM, |

At a direct normal insolation of 1 kW/mz, the plot predicts a cell-to-aluminum substrate
temperature drop of 5°F, an aluminum-to-copper tube temperature .drop of about 10°'F, and a
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

4.2.1,2.1 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 at Sea World, Figure 4-13 shows the simplifiéd schematic diagram of the system. To

minimize pumping losses, the system is designed for low and high flow rates in both primary solar

4-10



~ 260 GPM FLOW RATE

SOLARCELL

CELL BOND

ALUMINUM

INSULATION

FLUID-TO-CELL TEMPERATURE RISE (°F)

1 J L 1. 1 1 vl 1

COPPER TUBE

CONVECTIVE
FILM COEFF.

0.0 0.1 0.2 03 04 0.5 0.6 0.7 0.8
DIRECT NORMAL INSOLATION kW/M2

08

1.0

Figure 4-12, Fluid-Cell AT Versus Solar Insolation Level

SOLAR ARRAY

DOMESTIC HOT WATER

HEAT EXCHANGER
AN \AN\NANA

> =)

EXPANSION TANK

COOLING TOWER.
HEAT DU

THERMAL
STORAGE

e HOT WATER TO
’ HOTEL LOADS

COLD WATER MARELP

Figure 4-13. Domestic Hot Water System Schematic Diagram



array loop and the secondary heat delivery loop. As 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
loop) is used until an array coolant temperature rise 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 temperaturé rise up to 37°F, corréspohding to a direct
normal insolatiori of 1 kW/mz. The system reverts to the loW rate when the solar array temper-
ature rise drops to 100F.

To maintain the desired hot water temperature inlet to the thermal storage tank, a three-
way modulating valve is utilized in the storage loop. As the heat exchanger outlet fluid temper-
ature begins to decrease or inc;ease due to a change in the collector fluid temperature, the valve
will divert more or less return fluid to the heat'exchangér, rﬁixing 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 aﬁ effectiveness of 0. 79 at high fluid flow and
0. 94 at low flow. .

The collector fluid absolute témperature level is allowed to swing according to the solar in-
éolatioh level and thermal energy demand on the system u-n;il a preset upper limit is reached. A
three-way valve, éensing 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 tower was sized with the
capacity to cool 340 gpm of water from 165°F fo 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 75°F 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 ch-ilied water cooling by dx_'ix;—
ing an absorption chiller at elevated temperature'. Figure 4-16 shows a simplified échematic
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 ﬂdw rate,, only one collector fluid pump
(260 gpm, 3 BHP) is utilized in the system. In order to réach 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 4-16. Absorption Chiller System Schmeatic Diagram

drop across the generator must equal the temperature rise across the collector field. Thus, the
absolute fluid temperature is alloWed to vary until equilibrium is reacﬁed. The absolute temper-
ature level of the fluid will be determined by the épecific design of the chiller chosen and solar
insolation level. A |
I To predict the overall performance of the system, a York ES7D2 absorptioh -ch,iller was

" modeled in the simulation. The performance characteristics of the chiller are 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

e Evaporator - 2 pass, 1500 gpm, 519F water out

e Condenser - 2 pass, 1500 gpm, 85°F water in

For a given instantaneous insolation le\}el, the fluid temperature rise across the collector
field can be determined from Figure 4-19 which is the -resui-t of a pavrametric analysis using the

array thermal model as delineated in Section 4.2,1,1,3. Given the fluid temperature rise, the
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‘absorption chiller performance can be i)redicted 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 approxixﬁating conditions at Orlando, FL, The tape was obtained from the National Cli-
matic Center with 1967 weather data chosen from the 23 available years as 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 tab}e indicates that the 1967 SOLMET insolation values are
lower by 3. 3 percent compared with the TMY data.
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Table 4-1. Monthly Direct Normal Insolafion; for
1967 SOLMET and TMY Miami Location

Direct Normal Insolation (kWh/m?2)
Month 1967 SOLMET TMY
Jan. . . 84.7 112. 3
Feb., . 1141 122.1
Mar, ) 140.7 1407
Apr, 139, 2 150. 6
May 155, 3 113.6
June 89,4 95.7
- July 111. 8 106. 2
Aug, . . 88.8 ' 116. 3
Sept. o | 95. 8 93. 8
" Oct. 106.:3 ‘ 119.3
Nov. ‘ 114.5 : 129, 2
Dec. ' , 134. 8 121. 2 \
Annual Total 1375. 5 1421.1

4.2.2.1 Domestic Hot Water (DHW) System

Using the domestic hot water load profile in Figure 4-15 as input, the overall sytem per-
formance was evaluated parametrically for various domestic hot water supply temperatures and
thermal storage sizes., Figure 4-20 shows the sensitivity of system performance to domestic
“hot water supply temperature. As the hot water temperature decreases, the gross electrical
output increases due to lower fluid teinperature, and conseqtiently lower cell temperature and
fligher cell conversion efficienc-y.- However, the gain in electrical output is more than offset by
the increase in parasitic power requii‘ed to dissipé.te the excess thermal energy. The cooling
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 aé more auxiliary heat is needed
- to bring the water up to its useful temperatufe of 140°F,

" Figure 4-21 shows the system performance tradeoff with varying thermal storage sizes for
140°F hot water supply temperature. As the storége volume increases, more useful thermal

energy is available to meet the nighttime domestic hot water demand, while less excessive heat

4-17




DHW AUX @ 140°F:

ELECTRICAL OUTPUT = 487.6 MWH
1.4 - THERMAL USEFUL THERMAL = 836 MWH
DUMPED ~ THERMAL DUMP =1366 MWH
DHW AUX = 881  MWH
b PUMP POWER = 33.4 MWH
1.2 |-
PUMP POWER.

S
—
——

1.0 |- ELECTRICAL OUTPUT

FRACTION

USEFUL THERMAL

] J ! ] [ 1
100 110 120 130 140 150
STORAGE VOLUME (GAL.)

Figure 4-20. Sensitivity of System Performance to Domestic Hot Water Temperature

1.5 — ELECTRICAL OUTPUT = 387.6 MWH
: THERMAL USEFUL = 836 MWH
THERMAL DUMP = 1366 MWH
1.u|L  DHW AUX, = 881  MWH
PUMP POWER = 33.8 MWH
T = 180°F :
sup USEFUL THERMAL

ELECTRICAL

PUMP POWER

\\ : R
0.8 \\\ THERMAL DUMPED

\ouw AUXILIARY : : _

FRACTION
°
o
T

0.6 \\
0.5 .
. 0.4
0.3t
{ 1 1 1
3000 8000 12000

STORAGE VOLUME (GAL.)

Figure 4-21, Seﬂsitivity of System Performance to Storage Volume

4-18



dump band the associated parasitic power are required. Figure 4-22 shows the monthly electri-
cal and thermal output profiles for the 140°F DHW case.

' The system output voltage é.nd maximum power point characteristics are shown in Figqres
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 + 15 percent of 360 VDC, thus'establish‘ing the oper-
ating requirement of the inverter. Figure 4-24 bresents the maximum power output duration
plot. .

4,2,2.2 Absorption Chiller éooligg System

The actively cooled concentrating PV system utilizing a 617-ton York absorption chiller was
analyzed to predict the overall electrical and thermal performance characteristics. 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-
afure (51°F) requirement at the Sea World‘ complex, an average thermal COP of 0, 817 was 4
achieved. The gross electrical energy output at 460 MWH is 6 percent less than the output from
the 140°F domestic hot wat-er system as thé 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 150°F and 220")F most of the time well within acceptable
cell assembly oPeratiﬁg 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 105 mWh
which equals approximately 24% of the gross eléctrical-output, as compared to 33. 4 mWh for the
hot water system. However, the decrease is net electrical output gain is offset by fuil utilization |
of the thermal by-product for cooling.

Figure 4-27 shows that the system operatmg 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 economiq 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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Table 4-2. Parasitic Power Requirements Comparison

- Absorption System (BHP) Hot Water System (BHP)
Collector Pump 3 , 6
Storage Pump . - : 6
Cooling Tower Fan - 20/6 ' 20/6
(2-Speed) _
Condenser Pumps  20/20 ‘ -
Absorption  Unit Pumps 6. 83 ' -

higher margin of benefits over costs. The ';-)rincipal factors contributing to this result are the
greater utilization by the chiller of the solar array thermal energy, and the high expense of

transporting the domestic hot water to its point of use at the planned hotel complex,
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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/Therrhal Benefits

Useful Energy _
Supply | Net PV | Thermal | Displaced Levelized Annual Benefits
System Temperature | Output Output by : Constant 1975 §'s
Approach (©F) (mWh) (mWh) Thermal PV | Thermal*| Total
Natural
_ Gas:
Domestic 100 465 386 22,000 $17,700 | ¢ 3,600 | 421,300
' Therms .
Hot | 120 | 465 614 35, 000 17,700°| ~~-5,:800 | 23,500
- Therms . }
Water 140 454 836 47,600 17,300 7,800 25,100
' ' Therms B
Electrici-
ty:
Absorp- 160 355 1661 290 mWh | 413,480 | $19, 300 432,780
tion ~to
Chiller | 200

*Includes Allowance for 60% burner efficiency

The PV benefits are based on a monthly demand c‘harge of $1. 85/kW and an energy charge
of 2. 47 ¢/kWh (both in 1975 $'s) using data from the Florida Power Corporation for large com-
mercial users. The thermal benefits are based on a natural gas rate of $. 107/therm (1975 §'s)
using data fro;n the Florida Gas Company, also-for large c;)mmercia;l users, The levelized an-
nual benefits shown in Table 4-3 are 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
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
with a 244 kW power capacity requirement, Therefore, the levelized annual energy savings of
- the vapor compressor is obiained as foilows using the electric rates cited‘éarlier':

Levelized Annual Savings

Due to Thermal Output =[12x1.85 x 244 + . 0247 x 290,000 ] x 1,537 = $19, 300
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Table 4-4. Economic Analysis Factors

System Operating Lifetime, N | 20 years
Annual "other taxes'' as a fraction of :

| Capital Investment, 8, . 0.02

‘ Annual Insurance Premiums as a »
Fraction of Capital Investment, 8, 0.0025
Effective Income Tax Rate,v 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, ry 0.10
Annual Rate of Return on Common Stock, o 0.12
Annual Rate of Return on Preferred Stock, ry 0.10
Rate of General Inflation, g 0.07
Escalation Rate for Capital Costs 0.07
Escélati'on Rate for Operating Costs 0.07
Escalation Rate for Maintenance Costs 0.07
Escalation Rate for Electricity/ Fuel Costsy f 0.10
Base Yéar for Constant Dollars 1975
First Year of Commercial Operation ' 1980

The annual useful energy output of the PV system is reduced to 3-55“mWh 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

$13,480

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 w111 have the larger positive difference between benefits and costs.

The comparison can be expressed as follows:

Comparison = (LABl - LACl) - (LAB2 - LACZ)

where the subscripts 1 and 2 refer to the chiller and hot water approaches, respectively. If the
comparison is positive, then system 1 is preferred and vice versa. This equation can be rear-

ranged as follows:

Comparison = (LAB - LABZ) - (LAC, - LACZ) ‘ Eq (1)

1 1
This form is convenient since only differences in equipment costs and benefits need be considered
rather than treating total costs and benefits.

The levelized annﬁal 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 40,000 (2500 feet at § 16/1t)
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
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The levelized benefits and costs for the two systems are summarized in Table 4-5,

Table 4-5. LAB and LAC for Two Systems

. Domestic Hot Water
Chiller System System (1400F Case)

LAB $32,780 $25,100
LAC | $ 9,150 $ 6,190

Applying these values to Equation (1) gives:
Comparison = (32,780 - 25,100) - ‘(9150 -6190) = +$4720

By the sign convention of Equation 1, this éhows the chiller system to be the more attractive

approach.
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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
e Solar cell receiver fabrication
e Receiver thermal impedance tests
® Reflective surface evaluation
e 30-Foot prototype collector
e 5-Foot collector segment fabrication and performance test
The significant results of these projects are described below.
5.2 SOLAR CELLS

A group of 100 concentrator-type silicon solar cells were purchased from Optical Coating

Lab, Inc., (OCLI) 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
(0.25 cm each), the active cell width is 3 cm providing an active area of 12 cmz. A sampling of
11 of the 100 cells were tested under GE'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
concentration ratio. Limitations of the flash illuminator measurement circuitry prevented tests
at higher 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 evaluaﬁon 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.
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3.5 x 4 cm Concentrator-type Silicon Solar Cell

Figure 5-1.
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Figure 5-2.
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Table 5-1. Concentrator Cell Test Data
(Cell Temperature: 28°C)

GE

GE '
) 1 Sun . Concentration
Cell Efficiency : ‘ :
Serial | Igc Voe Vmp Pmax at 1 Ie Voc Vmp Fmax . | Efficiency
No. (MA) | (Volts)} (Volts)| (MW) sun (%) (Amp) { (Volts)| (Volts) (Watts) CR at CR (%)
032 396 0.540 0.46 167 + 13.9 5.35 { 0.605 0.51 2.55 13.5 15.7
042 400 0.539 0.46 165 13.8 5.40 | 0.604 0.50 2.55 13.5 15.7
044 401 0.552 0.46 174 14.5 5.73 0.618 0.53 2.86 | 14.3 16.7
086 | 385 | 0.548 | 0.47 165 13.8 5.20 | 0.612 | 0.51 2.56 | 13.5 15. 8
008 | 390 |o.550 | 0.46 | 169 14.1 5.32 | 0.614 | 0.53 2.64 | 13.6 16.2
083 394 0.550 0.47 169 14.1 5.35 0.615 | 0.52 2.65 13.6 16.2
005 396 0.547 0.46 170 14:2 5. 37 0.610 0.52 2.65 13.6 | '16.2
018 | 393 | 0.550 | 0.47 169 14.1 5.37 | 0.613 | 0.53 2.68 | 13.6 16.4
012 400 0.537 0.46 167 13.9 5.38 | 0.601 0.50 2.55 13.5 15.7
098 384 0.54v9 0.45- 161 13.4 5.31 0.603 0.51 2.55 13.8 15.4
017 385 0.536 0.45 158 13.2 5.20 0.600 | 0.51 2.45 13.5 15.1

Average Efficiency = 15.9




Tests were conducted for a range. of concentrations from 1 to 75 suns and for cell tempera-
tures of 28°C, 40°C, and 60°C. Figure 5-3 shows a typical result of efficiency versus concen-
tration for a 28°C cell temperature. The test results produced with GE's flash illuminator for
Cell No. 17 are included on the plot indicating excellent correlation with the results 6btained 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 + 15V. 1 to make it more indicatifre of
average cell performance. The summary plots shown on Figure 5-4, 5-5, and 5-6 include this
adjustment. The 28°C plot on Figure 5-4 indicates a peak efficiency of 16 percent at 20 suns.
This value verifies the lé percent nominal efficiency selected for the performance simulation
analysis described in Section 4.

5.3 SOLAR CELL RECEIVER FABRICATION

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 are re-
ported later in Paré.graph 5.17.

Concentrator solar cells from the group qf 100 described earlier were used in the prototype
receiver. Two strings of 36 cells each were first assembled by joining the cells with preformed
copper interconnection strips along the two edge contacts of each cell. As shown on Figure 5-7,
the interconnéction strips are formed with extended tabs to achieve maximum flexibility for -
accominodating differential expansions. The tabs are then folded with respect to the main con-
ductor .strip to keep the éverall'solar cell receiver as narrow as possible thereby minimizing
blockage of the concentrator aperture. Since‘the cell—to.-cell interconnections are 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 as 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, it is anticipated that this appx;oach would result in higher ohmic losses. )

Following their mtercomection, the strings were bonded to each extruded aluminum receiver
half with GE silfcone adhesive RTV-511. Anodization of the aluminum surface insured that ade-
quate electrical insulation was provided. A single glass -strip over the 5—footl receiver length was
secured by glazing strips and the gap between the cells and glass backfilléd with clear silicoﬁ |

rubber RTV-650 using a combined pressure—vaéuum technique. Appropriate electrical terminations
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were then made at each receiver 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).
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Figure 5-8. Receiver Details

Adhesion of the glass-to-cell bond is important for the best optical performance as
illustrated by the 1-sun I-V measurements shown on Figure 5-9 which were taken
at the several stages of assembly indicated. Without the bond 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. Delamination, which occurred over a few cells, is
equivalent to having no bond in terms of its effect on decreasing the output.

Extrusion dimensional control is important for effective heat transfer. Slight
irregularities existed at both the solar cell bonding surface and the mating surface
with the coolant tube through the electrical insulating tape. Cleanup machining may
be necessary to maximize heat transfer.

INSOLATION: 1 kW/m?
TEMPERATURE: 25°C

WITH GLASS & INTERMEDIATE BOND
//: BARE CELLS

7
00 %- WITH GLASS, NO INTERMEDIATE BOND
¥ L

200 -

CURRENT, MILLIAMPERES

VOLTS

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 pertained to the thermal impedance at
the clamping interface with thé copper coolant tube. As 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 20°F might be expected at an insola-
tion of 1 kW/m.2 . The data shows that si]iconé 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 applied
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.

5-9
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Figure 5-10. Solar Cell Receiver Thermal Impedance Test
5.5 REFLECTIVE MATERIAL EVALUATION

A number of reflective surface materials were obtained and tests 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 as a silicone hard coat developed by GE's 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 to the framework permitting easy replacement or refurbishment.
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5.6 30-FOOT PROTOTYPE COLLECTOR

A prbtotype collector unit was completed as part of the Phase I activities. Figure 5-12
shows the unit in various stages 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 a‘nd side rails although 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 II. The reflector skin cconsists of
six 4 x 10-foot steel sheets (25-mil thickness) laminated with 4-mil aluminized polyester film.
The unit is essentially self-fixturing 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 spanning 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 negative lift of 90 mph winds with the collector stowed in a horizontal position.
A qualitative check of torsional stiffness by suspending weights on diametrically opposite
corners indicated extremely small angular deflections. These preliminary tests indicate
that winds of high velocity and shear will have little effect 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 reflector representing a segment in all
respects, of the collector described above. The test results showed an optical efficiency of
74 percent. Since the full collector achieves the necessary interception of the solar energy
along the solar cell receivers, this level of optical efficiency can be confidently predicted

for the full unit.
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Figure 5-12. Prototype Collector
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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 production 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-coated fiberglass tape introduced to provide electrical insulation.

The collector was mounted 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°F to 180°F and at flow rates up to 3 gpm. RTD's
(resistance thermometers accurate to 1/ 1OOF) measured the inlet and outlet temperatures.
Together with flow measurements, these were used to determine thermal efficiency. Each

series string of solar cells (one on each side of the receiver) was connected to a variable
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Collector Segment

Figure 5-14.
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e FLOW: 3.1 GPM
© APERTURE AREA (PER RECEIVER HALF): 1.491 m?
TEMPERATURE, °C
PREDICTED WIND
INSOLATION | PV OUTPUT PV PV FLUID | FLUID ALUM. SPEED, | THERMAL
TESTNO. | TIME kW/m?2 WATTS EFFICIENCY | EFFICIENCY® | AMBIENT | IN OUT | SUBSTRATE | CELL KPH | EFFICIENCY
1 ‘%79 846 104 8.24% 8.87% -10 469 474 63 89 35 16.2%
2 ‘%79 738 89 8.09% 8.54% -9 643 | 652 72 102 18 33%
3 ‘%79 825 88 7.13% 1.64% -4 809 | 820 91 125 4 37%
*BASED ON TEST INSOLATION AND CELL TEMPERATURE INPUTS TO FIGURE 2-10.
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electronic load. As the electronic load was varjed, 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 ﬂlé 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 (b)v normalizes the I-V plots to an
isolationof 1 kW/m2 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 as a function of open circuit voltage (V oc)
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 at the iﬁitially 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
. [}

R

then determined using the open-circuit voltages

and insolation data shown on Figure 5-15. af INSOLATION

1.0 KW/m?
0.8
0.6
04

Review of the data of Figures 5-9: and 5-15

leads to the following observations:

1, For the cell temperatures reached,
the comparison of measured and
predicted efficiency on Figure 5-16
shows an average relative differ-
ence of about 6.4 percent. The
difference is mainly due to the
partial delamination of the trans- v T T
parent silicone rubber. As illus- CELL TEMPERATURE, °C
trated earlier on Figure 5-9 delam- '
ination can account for a difference
as high as 9 percent.

O'PEN-Q:IRCU'T VOLTAGE, v,

Figure 5-16. Correlation of Solar Cell
Temperature with Open-Circuit Voltage

5-17




2. Averaging the test results shows that cell temperatures are 30°C hotter than the
aluminum substrate temperature at an insolation of 0. 80 kW/m"~. This compares
with a design AT of about 2.5°C for that insolation. The higher than normal AT
acounts for an 11 percent loss of output. A variable bond thickness is suspected
as the source of the high AT 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 as 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 as determined by
comparing the short-circuit current ratio of the concentration and non-concentration
tests, at identical insolation levels, with the geometrical concentration ratio. In-
cluded in this efficiency are 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 is 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 11°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 as 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 pércent penalty associated
with reduced photon efficiency due to bond delamination in the so]Ar cell receiver; (2) a 6.6
p.ercent penalty associated with higher than normal cell temperatures. This value was devel-
oped by considering that the average insolation is about 0.5 kW/ m2 and therefore temperature
drops are smaller in comparison with the higher valu'es"méajsured in the tests_rgpdrted in

Section 5. 7.
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For comparison purposes, Figure 5-17 includes the performance prediction considering
an array outlet coolant temperature of 1000F.
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
|

As a result of the varioué 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 are discussed
below:
6.1 PLANNING IMPACT

Presently, the State of Florida is highly dependent 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 consciousnesé, Sea Woled chose to participate in the PVCAE program with the hope

that this particular experiment would be designed as 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. Incorporation of this project into the Master Plan has caused
Sea World to modify previously prbgrammed land-uses and area allocations. This, in furn, has
had an ixﬁpact on land takedown schedules and the subséquent allocation of land costs to capital
projects. ' o L R

This project has also required re-opening of dialogues with local jurisdictional agencies. Sea
World's land holdings are contained within an approved Planned Unit Development (P.U.D.). All
proposed land-uses within this P. U, D. have been well defined since 1973. Substantial chﬁnges
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 iﬂitial submittal to the County, Sea World assumed that the experimental and environmental
nature of this project would allow its deve10pmeﬁt 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 éite has been tentatively approved by the County and the process for final approval will be

initiated during Phase II of the project,
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6.2 OPERATIONAL IMPACT

If selected for construction and testing phases, the project will also have a significant im-
pact on operations and maintenanée programs as they presently exist at 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 contrblled 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 are 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 normal 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 publié 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
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site for the PV facility. In this same year, 2.4 million people visited the Sea'World Theme
Park. “

Sea World's 1978 attendanbe is running 20% above 1977 and 10% above projection for 1978,
Indications are 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 viéitors, all of whom will get some
exposure to the planned PV 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 goéls and objectives of DOE relative to the experiment can be exposed in
a window to Ameri‘ca ffom 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 .

The inverter system proposed for the Sea World
Photovoltaic Concentrator Application Experiment is
a 6-pulse, line-commutated unit. This inverter
system has been successfully applied for many years
in steel-rolling mills to drive and control DC motors. -
The accumulated experience predates "the invention of
silicon-controlled rectifiers.

The discussion of the theory of inverter operation
begins with a description of rectifier operation because
it is easier to visualize the operation of a re¢tifier.

When a bridge unit is suitable for either rectifier
or inverter operation, it is usuélly called a converter
unit. The converter terminology is used in the follow-
ing discussion, but the Sea World bridge will be an
inverter only; it will not be suitable for rectifier

operation.

Voltages are designated by the symbol U in the
following discussion because this is the generally ‘
accevted international symbol for voltage.



Figure:

1

CONVERTER UNIT

Converter unit is an operative unit comprised of

converter bridge, 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 péwer Silicon Control Rectifiers (thyristors).

The name thyristor defines any semiconductor switch
whoseé bi-stable action depends on p-n-p-n regenerative
feedback. The Silicon Controlled Rectifier (SCRS is
by far the best known of all thyristor devices.
Because it is a unidirectional device - current flows
from anode to cathode only - and haslthree terminals

(anode, cathode and control gate), the SCR is

s

. classified as a reverse blocking triode thyristor.

Converter transformers are the link between the AC
power system and the HVDC valve. They are specifiéally
designed to withstand the insulation requirements
of DC application and to step up or down the AC system
voltage to apptopriate levels for optimum valve deéign.
During operation the associated induction voltage
regulator adjusts the valve voltage according to

loading.
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Pigure: 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 éet of switches (1,3 and 5) is connected to
the +C output terminal and furnishes a voltage U,_,
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_, ., below the
reference line (broken curve). Thus a load connected

- between C-A is supplied with the sum of two voltages.

Since the two gfoups of switches 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 transfofmer.-
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Figure: 3

IDEALIZED RECTIFIER

The functions of the "intelligent” 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.

voltagé
anode (+) - 'f\\\l (=) cathode

——»

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) éulse 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 valve to the consecutive phase  and

- valve. If all gates were maintained positive,‘

the current at any given moment would flow through

v

the anode with the highest positive potential.

A-6



Figure: 3 IDEALIZED RECTIFIER (cont'd)

Beginning at time X in the _figure it is seen that
phase a, which is cpnnected to valves irand 4 is
positife, phase b is zero and pﬁase € is negative but
equal to'phase a in magnitude. The anode of valve 1
is therefore at the highest potentiaiﬂamong the common
‘cathode connecﬁed &alves and so phase a feeds current
through valve 1 to the DC load éircuit. At'the’same
time, valve 2 of the common‘anode.conneéted valves
haé'thé higheSt positive anode to cathode potential

 acr6ss it bécause its cathode isvat the §reatesg
negati@e poténtial. Therefore,Athe current from the
DC load returns thrbugh valve 2, thus completing the

circuit.

'As we advénce aiong the.time scale, the potengial of
phase a decreases while the potential of phase b'in-
creaées. At time Y, the rising &oltage of phase b,
which ié‘connected to valves 3 and'é becomes more
‘positive than the decreasing voltage of phase a.
_Therefore, the current transfers instantaneously from
valve 1 to valve 3. At the same time, valve 2 continues
to conduct since its anode continuéé to be at the
higﬁest potential relative to its cathode compared to

valves 4 and 6.




Figure: 3 IDEALIZED RECTIFIER (cont'd)

Advancing still further along the time scale,
wé reach time Z where the increééing negative
potential of}valve 4 becomes greater than the de-
éreasing negative potential of‘valve 2. At this
point the positive»anode to céthode voltage of
valve 4 becomes greater than the anode to cathode
voltage of v;lve 2 and the current transfers from
valve 2 to valve 4.» The current continuous to
flow tﬁrough'valve 3 of the common cathode connected
valves. In this manner the phases a,bland c of the
AC system feed power in cyclic fashion to the DC

system.

The result of this behavior is to generate.é DC
voltage with ripplé having the wave shape indicated
by the heavy liné labeled U._. '

The DC voltage across the rectifier DC terminals

~ is defined as positive when the cathode terminal is
more positive than the ancde terminal. This is the
~case for the rectifier which can be considered as a

generator. For the inverter, the cathode will be

more negative than the anode.



l4
_ 3 4 5
Ug-o .
Y m
OE Ny o -Ob Udo
RAY; ey c
Ic i . _
-Z 4 ?6 2 -A
|
- ] CYCLE . u ‘ '
. . C-A
/\ /\/A N T T T
/\/\/\m VN T
TS e plt—— | ——pt—— e ——— S5 ——p e | > < 33—
' ' Uds

x INDICATES EQUAL MAGNITUDES

- FIGURE 3
IDEALIZED RECTIFIER
VOLTAGE WAVES

et e s e s e




Figure:

4

IDEALIZED RECTIFIER - CURRENTS

In the idealized case" the conduction period of
each valve is 1/3 of a cycle or 120° electrical on
a 60 Hz basis. A new valve is bein§ switched in
every 60° electrical which is 1/6 of a cycle."

Thus in one cycle there are 6 switchings which give

6 pulses; hence the name "6 pulse converter".

Un is defined as the crest value of the DC voltage
at no load and zero phase control. It is equal to
the crest value of the phase to phase voltage of the

AC transformer valve winding.

Ugo is the average value of the ideal no load DC
voltage when there is zero phase control. All other
voltage quantities are preferably expressed in terms

of Udo'

A-10
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NO LOAD VOLTAGE

The direct voltage of a rectifier connection with
zero phase control and no internal voltage drop is
clearly defined by the alternating voltages and is
therefore selected for a general voltage reference.
A formula for computing this fundamental value will

be derived.

)

_in a rectifier connection the DC circuit is
periodically "switched around" among pdints of
alternating pdtential. With open output there is no
éurrent and consequently no voltage drop. Hence‘the
direct voltage at no load must equal at any instant
a certain combination of the alternating voltages
as, for example, the sum or the difference of the
alternating voltages of two phases. We assume that
the alternating voltages are undistorted, the sum
or the difference is aiso a sinusoidal volﬁage so
that, during each interval of operation, theAdirect
voltage is described by a sine'functiQn. During one
cycle there are several intervals of operation,
depending upon the rectifier connection. Thus the
curve of the direct voltage at no load consists of
as ﬁany identical sections of sine curves per cycle
as there are intervals of operation, and if the
transition from one sine curve to the other is not
delayed by phase control, each section is symmetrical

with respect tofthe crest point of the sine curve.

A-12
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NO LOAD VOLTAGE (cont'd)

The number of sections§ is called the Pﬁlse Number,
designated by q. For various pulse numbers thev
curves of the direct voltage are shown. Since the
shape of these curves is so simple and is only a
functionvof the'puise nﬁmber, and since the magnitude
is clearly defined by theyalteinating voltages,

the average value of the direct voltage at no load
and zero phase control is used as a general Voltage

Reference. ~Its symbol is U, , and all other voltage

do
guantities are preferabl& expressed in terms of*ﬁdo.

The quantity U, is a theoretical figure. There-
fore Udb should be understood as the value computed
from the alternating voltages, ignoring any voltage

drop.

For computing Uyo the direct voltage at no loaa
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 g 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/q o
Crosshatched area = Um ) cos (wt)d (wt) = Um sin a

where U, = crest value of direct voltage at no load

and zero phase control. Provided the sections of the

.8ine curves follow each other continuously, which ex-

cludes g=1, the crosshatched area also equals % Udo'

A-13
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Figure: 5 NO LOAD VOLTAGE (cont'd)

The direct voltage ratio is a fundamental relationship

IU ' .
U__d° = % -sin (%) where q is the number of pulses
m. :

but g # 1. The direct voltage ratio is exclusively

based on the shape of the DC voltage curve.

Example: for a 6 pulse converter, g=6 and

U A
. _do _ 6 . T 6" . o _ 3
S sin £ = (n) sin 30 = 3
m ,
- 3 - 73
U, = 5 U, butu = Y2 U, or V2/3 U.o
= % Y2U .= 1.35U_ in terms of valve
v phase-to-phase voltage
= % Y2 /3 U, = 2.34U,__ in terms of valve
- phase-to-netural
voltage.
‘Example:

The converter transformer valve winding is rated

Uv=44.4 V phase-to-phase or Ua=25.63 phase-to-neutral.

IS

U, = 44.4V or U_ = 25.63 V

v a
s ] ] i}
= 3 = =2 44.4 = 59.95 v
Udo T /i-Uv T 2 : :
: = 3 3 /3/3 25.63 = 59.95 V
Usgo = = 7273 U, ’

3|
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EFFECT OF COMMUTATING REACTANCE

In thg.real life circuit the current cannot‘rise
or fall instantaneously because it is flowing through
the transformer leakage reactance and‘the AC source
reactancé. There must be a time ihtérval beginning
at time Yvin the figﬁre 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.

This 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. Thé cufrent of the "outgoing"
valve steadily declines until zero is reached Qhen
current conduction naturally ceases, and the current

of the "incoming" 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 1l' is also conducting because it still carries
the load current. Thus the potential difference
between "b" and "a" phases is suddenly forced to be

\ .
absorbed in a circuit that contains only the reactance
of the transformer windings and the very small
won

reactance of the bus bars of'phases a" and "b".

‘ . a-16
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EFFECT OF COMMUTATING REACTANCE (cont'd)

This condition is comparable to a“short time,

short circuit between‘phases "a" and "b".

The short circuit current (ic) flows from phase

"b" through valve 3 in the forward direction, while

-it opposes the load current (il) in valve 1. The

current in valve 1 becomes zero when the short
circgit current (i.) becomes equal to the load
current (i,). - Because of the uﬁidirectional

characteristic of the valves, valve 1 will block,

thereby clearing the short circuit and the transfer

of the load current from "a" phase, valve 1 to "b"

phase, valve 3 is completed.

The resulting current wave shapes are shown in the
figﬁre for valves 1, 3 and 5. A similar action

exists between valves 2, 4 and 6 but it is not shown.

When both valves 1 and 3 are operating simultane-
ously, DC output voltage assumes a mean value between
the fwo phase to neutral voltages. This reduces the
average DC voltage by dx which is proportional té the
transformer reactance (XT) and to the magnitude of

the DC current (I The shaded area in the AC

ale ,
voltage waves in the figure is the volt seconds we
lost in the commutating reactance. The larger the
DC current, the longer it takes to commutate and

hence the greater the volt second area will be.

A-17
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EFFECT OF COMMUTATING REACTANCE (cont'd)

It can be derived mathematically that

14
U, = 1/2 X, =— U
‘ X T IdN do

where Xy is expressed in per unit, I, is the DC
current at any particular load and.IdN is the rated

DC current (one per unit current).

Example:

The rated transformer impedance at EPRI Station

is 22.4%. The impedance value can be used as trans-

former reactance with only slight error. Therefore,

the "reactive voltage drop" for rated current is:

Dg = 1/2 x .224 x 59.95 = 6.714 kV

" It can be seen from the figure that this moves

- the center line of the current block to the right.

by an e.néle u/2 and gives an inherently lagging

 power factor of cos u/2.

A-18
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EFFECT OF PHASE CONTROL

Without gate control deléy: the curreht transfer
between two valves and the corresponding phases starts
as soon as the potential of the "incoming" phase
exceeds the potential of the "outgbing" 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
turh on of the incoming valve thereby delaying the
transfer of loadACurrent from the "outgoing" valve
to the "incoming" wvalve. This is illustrated in the
sgbject figure where at Fime Y thé potential of
phase "b" begins to exceed the potential of phase "a".
If by means'of gate control the turn on signal is

given at t;me "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 the AC voltage will be slid off the crest
of the voltage wave. By delaying the instant of
gating, the mégpitude of phe'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.

A-20
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EFFECT OF PHASE CONTROL (cont'd)

Mathematically the following expression can be
obtained:
f Udo - Uu é Ud° cos o

4] = Udé (1L - cos a)

‘where Ud DC voltage output

U = Reduction of DC volﬁage caused by
gate control.

a = Delay angle (also called gating éigle)

Ugo = Ideal no loa& DC voltage
Exampie:

For the EPRI Terminal U,  is 59.95 kV with a=18°.

Ua = 59.95 (1 - .9511]) = 2.93 kV

A-21
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Pigure:'s OPERATING CONDITION - RECTIFIER

- ' Under load and with phase control the direct voltage

differs from the theoretical value U

do® It is reduced

as,a consequence of commutation. and phase control, and

by the resistive voltage drop. The reductions caused

by phase control and commutation are denoted by U,

and Ux' whereas the resistive voltage drop is usually

conceived as part of the direct voltage and is combined

with the voltage across the load circuit in the

~ theoretical quantity U;. Furthermore, all voltages

and voltage reductions are represented by their average

values and can therefore be added according to

I

theoretical direct voltage with zero

phase control and no voltage drop,

-feauction of direct voltage caused by

reduction of direct voltage caused by

Udo = px + Ua + Ud
i where Ug. =
J. )
avg value.
U, =
commutation, avg value.
U, =
phase control, avg value.

direct voltage including resistive
voltage drop, avg value. This component
is normally neglected because of the
relatively small value.
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OPERATING CONDITION - RECTIFIER (cont'd)

For rectifier operation:

Ug = Ugo ~ Uy = Uy

Substituting we get:

>
-

) T d
¢ == U cos a - U — t—
X I
T d
. = u cos - a— —
a do 2 IdN)

Example:
For normal full load operation at the EPRI Terminal

(@ = 18°%); U, = 6.714 kV; Uy = 2.93 kv.

U, = 59.95 - 6.71 - 2.93 = 50.31 kV

or using the derived formula

U, = 59.95 (cos 18° - ngi) = 50.30kvV

Subtracting the valve voltage drop and the
resistive voltage drop we will get an Ud which
is close to 50 kV.
Since the EPRI terminals have two é pulse groups
in series, the total DC voltage is 2 x 50 kV = 100 kV.
The rectifier output volﬁége fof a 6 pulse bridge

is shown in Figure 8.
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Figure: 9 INVERTER OPERATION

| Delaying the gating further and further will reduce
the magnitude of the DC output voltage until at a gating
angle a390° the output voltage averages zero. Further
increase of a will reverse the polarity of the DC
output voltage and will_gradualiy'increase it in the
opposite polarity. Tﬁerefore, any gate controlled
converter can be used as an inverter by increasing
the gating.angle beyond 90°, |

The eéuation for Ug remains

Ud = U

do COS @ (atlno load)

for inverter operation. However,'Sinée cos a is a
negative value for 90°<a§l80° Ua becomes a negative
quantity.

In inverter operation we generally substitute the

margin angle y (gamma) for the angle where
Y = 180° - a

for fhe ideal condition. (no circuit impedance and
infinite DC reactance).: |
For the reélistic operatingbcondition with finite -
~reactive voiﬁage drop in the converter (see figure b).
B =y +u=180 - a.

B = angle of advance for the inverter

¥ = angle of overlap (duration of commutation)
.Y = margin of ;ommutation.
a

deiay angle for rectifier

A-26 } .
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Figure: 9 - INVERTER OPERATION (cont'd)

The rectifier voltage during no Iéad_operation is:
Ud = Ugo COS @

This voltage becomes negative if a o is greater than
90°.. Ssince valves can -conduct current only in one
direction (ffom'anode to cathode), direct current
can flow through an inverter only when the DC
voltage applied to it exceeds in absolute value
the nolload voltage. Thus the no load voltage of an
ihverter 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 aiways 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
gaﬁe"control and the application -of the: AC voltage.
Gate cont;ol is a convenience with rectification, but
it is a must for inversion.

Assume valve 1 is carrying current in Figure 9.
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 "1 to 3 cannot occur naturally

at time X. Commutation must be forced to take place

A-27
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INVERTER OPERATION (cont'd)

before the crossover time X, when the potential

of phase b is still more positive than the potential .

of phase ‘a. This is done by appropriate gate control.'

It is essential’that before the time of the crossover
(point X) is reached and the anode of valve 1 is
assuming a more positive potential than valve 3,

that the current in valve 1 must be zero. Only then

can its‘gate regain full control and block the return

of the current into valve 1. Current zero is forced

in an inverter valve only when the inverter AC
voltage can force an AC current greater than and in
opposition to the DC current.

The AC voltage produced by the valve group during

- inverter operation is shown in Figure 9,

If the delay angle a is greater than 90°,
theoretically the converter voltage becomes negative.
In practice it remains zero as current flow through:
the valve in the reverse direction. If now the
passive load of the converter is reélaced by a DC
supply voltage (a rectifier) greater than the
theoretical negative voltage of the converter and is
of such polarity that it is conducive to a flow of
current from the anode4to the cathode through the
inverter valves, inversion will take place.. The
DC current will ﬁe flowing againgt the inverter AC
counter emf and power will be transferred from the

DC to the AC side of the converter.

A-28 '
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INVERTER OPERATION (cont'd)

For inverter operation (i)

Ugi = Ugo ©08 Y = Uyq
X
T
oo

A-29
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(o)

(b)

11
> 0 0

FIGURE 9
INVERTER OPERATION
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HARMONIC GENERATION

The alternating currents of a reéfifier connection

are not sinusoidal. Therefore, we interpret them

as combinations of a fundamentai and harmonics.

A method of analyzing a periodic function by means
of Fourier's integral is used but only the results
are given heré: A) The amplitude of the harmonics
decrease reciprocally to their order 1l/n; b) There
a;eyéniy harmonics 6f the order ng+l (where q is

the pulse number).

fundamental = 100%
5th harmonic = 100/5 = 20%
" 7th harmonic = 100/7 =  14.3%
1lth harmonic = 100/11 = = 9.1l% -
13th harmonic = 100/13 =  7.7%
17th harmonic = 100/17 = 5.9%
' 19th harmonic =  100/19 =  5.3%
23rd harmonic = 100/23 = 4.3%

25th harmonic = 100/25 = 4.0%

A-31
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Figure: 10 POWER EXCHANGE

If we define the voltage as positive‘in the direction
of éhe anocde terminal, then we find that the active
power at the converter terminals will be positive for
the rectifier operation and negative for inverter
operation. 1In otherAwords, power is transmitted from
the converter in rectifier pperation and power is
_received into the converter in inverter operation.

Thié figure shows the power exchanged between the
AC system and converter under various degrees of‘phase
control. |

At the AC side figure (a) shows the line-to-neutrai

. voltage Ua and the line current I; of‘one phase of a
6 pulse converter connection, assuming an a
angle of phase control between zero and 90°. The
product of both values is the instantaﬁeouS'power,

" and it can be seen that the average value of the
power is positive, indicating'a flow of energy from
the AC system to the DC circuit. With a=90°,
illustrated in section (b), the posiﬁive and the
negative values of power are in balance, so that no
active, but reactive and distortion power are ex-
changed. Finally, with ¢ further increased, the
average power is negétive, so that energy is trans-
mitted from the DC circuit to the AC system (Figure

c).
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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 I, coincides with the positive half of the
alternating voltage U_ . During inversion, the
positive half cycle of current I, coincides with

the negative half of the alternating voltage u, >
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APPENDIX 3

“‘LIFE-CYCLE COST METHODOLOGY

B1.0 LEVELIZED AKHUAL COST

True 1ife cycle cost analysis must necessarily consider the timing of costs and benefits
as well as the magnitude. A method employed in pravious General Electric solar and wind
encrgy programs is to compare Levelized Annual Benefits (LAB), representing system energy
savings, with the Levelized Annual Cost (LAC), the levelized dollar amount required to
own, operate, and maintain a system during each year of the life of the system. Specifi-
cally, the levelized annual cost accounts for:

(a) "paying.off" system capital costs

(b) paying for operéting and maintenance expenses‘

(c) paying taxes | |

(d) paying a return to investors and interest to creditors .

(e) - building a capital fund for periodic componént rep]acemenf, overhaul,
and retirement of debt. ’ »

The levelized annua]'cost,,denoted by LAC, is given by:‘
| LAC = CRF X PW . B (1)

where CRF is the capital recovery factor and PW is the present worth of the year by
year revenue requirements throughout system 1ife.

The following sections describe the analytics for computing LAC & LAB as applied to photo-
voltaic systems for various user-types.

B1.1 CAPITAL RECQVERY FACTOR, CRF -

The-capital recovery factor is the uniform periodic payment, as a fraction of the origin-
al principal, that will fully repay a loan (including the interest rate). The intcrest
rate used to calculate CRF is called the discount rate and represents the weighted average
cost of capital. ‘ ‘

Analytically, the capital recovery factor is-given by:

r(lir) 2
CRF = [Tyt (2)

‘where r is the arpropriate annval discount rate and N is the .system lifetime in years.
The discount rate, r, varies with the application. VYaluss of .09, .072, and .10 have
~een used -for the utility, residcntial and intcrmediate applications, respectively.




B1.2 PRESENT WORTH, PW

The present worth is analoqous to that amount which, if deposited in an interest bear-
ing account at the discount rate, would permit annual withdrawals to pay all system
costs and diminish to zero at the end of system life. For the evaluation of PV systems,
the PW is comprised of two components: (1) a component accounting for capital costs
and (2) a component accounting for the cost of operation and maintenance (0&M).

The total present wofth is given by:
PU = Plicryep cuarae + Mo ‘ (3)

The fixed charge component is given by:
Io . FCR . CCF
CRF

(4)

PWEIXED CHARGE

Here, 1¢, is the total cap1ta1 cost of the system and CCF is th° construction cost
factor accounting for 1nterest during construct1on of the PV system.

The parameter FCR is the fixed charge rate and represents the yearly cost of ownership,
expressed as a % of the capital investment, Ic. These costs consist of capital outlay,
taxes and insurance. An explanation of the fixed charge rate and its derivation is

" given in the fdllowing subsection. .

The second component in equation (3) accounts for system operation and maintenance.
This is given by: : ’

+

| = Apy .M ' :

PHogy = M | . (5)
This is similar in form to equation (4), but with different parametnrs AOM is the
cost of operating and ma1nta.n1ng the system. :

The parameter M, defined as the levelized value of an escalating cost: stream, accounts
for the fact that Apy is increasing over the lifetime of the system because of inflation.

Cr (1t o+ -] (5)
o= g T+ -1 -

where g is the arnual inflation or escalation rate.

Substituting equations (4) and (5). into equation (3) yields:



B1.3 FIXED CHARGE RATE

The fixed charge rate (FCR) represents the yearly cost of ownership, expressed as
a % of the investment, IC. These costs consist of debt interest and principal
payments, return on equity (where applicable), insurance, local taxes and the net
effect of Federal taxes. The concept of the fixed charge rate comes from electric
utility financial analysis, but has proven to be applicable and convenient in the
analysis of other sectors as well. ' ‘

The residential cnergy user has one important difference from other energy consumers
in that energy is not a tax deductible expense. The effect is best shown by example.
Consider an industrial and a residential user in 48 and 20 percent tax brackets,
respectively. Assume each has $1000 of before-tax income and is evaluating $100
energy purchase: .

Corporation , " Homeowner
Without  With " © Without  wWith

. Energy: Energv Energy Energy
Gross Income 1000 1000 Gross Income 1000 1000
Deductible Expenses 0 - _100 ‘VDedhctib1e Expenses __;g_ _ 0
Taxabie Income 1000 900 Taxable Income 1000 1000
Federal Taxes (48%) 480 432 Federal Taxes (20%) _200 _200
Net Income . 520 . 468 Net Income 800 800
| Less Energy = ) - _loo

) o 00

After Tax Energy Cost = $520 - 468 = §52

Thus, while the homecwner pays the fFull $100, the corporation effectively pays only

$52 (5100 X (1 - tax rate)) since taxes are reduced by $48. t.is due to this tax

effect that costs of alternate chergy systems must be evaluated on an after-tax basis
for the homcowner and on a2 before-tax basis for the corporation. Only in this way
can system costs be compared with prevailing energy costs.

A detailed discussion of fixed charge rate,-its various components, and corporate

tax effccts is presented in “The Cost of Energy from Utility-Owned Solar Electric
Systems® (Reference 8-1). The residential sector presents -a-much simpler case.
Assuming a 9 percaent lean for a homeowner in a 20 percent incremental tax bracket,

the effective aftor-tax rate can be shown to be 7.2 percent (.9 X (1 - .2)). Computing
the appropriate CAF and adding local tares and insurance yields the fixed charge rate.

For example, assume a2 10 year 1ife ¢ysteom anga 2.5 pevcent for local taxes and-insurance:
! Y ) .
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1.07210 -]

.1687 ¥ .17

FCR =
i

Typical fixed charge rates (FCR) as a function of system life N and application are
tabulated below:

SYSTEM LIFE : ) FCR
N YRS. UTILITY RESIDEITIAL INDUSTRIAL/COMMERCIAL

10 .23 A7 27

20 .19 12 .23

30 .18 10 .22

50 T .18 10 .22
B1.4 LEVELIZED ANNUAL COST IN CURRENT DOLLARS
If equation (7) is substituted into equation (1):

- LAC = I . FCR . CCF + M (hoM)' | (8)

In this case, fhe levelized annual cost fs(expressed in terms of current doliars.
Expressing LAC in current dollars establishes equal yea%]y costs over the sysfem
life. This is analogous to the case of a home mortgage. The homeowner borrows
money at some interest rate. It is paid back in equal monthly (hence, yearly)
installments over the life of the mortgage (i.e., he pays $X/month in the first year
and $X/month in the 30th year).

-B1.5 LEVELIZED ANNUAL COST IN CONSTANT DOLLARS

An alternative method of expressing levelized annual costs is to reference the costs
to a particular base year, e.g., 1976. The result is the levelized -annual cost in
constant (base year) dollars. : .

To calculate LAC in constant dollars, a discount rate that accounts for inflation
over the system 1ife is detecrmined. This rate, denoted by r', is given by:

, o+ r) ' ‘ , '
SN I @
where g is the annual inflaticn rate. This r' is then used in the CRF equation to

M

th—d



yield a capital recovery factor in constant (base year) dollafs:

CRF* = 'hﬁi],,f),'},f] - (10)

Substituting CRF"fbr CRF in equation (1) gives:

LAC (Constant §) = CRF' . PH | o
Further substftution of equation (7) into (11) results ins

LAC (Constant $) = Gpr— [Ic . FGR . CRE+ M (AOH)] (12)
Combination of equations (2), (6), and (W0) results in

CRF! o : '

G | o

provided that g,.the annual inflation or escalation rate, is the same for OSM as
for the general rate of 1nf]ation used in computing r'. This expression, in turn,
reduces equation (12) : .

LAC (COnstant S) = % . Ig . FCR . CCF) + Agy (14)

B1.6 LEVELIZED ANNUAL BENEFITS

The comparison of the energy cost savings of the PV system to the levelized annual
cost is acconp11shed by computing the levelized annual benefits (LAB) for the energy
savings. AB is inherently a function of present and projected energy prices and may
be expressed by

CRF! 3 .
LAB (Constant $) = e - MF - Po - E . (15)

where E represents the annual energy saved by the solar system, M is an energy savings
multiplier which is defined as the levelized value of an escalating cost stream which
accounts for the rate of energy price escalation over the lifetime of the system, and
Po is the eneray price in year zero. In actual practice the appropriate utility rate
scheduia is appiied with the savings determined by the d1‘ference cf the electric b111s
computed with and without -the PV system.

The multiplier Mg is a function of energy price escalat1on rate (.), system lifetime . (N),
and discount rate (r), and is expressed as*

N .
Me = r lf f (1 «E]rl r.IN(l T f) (16)

* When r'= f:
= CRF . N




The energy price in year zero ( Pg) is related to the energy price in constant
(base year) .dollars per energy unit (p) through the expression

A - | |
Po = p(3E) | (17)

where 4 is the number of years from.the base year to year zero.

The economir viability of a system can be measured by comparing the levelized annual
cost to the levelized annual benefits. If the levelized annual benefits exceed the
levelized annual. cost, the system is economically viable. The break-even system cost
occurs when LAC - and LAB are equal.
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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 protection must
be incorporated in the equipment design to assume satisfactory per-
formance in this environment. Lightning Technologies, Inc. was
engaged to assess the potent1al lightning hazard to the experiment
~and to recommend protectlon '

The site will receive about 1 direct strike every six years.
It can be adversely 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 damage mechanical linkages and bearings
as well as electrical/electronic systems. The nearby strikes will
only affect electrical/electronic systems 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 suppression 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 cells is readily available to verlfy the analysis. The
Sea World experiment offers an excellent opportunity to perform
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 protectlon for future
systems which will be more extensive.

)
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- 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 Reference 1 will be utilized to
establish severity levels for design purposes.

1.1 Number of Expected Strikes to the PV Plant

Thunderstorms and lightning flashes do not occur with uniform
frequency throughout the world, but vary instead with the c¢limate
and topography. A parameter which can be utilized to estimate the
number of flashes to an object and for which historical data ex-
ists is the thunderstorm day. This data is accumulated by the
World Meteorological Organization (WMO) and is called the isoker-
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
dnalysis 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
1l and 3 hours. This would work out to a flash density, Ty, of
between 0.3 and 1.0 flashes per square kilometer on each ghunder-
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:

Ty‘= 0.02Ty1'7 flashes/km?/year (D)
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: :

P=0.1[1+(x/30)2]" : L (2)

where A 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 the 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 will strike higher objects
such as radio towers, ut111ty poles and rooftops much more fre-
quently than objects that are shorter than these, but if all of the
- objects within a region are of nearly the same helght as in a
forrest, the height of any single object will not increase its
llghtnlng 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 determlned by combining equations
1l and 2 as follows:

No. of Strlkes
reaching earth = (0 021&-17)[0 1(1-*( ) )] (3)
per year

0.002 Ty *7 [1+(—) ?] | (4)

The WMO (Reference 4) records an isokeraunic level (T ) of
91 thunderstorm days per year at Orlando, Florida, which 1s lo-
cated at 28°33' latitude. If this data 1s.1nserted in equation 4,

No. of Strikes 28 55
. reaching earth [0.002(91) 7 (1 + (
per year

1 sy

8.16 strikes per square kilometer

The PV plant covers 5 acres, or

(5 acres) (4.047 x10® meters?/acre) . -~ (6)

2.02x10" meters?

2.02 x-10-2km? .

Thus, the number of strikes expected to fall within the. PV
plant each year are:.

No. of Strikes
to PV plant
. per year

(8.16 km”2)(2.02x1.0'.2 km 2) (D

1.65x107! strikeslper year

or about 1 strike every 6 years.
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Pecauce of this it misht ba rcanclnded that 1ichtning will be
of little concern to the PV plant and that protective measures
are not warranted. Lightning need not strike within the plant,
however, for damaging surges to be coupled in the power or con-
trol circuits. Experience has shown that lightning strikes fall-
ing within 1 kilometer or more can cause damage to unprotected
power and signal circuits in many types of systems. Thus, a more
realistic measure of the number of strikes that may cause damage
to an unprotected system is the number that fall within a radius
of 1 km from the plant, or in this case, : :

No. of
damaging
strikes

(8.16 strikes per km?) (w km?) (8)

il

25.6 strikes per year

©

The analysis to this point has considered only cloud-to-
ground strikes. It is known that cloud-to-cloud flashes which do
not contact the ground can also induce surges in electrical sys-
tems, especially when such systems involve elevated electrical
wires or other apparatus exposed to thunderstorm electric fields.
The sensitivity of the PV collectors to the rapid electric field
changes produced at the earth by cloud-to-cloud flashes has not
yet been assessed, so no judgment can yet be made as to the addi-
tional exposure presented by these flashes. It may turn out,
however, that any increase in hazardous exposure due to intercloud
flashes will be diminished by those strikes that fall within the
1 km radius that are too low in intensity to be harmful.

1.2 The Electrical Environments

1.2.1 From Direct Strikes

For design purposes the electrical environment produced by
direct strikes to the PV plant will be in accordance with the
Severe Basic Model described by Cianos and Pierce in Reference 5.
This model describes the currents reaching the earth, and recog-
nizes that within any single strike, called a flash, more than
one stroke may occur in rapid succession. The model is shown in
Figure 1. Other critical parameters. associated with this model,
which are of importance to the PV system are the number of strokes
per flash, the peak current in the first and second strokes, and the
total charge transfer. The scverity of these parameters is approx-
imitly the 2 percent extreme of the statistical distributions of
cach paramter, determined by Cianos and Pierce from a study of
all of the available electrical data on natural lightning. The
lightning model thus consists of ten strokes with a peak current
of 140 kA in the first stroke and 70 kA in the second stroke. The
time interval between these strokes is 10 milliseconds. The re-
maining subsequent strokes are chosen as having a peak current of
.30 kA, on the high side of the median but not so much so as to be



- CURRENT — kA

. o

termed severe. The time between strokes, except for a continuing
current- interval,, is taken as the typical value of 60 ms.

TIME TO PEAK CURRENT = 1.5 us
TIME TO HALF VALUE = 40 us

1 conTinuing |-
{ CURRENT

400 A

T | ] 1 o ’ ]

[ ‘
10 ms 60 ms 110 ms 160 ms 460 ms 520 ms S80ms . 640 ms. 700 rm ' ' 860 ms

Flgure 1 - Time History of the Severe (Basic) nghtnlng Model

. For all strokes, the time to peak is 1.5 us. Hence, the
average rate of rise is about 100 kA/us for the first return
stroke, 50 kA/us for the second stroke, and 20 kA/us for the re-
maining subsequent strokes. The fall time to half the peak cur-
rent is chosen as the typlcal value, 40 us, for each stroke. The
total charge transferred in the flash is 200 coulombs.

The critical hardware such as the PV receiver_assémbliés,
pintel bearing and control linkages should, wherever possible, be
designed to tolerate the currents in the severe model.

1.2.2 From Nearby Strikes

Earth voltage rises and magnetic fields will be produced by
nearby strikes (defined as occurring within a radius of 1 km from
the plant). The magnitude of these effects must also be known if
adequate protection is to be designed.

Figure 2 shows the equations from which the magnetic fields
and earth voltages at various distances, D, from the place where
a strike enters the earth can be estimated. The amplitude and rate
of rise of the first stroke in the flash are utilized for this
analysis, because they are the most severe. Thus Figure 2 shows a
140 kA stroke entering earth of typical 1,000 ohm-meters resistiv-
ity.
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Figure 2 - Magnetic Fields and Earth Voltages

e Earth voltage profile is shown
for a 140 kA stroke into soil
of 1,000 ohm-meters resistivity.



The expression governing the earth voltage is:

E = 2“_ ('—- - 6+—) VOltS | ‘ i . (9)

wherxe

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 from
the point of interest. (volts) '

x = Radial distance outward to another point of
interest from the reference point. (meters)

The expreséionifor the magnetic field intensity is:

g = 1(130) amps/meter | (10)

21D

where

- H = Magnetic fleld intensity a dlstance D,
away from the strike due to current, I, in
the channel (amps/meter)

D' = Distance 'awéy from the flash channel (meters)

I = Lightning current (amperes)

Table I shows examples of -the magnetic field intensities
and earth voltages determined from expressions (9) and (10) which
would appear at three different distances, D, away from where a
140 kA stroke entered earth of resistivity 1,000 ohm-meters.

TABLE I - Typlcal Magnetic Fields and Earth Voltages
Produced by a 140 kA Stroke

' Earth Voltages for
Distance, D, from Magnetic Fields p = 1000 Q-m
Strike - A/m » x = 150 m
100 m 3.3 x 102 . 134 kv
1 km 3.3 x .10° ' 2.9 kv
10 km 3.3 x 107 ' 33 volts




The magnétic 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 thls
into a single re51stance for the purpose of analysis.

The voltage induced by the magnetlc field is:

e(t) = —9"uoS %% "volts per meter (1)
' of cable length
where;
e(t) = induced voltage in the cable - earth 'loop

(volts/meter of cable length)

¢ = magnetic flux passing through the loop (Webers)
H = maghetic flux density (amperes/meter) ‘
ﬁo = permeability'of free space = 4mx10-7 henrys/meter
S = spacing between cable and earth return (meters)
Magnetic Flux
Converter :
| Station : : Turntable

TTITTIT[ 77T

77777TTT 777

Earth Resistance

Figure 3 - Magnetic Field Interaction with Power Cables.
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' The magnetic flux, H, follows the same waveform as the
lltntnlng stroke current that produces it. Most natural light-
ning stroke currents are concave and can be represented best by
a (l-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.

H

H
(A/m)
2 -
) " Sio= 1x10°® sec™!
1.5x10°¢ time (sec.)

Figure 4 - Mathematical Representatlon of Return Stroke and
: Magnetlc Field Wavefront.

If | - |
H = Hmax (l-coswt) - (12)
then, ‘
dH _ . .
dat - Hmax sinwt (13)

Insertlng‘thls expression into equation (11) for the voltage
induced in the cable-earth loop and letting S = 1 meter, gives:

e(t) = omeaxSlnwt : volLs per 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 and earth- grounded
structural hardware on the turntable. At t = %% sinwt is unity

MouH - as)

Pk T
For the same distances, D, from a 140 kA lightning stroke as
in Table I, equatlon 15 gives the voltages per meter length of .
cable shown in Table II.




TABLE II - Voltages Induced by Magnetic
Fields in PV System Cables

Distance; D, from Volts per ﬁéter
Strike : of Cable Length
100 m . 415
1 km 4.5
10 km " 0.04

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.

A strike 100 meters away from a 25 meter 16ng cable may cause
25(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 equivalent circuit is shown in Figure 5.

Figure 5 - Equivalent Circuit of Cable and Earth
’ Return. ’

C-10



_rt . ‘
i(t) c(t)(l-e 2) amperes - A (16)
where, ' o |
r =.earth.resiStance per unit length of cable (ohms/meter)
£ = circuit inductance " " " " (henrys/meter)
e(t) = volts ' veoonm L. " (volts/meter)
i(t) = loop current flowing in cable (amperes) |
Substituting expression (14) for e(t) in equation 16 gives: -
. _ i Dzt .
\i(t) - uomHmax51nwt» (l-e [} ) (17)

r 'y

This expression and those that preceded it are valid until
the stroke current reaches its crest (coswt = w/2), assumed to
be 1.5 us in accordance with the severe stroke model. w is avail-
able from Figure 4 and the peak magnetic field strength, Hpax, was
calculated in Table I for the 140 kA flash striking the earth at
- several distances, D, away from the plant. r depends on the soil
resistivity at the particular location, but 2 is less dependent
on such site factors and can be assumed to be 1 microhenry per
meter -of cable length. Values of i(t) therefore can be calculated
by equation 17 for various combinations of D and r. Peak currents
for several combinations of D and r are presented in Table III.

TABLE III - Peak Currents Induced in
Cables by Magnetic Fields"
Passing between a Cable
and Earth Return

Return Path Resistance
Distance, D, (ohms/meter)
from Flash 0.5 1.0 10.0

Peak Currents (amperes)

100m . 471 322 18.6

1km 4.68 3.2 0.18
10 km 0.05 0.03  0.0023

Table IV shows that the greater the return path resistance
through the earth, the lower the currents which may be induced in
the cable. This result illustrates the possibility that a low
ground resistance (i.e. resistance between the hardware -and

"earth') may ‘sometimes aggravate lightning effects instead of



mitigating them. While "grounding' has an important role to
Play in liguiuiug pruiceiion, wuch of the lightning pretection
literature to date has been excessively preoccupied with ground-
ing, while overlooking inductive effects which are at least as
significant. :

1.4 Surges Produced by Earth Voltages

The other indirect effect which may cause surge voltages
and currents to appear in cables is the earth voltage rise. ’

The voltage, E(t), between two shelters a distance, X, apért
drives a current, i(t), through any cable(s) that exténd between
them: This situation is shown in Figure 6.

< D - : : %l/\ X ﬂ>|
' , Convert . ('t)LTurnt abl
Ry, o N Station w~:Z;:;::Tf:;§=:=:57-12r—-fj;
: CE() :
l& (volts)

Figure 6 - Earth Voltége Drives Current through Cables.

Assuming that the lightning current wavefront is a. (l-cos)
function as before, the earth voltage will follow and drive a
current through the cable inductance, as shown in equivalent
circuit of Figure 7.

E.(t) E(9 i(t) wi/m

n/2

Figure 7 - Earth Voltage Waveform and Equivalent Circuit. .
)
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- The earth voltage is given by equation (:9) and.isi“l”

PI(t)

Er) = 22 (L 1, | (18)

. Let. e(t) be . the average earth voltage per meter of cable
length between the two shelters, then

e(t) = Eﬁgl(l-céswt)“\for 0<t<l.5ps - (19)
and ‘ '

.. 1 1. S‘JS ' : . . ‘
i) - L [ e(t)dt (20)
. o ’ o

1.5us E. "
-1 J MMaX (1 - coswt)dt . (21)
L Jo X
o | | |
- -max [c L sinmt:,. - (22)
x w ' :

If the cable inductance, £, is again assumed to be luH/meter
and the cable 1ength, x, is assumed to be 150 meters, the peak
cable current, ipax, can be calculated for various combinations
of p and D by substituting the appropriate value of Epax obtained
from equation (9) into equation (22). Peak cable currents result-
ing from a 140 kA stroke are presented in Table IV.

TABLE IV - Peak Currents in Cables as
a Result of Earth Voltages

Soil . AN
Resistivity Stroke Distance from Buildings

(9-m) D= 100 m 1 km 10 km

Peak Cable Current ipgx
p= 10 . - 6.4 ~ 0.16 ingignificant
p = 100 64.0 l.4 "
p = 1000  640.0 14.0 "

Table IV shows that there are condltlons under which earth
voltages from a nearby flash can drive up to several hundred
amperes through cables.



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 III 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 of 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. . ‘ &
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2.0 Af’.ﬁii'"{c nf Tiehtning Effects

The analysis begun in Section 1 is continued in this section
to develop specific recommendations for protection of the GE/Sea
World Photovoltaic Concentrator Application Experiment. To. facil-
‘itate this; seveéral protection concepts have been considered 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 the analysis of Section 1 it was determined that the 5-acre
collector site would receive about one lightning 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 that all 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 directly to a collector. Such
a stroke, which could be of either positive or negative polarity,
would impose open circuit voltages of 10° to 10" volts and short
circuit currents of 10?2 to 10? amperes on the system for time
durations of 107% to 10~" seconds. The cell bypass diodes, which
typically have I%t ratings of 60 to 100 ampere?seconds 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 may 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
strike a turntable. Twelve 30-foot tall lightning masts erected at
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val lous luvatiuus within and ncar the S5-acre site wonld 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 problem of protecting the electrical and electronic systems
agaénzt 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): :

= pL I __1 '
5 ) (23)

and substituting’
D = 1 meter (a very close strike)
x = 75 meters
p = 100 ohm-meters (an avefage value).
I = 140x10° amperes (98th percentile stroke)
a value
E = 2.2x10% volts is obtained

However, the resistance, R, of AWG #2/0 cable is 0.13x10% ohms
per meter of cable length. Thus the resistance, R75, of 75 meters
of this cable is

R75 = 9.75x10-° ohms

1f the entire current (140x10° amperes) were conducted, the
voltage drop along the cable would only be

vV = 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.
interconnectlng cables but will be distributed as a function of their
respective impedances. The cable can essentially be represented by

a series circuit conSLStlng of cable resistance and self-inductance.
The self-inductance, L, of large cables (AWG #3 and 2/0) 1s a func-
tion of cable dlameter and will be between 0.5 and 1.0x10-%® henries/

meter. The cable circuit time constant, t,, is given by:

_ _0.75%x107°% _ & oaianls .
t. = L/R = 0 Tanlo=s 5.8x10"3 ;econdg (24)
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Sincec this time conetant is mich longer than the duration of
a lightning stroke (1x10~“seconds) the inductance will govern the
current. behavior and the conductors with least inductance will
carry most of the lightning current.

2.2 Analzﬁis of Cable Transients

Conduction of lightning stroke currents by the cables will not
usually be detrimental to the cable. For instance, an AWG #6 wire
will conduct a 2x10° ampere lightning stoke with an action integral
(ability to deliver energy) of 2x10°A?-s without damage to the wire.
However, unless protective devices are installed at the ends of the
cable ‘to provide current entry and'exit paths, passage of lightning
current through unprotected equipment may damage this equipment.

If two or more parallel cables are laid side by side, the in-
ductance of both cables will be only slightly less than that of a
single cable. However, if the cables are separated by a few meters,
each cable will be unaffected by its companion and will exhibit the
same inductance as if it were used alone. The paralleled system
inductance will be reduced by the reciprocal of the number, n, of
cables in the system (1/n). This phenomena is very similar to skin
effect in large conductors; where short duration currents are concen-
trated on the outside edges of a conductor or conducting structure.
Basically the current is following the path of the least impedance,
which in this case is the path of least inductance.

As présently conceived, there will be five electrical cables
extending from each turntable to the equipment building. These
cables are as follows; _ : :

. DC power positive cable, AWG #2/0

DC power negative cable, AWG #2/0

AC power supply cable, AWG #3

AC power return cable, AWG i3

Control cable, 3 pair - AWG #22 with an overall shield.

The five cables are routed in a random pattern through polyvinyl-
chloride (PVC) lined concrete conduits between the converter and the
turntable. Fresently the negative DC power cable is grounded to

the turntable structure and ground rod, and the AC power return
cable is grounded at the transformer neutral 'in the equipment build- ..
ing. The control cable should be a telephone-type cable with folded
continuous 0.005" thick copper shield. :

To reduce the portion of lightning current which flows on the
positive DC power cable, the AC power supply cable and the shield
of the control cable, it is suggested that the DC power negative and
AC power return cables be replaced by AWG #1/0 cables which are
grounded at both the turntable and equipment building ends.




These cables. should be routed along the edges of the conduit struc-
ture to minimize their inductance. AdditIonally, two ground rods
should be driven at the bottom outside edges of each handhole with
a vertical copper busbar attached to join and ground these light- -
ning ground and return (LGR) cables at every handhole. A sketch
of preferred conduit cable routing is shown in Figure 8. Typical
handhole layouts are shown in Figure 9.

POOOOO| |00
PO |POOOO
0000 ® | L—

‘Section A-A

’Section B-B

o006 | |ooo
©®006 6 ®00

Section C-C ‘ ' Section D-D
Key: - -
1 - Signal Cable ‘3 - DC Pwr Cable

2 - AC Pwr Cable R 4 - LGR'Cable

[OJORCRON
® ® <:>-(:> o | .<:>sggljgg>;;2 -

Section E-E -

' Figure 8 - Typical Conduit Cable Layout.
" See Rogers & Lopatka Preliminary
Plant Layout Dwg. 8/1/78.
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Since the inductance of the path formed by the two outer cables is
less than that of the three inner cables in the arrangement of
Figures .8 and 9 (Reference 6) most (but not all) of the light-
ning current will want to flow on the outer cables. This will reduce
the amount of lightning current flowing on the inner cables and min-
imize the requirements for protection of the electrical equipment at
either ends of these cables. It is probable that this arrangement
will result in 60% of the lightning current being carried by the two
outer (grounded) cables and 407% on the inner cables. Under the worst -
case in which a 140 kA stroke enters a turntable and all of this
current leaves the turntable via the 5 cables, 60% of this current
would be carried safely to ground via the two ocuter cables, 407 would
enter the three inner cables. The 'division among these cables might
be as follows: : ' .

_control cable shield - 20 kA
positive DC power - - 18 kA
AC power supply - 18 kA
Since the control cable shield has no openings or holes (as are
present in braided shields) the voltage, v(t), in internal conductors
will be equal to the shield current, Ig, multlplled by the shield

resistance, Rg. A typical shield resistance is 2.5x10 ° ohms per
’meter,'so_that the peak voltage, V,, along the cable shield will be

(20x103%) (2.5x10" *ohms/meter)
50 volts per meter of cable length

or
‘ 1250V for 25 meters of cable length and

3750V for 75 meters of cable length

The amount of current that is induced in the internal conductors of

. the control cable is dependent upon the inductance and resistance of
.these conductors as well as the dr1v1ng voltage. The resistance, R,
of the conductors is that of AWG #22 wire, or 5.32x10”3 ohms per
meter of length. The inductance, L., of these wires (with respect
‘to their shield return path) may. be derived from the surge impedance
of the cables as follows:

L=2 (26)
4 \Y :
where ,
Z = cable surge impedance (ohms)
typically 75 ohms
v = velocity of propagation along
the cable (meters/second),

typically 2/3 the speed of
light, or 2x10° m/s.

Al
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Thus: :
L= ———12——- = 0.38x10"° henries/meter
2x10"m/s - B

The time constant, t., of current buildup in a conductor circuit
is: : :

¢ - Le _ 0.38x10-°H
¢~ Re ~ 5.32x10-°%.

= 7.14x10"° sedonds

which is on the same order as the lightning strike time duration
of 100 microseconds. This confirms that both inductance and
‘resistance will govern the peak current that results in the con-
ductors.

The peak conductor current, I, chn be calculated as a func-
tion of the shield (driver) voltage and shown in Figure 10 together
with the driving voltage V(t). Using straight line approximations
for the voltage rise and fall introduces some small errors but
greatly simplifies the calculations.

The rise and fall times of the shield voltage will be nearly
identical with those of the lightning stroke current in the cable
shield. For this analysis, the rise time will be assumed to be 2
microseconds (as in Figure 4), and the fall time will be 100 micro-
seconds, as is typical of many lightning strokes.

A
' 150 Vm : Im
Shield e
Voltage —~ o =~
and . ~ E I(t ~
Conductor .~ 4 2 I
Current Phd V()
_ _ .
L } — : P
2 50 : 100 -
microseconds '
Figure 10 - Approximate Shield Voltage and Cufrent Waveshape.’
whe}:e, 0<t f_2x1'0"’ seconds V(t) = 2:»\1’_?)1“7 27)

2<t<100x10"% seconds V(t) = V,(-1.02x10"t +1.02) (28)
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The current that this voltage will produce in the cable con-
ductor will be out of phase with the voltage and peak at a later
time determined by the circuit resistance when I(t)R =.V(t), as
shown in Figure 10. Neglecting the resistance, Iy will occur
when V(t) returns to zero, or: :

2x10-¢ | (100x10-*
[ Vears L [TViorae @29

1 = %?
o - "2x10°¢

m
Substituting equations (27) and (28) into (29) and simplifying gives:
| In = 1.52x10'“(%?y , (30).
and if no resistance were present,
In = 2x10" amperes.
On the other hand, if no inductance were present the conductor cur-

rent would reach its maximum at the same time as the shield voltage.
Its peak would be:

Em . 50V/m
Re  5.32x10"%¢a/m

but at 2 microseccnds, the conductor current is actually:

~ 1x10* amperes (31)

I, = 132 amperes and V(t) = 50 volts

By choosing different times (t) and determining the voltage at that
time from Figure 10, the peak current can be determined by iteration.

When the voltage has decayed to 1/2 crest:

t \' B 1 IR
(10-%s) (volts) (amperes) (volts) ‘
49 25 T 4844 : ,25‘8

which is in close agreement with the actual driving voltage. So,
In will be about 4700 amperes and will occur at about 45 microseconds.

This is the peak current if the shielded cable had only a
single conductor in it. The actual- signal cable has 6 conductors.
If cach were to carry 4700 amperes, there would, hyopthetically, be
a total of 28,200 amperes in the conductors which is more than the
lightning current that was in the shield to begin with, an impossi-.
bility. The current carried by each conductor in the control cable
will, however, be more than 1/6 of the 4700 amperes since the
parallel impedance of all of them is lower than that of a single
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conductor. An estimate for each wire of between 500 and 750
amperes scews reasonable since this represents a total of between
3000 and 4500 total amperes, leaving the balance to flow in the
shield. Voltages of 50 volts per meter of cable length and curs<
rents of up to 750 amperes per conductor are thus the levels that
must be dealt with by protective devices at the ends of the signal
cables. Protective devices to suppress these surges are described
in Section 3.0.

2.3 Lightning Effects on the Photovoltaic Receiver

The possibilities for lightning damage to the PV receivers
are now considered in further detail. A typical receiver assembly
is pictured in Figure 11l. :

' Cooiant
N

Bypass Diodes

Figure 11 - Photovoltaic Receiver Assembly
e A Lightning Strike Would Hit
the Receciver Bar and Not the
PV Cells Themselves.
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As shown in figure 11, the PV cells themselves are
faced downward and will not be exposed to a direct lightning
strike,'but the receiver bars in which the cells are mounted
may receive a direct strike. The probability of this happening
is not great because the probability of a direct strike to a
spot anywhere on any of the turntables, in the first place, is
very low (1l strike every 6 years). Secondly, at most times of
the day the edges of the reflectors would be higher than the PV
receiver assemblies, making it likely that the reflectors, and
not the receivers, would be struck as shown in Figure 12.

J—

=TSN XW\X\

-

% 3 3 EE N
RS ENR s
____—————;T:_f_—b‘f-\

b tinbat A 1

Figure 12 - A Lightning Strike Would Most Likely
Hit the Edge of a Relector Instead of
a Receiver Assembly.

When a reflector is struck the lightning stroke current that enters
it will divide and flow to ground along the various metallic ele-
ments of the reflector and turntable structures. Some of the
current will also flow in the reinforcing wires and in the copper
coolant tubes. Due to its close proximity to the PV ' receivers,

the portion of lightning current that flows in the coolant tubes
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will have the greatest affect upon the PV receivers. The amount
of current that flows in the coolant tubes or any other structural
‘member will depend upon its proximity to the strike.point and its
impedance to earth. Those elements that are in line with the
shortest paths to earth will therefore conduct the highest portion
of current. :

Due to the number of structural paths available, it is prob-
able that no more than 257 of the lightning stroke current can
flow in any single coolant tube, and in most cases the percentage
will be even less than this. Assuming, for design purposes, that
140 kA is the maximum lightning stroke current- that will occur,
the amount of current in a coolant tube would be:

= (0.25) (140kA) = 3$kA ©(32)

*tube
This current produces a magnetic flux which will pass through loops
formed by the PV receiver circuits mounted on the tube and induce
surge voltages and/or currents in these loops. The induction
mechanisms are the same as described in paragraph 1.3. of Section 1
for magnetic fields passing through loops formed by cables and the
earth, except that the loop areas involved are smaller. The
largest circuit loops are likely to be those formed between power
and return conductors and the coolant tube at the ends of each
compartment, collector and string of receivers where these conduc-
tors run between one unit and the next.. Along the receivers them-
selves the conductors are directly adjacent to each other -and the
loops formed are very small. . ' :

Figure 13 ijillustrates the several loops formed between the
PV cells, receiver bars, return conductor and coolant tube, and
the paths of surge currents that may be induced in these loops.
There are six possible cases. Only two of the PV cell compartments
are shown, but the surge current paths would be similar in all
compartments in a string. '

» Figure 13 .also includes a reverse bypass diode, a varistor
and an additional "or-ing'" diode.  These devices, whic¢h are dis-
cussed in section 3, were included to provide safe paths-for all
currents in the system. .

An estimate of the magnitude of surge current "induced in the
loops and Figure 13 can be obtained by assuming an effective loop
area through which flux may pass, and calculating the resulting loop’
current as follows:
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Equivalent Circuit of PV Receivers. Two Compartments Shown.

_Case 1

Fhetoveltaie Colle ¢0.4v, L3V

Valunl 230

Magnetic flux passing between the return conductor .and PV cells

in this direction induces a voltage that immediately drives cur-
rent through the PV cells in their reverse direction, of a mag-
nitude possibly sufficientto destroy these cells.

Magnetlc flux passing between the return conductor and PV cells
in this direction induces a voltage that. drives current in the
forward direction through the PV cells (Path A) and the bypass

diodes and receiver bars (Path B). The diodes and PV cells will
probably tolerate this current.

Case 3 .

" Rim jin - o _ 4 . ‘ . Pintel
o A - oo —K— e —*$<' :

Magnetic flux (in either direction) passing between the coolant
tube and the return conductor induces a voltage between the
negative bus bar, return conductor and the coolant tube. This
voltage will also cxist between the other elements of the re-
ceiver and the coolant tube, and will be maximum at the negative

(rim) end of each string. No damage will result unless the in-
sulation fails and a sparkover occurs.

Figure 13 - Possible Surge Current Paths Induced by Lightning Current
in the Coolant Tubes. Paths in Each Parallel Receiver Are
~Identical: Only One Side Shown.
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Equivalent Circuit of PV Receivers. Two Compartments Shown.

S A L - N N
Z N\ b N/ 7 STV Z

. |~ ‘ DD

If the insulation breaks down in case 3 (above), the voltage
will force current to circulate harmlessly between the return
conductor and coolant. tube. Some power current may commute to
the coolant tube also, but this should not be harmful.

;j—KHQ—*—% e s gt et B

- = g_' - .ervééx_ - '.. - _SZ;. - M" >» — _7 ______

N o A.‘V) : I 87 Ly A=
-Li—g—é;—--’--;:----'-—;d—‘a'—ini—m- ----------- K

Magnetic flux passing between the'return conductor and the
receiver bar in this direction induces a voltage that appears
across -the bypass diodes and the PV cells in the reverse direc-"
tion. The PV cells will conduct in the reverse direction at
about 0.6 volts per cell or 22 volts per 36 cell string, which
is less than the 100 volt reverse avalanch rating of the bypass

diodes. Thus, the induced voltage will cause current to circu-
- late in the PV cells as shown. The result is similar to Case 1.
Case 6

?ﬁ """ el

Magnetlc flux passing between the.return conductor and the re-
ceiver bar in this direction induces a voltage that drives cur-
rent the PV cells and the bypass diodes in the forward direction
as shown. The result is similar to Case 2, and the diodes and
cells will probably tolerate this current.

Figure 13 -Concluded.
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Assume that the PV cells and the return conductor are between
~and 2 and 4 centimeters away from the coolant tube respectively,
and the cell compartments are separated by 0.5 meters as shown
in Figure l4: .

' l‘ 0.5am ' :,
Rerurn Conductor
~ wzem
cm
KA ALAX

1 Fower -Conduc 107 -

i N

n Jem Coolant Tube
O ! )

Figure 14 - Transition Area between Two PV
Cell Collectors, Showing Loop
Area between Return and Power
"Conductors. :

Then the rate of change of magnetic flux passing through the loop
area shown in Figure 14 -is (Reference 7):

de¢ - - i 2
28 20x10 ,82.2—11%Ln(r—1-). (33)
where,
¢ = the magnetlc flux pa531ng through the
loop ' (webers)
2 = length of the loop (meters) = 0.5m

i = the lightning current in the coolant
tube (amperes) = 35 kA

r1, r2 = dimensions as shown (meters)
ry = 3.5 cm
r2 = 5.5 cm_
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thus,

%i - (20x1o-°)(o Sm) L (5 5) | (34)
='4.52x10"§% webers/Second ©(35)

and the peak voltage induced by the magnetlc flux passing through
this loop would be:

= N3¢ |
eloqp th; (36),

where N is the number of turns in the loopr=e1.
Thus, ‘ -

= 'egi :
4.52x10"°3¢ .(37)

eloop
The waveform of the loop voltage will be the derivative of ‘the
lightning current that produces it. For this ana1y51s it will be
assumed that the llghtnlng current has a- (1-cosw,t) rise in 2
microseconds and a cosine wave decay over a perlod ten times as
long. The waveforms of this current and the voltage it induces
in the loop are shown in Flgure 15. ‘

T o_;]m[1+eos(u,t - -—;—)]

1, (1-cosu,t) t
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¥
1
!
!
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|
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Figure 15 - Lightning Current Waveform and the
Voltage It Induces in the Loop.
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The current that is Jdiivea Ly the loop voltrage is limited by the
loop resistance and inductance. Neither of these parameters is
presently available, but an estimate of the maximum surge current .
may be made if the loops are 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): ‘

L = o.ooaz[Ln{}4~%?] " (38)

where, - L = the loop inductanc§ (microhenrys)
2 = the length of the ioopA(centimeter;)\

d = the distance apart of the two
conductors (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:

L 0.5

0.004(144)[Ln_l;~+7%4 - | (39)
0.004(144) (0.943) |

i

.0.543 microhenrys

and the current in the loop would be:

n/2 27 4
1 oop = o [ e, (£)dt + Igz(t)dt (40)
o nf2

"where e, and e, are the separate induced voltage functions before
and after the transition at w t = w/2. The loop current flowing
before n/2 will be designated i, and is determined by integrating
e, to /2 as follows: o T ’

n/2 .
i o= —%—[ e, (t)dt o . (41)
o _
= 1L f?i%SleO'e)(——E;——)(35x10§(sinm t)dte
o - % 4x10-¢8 !

0.543x107°

. ' n/2
2.29x10°. E%ffﬁﬁ%}
.1w1' .
: (o)
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i, = 2.00x103[1]) = 2900 amperes at w/2.

r n/2, the current is determined by integrating the voltage,
as follows: ' :
A | SR . .
L[ e, crae e - @)
Ll . - ~ .
ajgzgiiajz 1(4.52x10'°)(25§%5:r)(0.5)(35x10’)§in(wg:-%%)dt

. 72
-1.14x108|cos(wat-m/2)
w2

. n/2

-1.45%x10%[0-- (-1)]
~1450 amperes

is the amount by which i will diminish 40 microseconds after .
lightning current has reached its crest. It means that, due
he inductance of the loop, (2920 .- 1450) = 1450 amperes,will
1 be flowing in the loop when the lightning eurrent itself has
yed to zero. Another 40 microseconds would be required for
loop current to decay to zero.

The waveform of the loop current is shown in Figure 1l6. Since
tning currents may be expected to flow in either direction in

coolant tubes, the induced current may also flow in either di- .- -

ion in the PV receiver loops.

s - - - B
i, = 725 E-i- cos(uw,t 2}]

i1oop
2900 _amperes. e -

1450 amperes

|
- ]
W 3
' ' 2

T wt
2
<“— 2 yus | 40 us f——f€4
! I
._il = 290Q(l - cosw, t)
'Figure 16 - Current Induced in a PV Cell Compartment Loop.
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The resistance of the solar cells, divdcs and any other
components in the loops will diminish this current somewhat from
the values calculated above, so that the peak surge current of
2900 amperes should be considered a maximum.

The ability of this current to damage the PV cells and diodes
in the system depends not only on the amplitude of the surge cur-
rent but also its action integral (fi?dt). This is a measure of
the amount of energy that can be delivered by the surge. The
action integral of the sine wave currents of Figure 16 requires
a complex derivation, but can be estimated from the triangular
approximation shown in Figure 17.. _ :

max = 2900 amperes

iloop

50 80 € (us)

Figufe~17 - Triangular Approximation of Loop Surge Currents.

Here, ' A ‘
2x10-%s 80x10"¢s

I
i _ (JL(max) | L (max)
“loop T Gxio7cs " *(78x10-580 ¢
2x.lO"6
and 2x10~ s 80x107°s
i2 = __Lti ' + Iztz
loop ~ 4x10-12 T g x0T | -
0 2x10" ¢
and the integrals are: :
L2 . 2x107¢%s 2 s 80x10"%s
/itde = — £ + — (t_)l
o 4x1071%" 3 . -3 3
X 6.1x10 10~ s

Letting I = 2900 amperes (the peak surge current) and solving the
above expression gives: -

fi?dt = 241 ampere?-seconds.

(93]
N
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Some diodes can withstand action integrals of this order, but
others can not. Here again, the tolerance of the particular PV
cells and bypass diodes utilized in the system must be known 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 of
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. Before 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 ut111zed in this system.

The literature provides no meaningful 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 /

The foregoing analyses have shown that the AC and DC power
return conductors between turntables and equipment building should
be replaced by two AWG #1/0 cables located in the outside spaces
in the conduits 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 turntable, 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 of the possible 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.
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3.0 Protection Design

The analyses reported in Section 1 and 2 have shown that
direct and nearby lightning strikes may damage the PVAC electri-
cal and electronic systems. In this section, protective measures -
aimed at minimizing the possibility of this damage are described.
These measures include modification of cable routing and ground-
ing provisions, and the addition of surge suppressors and light-
ning arresters at critical podints throughout the system. The
ratings of these devices have been selected to provide protection
against the levels of surge voltage and current expected in the
system as a result of a nearby lightning strike, as determined
from the analyses of Sections 1 and 2. These devices will protect
many parts of the system from the effects of a direct strike to a
turntable as well, ~although it is expected that some damage may
occur to the PV cells as a result of such a strike.

The protective recommendations are described in the follow-
ing paragraphs and were illustrated by red-line markings on sev-
eral GE drawings delivered during the project. ‘

3.1 Tdrntable Direct Stroke Protection

The voltages and currents induced in turntable electrical wir-
ing by a direct stroke may destroy many of the silicon solar cells.
The ability.of the cells to survive under these conditions, as
discussed in the previous section, depends on their abiliity to
sustain high forward diode currents (reverse solar cell currents).
If the cells have forward diode current ratings similar to recti-
fier diodes with I?t ‘numbers of 100 to 500 A?s they will probably
survive; if not, they could fail. In either case, it is not prac-
tical and may not be possible to provide any additional ‘protection
for the cell itself. A reverse bypass diode connecting the nega-
tive lead to the output lead behind the "or-ing'" or blocking diode.
This diode will provide a path for induced currents to circulate in
.the forward diode direction (reverse solar cell direction) without
causing a reverse overvoltage on the. blocking diodes.

Electrical power lines on the turntable should be protected at
motors, etc. with suppressors such as GE V130LA20 varistors. The
wiring cables do not need to be shielded if suppressors are installec.
The varistor may fail under some rare conditions (i.e. as when a
strike attaches directly to the AC power wires) but will protect the
motor in any event. The 120 volt return wire should be connected
to structure at both ends.

Other turntable electronic wires should be shielded with both
ends of the shield grounded. Thermocouple wires usually cannot
have the shield grounded at both ends so a varistor or diode should
be connected between the shield and ground at the thermocouple end.
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Small chains (1/2" link) should be hung from the structure
to provide low inductance paths for lightning to reach ground
without flashing over the wheels or being conducted through the
pintel. . Four to six chains should ‘be hung around the outer dia-
meter of the turntable with a small spacing, (1/2" or less)
between their ends and ground. The chains should be positioned
over earth to prevent arcs from craterlng the concrete wheel
path. ,

3.2 Protection. of Cable Circuits

In section 2 it was shown that the present AC and DC return
cables should be replaced by lightning and_ground return (LGR)
cables of AWG #1/0 size. These cables will be~connected to struc-
ture and the ground rod at the turntable pintel. The present
design calls for these return lines to be carried up the flexible
connection to the electronics box on the turntable together with
the shielded signal cable. It would be preferable to bundle the
AC power, DC power and signal cable in an overall shield in this
area. The shield could be made of enough layers of copper over-
braid to contain the equivalent copper in two AWG # 1/0 cables

and still remain somewhat flexible. With large conduit or pipe

fittings on the ends, this flexible shield will conduct lightning
currents from the turntable to ground without damage or large
induced voltages on the cables contained within it.

3.2.1 AC Power Cables

At the pintel electronics box, the 120 VAC power line from
the equipment building should be protected by connecting a sup-
pressor such as V130HE150 Varlstor w1th short 1eads between 11ne
and structure.

At the equipment building, the AC power for all turntables
is supplied by a 480: 120/208 3-phase transformer. Three suppres-
sors, as above, should be connected line to ground on each of the

,.three, 120 volt phases at the junction service box for this trans-

former. Under very rare circumstances, it would be possible for

a lightning strike to occur during a time when the circuit breakers
feeding the turntables were opened. Under such conditions, the
lightning induced voltage could cause a sparkover in the service
box. Usually it takes less voltage to spark between the wiring and
ground (4-8 kV) then to spark across the switch contacts (15-20 kV).
Such an induced voltage surge will not usually contain enough energy
to cause much damage in the service. box and without any 120 volt
power applied, it will extinguish very quickly. :

3.2.2 DC Power Cable.

At the pihtél electronics box, the DC power. line between the
equipment building and the turntable should be protected with a
suppressor such as a V420HE250 connected from positive terminal




to structure with short leads. At the peak current of 18 kA pro-
jected for this cable the varistor condiuction voltage will exceed
the 1000 volt reverse voltage rating of the system "or-ing' or
blocking diodes. A 2000 volt rating, which can be obtained by
putting two diodes in series, will overcome this problem.

At the equipment building, another suppressor must be installed
to protect the inputs to the inverter. The smoothing inductor will
help to prevent transients from entering the 1nverter from the DC
side of the system. - :

3.2.3 Signal Cable

The signal cable pairs should be contained in a standard tele-
phone type cable which has a single corrugated shield applied longi-
tudinally with an overlap of 1/8 to 1/4 inch. Shield material shall
be fully annealed solid copper, 0.005 inches thick or copper clad
stainless steel. -Such cable is available from Clifford of Vermont
(1-800-451-4381); specify 3 pair, 22 gauge, Direct Burial Distri-
bution wire, copper shield per REA PE-54. The shield should be
solidly grounded by short leads to structure and ground at both
ends

The six wires (3 pair) should all be treated 1dent1ca11y and
be protected to a voltage level of 6 to 8 volts peak to minimize
damage to the TTL solid state circuitry present at either end.

The protectlon design for both ends of the signal cable is
shown in Figure 18. Each wire is clamped by a varistor which
conducts the 750 ampere surge at about 100 volts. 'The resistor
limits the current to the zener protector which conducts 20 amperes
at 7.5 volts. .

Cable . :>»——j————~A\;</N' § :>i TTL

/7777

Vi = General Electric V24ZA50 varistor
D] = General Semiconductor 1CTE-5
R1 = Allen-Bradley Carbon Composition

GB resistor 4.7Q+10% 1W

Figure 18 - Typical Signal Conductor
' Protection Schematic.



3.2.4 Protection of the Equipment Building

Some means for structural protection of the cement block .
building, (i.e. a conductive roof with down conductors, or
lightning rods). must be provided by the A&E firm responsible
for the building design. _

The 480 volt, 3-phase AC power connection between the power:
company and the building should be protected with arresters or
suppressors at the building and the transformer site. Because
sensitive electronic monitoring devices.are connected to the
power system in the equipment building, GE Type V480HE450 var-
istors are recommended .for protection of the main three phase
480 volt power at the building entrance. The equipment at the
transformer is standard distribution gear and a GE Model 9L1l5-
BCCO03 surge arrester is recommended to protect this e u1 ment.
If lightning does strike the array system substantial tning
current will be present in these circuits because the utllity
system presents an ultimate ground for the lightning current.
The pump motors are generally quite close to the building and
will need no additional protection.

.All electronic sensing circuits entering the building, ex-
cept those associated with the turntables, come from nearby
sources and requlre only shielded cables whlch are grounded at
both ends. . :

3.2.5 Summa:y of Protection Recommendations

In most cases where the distances involved are short, pro-
tection can be afforded through the use of shields grounded at
both ends. Where the distances are greater (such as between the
turntable and the equipment building) additional suppression is
required to remove potentially damaging transients from the con-
ductors. All recommended protection has been incorporated on the
red-lined GE drawings delivered earlier. Specifically those
~ drawings were:

Plant Electrical Rev 12/4/78

1 147D9785 Schematic -

2. 9193232 Schematic - .Equipment Building - Rev 12/4/78
3. 9193233 Sh#2 Schematic - Turntable(Operational) . ~ 11/30/78
4 - Turntable(Experimental) 11/30/78

9193233 SH#l Schematic

The termination and grounding methods used for overall shields
(OAS) are very important and when done improperly can degrade the
effectiveness of the shield. Figure 19 shows various methods and
rates their effectiveness. As shown in the figure, a 360° shield

contact to the panel structure provides the best connection for two

reasons:

’

1. A low inductance éonnéction.ﬁrovides the lowest impedance
termination for the shield current, and
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2. The unlform shield current entirely excludes mavnetlc flelds
from coupling the internal conductors.

Standard conduit couplings or water-pipe type fittings will
provide 360° electric contact to panels and the overall shields
can easily be clamped to such fittings. When such fittings can
not be used, short pigtails between the shield and the panels
may be used. Other shield grounding methods must be avoided.

On'the turntables, shielded conductors should be routed and

clamped tightly to conducting structures to minimize magnetlc
loop areas and thereby reduce shleld currents to a minimum.

OVERALL SHIELD (OAS)

(o)

EQUIPMENT __,

CASE
OAS
. . 360° CONNECTOR
(t?) . . (BEST)
OAS

. . . EXTERNAL PIGTAIL
. . (BETTER)
(<) ‘
‘ OAs
' : ' " INTERNAL PIGTAIL
. (BAD)
{d). . | ‘
. OAS - .

STRUCTURE
(e) . R GROUND

(WORST)
SIGNAL
GROUND

Figure 19 - Types of Grounding for Shields
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