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ABSTRACT

A low=power photovoltafe svstem was constructed with approximately 500
amp=hours ot bhattery cnerpy storage to provide power to an cmergency amatoeur
radio communications center. The svstem can power the communicat fons conter torv
about 20 hours ot continuous no=-sun operation. Complete construct lon detalls
and o desipn methodolopy alporithm are piven with abundint enplneering data and
adequate theory to allow simllar svstems to be constructed, scaled up or down,
with minfmum desipn ettort,
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SECTION 1 |

INTRODUCTION

A. PURPOSE

The purpose of this report s to describe in detail the design and construc-
tion of a small photovoltaic (PV) system that has all of the elements of larger
svstems, Using the desipgn concepts and techniques described herein will allow
similar syvstems to be assembled--scaled up or down In peak power and energy
storage. What follows is not the only design approach., 1t is, however, a
description of a system approach that provides o methodology for the design and
construction of PV systems with requirements for energy storage, power condi-
tioning, and power distribution management.

B. SYSTEM FUNCTION

Two-thirds of the State of California is vulnerable to a great quake.
Seismologists indicate a much-better-than-chance probability that a great quake
could occur in Southern California any time in the next several years. In such
an event, commercial and emergency service communications will be disrupted over
a widespread area, The extent and consequences of this disruption will be
determined by the proximity of the quake epicenter to the metropolitan areas.

The communication requirements during such a disaster will bhe determined by
the extent of the structural damage and resulting population mortality. For
example, a great quake centered along the San Andreas fault immediately northeast
of Los Angeles can be expected to create widespread damage from Santa Barbara to
the north through San Diego to the south.

An amateur radio-based emergency communication center has been assembled to
help provide temporary communications immediately following a catastrophic
disaster such as a great quake centered near Los Angeles. The radio equipment
operates from storage batteries receiving energy from the sun and is not dependent
upon utility-delivered electrical energy.

Sunlight is cunverted to electrical energy by means of photovoltaic (PV)
modules composed of silicon solar cells. These modules were obtalned from the
U.S. Department of Energy through the Jet Propulsion Laboratory (JPL) Lead Ceater
for Photovoltaic Technology Development and Applications. The modules are used
to supply electrical energy to the communications equipment.

The amateur radio station is situated in a favorable location 610 m
(2,000 ft) above sea level north of Los Angeles. From this location it is possi-
ble to have high-frequency (144 MHz), two-way communications from Santa Barbara
160 km (100 mi) to the north, the metropolitan areas of Ventura, Los Angeles, and
Orange Counties, and San Diego 233 km (145 mi) to the south--a total population
of over 13 million. In addition, lower frequency (3.5 to 29 MHz) communications
can be conducted simultaneously, if necessary, with other amateur radio stations

1-1



outside the high=frequency range. This includes the remalnder of the state and,
at least, all the other states. These communicat ions can be accomplished using
radio-trequency power levels of less than 200-W fnput. This {s possible because

of the tavorable station location,

1-2



SECTION 11

APPROACH

Sizing a PV array and energy storage system for emergency communications
equipment is a difficult task, which {s unfque to the application. One has to
resolve such questions as:

(1) How long de emergencies last?

(2) What 1s the expected duty cycle (L.e., the ratio of transmit-to-
receive)?

(3) How much .ime s there between emergencies?

(4) How long should it take to recharge the battery pack after a drill or
emergency?

(3) How much storage capacity is required?

Except tor the last question, these questions are not encountered in most PV
systems applications, Attempting to answer the above questions forced a systems
design approach which is described in this report.

In general, PV modules for any application have to be connected in parallel
and, perhaps, in series and parallel to meet the voltage and current requirements
of the equipment. Then th» modules must be fastened into a framework that can
be tilted at a favorable angle to the sun, The current-voltage characteristics
of any PV array will be influenced by the battery storage requirements along with
the equipment power requirements. It is necessary to look at the entire system
requirements before starting the design and construction. In addition, a deci~
sion has to be made as to the desired lifetime of the system, and provisions must
be made for component and equipment expansion over the design lifetime,

Table 1 lists the current and power requirements for this system's high-

and low-band commuaications equipment. Worst-case conditions occur when both
radios are in the transmit mode at the same time. This would draw 24 A (at a

Table 1. Communications Fquipment Current and Power Requirements

FREQUENCY RECEIVE MODE TRANSMIT MODE
BAND amps POWER, W amps POWER, W
HIGH 0.20 2.72 9.10 124
Low 6.00 81.6 15.0 204
BOTH 6.20 84.3 24.1 328
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design voltage of 13,0 V) trom the battery pack., There could be additional
battery current drain trom the DC=to=AC inverter (used for antenna rotation
motors) and trom emergency lighting in the radio room.

The intormation in Table 1 was easy to obtain from the equipment manutfac-
turers' operation manuala, But duty cycles (ratio of transmit-to-recelve time)
had to be defined to size the battery pack., It was determined that some manu-
facturers of emergency service communications equipment (i.e,, police, ambulance,
and fire department service) desfpgn tor an expected average duty cvele of
10 percent transmit, 10 percent receive, and B0 percent standby. Standby here
is defined as ready to receive, i.o0., squelch mode. Based upon this information,
the tollowing duty cveles were detined:

(1) Critical emergency traftic
(a) 10 percent transmit
(b) 90 percent receive
(2) Nonceritical tratftce
(a) 30 percvent transmit
(L) 70 percent recelive
(3) Rag-chew (station-to-station, non-net)
(a) 50 percent transmit
(b) 50 percent receive

The low-band equipment does not have squelch control, o the squelch mode
and recelve mode are the same. In addition, this mode includes filaments in the
final amplifier tubes. The high-frequency equipment does bave : squelch mode but
the receive mode, as can be seen from Table 1, is such a small current drain that
the recelve and squelch modes are also lumped togethey. In addition, the trans-
mit mode for the high band includes a 40-W linear amplifier which may or may not
be required.

The battery pack was to consist of an unknown number of improved electric-
car, deep dilscharge 6-V lead-acid modules. Extensive modeling and laboratory tests
and verification of models had previously been performed on these types of bat-
teries through Department of Energy funding. Since mathematical expressions were
known for these batteries relating amp-hour capacity as a function of discharge
current and electrolyte temperature, and relating specific power (density) as a
function of specific energy (density), it was possible to predict battery pack
performance as a function of the data presented in Table 1 and electrolyte tem-
perature., A worst-case battery complement would assume no output from the PV
array but batteries fully charged. By argument and arbitration, it was decided
to design for 72 hours of continuous operation in total darkness, using the
critical emergency traffic duty cycle.

2-2

A IR TR



Based upon the approach described above, and the mcthodology defined in this
report, 24 Sensor Technology (Photowatt) model 20-10-1674 (block I1I) PV modules
were transferred from the Department of Energy to the design team through the JPL
lead center. The lead center had the responsibility of reviewing and modifying
the preliminary design prior to the transfer and is responsible for site inspec-
tion periodically to be assured that the PV modules are used as intended.

Of the 24 modules obtained, 22 are used as the PV array and 2 are kept as
spares. The system design is based on a 10-year lifetime.

2-3



SECTION I11

IMPLEMENTAT ION

A. BASIC SYSTEM CONCEPTS

The photovoltaic modules supply power to the communications equipment. Dur-
ing no-sun periods, batteries are used to supply the power. During sun periods
when only some or no power is required from the system, the PV energy is stored
in these batteries. Figure 1(a) illustrates the simplest system concept. The
blocking diode prevents the battery pack from discharging back through the PV
array during no-sun periods. The problem with this simple concept is that all
the electrolyte would boil away in the batteries when the batteries became fully
charged and the equipment was off. A more advanced concept of the system is seen
in Figure 1(b). Here a shunt regulator is used to maintain the battery pack
voltage independent of the state of charge of the battery pack (RS) or the load.
When the battery pack is fully charged and the equipment is not operating, the
PV array energy is dissipated as heat in the shunt regulator, and the system
efficiency is at its worst. If the battery pack is partially discharged, if the
equipment is operating, or if both conditions exist, the PV array current will b:
allocated to meeting the load requirements, and any surplus current will be used
to recharge the battery pack with no current being dissipated in the shunt regu-
lator. During the time and conditions that the PV array energy is required, the
system operates at ‘c¢s highest efficiency.

The dynamic resistance of the array, regulator, battery, and the load
(Figure 1b) and the associated time constants of the loop (the system) are
important parameters and will affect the system stability.

B. PHOTOVOLTAICS
1. Mechanical

Figures 2(a) and 2(b) are photographs of the front and rear of the
Sensor Technology PV module, and Figure 3 1s a drawing of the module with
detailed dimensions (used by permission from Reference 1).

Each of the 22 modules used to supply onergy to the system measures approxi-
mately 58 by 28 cm (28 by 11 in.) and is 4.6 cm (1.8 in.) in depth and weighs
3.7 kg (8.2 1b). Each module is constructed within an aluminum heat sink, as
shown in Figure 2(b). The silicon cells (44 per module) absorb heat from the
sun, and the heat derates their performance. The heat sink provides a means of
dissipating this heat. If a module is set on a nonconducting surface on a warm
sunny day, it gets so hot that it can't be handled with bare hands! Therefore,
the modules were mounted in an aluminum framework that allows heat to be trans-
ferred away from the heat sink by convection and radiation. Care was taken not
to mount the PV array too close to the shake roof surface, which itself transfers
heat by convection and radiation.
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Figure 1. PV System:  (a) Simple Representation; (b)) Advanced Representation

Strength, rigidity, weight, and zero maintenance were the primary considera-
tions in designing the module structure. 6061 aluminum (6063 tor extruded
shapes) was selected as the primary material to be used in the construction,

This was based on cost, weight, and availability.

Figure 4 shows the assembled array. The structure measuares 326 c¢m (129 in.)
long and 119 cm (47 in.) wide, with a 326-cm extended tee section running
lengthwise through the middle. This provides adequate space for two rows of
eleven modules to be mounted on the structure with about 1 ¢m (0.38 in.) between
modules.

The structure is constructed entirely of 1 1/2- by 1 1/2- by 1/8-in. alumi-
num angle, except for the center tee section which is 2- by 3/4- by 1/8-in. The
center of the structure {s braced with two 119-cm (47-in.) sections of angle as



RIGINAL PAGE
BLACK AND WHITE PHOTOGRAPH

(a)

(b)

Figure 2. Sensor Technology Module Photograph: (a) Front; (b) Back
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seen In Figure 4. Ead arcas and center arcas are braced with t/é-in. aluminum
bar stock, which provides extra rigidity at section intevfaces.

The array structure rests on six legs made of 1- by 1- by 1/8-in. extruded
rectangular aluminum tubing. Inside this tubing is 3/4- by 3/4- by 1/8-1n.
rectangular tubing.  These legs, in turn, are set inside 8- by 1 1/8- by 3/16-in.
channel sections.  The entire assembly is butted up against 4= by 4~ by 1/4-1in.
907 angle brackets.

The anple brackets arve fastened with 3/8- by 1 1/2-in. lag bolts to 2- by
A=in, coedar studs, which were mounted with 12-in. bolts through the shake rvoof
to the ceiling rafters below.,

Unfortunately, nothing was co-planar since a wall angle (arrvay azimuth
anpgle)l of zero degrees (f.e., geographic south) was desired and the roof was
of ' south by a few degrees. Therefore, this type of design provided the greatest
degroe of flexibility when positioniong the platform on the roof at the desirved
tilt and wall anples,

Atter the arrvay structure was {n the desired position, residual rectangular
tube and angle material was used to diagonally brace the legs to help insure
strength and rigidity,  Fitty-mile-an-hour wind gusts are not uncommon during the
windv season, so guy cables were used to additionally fasten the array structure
to the cedar studs.  Clearance was provided to prevent atr compression under the
structure and allow the prevatling (normal) breezes to convectively cool the pv
module heat sinks.

The array structure fasteners were 3/8 in.-16 by l-In. hex head bolts and
the modules were attached to the platform with /4 in.=20 by 1 1/2-in, hex head

bolts.  Flat and lock washers were used throughout,

Ten-year zero maintenance was one of the desipgn criteria,

RN Electrical

Typically, PV modules are rated under standard operating conditions
(SOCY,  The following SOC is detfined for the modules used in this system,

‘Array azimuth angle terminology used in PV engineering is also known as the

wall angle in solar heating and cooling engineering. The angle will be referred
to as the wall angle in this report and is simply the projection of the array
normal to the horizontal plane. Angles east of south are positive, angles west
of south are negative.



(1) The module performance was determined when it was frradiated
(i1 luminated) with 100 mW/eme of an alr mass 1.5 spectrum, 2

(2)  The nominal operating cell temperature (NOCT) was detined to be
A9°C (146°F) under no=load conditions when the air temperature was
maintained at 20°C (68°F) with afr motfon of 1 m/s (2.2 mi/h).

Table 2 lists the performance of a sample module based on the above defini-
tion ot standard operating conditions, and Figure 5 indicates the -V
characteristics.,

As previously described, the modules were assembled as an array in an alumi-
num frame.  Total module arca is 3.7 m< (39.5 ft2)y. Within the array theve 1is
2,37 m= (25.6 Ft2) of active cell area. The ratio of module areca to cell area
is 0.65 tor this array.

Fipgure 6 L5 an electrical schematic of the PV array. The last three digits
of the serial numbers of each module are indicated and ecach module s numbered
I through 22 in order to identify each protective diode in the diode box
(described below).  E-=7Z code tags are wrapped around cach cable within the pro-
tective diode box. This fdentities each module tfrom the diode box and will allow

quick module identitfcation in the event of a module fatlure.

The protective diodes are silicon PN junction ING0O04 rvectitiers,  The pur-
pose ot these diodes is twotold. Figures 7(a) and 7(b) {llustrate the use of

Table 2. Standard Operating Characteristics, PV System Module

POWER, MAXIMUM 10.1 WATTS
VOLTAGE AT MAXIMUM POWER 18,3 VOLTS
CURRENT AT MAXIMUM POWER 550 MILLIAMPS
VOLTAGE, OPEN CIRCUIT 22,5 VOLTS
CURRENT, SHORT CIRCUIT 620 MILLIAMPS
MODULE EFFICIENCY 6.1%

R
“The sun's spectrum at the top of the atmosphere is defined as AMO. AM]1 is the

air mass penetrated by the sun's rays in the most direct optical path, Other
air mass values indicate the ratto of the optical path length through the atmo-
sphere to the path length through AMl (Reference 2, Section 2.4). Therefore,
different air mass ratios imply different shaped light spectra and therefore
different module performance. The standard alr mass 1.5 spectra is an analyti-
cally derived spectra (Reference 3) and represents the mean spectra of sunlight.
For detailed information on the subject of performance reference conditions

for PV array measurements, see Reference 4.
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PREVENTING CELLS 5 AND 6 FROM GETTING HOT

Figure 7. Protective Diode Applications:  (a) Shorted Cells, No Protective
Diodes; (b)) Shorted Cells, Protective Cells; (¢) Shadowed Cells,
No Protective Diodes; (d) Shadowed Cells, Protective Diodes

these diodes in preventing good modules from being short circuited by a detective
module. 1f resistance R2 is much less than the load resistance R1, then current
from modules 1, 2, and 3 will flow mostly into shorted module 4. Protective
diodes (Figure 7b) will prevent this from happening. Fipures 7(c) and 7(d)
illustrate the same diodes being used to prevent potential problems from shadow-
ing. Overheating can destroy cells or modules being shadowed or partially



shadowed.  The unshadowed modules will effectively back bias the diode of the
shadowed modules, thus preventing current flow and therefore preventing heat
generation,

An alternative choice of diodes for these protective functions would have
been Schottky-barrier type devices,which have a forward bias voltage drop less
than that of a normal PN junction diode. Figure 8 Lllustrates the characteristics
of the Schottky diode and Table 3 indicates the tradeoff and penalty for using
both types of diodes for the system. The decision to use regular PN junction
rectitfer diodes rather than the more expensive Schottky diodes was based solely
on cost for thls system,

The diodes were mounted between solder terminals in a black painted metal
box mounted underneath and always in the shadow of the array. To ensure that the
diode matrix could dissipate about 8 W at high sun, holes were drilled in the top
and bottom of the box to allow convection cooling., Water drip loops were [ormed

Table 3. PN Junction Versus Schottky Diode Trade-Off

DIODE TYPICAL FORWARD | POWER LOSS | TOTAL ARRAY UNIT COST
TYPE VOLTAGE DROP AT (.5 AMPS | POWER LOSS | (1981 DOLLARS)
P-N JUNCTION 0,70 vOoLTS 0.35 WATTS 7.70 WATTS $0.44
SCHOTTKY 0.52 VOLTS 0.26 WATTS 5.72 WATTS $1.17
10 T T T T T T
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Figure 8. V-I Characteristics of Low-Current Schoettky Diodes
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on the input and output cables to keep rain water out of the box. The solder
terminal strips were mounted on stand-off insulators and, if water should some-
how get into the box, it will run out the bottom holes and won't get the diodes
wel,

All the module "+" leads are comnected to their diodes within the diode box
and the cathodes of all diodes are connected together on a bus bar, thus effec-
tively paralleling all "+" terminals of the modules. The modules' "-" leads are
dalsy chained together underneath the array, completing the parallel module con-
tiguration. Number 14 Teflon insulated wire was used throughout,

The PV array 1is physically divided into two banks of modules as seen in
Figure 6. There are two reasons for this., First, the current path to and from
the battery box (described later) coculd be divided into two loops, thus reducing
the voltage drop in the cables and the associated energy loss. Second, compari-
son voltages and currents could be made at the battery box to determine the array
performance., Differences will indicate a module performance problem., The two
"+" leads are tied together at the PANEL circult breaker in the breaker box, and
the two "=" leads are tied together at an amp--meter current shunt where current
comparisons between the two array banks can be made.

¢ ENERGY STORAGE AND REGULATION

. Mechanical

An enclosure was constructed to house the batteries used for energy
storage and the shunt regulator used for energy management. The enclosure is )
referved to as the battery box.

The battery box was constructed by pouring a concrete pad 145 by 43 cm
(57 by 17 in.) and 20 cm (8 in.) deep just below ground level., 3/8 in.-16 by
6 in. bolts were inserted into the wet concrete so that 2- by 4-in. redwood studs
could be anchored to the front and side perimeters of the pad to form a solid
frame base,

Cedar grape stake was used to build a floorboard, allowing an air gap
between the concrete surface and the top of the floorboard so that six 29-kg !
(65-1b) battery modules would be lifted up and off the concrete (see Figures 9
and 10). Any water entering the battery box will not collect around the base
of the battery pack but will run out of the enclosure because of provisions made
under the front side redwood base stud.

The front, sides, and roof of the box were constructed from 5/8-in. marine- ;
grade plywood, which was waterproofed and painted before assembly. The front |
section measures 118 cm (47 in.) long and 50 cm (20 in.) high. A 3/4-in. dado
was cut along the top edge so that the roof assembly would fit tightly over the
front and sides. The sides were constructed in a similar manner and measure
74 cm (29 in.) long by 50 ¢m (20 in.) high. The roof measures 122 cm (48 in.)
long and 86 cm (34 in.) wide and has a 13-cm (5-in.) overhang along the front to
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prevent water from entering into ventilation areas. Dadoed front and side pieces
were attached to the top of the roof to create a sloped roof and a tight seal
around the edges of the roof interfaces.

Considerable design effort went into adequately ventilating the battery box.
During battery charge, considerable hydrogen and oxygen can be producei and it is
important to ncot allow an accumulation of these gases, particularly if electro-
mechanical devices are used for inverter actuation and power distribution and
management, Five large vents were placed in the front section of the box to
provide 1045 em? (162 in.2) of ventilation space, and two vents were placed on
the one exposed side to provide another 290 cm? (45 in.2) of ventilation space.
In the roof assembly, eighteen 2.5-c¢m (l-in.) holes were added around the front
and sides to expel any gases that may collect against the Inside top of the
roof. Forty-four 0.64-cm (1/4-in.) holes were located in the back side in an
area immediately above the heat sink area. Firally, all the rectangular vents
were covered with aluminum vent mesh to prevent animals, including reptiles,
from entering the box. Figure 1]l shows the battery box enclosure.

All sections of the box were glued and screwed to provide maximum strength
and rigidity and an expected zero maintenance (except perhaps for painting)
10-year lifetime. As a last measure, the roof was covered with a thin sheet of
white fiberglass. During battery maintenance, the roof must be removed so it
was desirable to keep it as light as possible.

s Electrical--General

Access to the battery box is through holes in the back side panel.
The four cables from the PV array enter the battery box and go to a breaker
switchbox mounted on the outside front of the enclosures. The two positive
leads are connected in parallel at the PANEL 15-A breaker. The output of this
circuit breaker is connected to the +BUS IN bus bar inside the battery box. The
negative leads from the PV array go into the battery box and are connected
together at the AMP-HOUR METER SHUNT. A bus bar configuration is shown in
Figure 12. There are three bus bars made of 3/16-in. copper bar stock, 5 cm
(2 in.) wide. The bus bars are a convenient way of interfacing within the
battery box. Also shown in Figure 12 are the forty-four 1/4-in. vent holes above
the heat sink area (bottom), a Schottky isolation diode on a heat sink (upper
left), and another Schottky isolation diode mounted on the +BUS OUT bus bar.

Figure 13 is a still more advanced conceptual diagram of this system.
Extensive metering is indicated in this figure, along with circuit breakers and
isolation diodes. The metering is used to obtain scientific and engineering
data when the system is not being used for emergency drills and training. The
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