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B A C K G R O U N D  

The Department o f  Energy (DOE) Ac t  of  1 9 7 8 - C i v i l i a n  A p p l i c a t i o n s  ( P u b l i c  
Law 95-238, Sec t ion  208) au tho r i zed  $12,000,000 i n  FY 1978 t o  acqu i re  l i f e -  
c y c l e  c o s t - e f f e c t i v e  photovol  t a i c  systems f o r  Federal f a c i  1  i t i e s .  That progr.am 
was g r e a t l y  augmented by t h e  es tab l  ishment o f  t h e  Federal  Photovol  t a i c  
U t i l i z a t i o n  Program (FPUP) under T i t l e  V, P a r t  4; o f  t h e  Na t i ona l  Energy 
Conservat ion Pol i c y  Ac t  (Pub1 i c  Law 95-61 9) which au tho r i zed  t h e  a p p r o p r i a t i o n  
o f  an a d d i t i o n a l  $98,000,000 f o r  FY 1981. 

As i n d i c a t e d  i n .  P.L. 95-619,. t h e  key o b j e c t i v e s  o f  FPUP are :  

(1  ) To acce le ra te  t h e  growth o f  a  commerc ia l ly  v i a b l e  and coope ra t i ve  
i n d u s t r y  t o  make p h o t o v o l t a i c  s o l a r  e l e c t r i c  systems a v a i l a b l e  t o  
t h e  general  p u b l i c  as an o p t i o n  i n  o r d e r  t o  reduce n a t i o n a l  consump- 
t i o n  o f  f o s s i l  f u e l .  

( 2 )  To reduce f o s s i l  f u e l  cos t s  t o  t h e  Federal  government. 

( 3 )  S t i m u l a t e  t h e  genera l  use w i t h i n  t h e  Federal government o f  methods 
f o r  t h e  m i n i m i z a t i o n  o f  1  i f e - c y c l e  cos t s .  

( 4 )  To develop performance da ta  on t h e  program. 

To achieve t h e  o b j e c t i v e s  e s t a b l i s h e d  by  Congress, t h e  FPUP must 
s t i m u l a t e  i n d u s t r y  and market development. I t  must suppor t  t h e  a p p l i c a t i o n s  
t h a t  have been i d e n t i f i e d  as hav ing  s i g n i f i c a n t  market p o t e n t i a l  i n  t h e  
p r i v a t e  domest ic arena and i n  f o r e i g n  c o u n t r i e s  as w e l l  as i n  t h e  Federal 
agencies.  

The FPUP i s  be ing  conducted i n  f i v e  cyc les ,  depending upon funds a v a i l -  
a b i l i t y ,  as summarized i n  Table 1.  

Table 1. FPUP A p p l i c a t i o n  Cycles 

Cost 
E f f e c t i v e  

Now 

E a r l y  1980's 

Mid 1980 's  on 

- .  
- 

Major  
Appl i c a t i o n s  

Small Remote 

Small Remote 

I n te rmed ia te  Remot,e 

In te rmed ia te ,  Remote 

Res iden t i a l  

Se lec ted  I n te rmed ia te  
G r i d  Connected 

F i s c a l  
Year 

1978' 

1979 

1980 

1981 

Cycl e  

I 

I I 

I 1 1  

I V 

V 



To date, FPUP has funded more than 3,000 pho tovo l ta i c  app l i ca t i ons  i n  
t h i r t e e n  Federal departments ( l i s t e d  below) a t  a  cost  o f  $23,000,000. Every 
s t a t e  i s  represented by app l i ca t i ons ,  except North Dakota. There are a l so  
a p p l i c a t i o n s  i n  the  West Ind ies ,  the P a c i f i c  Is lands and Europe. 

The Advisory Committee es tab l ished i n  P.L. 95-61 9  has been chartered and 
members named. A  r u l e  f o r  t he  moni to r ing  and assessment o f  systems i n s t a l l e d  
under the  program was pub1 ished i n  f i n a l  form on November 7, 1979. 

The program w i l l  be c l o s e l y  coordinated w i t h  t h e  a c t i v i t i e s  and exper i -  
ments underwaybunder the  So lar  Photovo l ta ic  Energy Research Development and 
Demonstration Act of 1978 (Pub l ic  Law 95-590). Technical support w i l l  be 
prov ided t o  the agencies t h a t  wi 11 draw on the  techn ica l  exper t i se  gained 
both by i n d u s t r y  and DOE f i e l d  centers i n  p r i o r  app l i ca t i ons .  Th is  semir~ar 
m a t e r i a l  i s  p a r t  o f  t h a t  t echn ica l  support. 

P a r t i c i p a i n g  Federal Agencies 

Department o f  Agr i  cu 1 t u r e  Department o f  Transpor ta t ion  
Department o f  Commerce Department o f  Treasury 
Department o f  Defense Environmental P ro tec t i on  Agency 
Department o f  tnergy General Services Ad~i~ i r i  i st;tbation 
Department o f  I n t e r i o r  Heal th and Human Services Admin is t ra t i on  
Department o f  S ta te  ' Nat ional  Aeronautics and Space Admin is t ra t ion  

Tennessee Val l e y  A u t h o r i t y  
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Th i s  seminar m a t e r i a l  was developed p r i m a r i l y  t o  p r o v i d e  s o l a r  pho tovo l  t a i c  
(PV) appl  i e d  eng inee r i ng  techno1 ogy t o  t h e '  Federal  community. An i n t r o d u c t i o n .  
to @otoconduc t i v i  t y  , semiconductors, and s o l a r  pho tovo l  t a i c  c e l l s  i s  i n c l  uded 
a long  w i t h  a  demonstrat ion o f  s p e c i f i c  a p p l i c a t i o n s  and a p p l i c a t i o n  i ,den t i  f i c a -  
t i o n .  ' 

I 

The seminar d e t a i l s  general, systems des ign  and i nco rpo ra tes  most known . 
i n f o r m a t i o n  f rom i n d u s t r y ,  academia, and Government concern ing  sma l l  s o l a r  c e l l  . 
power system des ign engineer ing,  p resen ted  i n  a  p r a c t i c a l  and a p p l i e d  manner. 
S o l a r  PV power .system .appl i c a t i o n s  i n v o l v e  c l a s s i c a l .  d i r e c t  e l e c t r i c a l  energy 
convers ion  and e l e c t r i c  power system a n a l y s i s  and syn thes is .  P resen ta t i ons  and 
examples i n v o l v e  a  v a r i e t y  o f  d i s c i p l i n e s  i n c l u d i n g ~ s t r u c t u r a l  a n a l y s i s ,  
e l e c t r i c  power and . l o a d  a n a l y s i s ,  r e 1  i a b i l  i ty, s i z i n g  and o p t i m i z a t i o n ;  and, 
i n s t a l l a t i o n ,  o p e r a t i o n  and main'tenance. , . 

Four s p e c i f i c  system designs a r e  demonstrated: wa te r  pumping, domest ic 
uses., n a v i g a t i o n a l  and a i r c r a f t  a i ds ,  and te lecommunicat ions.  A1 1  o f  t h e  
a p p l i c a t i o n s  d iscussed a r e  f o r  smal l  power requ i rement .  (under  2 k i  1  owat ts )  , 
stand-a lone systems t o  be used i n  remote l o c a t i o n s .  A l so  p resen ted  a r e  . ,  
p r a c t i c a l  lessons  ga ined f rom c u r r e n t l y  i n s t a l l e d  and o p e r a t i n g  systems, 
problems a t  s i t e s  and t h e i r  r e s o l u t i o n ,  a  l o g i c a l  p rog ress ion  th rough each 
ma jo r  phase o f '  system a c q u i s i t i o n ,  as w e l l  as thorough des ign  rev iews  f o r  each 

, a p p l i c a t i o n .  

A l l  PV system a p p l i c a t i o n s  d iscussed a r e  s o l a r  powered. The r a d i o i s o t o p e  
powered p h o t o v o l t a i c  system i s  n o t  cons idered,  except  as a  secondary p o s s i b i l i t y  
f o r .  supplemental energy. A  d i s t i n g u i s h i n g  c h a r a c t e r i s t i c  o f  these  smal l  PV 
power systems i s  t h a t  t h e y  can be s tand-a lone systems. The u t i l i t y  g r i d -  
connected a p p l i c a t i o n  i s  a  secondary p o s s i b i l i t y  f o r  r e q u i r e d  supplemental. 
energy. 
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SECTION I ' ' , 

INTRODUCTION . . 

The subject matter of this seminar is solar photovoltaic (PV) power systems, which are 
stand-alone systems. This section will enable the seminar participant to: describe the PV 
process and the equivalent circuit; plot a 'typical current-vol tage (I-V) curve under various 
insolations and temperatures (to determine the electric power profile); list the array-to-cell 
component nomenclature; sketch block diagrams; and, show load/array interactions on an I-V 
plot. The radioisotope powered PV system is not considered. J 

I. I SOLAR (PV) CELLS 
.Solar radiation, as it impinges upon the earth, has the properties of both energy waves 

and particles. The wave property is associated with both ,the light spectrum detectable with 
glass prisms, heat, and electromagnetic radiation. - The wave and particle properties are 
associated with the production of electricity by PV cells (semiconductors). In brief, the 
energy particles (photons) penetrate the two-layered PV device (solar cell). The top (n 
layer) contains many free electrons. The bottom (p layer) contains many highly mobile 
positive charges called holes. Photbns of high enough energy pass through the thin n layer 
and are absorbed by atoms in the p layer. Elktrons are energized and hole-electron pairs 
are created. The electrons wander around in  the p layer until recaptured by holes. If  the 
electrons enter the junction between the n and p layers, they get caught in the crystal, 
electric field charge differential near the p-n junction and are drawn into the n layer. 
Hence, electrons gather in the upper layer and the region becomes negatively charged. 
Because the electrons have migrated from the p 'region, the p region becomes positively 
charged. Therefore, a voltage develops across the junction as though it were a capacitor. I f  
wires are connected to the top and bottom of the cell, a current will flow through the wire 
(see exhibit I. I ). As a result of the photon bombardment, the, solar cell (semiconductor) acis 
as an electron source. This entire process is termed photoconductivity. The photon is 

' ' defined as a quantum of electromagnetic energy having both particle and wave behavior. It 
has no charge. or mass but possesses momentum and carries the energy of light. The 
frequencies of the photon radiation equal the speed of light divided by the photon 
wavelengths. The energy of the r'adiation equals the frequency times a constant. 

. . 

PV CELL 
P I \" -- 

Exhibit 1.1 !%Jar Photoconductivity of the p-n Junction ~ernicokductor 
I ., ..'.!, , .. ' 



Exhibit 1.2 shows an equivalent circuit for one cell. Due to photoconductivity, a 
current source is contained within the circuit. The current source is "shorted" (paralleled) by 
a diode (which represents the p-n junction) with a current that opposes the photon-induced 
current. This semiconductor junction dark current is a function of the semiconductor 
reverse saturation current and p-n junction voltage. The dark current is always present, 
even for an un-illuminated cell, which is typical of semiconductors. In addition, there is a , 

series resistance resulting from the bulk electrical resistance of the cell material, as well as 
the series resistance of the electrical leads and the joint between the leads and the cell 
material. A shunt (parallel) resistance also is present, simulating the recombination of 
electrons and holes that occurs within the material before the electrons can leave the cell 
for load current. The unilluminated current is also referred to as the dark current. I = IL + 
I where IL = illuminated current and ID = unilluminated current, and I = cell output D current. 

I 
CELL 

I 
CELL 

Exhibit 1.2 Equivalent Circuit for Solar Cells. 

Exhibit 1.3 illustrates the vol tage-current relationship for a single cell. The cell output 
is shown in the upper left. f he powq! output of the cell is equal to the product of the 
current and voltage; the maximum-power point is indicated as P in the exhibit. The upper 
right curve shows the variation of output current and voltage witpinsolation (solar flux). An 
insolation intensity of 100 mW/cm2 corresponds to a clear day at sea level. The curve shows 
that the short-circuit current is proportional to the insolation, but that the open-circuit 
voltage is insensitive to insolation. The effects of temperature are illustrated on the curve 
on the lower left. The maximum outp&t power decreases approximately 0.5 percent per 
degree (C) temperature increase. Thi:s ,effect is illustrated on the lower right. Unlike 
conventional generators, the PV cell current decreases for increases in cell vol tage. 



TYPICAL SINGLE CELL CHARACTERISTICS 
.Nominal 3" abameter cell. encapsulaled. 

case lemuetalure 25 C cell temperalure 31 C !  I TYPICAL PERFORMANCE CURVE 

I v , ~  - OUTPUT VOLTAGE ~Vdc!  t , V: --,OUTPUT VOLTAGt INORMALIZED: 

NORMALIZED CURRENT,VOLTAGE 
CHARACTERISTIC AT SPECIFED CASE TEMPERATURES 
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SOLAR PV MODULE CECTION 6HOWIN6 CONSTRUCTION DCTAILS A N D  
INTERNAL. ARRANGEMENT OF CELL INTERCONNECTION 

.. 

I 
Stainless Steel Bezel 

Interconnect Laminate 

Encapsulant 

Exhibit 1.3 The Relationship Between Currerrt and Voltage for Typical PV Cells. 



1.2 COMPONENTS OF THE PV SYSTEM 
A PV array is composed of many subarrays, panels, modules, and cells in various series, 

parallel,, star, and delta combinations. Environmental effects are usually mitigated by 
designing solar cell packages that llcontrolll the near-term effect of the environment. 
Present-day construction encases the solar cells behind tempered, low-ir,on-content glass, 
backed up by high temperature silicone rubber compounds and a back supporting member 
such as a fiberglass sheet as illustrated in  exhibit 1.4. The solar PV power system is a stand- 
alone system but can incorporate back-up power. One-axis and two-axis tracking collectors 
are not considered in this seminar, and usually involve the mount.ing of PV modules at, the 
foci of  concentrators. These collectors are being studied in the solar, heat ing/cooling, solar 
thermal power system, and solar total energy system programs. 

Exhibit 1.5 shows a PV array and component parts. Individual cells are wired together 
and mounted to produce a module. The individual cells within the module are wired together 
t o  produce' the required output voltage and current, These cells are usually placed in  a 
compound of silicone rubber because it has good thermal expansion and weathering 
capabilities. Currently, these modules are 'covered with glass, plastic, or a silicon-rubber 
compound to provide further protection to the cells. They are then wired together to form a 
panel of adequate electrical and structural size. Panels are usually instal led side-by-side. 
The structure is tied together and electrically and,structurally integrated to form subarrays. 
Subarrays are then arranged, dsuall y one behind the other (a1 though a side-by-side arrange- 
ment is possible), to form arrays. Exhibit 1.6 shows network connections for balanced loads 
and generators. The summation of current at any node equals zero, and the summation of 
voltage in any loop equals zero, according to the Kirchhoff circuit laws of the conservation 
of energytcharge. Voltage equals energy per unit charge, and current equals charge per unit 
time. The final array configuration is heavily dependent on the cell I-V characteristics. 

. . 

Based on application and load requirements, the terminals of the array are connected 
to various "power condftioning". equipment. This power conditioning equipment is designed to  
convert the direct current (DC) produced by the array to  'a more suitable type (alternating 
current (AC), i f  AC voltage is required) and various duty cycles of power. Exhibit 1.7 shows 
the basic components 6f the PV system. The power conditioning equipment also integrates 
battery storaqe and supp!ementql energy sources (if required) with the PV nrrny nnc Innrl. 
The system is regulated to maintain system voltage, adequate battery storage, and 
frequency for AC loads, continuously.' 
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Exhibit 1.4 'Cross-Section of a Photovoltaic Module. 
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Exhibit 1.5 Solar Cell Array Components. . . 



Exhibit 1.6 Balanced Network Connections 

R = Resistance, I = Current, V Vdtage, P = Power, i in, o = out 
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A power inverter is an element of the power conditioner and is an electrical device 
that bidirectionally switches the polarity of the array output direct current at a desired 
frequency (usually 60 cycle) for AC applications (see exhibit 1 .a). The operation of the 
electronic switching on-off devices produces an alternating current "square wave" effect 
that is highly undesirable, so a fi lter is employed to smooth out the square edges. This 
sinusoidal conditioned power can then be used in place of uti l i ty power for conventional AC 
electricity or in conjunction with uti l i ty power for grid connected applications. The 
amplitude of the voltage wave is adjusted to match the effective voltage required. For a 60 
cycle per second frequency (60 Hertz) sine wave, 170 volts peak AC produces the equivalent 
of 120 volts DC. The DC equivalent is the r.m.s. value (root-mean-square), the effective 
value. 
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Exhibit 1.7 Basic Components of the Photovoltaic System. 

Energy storage is necessary for solar-produced power during sunset, night,. sunrise, 
inclement weather, or a series of cloudy days. The best-suited and most .common storage 
device is the electrical storage battery. Batteries are inherently DC devices and, for some 
applications, the array and a battery storage system can be employed to provide power 
directly to a load without a power inverter (exhibit 1.9). Applications of such systems , include DC motors for irrigation of farm land, providing power to DC-operated radio 
equipment, and applications where DC transmission and/or distribution are required or 
feasible. 

Systems designed for AC loads can use storage batteries in various ways. Exhibit 1.10 
illustrates the addition of a DC/AC power inverter to the system shown in exhibit 1.9. 

Exhibit 1.1 I is,a differentdesign for using storage batteries for AC loads. The system 
in exhibit 1.10 can be improved by adding a convert.er, and a smaller power inverter (exhibit 
I,. I I). This retrofit would be made i f  the load requirements are reduced drastically when 
stored energy is used (e.g., nighttime minimal load). A low voltage array can supply a high 
voltage load while charging batteries at a? intermediate voltage. 
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Exhibit 1.10 Supplying AC with Battery' Storage. 
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1.3 SUPPLY/LOAD 1P.ITCR.ACTIOF.I 
Exhibit 1.12 illustrates the current-voltage relationship of cells under various illumina- 

tions. With decreasing (or increasing) amounts of illumination, the solar cell maximum power 
point "moves" for a constant load. The cell power ouput (P = V x I) is maximized, where P = 
power, V = voltage, I = current, Isc = short circuit current, and Voc = open circuit voltage. 
The rectangular area of the I-V plot is the cell electric power for a given operating point. 
The I intercept is Isc and the V intercept is Voc for V = 0 and I = 0, respectively, for the 
curves.. 

The design load locus is a line ( y  = m& + b) where y = cv'rrent, m = a constant (I/R), x = 
voltage, and b = o. Isc is a linear function of intensity.(insolation) and Voc is a logarithmic 
function of intensity. Varying .the load to  produce optimal conditions results in maximum 
power being transferred from the array to the load. While the actual load may not change in 
value, the system can compensate for a shift in the load by either adding or decreasing the 
power going into storage. A distinguishing characteristic of PV cells is that current 
decreases for increases in cell voltage. Resistance '(R) equals voltage/current, where one 
,ohm equals one volt per ampere. 
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Exhibit 1.12 I-V Relationship of PV Cells with Decreasing illumination. 



Exhibit 1.13 shows the system illustration in Exhibit I. I I with the addition of a 
maximum power tracker and a reference solar cell. The maximum power tracker adjusts the 
effective load b n  the photovoltaic array, using the signal from the reference solar cell. This 
compensates for a change in power due to a change in illumination. 

The system shown in Exhibit 1.13 is considered to be an effective system' for supplying . 

power to a varying load under varying solar (insolation) conditions. Also shown in the figure 
is a backup system which can be utilized as a supplement or to supply power when prolonged 
periods o f  lack of sun'light completely deplete the storage capability of  the photovoltaic 
system. Energy storage and backup power are regulated to cause an optimal effective load 
condition. 

PI = Pa + Ps + Pb where PI equals effective load power, Pa equals array power, Ps 
equals storage power, and Pb equals bac'kup power. Ps becomes negative when the battery 
subsystem IS being charged. 
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. SECTION 2 
PHOTOVOLTAIC ARRAYS 

21 BACKGROUJD 
Solar cells are the basic unit of a photovoltaic power system and convert sunlight 

directly into DC electricity. The incident photons are absorbed in the solar cells and 
produce a flow of electricity when an electrical load is connected to the solar cell. Solar 
cells are a form of solid state diode and can be made from various semiconductor materials. 
However, the preponderance of experience is with silicon. ,Photoconductivity of semicon- 
ductors is the fundamental principle of solar cell electricity, where conductivity is the 
reciprocal of resistivity. Resistance equals resistivity x length/cross-sectional area. 

The use of silicon solar cells in outer space dates back to 1958 with the launch of 
Vanguard I. Hundreds of si l icon-solar-cel Itpowered spacecraft have a few thousand years of 
cumulative operational experience in space. No space flight has ended because of solar cell 
failure. In addit ion to space applications, many remote terrestrial power applications, such 
as communication repeater stations, have been operated by private and governmental 
organizations for up to I0 y k r s  at power levels from I to several hundred watts. 
Historically, silicon solar cells have been in general use on Earth since 1955 when the Bell 
Telephone Laboratories successfully powered telephone amplifiers in field tests. RCA was 
involved also. 

2.2 SOLAR CELL CHARACTERISTICS 
Solar cells are fabricated from high purity single-crystal, silicon wafers wh.ich are 

doped witti the necessary trace elements to form a semiconductor material. Doping 
increases the number of charge carriers. An n-p diode junction is formed by diffusing c. 
second element, such as phosphorous or arsenic, into boron containing silicon wafers to form 
a' 0.00 1 in. ' layer of doped' material on the illuminat'ed surface of the cell. The designation 
n-p refers to negative and positive charge carriers. The contact of the doped and undoped 
layers (the n-p junction) produces an electrical field within the silicon. When the solar cell 
is exposed to sunlight, the photons (light energy from the sun) are absorbed by the silicon 
and energize electrons within the crystal. The built-in electrical field separates the 
electrons from the parent material and gives rise to an electrical potential of .approximately 
0.5 volts. To access this voltage, electrical contacts are ,added to the front and rear 
surfaces of the cell as shown in Exhibit 2.1. The contact on the front (illuminated) surface 
is characteristically a finger-like grid pattern designed to maximize current gathering while 
minimizing shadowing of the surface. An anti-reflective coating is also sometimes added to 
the surface of the cell to minimize surface reflections and increase the energy absorbed. 

.Typical, solar cells have efficiencies of 10 to 15 percent and, therefore, generate 
approximately 12.5 W per square foot ( f t2) of area under peak, midday. solar illumination 
(maximum insolation equals 100 W per square foot of air). The cell voltage is a function of 
the cell materials only and is independent of cell size. The current from a cell is a function 
of the incident radiation and is directly proportional to the illuminated surface area. For 
space applications, power per unit area is very important, so cells are cut into squares or 
rectangles to achieve high packing factors. When crystals are "grown," the manufacturing 
process results in a silicon ingot, cylindrical in shape. For terrestrial applications where 
cost is most important, solar cells are generally circular so maximum use can be made of 
the silicon crystal's cylindrical shape. 



Exhibit 2.2 shows how the I-V output of a typical cell varies with insolation. The 
current density is used for the current axis and is designated J. The open circuit voltage, as 
determined by the cell junctiog, varies only slightly with illumination level, but decreases at 
a rate of approximately 2 mV/ C with increasing temperature. The maximum power output 
from the cell -occurs at the knee of "maximum power point" of the I-V curve. The maximum 
power is typically about 0.7 times the product of open-circuit voltage and short-circuit 
current. (The factor 0.7 is called the "f i l l  factor.") The short-circuit current is nearly 
independent of temperature and is directly proportional to the solar illumination level 
(insolation). The basic relationships used are Ohm's law: V = IR, where R is resistance; J is 
the current density, J = I/A, where A is the area, and P = V x I, where P is the power. Also, 
voltage equals energy per unit charge and current equals charge per unit time. A solar cell is 
a current generator and its output is proportional to the exposed area and the sunlight 
intensity on the area. The current density (current per unit area) for a given insolation level 
is a good indicator of solar cell capability. 
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Exhlblt 2.1 Typical Perrestrlal Solar Cell Structure. 
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2 3  ARRAY PERFORMANCE CHARACTERISTICS 
To achieve higher voltage and power levels, individual solar cells are combined in 

series and parallel like storage battery cells. The smallest grouping of cells, a solar cell 
module, consists of a string of series-connected solar cells as well as the encapsulating 
material needed to support the cells and provide protection from the environment. Typical 
solar cell modules provide about 5 peak W/ft2 of module area and weigh from 0.1 to 1.0 
Ib/W. To achieve larger power levels, modules are grouped into "solar panels" or "subarrays" 
with sizes close to 4 f t2.  Panel efficiencies range from I0 to 12 percent. 

To achieve the needed voltage and power levels, solar arrays are constructed by 
combining solar panels. The term solar array is generally reserved for the complete array of 
cells, modules, and panels, independent of the size of the total instollatinn. For an 
installation with a single module, the module would be referred to as the solar array. The 
same would be true if the array consisted of I solar panel or I subarray. 

One of the primary advantages of solar cell power is the reliability and design 
. flexibility resulting from the extreme m~dularity  of solar arrays. The modularity allows 

designs to be easily scaled up and down without requiring requalification of the basic power 
generation unit. Units also can be added or subtracted to match changing power require- 
ments. In the event of a module failure, the serieslparallel redundancy of the system will 
allow the system to remain operable with only a minor loss of power. The extreme 
modularity combined with the nearly infinite shelf l i fe of spare modules also greatly 
simpl.ifies parts inventory and maintenance operations. 

Electrical circuit principles state that .voltages in series add and in parallel are 
equivalent to the value of the lowest voltage. Likewise, currents in parallel add, while in 
series are equivalent to the lowest current produced (refer to exhibit 2.3). Current sources 
in parallel are summed at a constant system'voltage to determine the total system current, 
and voltage sources in series are summed at a constant system current to determine the 
total system voltage. Generally, current sources in series are equivalent and voltage 
sources in parallel are equivalent. 

Exhibit 2.3 Basic Series-Parallel Relationships. 
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To compute the I-V characteristics'of, a solar array one must, therefore, .sum the 
currents of all the cells (or modules) at each voltage (for a parallel connection of cells)' 
minus the losses of the interconnects. Exhibit 2.4 shows such a computation. No 
interconnect losses are assumed. It should be noted that only for identical cells is the 
maximum power available from the array equal to the sum of the maximum power available 
from the three individual cells. For cells in series, the sum of all individual cell (or module) 
voltages minus the voltage drop across the interconnects must be computed at each current 
level to produce the. array. IV curve. It, should be noted that these curves must be computed 
at a given insolation level and at a given temperature. 
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Exhibit 2.4 I-V Characteristics of Unmatched Cells in Parallel. 

The effect due to shading (or damaging) a portion of an .array depends on whether the 
cells in that array are in series or parallel. I f  the cells are connected in series (see exhibit 
2.9, the output current of the array will be limited by the current of the single shaded cell, I 

which causes a dramatic decrease in output power. The parallel combination, however, 
suffers a decrease in current equal to the current of a single cell (see exhibit 2-6). For 
example, there are two panels of ten cells each, one cell is connected in  series, the other 9 
in parallel. Each cell is operating at about 0.45 volts and' I amp, therefore, the power 
output of each panel is 4.5 watts ( I0  x 0.45 x I). I f  a single cell is completely shaded in  both 
pclnels, the power output of the series panel connected array will drop to almost zero while 
the parallel connected panel array will output 4.05 watts (if each parallel string is protected 
by a diode from back biasing), by the computation 4.50 watts - 0.45 watts = 4.05 watts. 
Corrosion and cell breakage manifest themselves as increased series resistance, possibly 
approaching infinity (open circuit). A series network of solar cells would be rendered 
inoperable due to this type of failure compared to a partial decrease in power in a parallel 
network. 
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Exhibit 2.5 Shadowed Solar Cells. 

Exhibit 2.6 Shadowed Solar Cells. 
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were it not for the cost of carrying high currents and of inverting DC voltages to AC 
voltage, designers would always arrange the cells in parallel. Cells are usually placed in 
series to meet a minimum adequate system voltage, and then multiple strings of cells are 
paralleled to attain the required system current. Keeping the system voltage low reduces 
the possibility'of injury due to electrical shock. The alternative to large strings of series 
connected cells, when high system voltages are required, would be to utilize a DC-AC 
inverter to transform the voltage up to desired levels by use of electromagnetic induction 
from AC voltage in a transformer. The tradeoff would be the added inefficiency of the DC- 
AC inverter as compared to the higher reliability of the paralleled cells (assuming the 
probability of inverter failure is smaller than the probability of a failure of a cell in the 
series string). DC amplifiers can also be used. For an increase in voltage there is a 
corresponding decrease in current due to the law of the conservation of energy and since 
power equals voltage x current. 

Environmental effects are usually mitigated by designing solar cell packages which 
ttcontrol" the near-term effect of the environment. Present-day construction encases the 
solar cells behind tempered, low-iron-content glass; backed up by high temperature silicone 
rubber compounds, and a back supporting member such as a fiberglass sheet (refer to Exhibit 
2.7) 

2.4 CELL DEGRADATION 
Solar photovoltaic cells, particularly silicon cells, exhibit an extremely stable element 

that has been only slightly (I in I Oe atoms) doped to produce the desired photovol taic effect. 
The contacts, which are placed on both sides of the solar cell to collect the produced 
current, will also exhibit a l i fe time of greater than 20 years i f  protected from the 
environment. When this protection or isolation from the environment breaks down, degrada- 
tion will take place, causing poorer system performance and ultimately a shorter l i fe time 
for the system. 

Solar cell degradation, therefore, is due primarily to the effects of temperature 'and 
humidity and to the corrosion effects of the surrounding environment. As shown in exhibit 
2.7, local humidity and oxygen will tend to oxidize (corrode) the contacts and interconnects 
of the cell. This corrosion manifests itself in the form of increased series resistance to the 
flow of available current, resulting in power losses and finally, when advanced corrosion is 
present, to an open circuit. Many cell manufacturers now use redundant interconnects .to 
help mitigate this problem. 

The glass transmits the incident solar energy (low-iron-content glass absorbs less than 
I% of the usable incoming radiation) to the cell while protecting the cell from major shocks 
(i.e., hail) and from the environment. The silicone rubber serves to cushion the cell from 
any minor shock, as well as providing a transfer medium for heat dissipation. The 
thermo/mechanical characteristics of this material are usually matched as closely as 
possible to that of the cell to minimize stress caused by thermal cycling. The backing 
material supports the package for structural s t r e n g t w d  rigidity, and provides moisture- 
permeation protection (with the addition of Tedlar or a similar material) from the 
environment. 
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Exhibit 2.7 Corrosion Effects o n  Solar Cells. 



The front encasing material employed also has an effect on the output-power 
degradatioh over the system's life. Field data collected on the effects of soiling on array 
performance show tha.t one can expect at least 2-8% ouput-power degradation due to soi ling 
if glass is used as an encapsulant, at least 6-20% if a semi-flexible silicone conformal 
coating is used, and a minimum of 8-20% i f  room temperature vulcanizing (TRV) rubber is 
used. The silicon-based compounds will also suffer transmission degradation due to the 
effects of ultraviolet light. Transmission losses due to these effects can grow to lo%, over 
several years, before stabilizing. 

- Temperature effects exhibited by the environment contribute t o  the cellst degradation 
in two major ways. First, thermal cycling causes expan$ion and contraction of the cell at 
rates different than the host material that the cell may be encased in. The resulting 
physical stress may cause. hair-line cracks to develop which can result in total loss of cell 
output. The second aspect of temperature degradation ceontersaround the fact that power 
output from the cell will decrease approximately 0.4% per C of increasing temperature. 

Modes of failure and degradation are summarized in  Exhibit 2.8A and Exhibit 2.88 
(compiled by JPL). 

2 5  OPERATIONAL CONSIDERATIONS 
The solar array as a power source must be compatible with the load. Such factors as ' . . 

grounding, safety and maintenance, electro-magnetic int.erf erence, and lightning protection 
must be considered during the system design, as well as power. processing for primary and 
parasitic loads and power conditioning. 

Center-tap grouping of the solar array electrical current via a resistor is recom- 
mended. A short in the array can then be detected via a sensing circuit of two resistors and 
an ammeter (see exhibit 2.9). If. a short occurs anywhere on the array: current will flow 
through the ammeter causing a deflection of the meter's indicator needle. The current flow 
through the meter can also be utilized to energize switches and remove the defective array 
from the system. 



Exhibit 2.8A ,Degradation and Failure Mechanisms from Environment. 
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Exhibit 2.88 Degradation and Failure Mechanisms from Handling andloperations. 

7 

REMARKS 

Warped mounting surface test 

Primarily truck traffic and jet airplanes 

- -  - 

& 

0 , e  
22 
2: 
;_E 

. 8 
a 

m 
0 

0 

0 
0 .  

KEY 

F 

Vs 

In  
CI 

~t 
V 
I 

Ho 

$ 

, ENVIRONMENT 

INDUCED ON MODULE 
Handling (inc. shock and 
vibration) 
Shipping (inc. shock and vibration) 
Storage 
Installation 
Cleaning 

Chemical 
Physical 

Acoustic Noise 
EMC conductedlradiated 
susceptibility 

Load electrical transients 
Applied voltage 
Current 

INDUCED BY MODULE/ARRAY 
Variable power output 

(daily, seasonal) 
EMC conducted/radiated emissions 

overvoltage applications 
Array transients 

.NATURAL DISASTER 
Earthquake 
Flood 
Fire 
Hurricane 
Tornado 

MANMADE DISASTER 
Vehicular Accident 
Hostile activities 

Individuals 
Organized groups 

% e 
.gU, 
g a  
> d  
5 ,  

T.Q 

@ 
Q 
0 

8 
0 '  

. o  

8 

: 8  
0 
0 

0' 

i 

3 c  

2 ;  
-.nc 
;Soh 

Warfare 
Ignitable Fluid Release 

(i.e.. explosive atmosphere) 



S, MANUAL OR AUTOMATIC SWITCH . 

POWER DISTRIBUTION 
TERMINAL 

t 4 

MODULE MODULE 

1 

> 8 

CENTER TAP GROUND 

Exhibit 2.9 Terrestrial Solar Array Grounding and safety protection. 

Because the array is an active power source when illuminated, care must be taken 
during servicing and maintenance. In the interest of safety, the array voltage should be no 
higher than 5U-60 volts (as recommended by the National Electrical Code). I f  a higher 
voltage is required, switches should be installed between the cell modules at 50-60 volt 
intervals. These switches can 'then be disengaged, during maintenance, to l imit the voltage 
anywhere on the array. 

The electrical circuitry of the PV array, when acting as a power source, will radiate an 
electromagnetic (E-M) field. This internally generated interference can be limited by 
arranging the array wiring to cancel the generated E-M field. Electronic switching voltage 
regulators or inverters, if included in the PV systems, can cause a voltage ripple to be fed 
back into the array circuitry. The E-M interference generated, and any problems that it 
might create, should be estimated. Electric fields are primarily of three types: Capaci- 
tance Effect, Faraday Effect, and the Hall Effect. The resultant electric field is the 
summation of components present. ' The magnetic field of conductors carrying current is 
estimated by Ampere's Law. 

Photovoltaic arrays are exposed to the environment and are, therefore, vulnerable to 
llghtnlng strikes. The benefits of providing ligh'tning protection in the form of lightning rods 
and arresters will depend on the locationfof the system and should be investigated. 



2.6 LOADING CONSIDERATIONS 
The photovoltaic array in reality is neither a constant current nor a constant voltage 

source; therefore, specific analyse<must be conducted to optimize its use as a power source. 
The combination o f  cells in series and parallel arrangements results in a specific maximum 
power output (voltage and current) under design operating conditions (i.e., insolation, 
temperature, loads, etc.). Unlike a battery, which wil l provide extremely large amounts of 
current at a relatively constant voltage (as required by the load), a photovoltaic array 
cannot provide more power than induced by the insolation. The result of  overloading an 
array is essentially to cause a demand current greater 'than that of  the maximum power 
point (refer to exhibit 2.10) and thereby to reduce the power output from the array. For this 
reason, photovoltaic systems not incorporating battery storage cannot be used effectively to 
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Exhibit 2.1 0 Power Utilization Con sideration sane-Day Operation in 
Terrestrial Operations.' 



supply power for short high peak demands. Adding loads in parallel decreases system 
resistance and increases system current even though individual lood current may not 
decrease. If enough loads are added in  parallel, then individual load current may decrease 
and resistive losses throughout the system will increase. The net effect is voltage and 
power loss due to high'current resistance loss, where power loss = l2 x R and voltage loss = I 
x R. 1 is current, and R is resistance. The power of the load equals v2/R load where V is  
the system voltage.. A decrease in system voltage magnifies the power decrease by the 
square of voltage. 

2.7 CELL TYPE TRADE-OFFS 
Photovoltaic cells, like transistors and diodes, can be fabricated from various 

materials which exhibit the proper electrical characteristics under controlled doping. 
Currently, the semi-conductor industry relies on silicon and germanium as host materials in 
transistors, diodes, and integrated circuits. The PV industry presently utilizes silicon as the 
primary host material. Two manufacturers are producing cells made from cadmium sulfide. 
Due to the thinfilm nature of cadmium sulfide cells, much less material is needed for their 
construction than is needed for a typical silicon cell. This inherent advantage promises 
lower costs per watt, once efficiency and manufacturing problems are overcome. 

Every manufacturer of solar cells has what he believes to be a "proprietary" technique 
or encasement design which make his cells and arrays superior. For example, some 
manufacturers now market solar arrays which feature stainless steel or thick glass frames, 
instead of aluminum frames, to reduce corrosion effects in marine environments. The 
technique used to apply the current collector grids on the solar cells varies from 
manufacturer to manufacturer. Some silk-screen the grids on, while others use vapor 
deposition techniques which they feel will aid in reducing both series resistance and 
delamination effects. Before selecting an array for a given application, trade-offs, in both 
quality and cost, must be evaluated. 

2.8 ARRAY TRADE-OFFS 
Presently available oti the market as off-the-shelf products are solar photovoltaic 

I I ludules of varlous physical sizes, producing various outputs, made of various materials 
(casings). Trade-offs associated with the selection of an array (sub-array, F mel, modcle, 
and cell) lie with the specific application of the system and the resulting er~vironment' in 
which the system is to operate, including the availability of back-up systems or the 
possibility of an electrical grid-cannrxtd applicoticrn. The distance from a distribution or 
transmission line could be a factor. 

For' example, a photovol taic array which is to provide pQwer to a smclll direct-CI ~ r r ~ n t  
refr~gerator on top of a mountain requires that the array be lightweight, small in physical 
size, and transportable. Under these conditions (assuming there is enough insolation for the 
application), an array may be chosen which folds on a central axis, uses a silicon. rubber 
compound to reduce weight, and which contains "high densityt' cells, which are higher 
efficiency photovoltaic cells designed to cover more of the available area of the encasement 
(refer to exhibit 2.1 I). 



The array shown in exhibit 2.1 1 was optimized for a.specific application at a specific 
location. The same array shown could not provide 20-year lifetime and power i f  placed on 
an ocean bouy. In the marine environment, consideration must be given to salt-water 
corrosion, wind, and currents which prohibit physical stabilization and corrosive effects of 
bird droppings. A more suitable array might be as shown in  Exhibit 2.12. 

In contrast to the array' shown in exhibit 2:l 1, the. array shown in exhibit 2.12 is . 

designed to be rugged, highly efficient under all conditions of motion, and resistant to a 
marine environment. The module would more than likely be covered with tempered glass 
and sealed at the edges of the panel, and the casing would be steel instead of lighter weight 
aluminum. The cells can be either round or high-density hex-sided, depending on the 
available area on the buoy and the power requirements. Costs also play a role as the high 
density modules are more expansive than the standard round cell designs. 

In conclusion, selection of any one solar array is mainly dependent on the power 
requirements, operational. environment, and cost associated with the system. 

29 ENVIRONMENTAL EFFECTS 
As discussed earlier, the environment in which the photovoltaic system is to operate 

plays a major role in the overall performance, lifetime, and initial cost of the system. 

The combination of site remoteness and the environment must be examined, i f  the 
system is to last for many years, since remote .sites will suffer from infrequent main- 
tenance. 

Environmental effects, such as temperature cycling, freezing, high humidity, fog, 
snow, wind, etc., result in specific system performance (or lack of performance) and, 
therefore, shoyld be included in  the calculation and resulting selection of a specific system. 
A chart summarizing the operating characteristics and capabilities of available PV modules 
is contained in Section 9. 
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Exhibit 2.11 A Simple Array Design incorporating Lightweight ~ e s i ~ n ,  
Portability, and High Density Solar Cells. . 6 
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Exhibit 2.12 PV Array Used to Power ~ u o y  Lights. .I 



SECTION 3 
STRUCTURAL ANALYSIS 

3.1 INTRODUCTION 
What. has been dealt with up until now is the PV electrical system and i t s  design. The 

PV system's structure represents approximately 3 percent of the total cost of present 
systems. In future systems, when the cell costs drop to 50 centslpeak W, the structure will 
represent approximately 20 percent of the total system cost. In both cases, the structure 
must be provided and will influence the usefulness of the application. In this section, an 
introduction is provided to the various building codes applicable to commercial structures. 
One code will be discussed in detail, so the reader will be able to calculate, at least for 
preliminary evaluation, the size and complexity of the supporting framework. The structural 
analysis involves the civil engineering of the solar power system; and thus is comprehensive, 
rigorous, extensive, and involves environmental engineering, engineering law, engineering 
administration, and civil works codes. 

3.2. STRUCTURAL LOADS 
Structural loads are tabulated in exhibit 3.1. They consist of dead loads:--the weight 

of the panel, and the structure--as well as various live loads: maintenance crews, wind, 
snow, hail, ice, settlement, seismic loads, and def lection-induced loads. Typical values of 
the various loads are also shown. Wind and snow are both of the same order of magnitude 
and, for solar cells, represent a much greater load than the weight of the panel. The other 
loads are usually less significant; many are not even considered in some of the commonly 
used building codes. 

3.3 BUILDING CODES, 
Exhibit 3.2 shows the common building codes applicable to solar cell systems. The 

~ u i l d i n ~  Officials and Code Administrator International, Inc. (BOCA), the Uniform 8uilding 
Code (UBC), and Standard Building Codes are applied extensively in building design. They 
are called model codes because they include all the elements important to a code, but do not 
include some of the local idiosyncracies. Each locality has its own building code and many 
simply adopt one of the model codes. BOCA has been adopted by many of the Atlantic 
communities and the UBC is common in the West. The Standard Building Code is so common 
in the South that it is frequently called the ''southern building code." The American National 
Standards Institute (ANSI) also has a building code (ANSI A58.1), similar to the -previous' . 
three, but it treats the wind loads more extensively than the others. 

% !  

Exhibit 3.1 Structural Loads (Pressure i s  given as pounds per square foot) 

Dead Load 

Live Loads 
Maintenance 
Snow 
Wind 
Seismic. 
Hail 
Ice 
Settlement 
Deflection 

5 Ib/ft2 

Approximate Pressure. 
12 Ib/ft' 
20 lb/ft7 
25 lb/h2 
0.3' Wt 
Glass limit 
Wire liniit 
2"/50' 
1 % of span 



Building Officials sod Code Administrator International. Inc.: 

BOCA CodbAdopted mostly in Eastern U.S. and by the 
International Conference of Building Officials 

Uniform Building Code: UBC-Adopted mostly in Western U. S. 

Southern Building Code Congress 
Standard Building Code: SBC-Adopted mostly in Southern U. 5 .  , 

American National Standards Institute 
ANSI-ANSI A58.1 

National Bureau of Standards 

NBS-NBS IR 76-1187: Interim Performance Criteria for Solar Heating and Cooling 
Systems in Commercial Buildings 

HUD Minimum Propeny Standards (Dipanment of Housing and urban Development) 

4900.1: One and Two family dwellings 
4910.1: Multifamily dwellings 
40P0.1: Cotd- t r )~~ IIUUS~IIIJ 
4930.1: Solar Heating and Domestic Hot Woter 

Exhibit 3.2 Building Codes. 

The National Bureau of Standards (NBS), at the request of ERDA (now DOE), examined 
the various codes as they might be applied to solar power systems. The result was NBSlR 76- 
1 187. This code is not widely accepted. Seismic, hail, ice, settlement and deflection 
specifications, ignored in many of the other codes, are included in the NBS code. A t  ERDA's 
request, the Housing and Urban Development (HUD) Minimum Property Standards were 
modified for solar energy systems. The NBS standard, the most complete code, frequently 
references the HUD and UBC codes and must be used in conjunction with these codes. 

A compar.iscn of the structural requirements as defined by the various codes for one 
particular location (Albany, New York) is presented in  exhibits 3.3 and 3.4. The first section 
defines the minimum roof load for roofs at various__angles. The code assumes the structures 
will be occupied. Some code administrators consider these minima to pertain to snow only. 
Others presume they apply to all categories of loads and are, the'refsre, applicable to the 
slant area, not the horizontally projected nrecl. 

The snow loads should be applied to the horizontally projected area, as specified in the 
Southern code. Factors should then' be applied to allow for the fact that the snow will not 
accumulate on a steeply slanted surface.. Allowance must also be made for drifting. When 
dealing with unoccupied structures, the UBC avoids these complexities by calling only for 
the use of the minimum roof load. The variation in the snow load requirement is substantial 
among the codes. 

The wind load is also not computed in the same manner for all codes. The Southern and 
ANSI codes call for an allowance"for suction the leeward side, and. allow some load 
reduction for ti lted surfaces. The other codes treat the array the same as vertical signs. The 
codes are ambiguous as to the surface to which the load must be applied, not specifying 
whether it should be the vertical projection or the slant area, which are possibilities. I f  the 
horizontal thrust-the major effect of the wind-is being computed, there is no difference. 
However, the codes do not include the evaluation of the vertical force. To be safe, the wind 
load should be on the panel (slant) area. 



Design Load for 12' Solar Panels In Albany, N.Y. 

Exhibit 3.3 cornparisoh &f Codes. 

Slope = 57.5" 

HUD 

Use ANSl 

Use ANSl 

Use UBC 
with CP x 0.30 

NBS 

in 
Doubt, 

ANSI 

20 Ib/ft2 
16 1b/ft2 
12 lb/ft2 

25 Ib/ft2 

x 0.55 
x 2 
x 0.68 

34.0 lb/ft2 

25 yr 

No Shielding 

70  MPH 
19 Ib/ft2 

x 2 
38 lb/ft2 

19 
x 2 

38 Ib/ft2 
CP* Z* Wt 

\ 

Z c l  

= 30' 

BOCA 

20 Ib/ft2 
16 1b/ft2 
12 lb/ftZ 

- 
25 Ib/ft2 

x 0.55 
x 2 
x 0.68 

34.0 Ib/ft2 

Can be 
Shield,ed 

15 Ib/ft2 
- 
15 1b/ft2 

- 
- 
- 

Not 

Severe , 

Spacing 

-+s = Span, D= Dead Luad, L = Live Lood, 8 -. Deflection in Incline 

Pressure js given in pounds per square foot. 
Wind speed is given in miles per hour. 

. 

. 

Southern 

use 
CP = 1 .O 

t 
I '  : r 

r' 

:I - 
1- 

.. 

UBC 

Map. 
Table 

Map. 
Table 

- 
- 

code 

Hail 

Ice 
On Wires 

Deflection 
Thermal 
Moisture 
Settlement 
Ground Uplift 
Under Load" 

Calls for use of HUD, 

Same as 
NBS 

model code, or local 

2" in 50' 
0.9 x Wt. 

(1.5 + o.~D/L)  

etc.) 
20 Ib/ft2 
16 lb/ft2 
12 lb/ft2 

- 
- 

- 
- 
- 
12 1b/ft2 

20 Ib/ft2 
- 
20 Ib/ft2 

20 
x 1.25 

25 Ib/ft' 
CP* Z* Wt 

Z c 1  
ICP S<1 

Minimum Roof Load 
18" 
45" 
45" 
Snow Load 

Basis 
Horizontal 
Sloped (a-30°)/500 

Static or 
Drifting 

Avg. Depth 
Design Load 

Wind Load 
Basis 

Front Load 
Speed 
Pressure 
Tilt/Suction 
Design Load 

Rear Load 
Pressure 
Tilt/Suction 
Design Load 

Seismic 
' Lateral Load. 

V = 
ZlCpSWt 

(due to people, snow, 
201b/ft2 
16 Ib/ft2 
12 lb/ft2 

Horizontal Proj. 
30 lb/ft2 

x 0.55 
x 2 
x 0.68 

34.0 Ib/ft2 

No Shielding 

85 MPH 
14 Ib/ft2 

x 1.25 
17.5 lb/ft2 

- 
- 
- 

Use 
ANSI 



. 3.4 USE OF THE BOCA CODE 
The purpose of this section on structural analysis is to provide at least one method for 

estimating the loads on the structural members and structural system required to support 
the solar-cell array. It is not a complete couFse in the application of the codes. In fact, such 
a course would include local variations in the code and, therefore, would be far more 
extensive than the few codes listed in exhibit 3.2. The BOCA code i s  considered because it 
is the most easily applied. However, some of the variations used by other codes will be .. 

indicated. 

3.4.1 WIND LOADS 
Signs must be designed to withstand wind loads; occupied buildings are not. For 

signs that are ground mounted, top within 50 feet of the ground, the wind exerts a 15 pound 
per square foot (lb/ft2) force on the sign under maximum conditions, I f  the sign top is more 
than 50 feet high from the ground, the load is 20 Ib/ft2. I f  the sign is roof mounted, the load 
is 30 lb/ft2. Wind loading from front and back is to be treated the same. Most signs are 
vertical, so the code does not include tilt effects. Therefore, it seems necesscuy to design 
for the loads just mentioned as applied to the slant (array) area and not its projection for 
vertical mounting. 

An example using prop t ions  is qiven in exhibit 3.4. A 60-fmt wide, lO0-foot long 
collector is mounted at a 30 tilt to the horizontal, so its highest point is 30 feet from the 
ground. Since this is less than 50 feet, the design wind load is 15 Ib/ft2. The lateral force is 
15 lb/ft2 multiplied by the array areaoof (60 x 100) f t 2  and multiplied by the vertica: 
component projection factor (sine of 30 1: the horizontal force is 45,000 Ib. The vertical 
force is computed similarly, except the vertical force is computed as multiplied by the 
cosine of 30°, so the vertical load is 77,940 pounds, using the horizontal projection factor. 
Pressure equals weight per unit area and force equals pressure x area. 

While other codes make a distinction as to the region of the country in which' the sign, 
or collector, is mounted, the BOCA code does not. Exhibit 3.5 shows the wind loads on 
buildings as specified in 'the ANSI code. The loads are for vertical surfaces placed 30 feet 
above ground level. The regional variation is seen to he significant. For heights other than 
30 feet, the table in exhibit 3.6 is used. 

The effects of tilt (as defined in the Southern Code) f ~ r t h e r  alter the wind loads (see 
exhibit 3.7). I f  the southern code were applied in Albany, New York, the force on a vertical 
sign would be 15 Ib/ft2, in agreement with BOCA, except this load would he m~tltiplied by 
1.5 to account for suction on the leeward side. In Norfolk, Virginia, the load would be 24 
Ib/ft2, multiplied by 1.5 to account for suction on the rear surface, for a total of 36 Ib/ft2. 

a r 

None of the codes allows for the edf ect of rows of collectors. *Some data were obtained 
0 on saw-tooth roofs and are presentedlat the hnttom of exhibit 3.7, For the '15 isnscclcs 

roof, the force on the first slope is only 0.3 times the map values, and only a suction is felt 
on the other slopes (negative factors). On more t i l ted surfaces, a higher force is fel t  on the 
first slope, but higher suction is felt on the others. No code allows for this type of wind 
loading. An isosceles triangle has two equal angles. 



Wind Loads-As required for signs I IFmnt 1 Ground Mounted: 

I I Under 50' High: 15 Ib/W 
Over 50' High: 20 Ib/fta 

I Roof Mounted: 30 lb/ha 

Rear 
Not included separately-Use same as "Front" 

Example: 
An array 60' wide and 100' long is tided at 30°'and is  ground mounted: 

' F d  * POL 

- 15 51.96 100 

Fs - 77.940 Ib 

p = m u r e  

H = Height to ground 

, I 

t EN0 VIEW I BACK VIEW 

D 60' cOS30° = 51.96' SIN 30° * 0.500 

COS 30" 0.866 
F, - pHL - 15 30 * 100 

Fo ' 45.000 Ib 

. .. I 

Exhibit 3.4 BOCA - A Typical Model Code (Pressure: pounds per square foot) 

H - 60' sin 30' - 30' ( <50') 

Only .the UBC and ANSI codes distinguish between winds from. the front and winds 
from the rear. The wind loads, as specified by various codes, are seen to vary by a factor of 
greater than 2: 1. HUD calls for use-.of .ANSI, the largest load; NBS calls for the use of HUD. 

L: . . 

The seismic loads are all in agreement with 'the ANSI code, although BOCA states that 
seismic loads are not as severe as wind or snow loads and need not be considered under 
normal circumstances. Hail, ice, and deflection-induced loads are included only in the NBS 
and HUD codes. The ice loads pertain only to the icing of wires. The deflection l imit is not a 

* 1 
stress limit, but an aesthetic limit. 
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Note: Wind force at 100 mph is 25 Ib/ft2 - 
Exhibit 3.5 Wind Loads-Some Complicativns DUP tn Region. 

Fastest mile wind velocity at 30 ft abov~ grnttnd, 
50-YP mean recurrence 

HEIGHT 

30' 
50' 

1 00' 
1 50' 

-- ---- 
PRESSURE FORC,E/MAP PRESSURE 

1 .O 
1.3 

... 1 s  
2.1 

Exhibit 3.6 Wind Loads-Some Complications Due to Height. 



3.4.2 SNOW LOADS 
The BOCA requirements for snow loads are shown in  exhibit 3.8. The loads are taken 

on the horizontal projection of the surface with an additional correction for ti1 ted surfaces, 
because not as much snow sticks to these as to horizontal surfaces. (Rime ice,.a frozen mist, 
can form on surfaces in some parts of the country; especially in mountainous areas. Rime 
ice will stick to vertical surfaces in  thicknesses up to several feet. I f  rime ice is important. 
at the location of interest, special design procedures must be used, in conformance with 
local codes). The correction for tilt is shown in exhibit 3.9. The factor of 0.8 is applied 

$ .  

even for a horizontal surface, which is the basis for the map. 
, . 

The code makes additional allowances for drifting near vertical surfaces. There is no 
mention made of drifting near tit led surfaces. The authors' suggestion is to use the' vertical 
projection of the solar collector and the dr i f t  angle of 27' as deduced .from the tables in  the 
code. Exhibit 3.10 shows the geometry of the drift. The map is based on 10 Ib/ft3 for the 
density of the snow, so this density can be used to estimate the force on the collector due to 
drifting. The average de th of the snow on the collector is given by the equation on the B figure. The load, in Ib/ft , is the product of the average depth in  feet and the snow density. 
Despite the snow loads just computed, the design load should not be less than' the minimum 
loads as shown in exhibit 3.1 1, where pressure equals weight per unit area and density equals 
weight per unit volume. Density x depth equals pressure. 

3.4.3 SEISMIC LOADS 
According to the BOCA code, the seismic loads are not as severe as wind and snow on 

signs, so seismic loads need not be considered (see exhibit 3.12). ANSI calls for lateral loads 
due to seismic effects that are equal to the dead load multiplied by two factors, Z and'C . 
The value of Z depends on the region of the United States (0.25 for the middle ~ t lan tpc  
states and 1.0 for the most severe conditions in  California). The same map of Z is given in  
the UBC and Southern codes. A reasonable value for C is 0.3 (s.ee exhibit 3.13). 

.P 

Exhibit 3.7 Wind Loads-Some Complications Due to Tilt. 

NORMAL PRESSURE 
PER TYPICAL DATA 

TOTAL 

:l 

13 
12 

0.3 
- 0 6  
- 0.6 

0.6 
- 0.7 

- > - - 0.7 

TILT 

. 70 - 90" 
60 - 70" 
50 - 60" 
40 - 50" 
30 - 40" 
20 - 30" 
10-20" - Am - 

b 

NORMAL PRESSURE 
(SOUTHERN CODE) 

FRONT 

080 
0.65 
0.55 
0 25 

- 0 25 
- 0.75 
-0.93 

a. 
b. 
C: 

a. 

C 

REAR 

+ 0 70 
+ 0.70 
+ 070 
+ 0.70 
+ 0.70 
+ 0.70 
+ 0.70 

-- 



Gnaw load in Ib focce/'ft2 on the gvOund, 
' 100-year mean recurrence interval 

Exhibit 3.8 BQCA-Snow Loads. 

LOAD 

LOAD FROM EXHIBIT 3.8 

, . TILT ANGLE - DEGREES 

Exhibit 3.9 Snow Loads-Tilt Effect. 

3-8 



AVERAGE DEPTH L SIN (a-27)' 
I2 COS 27 1 

SNOW DENSITY 10 lb) ha 
= 

TAN 270 FOR LOAD COMPUTATION 

X L S I N  a0 SNOW LOAD 10 . AVERAGE DEPTH IN FEET 

Exhibit 3.10 Snow Loads-Drift Effect. 

Despite Previous Computations 

-- 

Exhibit 3.11 BOCA-Minimum Loads. 

Assumed less stringent than wind or snow, since structure unoccupied. 

Exhibit 3.12 BOCA-Seismic Loads. 

Exhibit 3.13 Seismic Load-Some Complications. 

3-9 

-4 

I 

ANSI calls for lateral load on signs = 0.3 "2" Wt 

ZONE Z 

1 0.25 
2 0.50 
3 1 .uO 



3.M HAIL LOADS 
Hail loads impose a design condition on the array covers and not the array support 

structure. Therefore, the codes do not mention hail loads. However, the NBS specification, 
which was meant to apply to collectors as well as systems, does include the HUD 
requirements for hail. A map of the hail loading taken from the NBS spedfication is shown 
in exhibit 3.14. The shaded areas, displayed on the map, indicate d - the mean number of 
days lye~ with hail. A correlation has been made relating the frequency (dl of hail to the 
size of hail, according to the formula: diameter = 0.3 x d, with the diameter measured in 
inches. The force on the cover plate is to be determined by a hail stone of this diameter 
impacting perpendicularly on the surface at the terminal velocity. Terminal velocities are 
shown in exhibit 3:15 as a function of the diameter. 

UNDER 1 DAY 

1 - 2  
2 - 4  
4 - 6 

6 - 8 

OVER 8 

Exhibit 3.14 Mean Annual Number of Days with Hail. 

3.4.5 ICE LOADS 
None of the codes addresses the problems of ice loads (e.g., the icing of wires during 

freezing rains). The NBS specification uses the map shown in exhibjt 3.16 for the mean 
number of dayslyear with freezing rain. The table in exhibit 3.17 indicates the corresponding 
thicknesses of the ice layers on wires exposed in each of these map areas. 



Exhibit 3.15 Values of Weight and Terminal Velocity, Computed for 
Smooth Ice Spheres. 

MEAN ANNUAL NUMBER OF DAYS WITH GLAZE (FREEZING RAIN) 

Exhibit 3.16 Mean Annual Number of Days with Glaze (~reezing Rain). 



3.4.6 MAINTENANCE LOADS 
Maintenance, occupancy, and equipment loads are included in the codes for structures 

that house people. None of the codes includes such 1- on signs or collector-like 
structures. The designer must use his judgement. 

Small collectors would have almost no maintenance loads (exhibit 3.18). Large 
collectors may have maintenance people climbing on walks or on the panels themselves. 
Unless details are available for estimating the maintenance load, the table of minimum 
loads shown in exhibit 3.3 can be used. 

Exhibit 3.17 N - , 5C r . .  
L~-&, -7 & y r , :  

3.4.7 COMBINATIONS OF LOADS 

MEAN NUMBER 
OF DAYS Wl?H 
FREEZING RAIN 

1 
1 t o 4  
4 to 8 

8 

All of the foregoing laads do not act sirnul tanezrirsly; ttuas ~ I K I I  do, do not necessarily 
have a high probability of simultaneous occurrence. Exhibit 3.19 shows the design loads, Ci, 
as computed for various combinations of loads. The-coefficients of 0.75 and 0.66 account for 
the reduced 'probability of occurrence. Each of the combinations, C through Ce, must be 
computed for wind loads from each direction to determine which is the critical load that 
determines the design. 

THICKNESS OF 
ICE-IN. 

0.00 
0.50 
0.75 
1.00 -- - - 

Live loads due to maintenance 
Part of occupancy/equipment loads for buildings 

not included for signs or collector-like structures 
Use minknum roof loads if better estimate umvailable 

Exhibit 3.18 Maintenance Loads. 

Exhibit 3.19 Combination Loads. 

D = D a d  Load 
L = Snow. ice. rain. earth, mostatic. maintenance (not simultaneous with snow) 
W = Wind 
E = Seismic 
T = Contraction. Expansion. Settlement 
Design mu* withnand each combinnion. 

COinWkaT1ON 

61 = 0 
' C * = D + C  

C S -  D * W w E  
G = Q + T  
CS =0.76(0 + L + W w E  + T )  
G = 0.76 (D + L + T) 
C7 = 0.75 (D + W or E + 1) 
CS = 0.66 ID + L + W or E + T) 

- 
WIN- ON BACK I WINDS ON FRONT 

HORIZONTAL 

- 
0 

WorG 
T 

VERTICAL 

- 
- 

- 0.1 D + W 
T 

HORIZONTAL VERTICAL 

- I - 
- D + L  
w 1 D + W a E  
o D + T  - - - 1 0 . 7 6 ( D + L + W a E )  0.75WorE) 
- I 0.75 (0 + L + T) 0.76 T 

0.75 (- 0.1 D + W + T) 0.75W ( 0 . 7 5 ( D + ~ a E + ~  0 .75 (WwE+T)  ' 

- - 0 .66 (D-L  + W a E + T )  O.W(WorE + T )  I I 



3.5 EXAMPLE OF THE USE OF THE BOCA CODE 
Exhibit 3.20 illustrates an example o f  the use of the BOCA code. The collector (array) 

is assumed to be 25 feet long and 8 feet wide. This is approximately the largest collector 
that has been found cost e f f e c t p  in 1978. The collector is assumed to be installed in 
Albany, New York, a t  a tilt of 50 to the horizon.tal. The weight of the collector i s  assumed 
to be 5 lb/ft2. The area equals 25 x 8 = 200 ft2. 

Exhibit 3.20 Example-by BOCA Code. 

> 

Data: 
Collector: ' 25' long x 8' high 
Location: Albany, NY 
Tilt: 50" 

5 Ib/ft Weight: 

The dead load is the weight of the collector, 1,000 pounds. The maintenance load i s  
computed from the minimum load o f  12 lb/f t2 and the area, yielding 2,400 pounds. The snow 
load without drift, but on the t i l ted surface, is: 25 Ib/f t2 multiplied by the t i l t  factor, the 
area, and the cosine o f  the, ti1 t angle, or 1,286 pounds (exhibit 3.9). When drift ing is included, 
the snow load can be as high as 3,508 pounds. In keeping with the BOCA code for signs,' the 
wind load is computed from a wind force o f  15 lb/ f t2 and the area, yielding a total load of 
3,000 pounds. Seismic loads, hail, ice, and deflection-induced loads are assumed negligible. 
f3.y mounting the collector so the bottom is clear of the ground, with'c 2.5-foot .gap below 
the collector, the ettect ot dritt ing can be avoided. 

Loads: 
' D = Dead Load = 5 Ib/ft2 x 25' x 8' 

L = Maintenance: 12 Ib/ft2 x 25' x 8' 
L = Snow: No drift: 25 Ib/ft2 x 50 -.30 slope x 25' x 8' x 50" 

50. 
Drift: 19 Ib/ft3 x 8 sin (50 - 27) x 25' x 8' 

2 27" 
W = Wind: 15 Ib/ft x 25' x 8' 
f = Seismic, hail and ice 
T =, Deflection: check after design 

Exhibit 3.21 shows the individual loads combined according to the scheme of exhibit 
3.1 9. The most severe loads are,'circled. Wind from the front and wind from the back are 
considered separately. The wind from the back is frequently the most stringent, because i t  
causes upl i f t  and overturning. With the wind on the front, two conditions must be checked 
separately: C3 gives the highest horizontal component; C5 gives the highest vertical 
component and the highest resultant combination of the horizontal and vertical. The 
structure must withstand both Cg and Cs. For the example, the resultant load is less than 20 
lb / f i2  vertically and 12 Ib/ft2 horizontally. As wi l l  be seen in the following section, most 
commercially available structures have capabilities far in excess of these loads. 

Weight 
= 1,000 Ib 
= 2,400 Ib 
= 1,286 Ib 

= 3,508 Ib 

= 3,000 Ib 
= 0 



3.6 AVAILABLE STRUCTU3ES 
Small structures, typical of most applications, will use pre-engineered structures. The 

cost of support structures will be approximately $40 per square meter of array. For a system 
requiring an average power of one kilowatt, the array size will be approximately 60 m2, so 
the total structure cost will be $2,400.  The cost of the structure will not only be a small 
part of the total system cost of nearly $200,000, but will also be small compared to the 
engineering cost that would be required to reduce the structure cost significantly. Only in 
systems above 10 kilowatts will structural optimization be worthwhile. Because the designs 
being considered in this seminar are all under 2 kWe, the pre-engineered structures are the only 
consideration. 

Exhibits 3.22 through 3.25 illustrate some structural designs available from various 
manufacturers. The capabilities and typical dimensions are listed in exhibit 3.26. Mnny , 
slr*uc,l.ures are capable of handling wind loads over IS0 mph, well above any that can be 
expekted. The force resulting from the 150 mph wind is 'appr~ximate l~ 56 lb/ft2 which is 
also well above any snow load that might be expected, but the structural members are 
iypically only 2 or. 3 inches in diameter. 

Perhaps the most important consideration in the selection of the structure is the 
selection of the material. Hot-dip-qalvanized steel, aluminum nnrl pressl-re-treated lumber 
ate preterred to minimize maintenance, with the last two being most desirable because 20.; 
year lives are common. Galvanized steel coatings are frequently chipped or worn off near 
fasteners, so the corrosion protection is lost. 

Exhibit 3.26 also shows the foundations required for the various structures. Concrete 
footings that extend below the frost line will suffice, although some manufacturers claim 
that their structures are rigid enough to withstand several inches of frost heave, so they con 
be placed on slabs-on-grade or shallow footings. As is  always the case, the foundations must 
be evaluated carefully in terms of the ground characteristics of the site. A soils engineer 
should normally be consulted. 

Exhibit 3.21 Combination of Loads. 

COMBINATION 

C 1 

c2 

C3 

C4 

C¶ 

C6 

C7 

Ca 

i 

WINDS ON FRONT 

VERTICAL 

- 
+ 3,686 cos 50 
3.369 Ib 

1.000 t 3.000 cos 50 
2.928 Ib 

1,mo + 0 
1.000 

0 h 13.36QimO 50) 
3,973 

0 75 (3, 9 + 0) 
2,527 

0 75 (2.928 + 01 
2.196 

0.66 (3,@73.'0 76 + 0) 
3.496 

WINDS O N  BACK 

HORIZONTAL 

... -.- - 

0 

0 75 (2,298 + 0) 
1.729 

0 66 (1.724/0 75 - 0) 
1.517 .. 

VERTICAL 

- - 

HORIZONTAL 

- 
- 

0 - 
- 

0 75 (1.828 + 0) 
1,371 
- 

0 
-. 

- 
0 75 x 2,298 

1,724 
- 



Exhibit 3.22 Truss Structure. 

INCLINATION ANGLE. 
TYPICALLY ADJUSTED TO 
LOCAL LATITUDE PLUS 
IS DEGREES 

PER BRACE TO 
BOLTED DIRECTLY 

INTERCONNECTING 
CHANNEL BRACKET 

TELESCOPIC ANGLE 
TO 86 DOLTCD TO 
INTERCONNECTING 
CHANNEL BRACKET 

Exhibit 3.23 Truss Structure for Pole Mounting. 



Exhibit 3.24 Structures for Pole Mounting. 

Exhibit 3.26 Typical Structures and Their Capabilities. 



CUTOUT FOR , 

INTERNAL BRACE 

WOOD IMPREGNATED 
FOR ,2O-YEAR LIFE 

SOLAR PANEL 

4 x 4, 14 GAGE MES 
REINFORCING STEEL 

MOUNTING ON GUNITE 

ALE .2 = 1.0 R. McGARVEY 7-26-78 

Exhibit 3.25 Proposed Structural Concepts. 



3.7 THERMAL DESIGN 
Designers have frequently proposed the solar thermal-solar cell total energy system. 

Solar cells are mounted integrally with thermal collectors, so the solar energy that is not 
converted to electricity might be used to generate heat useful for heating and cooling the 
building on which the solar cells are mounted. The properties of solar cells are such that 
they usually absorb less heat and emit more heat than the coatings often used in thermal 
collectors. As a consequence, the solar cells, when mounted on a thermal collector, can 
degrade the performance of the thermal collector. For the purposes of this seminar, only 
solar cells will be considered as being mounted on the array. Thermal collectors for total 
energy systems are being studied in  the DOEINASAISERI solar thermal power systems 
rogram. Centrally, total energy systems involve the cogeneration of electricity and 

[eat ing/cool ing or process heat . DOE/NASA/SERI are studying the solar photovoltaic total 
energy system also as well as the solar thermal total energy system. 

Solar cells are cooled by natural convection or by wind. The power required to fan cool 
the cells far outweighs the added power obtained from operating the cells at the lower 
temperature available with fan cooling. 

The temperature of the cell is computed from an equation that balances the energy 
input to the cell with the energy output. The computations can be done for a typical square 
foot of cell. The thermal output is equal to the solar input (insolation) multiplied by (I-n), 
where n is the electrical efficiency of the cell. This term is illustrated on the third line of 
exhibit 3.27. The thermal output from the cell is a combination of losses from the rear plus 
losses from the front. The panels are usually so thin that the temperature inside the panel is 
nearly equal to the 'temperatures at the surface of the cell. The maximum temperature of 
the cell occurs when the insolution is greatest, or approximately 100 \N/ft2. The convective 
heat transfer coefficients, h, depend on wind velocity as indicated by the equation obtained 
from the American Society of Heating, Refrigerating and Air Conditioning Engineers 
(ASHRAE) handbook. With still air, the coefficient is I Btu/hr/sq ft/deg F. At I S  mph, the 
coefficient is 6. 

With no wind but with a ground-mounted array, both the back and front of the panel 
are effective in removing the heat. Therefore, the total heat-loss coefficient is the sum of 
two for the front and two for the rear, for a total of 4 Btulhrlsq ft1F . If this coebficient is 
divided into the energy that is not convertedoto electricity, the temperature is 74 F above 
the ambient temperature, or 174 F on a 100 F day. To be conservative, it is assumed that 
the glass surface has zero reflectivity. This assumption will be increasingly more accurate 
as the technology for antireflection coatings is improved. $f  a glass reflectance of 10 
percent were used, the temperature of the c$.ll would be 167 F, which is not significantly 
less, using the temperature differential of 74 F. 

If the panel is root mounted, the back is not free to lose heat to the surroundings. 
Instead, the heat radiates to the roof and convects to the space between the roof and the 
panel. The panel should be mounted either flashed into. the roof to prevent leakage, or 3 
inches from the roof to permit air to circulate under the panel, thereby removing both heat 
and moisture. The heat transfer coefficient on the front is given by the same formula as for 
the freestanding collection. The heat-transfer coefficient for the rear is approximately 1.5. 
For the same no-wind case as analyzed above, the 'temperature of the roof-mounted panel 
would be 85' F above ambient, or 185' F (85' C )  on a loo0 F day. 



ARRAY TEMPERATURE-FREE STANDING 

SOLAR (I) 

INPUT = OUTPUT 

(I - n )  I = ( h  front. + h baeh) (T coll - T air) 

TJ Per ASHRAE: 

h = 2 + 4 x mph Btu/hr - ft2 - OF - 
1 5  AIR FILMS 

I 6 340 Btu/hr - ft2 (100 W/ft) 

Y .  
n = 0.13 

With No Wind: 

T =  air + (1 - 0.13) x 340/(2 + 2) 

T = Tair + 74°F (41°C) 

Array Temperature-Roof Mounted 

himnt = 2 + Q x mph 
15  (3" or more from roof) 

hback = 1 .5 

With No  Wind: 

T =  at + (1 - 0.13) x 340/(2 + 1.5) 

T = T a i r  + 85°F (47°C) 

Exhibit 3.27 Typical Solar Array Temperatures. 



In a 15 mph wind, the freestanding collector would be aJ a temperature of 125' F on a 
100' F day, whereas the roof-mounted array would be at 146 F. The %verage roof-mounted 
cell temperature over the l i fe of the cell would probably be close to 15 F above the ground- 
mounted temperature. The temperature of the cell is proportional to the insolation, so the 
above temperature differences can be modified to insolation values other than 100 W / f t 2  by 
a simple ratio. 

Since the panel temperatures are well within the allowable temperature limits for 
most materials, they are of l i t t le  concern. However, care must be exercised on s t i l l  days to 
prevent personal injury from hot cells. In addition, the high cell temperatures will affect the 
cell l i fe and, more importantly, the cell efficiency. The temperatures shown in exhibit 3 2 7  
will result in a panel efficiency of 8 percent, as compared to the rated efficiency at 25 C 
nf I? percent. 

3.8 FROST, SNOW, AND ICE 
Because the panels face skyward, their temperatures will frequently be lower than the 

ambient dew point. As a consequence, frost .will for.1-n on the panels, thereby obscuring some 
of the sunlight. Exhibit 3.28 shows the frost thickness that would not normally last past 10 
a.m. on clear and average days. The sun will be bright enough so that, despite the high 
reflectance of the ice, the'warmth of the sunlight will be sufficient to melt the frost,. The 
same curve applies'to ice and snow. 

Under more severe conditions, the frost, ice, or snow thickness will be greater than 
could be melted by the sun. Electrical melting by a resistance heater in the panel could be 
used to de-ice the panel. Exhibit 3.29 shows the tradeoff between the energy required for 
de-icing and the energy produced from the de-iced cell. It is evident that de-icing will not 
be profitable under most circumstances, since the power required for de-icing (curves A and 
C )  will not be regained by the array before the next snow fall (curve Dl. 

Other possibilities exist for de-icing the panels. One promising method calls for 
heating the snow or ice at the surf ace of the panel, then allowing the upper layers of ice or 
snow to slough off (curve I3 in exhibit 3.29). This method is not effective i f  the panel has a 
lip at the lower edge, as many panels do. This lip serves as a snow retainer. More work is 
required to determine how effective surface melting would be. 

Another area requiring further study is the partial melting of the ice/snow covering on 
the panel. I f  a strip of ice or snow is melted electrically, a strip of the panel will be exposed 
to direct solar radiation. As a consequence, the panel will be solar heated without the 
intermediate step ot conversion to electricity. The strip w i l l  widen as the panel is heated, 
until the entire array is freed from snow and ice. 

.No matter what i s  done, on cold windy days, there is l i i t le  hope of removing the ice 
cover. The experience .of homeowners with icing of their southern windows will provide some 
indication of the severity of the ice problem and the persistence of the ice layer. At  
present, electrical heating of the panels does not appear worthwhile. 

339 CONCLUSION 
As a result of this chapter, agency representatives should be able to' estimate the 

structural load that the collect3r must withstand, and be able to compare this with the given 
data on typical solar-panel structures, or with.  data supplied by the same or other 
manufacturers for more suitable structures. If  the ambient temperatures and the local 
precipitation indicate ice. and snow may cause a serious shortfall of solar-cell output, the 
ability of a manufacturer's collectors to retain ice and snow should be considered. , 
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2.0 - INPUT MAINTAINS 33'F FOR 24 HOURS (NO SNOW) 
IN STILL AIR IN 15 mph WIND 

, CLEAR-DAY OUTPUT OF 

-20 -10 0 +10 +20 +30 

AMBIENT TEMPERATURE, "F 

J - --- -. - 
Exhibit 3.29 Thermal Snow Removal. 





SECTION 4 
BATTERIES 

4.1 ENERGY STORAGE 
Due to the variations in insolation, and the possible utilization of energy under no-sun 

conditions, some form of electrical storage normally must be used in conjunction with ' the 
PV system. 

Of the many possible energy storage systems available, most are not practical due to 
their high initial costs and energy storage capability mismatch (many can store much more 
energy than is required). Pumped hydroelectric, compressed air, thermal or hydrogen 
storage, super conducting magnets, and flywheel storage fall into this category. Chemical 
storage of electrical energy via batteries proves to be the most cost effective method of 
storing energy in connection with the PV system. 

Batteries are storage devices that use chemical reactions to convert chemical energy 
into electrical energy. The quantity of available electric energy is a function of the inherent 
potential voltage and efficiency of electrochemical reactions, as well as the amount of 
active material in the battery. Many combinations of chemicals have been used as energy 
storage systems, each type possessing advantages and disadvantages with regard to physical 
and electrical battery characteristics. Energy density, expressed in either Wh/lb or Wh/in3, 
.is one important characteristic to consider. In many applications, energy cost, expressed in 
dollars per watt-hour, will be the overriding consideration. 

4.2 TERMINOLOGY 
Batter.ies are normally classified as either primary or secondary.,Primary batteries are 

designed to be utilized orrly once because the active chemicals they contain are depleted 
during the chemical reaction which produces the output electrical energy. They are 
discarded when they are completely discharged. Secondary batteries are designed to be used 
repeatedly. Electrical energy, which can be applied to the output terminals, is electro- 
chemically converted, stored as chemical potential energy, and, subsequently, reconverted 
to electrical energy. 

Primary. batteries nre llsed in  systems that require low current discharge rates and low 
first cost. The secondary battery, due to the reversibility of i ts chemical reaction, can be 
used repeatedly in high-power applications with a recharge included in. the duty cycle. Types 
of batteries include: zinc-carbon, alkaline-manganese, mercury, and lithium for primary 
cells; and, lead-acid, nickel-cadmium, lithium-sulfur, sodium-sulfur, and sodium-chlorine for 
secondary application. Lead-acid and nickel-cadmium secondary batteries are the two types 
most suitable for' use.with PV systems due to their cost, operation, and availability (shown in  
exhibit 4. I). 

In the following material, detailed discussions of types and operation of batteries are 
presented. It is expected. that this material will allow the PV designer to choose the proper 
battery for the application at a cost suitable to the projects. 



Exhibit 4.1 Types of Batteries. 

Because electrochemical reactions usually produce potentials of no more than a few 
volts, several cells are usually connected in series to attain a more useful battery voltage, 
Cells can also he connected in parallel to obtain larger battery current capacity. 

FEATURES 

Low-cost. w ~ d e  variety of small sizes. 

Good low temperature operation. high efficiencv under 
highdrain dulv. more costly than zinc.carbon. 

Excellent high temperature performance. 
Relatively flat discharge characteristics. 

Highest energy density. temperature range and shell 
life of prlmary cells, cnnlnins no water. 

Least expensive and most readily available of 
secondary' cells. 

Excellent low temperature operation. low weight, low 
maintenance. higher initial wst  than lead. 

Oprate st hioh temp~rature, 4OQ0 6, not surrcntly 
commercially available, nrnjnrrted coats S15/kWh 

Operate at high lemperalure.=3Wo C. very low self. 
discharge. projected 59818 Br-3 SlO/kWh. should bs 
mmm~rrially auailahl- in mid Wp. 

Not commercially available. projected costs 920 kwh 
with efficiencies Of ylealar than 90%. operates a l  2W'  C. 

b 

ACTIVE MATERIAL 

Zin'c-Carbon 

Alkaline.Manganese 

Mercury 

Lithium 

Lead-Acid 

Nickel-Cadmium 6 

Lithium-Sulfur 

Sodium/Sulfur 

Sodium/Chlorine 

Cells are composed of three basic components: ( I ) the negative electrode that supplies 
electrons to the external circuit as it is oxidized during the discharge reaction; (2) the 
positive electrode which accepts electrons from the external circuit when it is reduced 
during discharge; and, (3) the electrolyte that completes the circuit by furnishing the ions 
(i.e., electrically charged atoms) needed for conductance between the two electrodes. 

The capability of a battery in Ah is expressed as the quantity of discharge current 
available during a specified length of time and at a given temperature, since charge equals 
current x time. The output voltage decreases during discharge until the battery reaches a 
certain state where any further current draw will rapidly decrease the output voltage and 
possibly damage the battery. This state defines the "cut-off" voltage as shown in exhibit 4.2. 
During a cycle of use, the battery charge is dissipated and the battery voltage decreases. 
The energy capacity is the time integral (summation) of the product of the discharge current 
and voltage from full charge to ccrt-off voltage 'and is expressd in watt-hours, since energy 
equals power x time and power equals voltage x current. A tharge or discharge rate is 
usually referred to as the energy capacity, where one watt-hour equals 360 joules of energy. 
For example, a battery which has a I SO Ah capacity, c, and is supplying 15.A continuously, 
will be completely discharged in  150 Ah/ 15 A, or 10 hours. This current draw equals c/ I0  for 
a 10-hour discharge rate. The percent of a battery's capacity that has been discharged is 
termed the depth of discharge. A complete discharge and subsequent recharge is referred to 
as a cycle. The number of such cycles a battery can undergo before degrading is termed the 
cycle l i fe and is a function of both the battery type and the depth of discharge the battery is 
subjected to during the cycle. The deeper the discharge, the shorter the life, as a more 
complete utilization of the active materials in the battery will result in larger internal 
stresses. The interdependence of l i fe cycles and depth of discharge is shown in exhibit'4.3. 

TYPE 

Primary 

S&ndew 

V/CELL 

1.5 

1.5 

1.3-1.4 

2.95 

2.0 

1.2. 

1.5 

2.2 

2.12 

Wh/lb 

35 

42 ' 

56 

150 

12 

16 

= N) 

= 95 

s 7 0  



Exhibit 4.2 Comparison of Battery Output Voltages During Constant Discharge. 

7 

C-- NICKEL-CADMIUM C/S RATE ( 1 0  CELLS) 

CUTOFF 

LEAD-ACID B A l X R Y  (6-CELLS) 
C / 5  RATE 

1 0  

Exhibit 4.3 Battery Cycle Life vs. Depth of Discharge. 
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- The coulomb is the common. unit of electrical charge where one ampere equals one 
coulomb per second. In physical terms, the charge of an electron equals 1.6 x 10 -I9 

coulombs. The actual number of free electrons in a battery cycle can be calculated by 
knowing capacity, and vice .versa, for battery material choice and chemcial-electrical 
energy conversion sizing. 

4.3 LEAD-ACID BATTERY 
Lead-acid cells are comprised of lead negative electrodes and lead dioxide positive 

electrodes. The electrolyte used is an ionic conducting solution of sulfuric acid in water. 
During discharge, the active material contained in the electrodes is converted to lead 
sulfate. The equation for this reversible reaction is: 

The ion is defined as an electrically charged atom or group of atoms, the electrical 
charge of which results when a neutral atom or group of atoms lose or gain one or more 
electrons during chemical reactions; the loss of electrons results in a positively charged ion 
and the gain of electrons in a negatively charged ion. 

The electrolyte concentration of sulfuric acid decreases as the battery is  discharged. 
Upon complete discharge, either the electrolyte or the active material in the electrodes is 
exhausted. Side reactions also occur, especially during .overcharging. One such reaction is ' 

responsible for the production of hydrogen and oxygen via a method similar to electrolysis. 
Alloying materials or impurities in the electrodes can cause the evolution of toxic gases 
such as stibine (SbH3) or arsine (ASH . In designing a lead-acid battery storage system, 

d provisions must be made for venting t ese gases and for supplying additional water to the 
batteries. A catalytic converter can be incorporated in the battery cap, .reconverting the 
hydrogen and oxygen into water, 

An electrolyte is any substance which in solution or liquid form is capable of 
conductinq an electric current by the movement nf  i t s  r l issncint~rt  por;iti\.lc and negative.ions 
to the el- t~ udes. 

When recharged properly, lead-acid cells typically have cou lombic efficiencies of 90 to 
95 percent. For example, I I I Ah are required to recharge a 100 Ah battery with a 91 
percent coulombic efficiency (:00/0.91 = 1 I I). Since reharge voltages are higher than 
discharge voltages, the energy efficiency is 70 to 80, percent. The coulomb is the comm'on 
unit of  electrical charge, and equals one amp-sec. 

4.4 TYPES OF LEAD-ACID BATTERIES 
A t  present, there are four types of lead-acid batteries, each of which possesses certain 

features critical to the type of service for which i t  is designed (see exhibit 4.4). One ,type of 
lead-acid battery is used in automobiles for starting, lighting, and ignition (SLI). These 
batteries are capable of delivering .large amounts of energy in a short period of time, 
resulting in a low depth of discharge. For example, a typical 12 V car battery has an energy 
capacity of approximately 0.78 kwh. It typically delivers 300 A for about 20 seclstart, or 
0.02 kwh (12V x 300k x 2013600) kwh. This corresponds to a depth of discharge of 2.56 
percent of rated capacity (0.78 kwh). When utilized in this fashion, an SLI battery will last 4 
to 5 years. I f  the battery undergoes only three to five deep discharges (80 to 100 percent of 
capacity), failure may result. These batteries have thin plates that contain a high antimony 
content. Tin and arsenic have also been added to give strength and castability to the grids so 



they can withstand the large stresses caused by rapid discharge and recharge cycles, as well 
as mechanical stresses due to their environment in a moving vehicle. Automotive SLI 
batteries range in cost from $35 to $54/rated kwh in sizes from 0.95 to 1.2 kwh, 
respectively. Diesel SLI batteries cost approximately $Solrated kwh, ranging in sizes from I 
to 2.5 kwh. The high self-discharge rate and relatively short l i fe of  SLI batteries, especially 
when utilized to a deep discharge state, make this type of  lead-acid cell unsuitable for many 
PV applications. 

Exhibit 4.4 Types of Lead-Acid Batteries. 

4.4-1 CYCLE SERVICE BATTERIES 
Another battery type may be categorized as providing "cycle" service. Motive power 

batteries, such as those used to power forklifts and golfcarts, allow greater dep'th of 
discharge. These batteries may survive one or more years (200 to 300 cycles) of daily deep 
.discharge duty (90 percent of  design capacity during an average work day). Plates for use in 
cycle batteries are made several times thicker than those used in SLI batteries and the 
number and size of  these plates determine the battery capacity and weight. A massive 
positive electrode current collector (40 percent of the electrode) permits long l i fe 
regardless of  the use of  high (5 percent) antimony grid alloys. As with the SLI batteries, 
most motive power-type batteries.suffer from self-discharge problems and may lose up to 30 
perctnt of  rated capacity within several days, even i f  no pownr is drawn from them. Prices 
in the range of  $45 to $60/rated kwh for a single motive battery are typical, with sizes 
ranging upward from a 2 kwh size. Longer l i fe motive power batteries (1,000 to 2,000 
cycles) are priced in the $145 to $220/rated kwh range and typically weigh three to five 
times as much as the less expensive motive batteries for the same kwh capacity. 

BATTERY 
TYPE 

4.4.2 FLOAT SERVICE BATTERIES 
In float-type service, the battery is maintained in a state of. low depth of  discharge 

and only undergoes an occasional deep discharge'. Batteries designed for such use have a very 
low self-discharge rate due to the use o f  pure lead or calcium alloyed grids, and a low rate 
of  gas evolution (they require about one-tenth the inakeup water needed in motive-power 
batteries). The positive grids are more corrosion resistant in the charge mode as they use no 
antimony. Therefore, the l ifetime of  these batteries typically exceeds 5 yearsf use. For 
maximum life, a discharge level of less than 20 to 30 percent of full capacity is 
recommended. These attributes make them ideally suited for use with PV power systems. 
Prices generally range from $80 to $130/rated I<Wh -(higher for batteries smaller than I 
kwh), in sizes up to about 6 kwh. 
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Deep discharge, float-type batteries are also available at higher costs, with 0.4 to 0.8 
percent calcium alloyed with the lead for added strength. This allows the battery to 
minimize self-discharge problems, thereby retaining a near full capacity for anywhere from 
6 months to I year while permitting deep discharge cycles. For maximum l i fe expectancy, a 
discharge level of less than 40 to 50 percent of capacity is recommended. Costs for 
batteries of this type (which also contain extra electrolyte to prevent damage at full 
discharge) range from $200 to $240/rated kwh per single battery, in sizes from I kwh and 
larger. L i fe  expectancy is in the 1,500- to 2,000-cycle range. 

4.4.3 SEALED FLOAT SERVICE BATTERIES 
Sealed float service-type batteries are also now available in sizes up to approximately 

one-half kwh. These cells use grids composed of calcium and other proprietary alloys. Due 
t o  the calcium grids, there is a low rate of gas evolution, allowing the cell to be. sealed, 
making it virtually maintenance free; 'Pres51.1rc relief valves are provided and will vent 
hydrogen i f  the battery is improperly charged. - The l i fe expectancy of the cells, as with 
most calcium grid designs, is 200 to 500 deep discharge cycles. Prices are in the $ I40/kWh 
range for 0.4 kwh batteries, with higher prices per kwh for the lower power ratings. 

4.5 FAILLRE MECHANISMS OF LEAD-ACID BATTERIES 
A diagram of a lead-acid cell is shown in exhibit 4.5. The chemical conversion of 

metallic lead and lead dioxide to lead sulfate and vice versa causes internal volume changes 

FLAKES OF MATERIAL FROM CELL GRIDS 

Exhibit 4.5 ' Lead-Acid Cell. 



in the electrodes. These changes create stresses on the' electrodes which may cause the 
active material to flake or shed from the collector grid, and eventually shorting the cell. 
This process causes the battery to lose capacity and increases the internal resistance. This 
degradation increases with depth of discharge and results in decreased energy density and 
current carrying capability. This is why motive batteries, which supply large power loads, 
have antimony and other alloys to strengthen the electrode grids. I 

Lead-acid cells will also fail i f  the quantity of electrolyte is allowed to fall to an 
excessively low level. This can be prevented by adding additional distilled water, as needed, 
to the cells and by not overcharging the cells, thereby avoiding outgassing. 

Although a battery's capacity increases with temperature, high terhperatures actually , 
' reduce a battery's l i fe (see exhibit 4.6). While there is considerable disagreement on the 
exact correlation of l ife and temperature, aogood estiqate is that a battery's l i fe is halved i f  
the average temperature is raised from 75 F to 1 10 F. Energy, conversion efficiency also 
decreases with increasing temperature due to internal loss processes,.such as electrolyte 
resistance, which shows an exponential increase with temperature. 

Exhibit 4.6 Relative Capacity of Lead-Acid Batteries as a Function of Temperature.; 
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Care must also be taken to .ensure that the batteries do not freeze in cold weather 
applJcations, as shown in exhibit 4.7; a fully-charged battery: will freeze at approximately 
-60 F, depending on the concentration of the electrolyte. As the battery discharges, the 
electrolyte is consumed by the chemical reactions and the concentration decreases. A fully 
discharged cell will freeze at a temperature sdmewhat below 32' Fi .1 high state of charge 
will prevent the batteries from freezing. 
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Exhibit 4.7 Freezing Point of Lead-Acid Battery as a Function of State 
of Charge. Specific Gravity of Electrolyte = 1.330 at 2 So C 
at Full Charge. 

4 6  DISCHARGE AND RECHARGE CHARACTERISTICS 

4-6.1 LEAD-ACID BATTERIES 
The voltage characteristics of typical lead-acid cells during constant current discharge 

are shown in exhibit 4.8. The higher the rate of discharge, the larger the cell voltage 
decrease. This is the result of connector and grid structure resistance and electrolyte 
concentration polarization. Use of different materials and manufacturing techniques will 
result in actual cells varying from these curves. To assure maximum battery life, discharge 
past a terminal voltage of approximately 1.8 V/cell should be avoided. 

The same effects which lower the cell's output during discharge contribute toward 
increasing the required terminal voltage during recharge, as shown in exhibit 4.9. During 
recharge, efficiency and battery l i fe will be lowered by excessive outgassing and high 
temperatures. 



Exhibit 4.8 Typical Discharge Voltage ~har~cteristics. 
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Exhibit 4.9 Typical Charge Voltage Characteristics. 
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For standby or float-type service 'batteries, the charge voltage should be. held at 
2.25  cell, or 13.5 V/ I2V battery. This will l imit the effects of overcharging and signifi- 
cantly increase battery life. This method is commonly referred to as Itfloat voltagett 
charging at constant voltage, whereas in trickle charging the charging current is held 
constant and may result in  overcharging the battery.. 

For cyclic use, where the maximum number of recharge cycles is of paramount 
importance, the battery on-charge voltage should be maintained below 2.4 V/cell or 14.4 
V/ 12 V battery. In applications where the batteries are used in both float and cyclic service, 
a charging voltage of between 2.30 and 2.45 V should be employed. 

One of the simplest recharging circuits for small capacity batteries, a shunt-connected 
(parallel) zener diode, is shown in exhibit 4.11). This circuit uses an inexpensive, low wottuye 
zener diode (sized to meet the needed recharge voltage) in conjunction with a current 
l imiting resistor. ' 

1 BLOCKING DIODE I 

1 I - .. 

~xhibit 4.10 Battery Charging Regulator with Zener Dissipating Excess Energy. 

Another popular circuit is the shunt (parallel connected) transistor regulator (see 
exhibit 4.1 I). This circuit allows a small zener diode to be used i 3r all battery sizes, since 
only the transistor base current flows through the zener diode. , , 

ARRAY ZENER DIODE 

r 

TRANSISTOR 

Exhibit 4.11 Battery Charging Regulator with Resistor Dissipating Excess Energy. 
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4.6.2 NICKEL-CADM IUM BATTERIES 
Nickel-cadmium batteries are designed for use in  lightweight, portable applications 

which require long operating lifetimes and l i t t le or no maintenance. The electrodes (see 
exhibit 4. i 2) in  nickel-cadmi um cells undergo changes in oxidation state without any changes 
in physical state. The active materials involved, insoluble in the alkaline electrolyte, remain 
as solids during oxidation state changes. This results in two favorable properties of nickel- 
cadmium cells: ( I) because no chemical mechanism exists which would result in the loss of 
active material, the electrodes are long lived and (2) the cell potential is essentially 
constant throughout most of the discharge cycle. Oxidation is defined as the process of 
increasing the positive valence of or decreasing the negative valence of an element or ion. 
Electrons are removed from atoms or ions. 

COVER POSITIVE TERMINAL RESEALABLE VENT 
\ / MACHAN ISM 

\ 
NICKEL-PLATED STEEL CASE SEPARATOR 

Exhibit 4.12 Cylindrical Sealed Cell Construction. 



Nickel hydroxide (NiO (OH)) is the active material in the positive plate. During 
discharge, the charged NiO (OH) goes into a lower valence state, Ni  (OH)2, by accepting 
electrons from the external circuit. The negative plate, which is composed of cadmium, is 
oxidized to cadmium hydroxide and releases electrons to the external circuit. During 
charging, the reactions are reversed, as shown: 

These batteries do not vent hydrogen because the cells are constructed so the oxygen 
generated at the positive plate migrates to the negative plate, recombining with the 
hydrogen. The oxygen acts as a chemical short circuit within the cell, enabling the sealed 
battery to be continuously overcharged without an excessive increase in internal pressure. 

Nickel-cadmium batteries have a life of up to 20 yean and rgquirs virtually no 
maintenance. They perform well in high-temperature applications ( 1 15 F cmt iriuous) and 
retain the ability to deliver high rates of discharge even at low temperatureg, as shown in 
exhibit 4. t 3. Continuous operation at low drain rates i s  possible down to -40 C. They also 
may be left in either a c h a r ~ d  or discharged statc wilhout dul~ruys. These butreries are 
available in sizes up to 5 kwh at prices ran ing from $270 to $320/kWh for over I kwh. For 
energy capacities under 0.5 kwh the cost is 9 450/kWh. 
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Exhibit 4.13 Available Capacity vs. Temperature of Batteries 



' ,  h 

4.7 FAILLRE MECHANISMS , . 

Failures generally result from either an internal short circuit or an excessive loss of 
electrolyte. Short circuits are generally created when two plates of opposite polarity, or 
their attached hardware, make physical contact. This results in the charging current passing 
through the partial short, forcing the cell voltage to zero almost immediately. The 
performance of nickel-cadmium batteries is not affected by small losses of electrolyte. 
However, moderate electrolyte loss will cause slight capacity degradation, which increases 
to almost complete loss of capacity when large amounts of electrolyte are lost. 

Both internal shorts and excessive electrolyte 'loss are related primarily to time of 
usage and batter) temperature during this period of time. Battery temperature is the most 
significdnt parameter in the life expectancy of the battery as high temperatures accelerate 
performance degradation by increasing self-discharge and reducing charge acceptance 
(input-output efficiency) as shown in exhibit 4.14. Prolonged exposure to high temperatures 
will also increase the decomposition of the -separator material between the positive and 
negative electrodes, causing internal shorts. The performance of nickel-cadmium batteries 
at temperature extremes is superior to that of lead-acid .batteries, making them the logical 
choice for high-temperature applications. 

Exhibit 4.14 Life Expectance ~elationshi~ of Nickel-Cadmium Batteries 
vs. Operating Temperature. 
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Nickel-cadmium batteries whiJ.1 we subjected ' to a repetitive shallow depth of 
discharge tend to exhibit an apparent loss of capacity, commonly referred to as "memory 
loss." This problem can be mitigated by deep discharging of the battery and then recharging. 
The "memory" is thus erasea and the original battery capacity restored. This memory 
problem is exhibited in  sintered cell nickel-cadmium batt'eries but not in cells employing 
pocket plate construction. 
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Nickelsadmium batteries can tolerate from 0.05 to 0.1 0 C overcharge for extended 
periods of time without damage or performance degradation (where C is the battery 
capacity in  Ah). For example, a 220 Ah battery could be recharged with a constant current 
circuit (see exhibit 4.15) with a maximum charge current of I I to 22 A. This slow charging 
rate has high reliability and low cost due .to its simplicity, and will tend to minimize cell 
temperature rise and internal pressure during the recharge. 
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Exhibit 4.15 Constant Current Charging Circuit. 

4.8 RECHARGING MULTIPLE BATTERY STRINGS 
When recharging series-c~nnected botterics to obluin higher' system voltages, the 

peusibili 1 y of slight differences in  cnpaci t y  between thu individuiil cells exists. When a 
oingle voltage suurce Is connected across the .entire battery string, the same current will 
flow through all the cells. Due to', differing characteristics of batteries, some may 
overcharge while others remain slightly undercharged. This results in both underutilizing 
the capacity of the batteries and prematurely aging them. To minimize these adverse . 
effects, installations near hot spots (UJ temperature affects both cell voltage and capacity) 
and charging the batteries' string in more than 24 V battery groups (see exhibit 4.16) should 
be avoided. 

Exhibit 4.16 Charging High Voltage Battery System. 

4-14 



When connected in  parallel, the current from the array will tend to divide equally 
, between the batteries. I f  batteries of unequal capacity are being recharged, the current 

tends to diyide between the batteries in the ratio of their capacities (due to internal 
resistance differences). 

4.9 SAFETY PROBLEMS 
Because batteries are hazardous devices and cannot be switched off, the potential 

hazard of DC electrical shock exists. A few of the considerations are as follows. 

Shorting the output terminals by dropping a wrench across them cdn cause currents 
high enough to melt metal conductors and result in severe burns. 

Lead-acid batteries also pose a hazard'due to the acid electrolyte. Plastic squeeze- 
bottle eye-wash devices, sodium carbonate or similar neutralizing agents, and protective 
clothing (e.g., rubber gloves and aprons) should be kept on hand when servicing lead-acid 
batteries. Similarly, nickel-cadmium batteries contain a caustic base electrolyte. A mild 
acidic solution such as boric acid or vinegar should be kept handy as a neutralizing agent. 

Battery storage systems generate hydrogen (which may explode) and other potentially 
dangerous gases such as stibine (SbH3) or arsine (AH ) A ventilation system and catalytic 
battery caps should be included in the housing design.3dotalytic caps are currently available 
from various distributors for approximately $3.75 per cap. 

There are existing standards which are more compulsor~ t h d  ensure safety. 

4.10 SUMMARY 
Exhibits 4.17 and 4.18. provide a summarya for the battery types that have been 

presented. Since system costs are c'irectly related to the load requirements, current loss due 
to battery inefficiency and self-discharge can be very expensive. For this reason, the SLI 
lead-acid or motive-type batteries used in forklifts and golfcarts are generally unacceptable 
from the standpoint. of .cost and reliability. 

Float-service, lead-acid batteries featuring lead-acid with calcium grid or pure lead 
grids are the most suited for general PV use. This is due to their very low self-discharge 
(typically 10 to 15 percent per year) and ti.eir high efficiency (80 percent electricai to 
chemical energy conversion). In extremely cold conditions, nickel-cadmium cells can offer 
advantages in increased capacity which may outweigh their higher costs. During electrical 
to chemical energy conversion, the batteries rgceive chargej and dt~ring chemical to 
electrical energy conversion, the batteries dissipatglcharge. , 
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Exhibit 4.17 Summary of Lead-Acid and Nickel-Cadmium Batteries- 

TYPE 

Exhibit 4.18 Comparative Battery Cost. 
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SECTION 5 
POWER CONDITIONING 

5.1 POWER CONDITIONING 
The output from the solar array must match the requirements of both the load and the - 

batteries. The power conditioning subsystem matches the load, batteries, array, and,possible 
back-up energy by regulating the DC voltage and current input to the battery subsystem or 
converting the DC output of the array into AC at a specified voltage, i f  needed, or both. 
This section explains the basic operation of each type of power conditioning unit and its 
function within fhe electrical power system. 

5.2 SELF-REGULATED PV POWER SYSTEMS 
For the smaller, cost-effective power applications (normally under 2 kW capacity), 

the direct connection (through a blocking diode) of the array to the storage syst& and then 
to the load may prove to be the most cost-effective and require the least maintenance 
(refer to exhibit 5. I). Direct electrical connection of the array to the battery system 
without regulation is advisable only when the peak output current of the array is less than 

\ 5 percent of the charge capacity of the batteries (amp-hour rating) in the system (charge 
equals current x time). 

Exhibit 5.1 Self-Regulated PV System. 

BLOCKING 

The operation of the system shown in  exhibit 5.1 is as follows. 

- 
I 

ARRAY 

I. During periods of insolation, the batteries are charged by the power produced by 
the PV array at a voltage that causes cvirent to flow from the array into the 
battery storage system while also supplying the load. When the voltage of the 
battery storage system equals that of the array (less the initial voltage drop 
across the blockina diode). current flow into the storase system would stop, with 
the batteries being at a full 'state of char;ge. (NOTE: idifference of potential is 
required for current to flow.) Voltage equals potential in  an electrical energy 
system and the voltage drop (loss) across the blocking diode is basically current x 
diode reslsturice. 

DC 
LOAD 

DIODE . 

2. A battery storage system continually supplies load requirements. It should be 
recognized that this system design (see exhibit 5.1) places specific constraints on 

. the selection of the PV array current and voltage operating conditions, resulting 
in the array operating at other than the maximum power point. These constraints 
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are centered around the charging voltage requirements of the battery storage 
system. The voltage range for a 12 V lead-acid battery under charge varies from 
12.8 V (at 60 percent discharge) to 14.4 V (at full charge). To transfer the 
maximum power from the PV array to the storage system, the voltage-operating 
point for the array should be approximately 14.40 V plus 0.75 V (to account for 
the voltage drop across the diode) thus 15.15 V. The manufacturer's rated 
temperature of 27' C would cause a different curve-displaced along the voltage 
axis, as shown in Exhibit 5.2. As shown in  exhibit 5.2, for a slight increase in cell 
voltage above the nominal array operating voltage, cell current wil l decrease 
rapidly limiting the charging current. The I-V curve used corresponds to the 
array's characteristics at its nominal operating temperature. 
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Exhibit 5.2 I-V Curve of PV Module Exhibiting Sclf-Regulation. 

The possibility of battery gas production (and losses in electrolyte) are higher for a 
self-limiting system than for a system utilizing an active voltage regvlctor-battery charger. 
This is due to the variations in  insolation causing .instantaneous changes in array voltage and 
current, resulting in the possibility of overch~rging thc,battsry storage system. Setting the 
array opcrutirrg polnt less than that required for maximum charging capability results in a 
larger and more costly battery storage system to meet the same load. 

For the app'licatiori o f  directly eharyir~g a battery storage system of 12 V, PV modules 
must be connected to produce approximately 15.15 V at the designed operatinq insolation 
and temperature. A self-regulated system usually operates away from the maximum power 
point, thereby wasting energy and array capability. Larger systems would use an active 
device to maintain maximum power utilization. 



53 VOLTAGE REGULATED PV POWER SYSTEMS , Most PV systems utilize a voltage regulator, either in parallel or in series with the PV 
array, .the storage system, and load (see exhibit 5.3). PV power systems are normally 
designed t o  recover quickly from worst-case load and weather conditions during their total 
useable l i fe span. Under average weather conditions, this results in  the arrays having excess 
power capability under normal load condi'tions, especially at the beginning .of their lives. To 
regulate the voltage within required limits to prevent battery overcharge and outgassing, a 

. voltage regulator must dissipate the excess available power. 

Exhibit '5.3 PV System Utilizing Voltage Regulator. 

BLOCKING 
DIODE , 

There are two types of voltage regulators available as off-the-shelf products. Series- 
type voltage regulators utilize a series transistor that electrically blocks the array when the 
battery reaches a full charge voltage and conducts when battery charging is required. A 
shunt-type regulator uses' a transistor to shunt the excess current to the ground. Series 
regulators consume power at all times. Shunt regulators only dissipate that power not 
required by the storage system/load combinations. Exhibits 5.4 and 5.5 show simplified 
designs of series and shunt (parallel connected) regulators. 

Di: '. Zener Diode 
9: Transistor 
R : Resistor 

- 
ARRAY 

Exhibit 5.4 Series Regulator-Basic Design 
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Exhibit 5.5 Shunt Regulation-Simple Design. 

T3: SENSOR 

Series regulators operate by applying a set voltage to the transistor base, keeping the 
transistor output at a constant voltage over a large variation in current. Al l  the load current 
passes through the regulator transistor in a series regulator design. This results in  
approximately a 1.2 V drop across the regulator transistor output, and a consequent loss in  
power (e.g., with a 10 A current, P loss = 10 A x 1.2 V drop = 12 W loss), where power equals 
I x v. 

Exhibit 5.5 shows a simplified design of a shunt regulator. This type of regulator 
dissipates the excess power to ground. When the load utilizes all of the PV produced power, 
the shunt regulator consumes no power. Based on the output voltage, the regulator "shunts" 
current through a regulating transistor to keep the output voltage constant. 

L,,, 1 TRANSISTOR 
SHUNT 
I'rlJRRENT '4: (TO GROUND) 

An alternative to using a full-shunt regulator is the partial-shunt regulator. Smaller 
heat dissipating elements and heat sinks are' required, so the weight, heat management, and 
cost problems associated with these dissipating elements and accompanying power tran- 
sistors are minimized. The partial-shunt regulator, which is connected across part of the 
array, shunts part of the array output at no load conditions; and is fully turned off at full- 
load, maximum operating temperature, and at the end of the designated life of the system. 
This type of shunt regulator dissipates less than one-half of the power dissipated in  a full- 
shunt regulator (see exhibit 5.6). 

0 A 0 

' . For larger power systems (over several hundred watts), several linear-partial-shunt 
regulators can be employed, each of which regulates a separate portion of the array.(see 
exhibit 5.7). In this system, the regulators would be operated linearly between saturation and 
cutoff, one at a time in a voltage-dependent sequence. A t  full load all the shunt regulators 
are off. A t  no load all regulators are in saturation, excep't one which is either in saturation 
or in its linear operating region, depending upon the array temperature. Typical costs for 
regulators are in the range of $ I /W.  Linear operation refers to the output voltage function, 
cutoff refers to zero current, and saturation refers 'to maximum current. 
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Exhibit 5.7 Partial Shunt Regulators for Multiple Subarrays. 
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5.4 SWITCHING REGULATORS 
Switching regulators are complex, classica'l electronic devices (see exhibit 5.8) and 

have a distinct advantage over series or shunt regulators: low power dissipation in the main 
control device (especially at high power levels). The amount of current dissipated from the 
&ray is accomplished by electronic switching, feedback, and control. The transistor is the 
main element. Diodes, capacitors, inductors, and resistors are also employed, and series- 
parallel connections are used. The series part is either saturated or off, and has a low 
forward voltage drop to neutral when conducting load current and only leakage current 
flowing when it is not conducting. Power dissipation is small, resulting in high throughput 
efficiencies. To avoid ' stability problems, switching regulators must be employed in 
conjunction with a peak power tracker. They are not used in low power applications. Also, 
-they are not currently available as off-the-shelf items. Ser ies-parallel and del ta-star 
connections are used. . . - 
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Exhibit 5.8 Electronic Switching Regulator 
5.5 INVERTERS 

An inverter changes DC voltage into AC voltage (see exhibit 5.9). Motor-generator 
sets, as well as other rotafiilg equipment, have beeis used as inverters. Duc to the 
maintenance problems associated with mechanical devices, only static, solid-state (elec- 
tronic) inverters are considered here. 
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Exhibit 5.9 Regulatbd System Providing AC Output. 



5.5.1 SOLID STATE INVERTERS 
Power handling capability and efficiency make electronic switching-type inverters the 

most commonly used in power conditioning. The main circuit elements are alternately 
switched electronically between their on and off states. A simplified, single-phase bridge 
configuration is shown in exhibit 5.10. Electronic switching causes an alternating current, 
which is roughly equivalent to the pure sine wave of an alternator. 

\ 1 s , a 

Exhibit 5.10 Conceptual Inverter Design. 

1 

(TRANSFORMER) 
INDUCTOR 

. Conceptually, switches I and 4 are initially closed while switches 2 and 3 are open. 
This causes a direct current to flow through the transformer winding. After 8.3 miliseconds 
(for 60 Hz AC operation!, switches I and 4 are opened and 2 and 3 are closed, causing 
current to reverse direction in the transformer winding. This cycle is then repeated at the 

I 
desired frequency to produce the AC output. In actual inverters, the switches are replac'ed 
by transistors or static controlled rectifiers. Rectifiers convert AC voltage to DC voltage. 

3 

4 

Most low power inverters (less than I kW) utilize transistors as active electronic 
switching elements (see exhibit 5.1 1 ). Transistors are quiet, reliable, exhibit a low forward 
voltage drop to the base, and negligible leakage currents. Unfortunately, they require a 
relatively high control power. This effect .can be mitigated by utilizing Darlington transistor 
configurations, although these devices are generally rated for lower power applications and 
are also more expensive. Typical efficiencies of commercially available DC to AC inverters 
range from 65 to 75 percent/ for 50 W units, costing $80 to $140, with less than 3 percent 
output harmonic distortion. A harmonic is an AC voltage whose frequency is some' integral 
multiple of a fundamental frequency. 
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Exhibit 5.11 Actual Transistor Switching Inverter . 

Higher power inverters (greater than I kW) generally use static controlled rectifiers 
(SCR's) as the electronic switching elements. Very l i t t le control ,current, as compared with 

' 

transistor circuits, is needed to switch the SCR into its t'on" state. Unlike transistors, the 
current through the SCR must go to zero before the device can be turned off. The resulting 
AC voltage is not exactly equivalent to the transistor circuit AC voltage. 

Invettei circuits can be divided into the two broad categories of line or selt- 
commutated. (Commutation is the switching of current' flow from one branch of a circuit to 
another.) Line-cornmutated inverters rely on control voltage from a fixed AC voltage bus to 
provide the electricity, (e.g., to turn off SCR1s). This type of circuit is usually used in 
conjunction with uti l i ty line applications. Self-commutated inverters, however, rely on an 
internal control circuit to electronically switch the active elements on and off, Because 
transistors  car^ be biased off by an external voltage, transistorized inverters are inherently 
self-commutating. SCR inverters can be designed for self -cornmutated service by the 
addition of internal circuits across the SCR bridge iegs. Since output power is reduced, these 
circuits lead to higher costs, and lower efficiency. A summary of the uti l i ty of SCR and 
transistor'inverter characteristics is tabled in exhibit 5.12. 



SCR TRANSISTOR 

USUALLY LINE-COMMUTATED SELF-COMMUTATED 
HIGH POWER, 1 kW LOW POWER, 1 kW 
HIGHER EFFICIENCY 

Exhibit 5.1 2 The Utility of SCR and Transistor Inverters 

Because high. efficiency inverters using electronic switching techniques are constant 
power devices, they exhibit a negative slope for input impedance. The equation V x I = P is 

-a hyperbola for constant P, thus the negative slope. PV devices have.a fairly sharp knee 
where the transition between being a voltage source and current source occurs. The peak 
power point from the source is found somewhere on this knee, and an optimized system 
should locate and track. this peak point. This can be done either by analog tracking or digital 
tracking, or in combination. Analog refers to the manipulation of voltages and mechanical 
quantities by the slide-rule concept, whereas digital refers to the use of arithmetic. 

Because PV systems cannot store energy and switching inverters (choppers) draw their 
current in short pulses, there must be a smoothing filter between the inverter and source. By,. 
using as data the modulation of the input current due to chopping, both the current and: 
change in current can be measured. The voltage on the array multiplied by these factors' 
determines both actual power and rate of change of power. By a basic arithmetic circuit, 
the operating power point can be found and tracked. Modulation is a variation in the 
amplitude, frequency, or phase of a wave in accordance with some sigpal. 

I 

If a hall effect generator were placed in the gap of a simple choke input filter, the hall 
generator's output would be proportional to current. The chopping or switching frequency 
itself would serve to modulate the current sufficiently to detect the operating point (see 
exhibit 5.1 3). 
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Exhibit 5.13 Peak Power Tracking. 
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Comparing the sign of the current modulation to the power determines at which side 
of the peak point the system is operating. I f  the current and power are increasing, operation 
is behind the peak. I f  current is increasing and power decreasing, it is operating beyond the 
peak. This information is fed back to the inverter to control the pulse width to either 
increase or decrease the current demand on the array. The pulse width is signal duration. 

55.2 NVERTER TECI-NOLOGY 
In initial discussions of inverter technology, system constraints will not be considered; 

only methods will be considered. Inverter technology is extremely wide ranging and varied. 
The various techniques can be grouped, by implementation, into some basic classifications. 

The simplest inverter technique, a power amplifier, is not widespread because of i t s  
low efficiency. Power amplifiers employ a hi-fi amplifier controlled by an oscillator, with ' 

voltage regulating feedback. Oscillators produce AC voltage of various frequencies. Hi-f i  
refers to an almost exact reproduction achieved by low distortion, and a wide range of . 
reproduced frequencies. 

Switching inverters, however, generally fall into the two basic classes of current 
generators and voltage generators. Each of these can be further divided into sub-classes by 
the techniques used. 

Current generators usually feed pulses of current into a resonant electronic tank, 
which then oscillates electronically at its self-resonant frequency in a decaying sine wave. 
Control is achieved by varying the amount of electricity fed into the electronic tank so that, 
when the desired output, voltage is present, the electric energy input i s  equal to the losses 
plus the electric load taken from the tank. When a power factor is included in the load, the 
electronic tank is det\uned, changing the frequency of electrical oscillation. However, i f  the 
current pulses are synchronized to an external electronic clock, the tank is driven off 
electrical resonance, and the output electrical frequency is determined by the clock rather 
than the tuned circuit. Resonance in an electrical circuit occurs at an AC voltage input 
frequency which causes zero reactance. Reactance is the . induct ive-capaci t ive component 
of impedance.. Power factor indicates the percent of resistive component. 

Current can be fed into the tank at either a constant value and varying time (duty 
cycle), or at a constant duty cycle, with -the magnitude of'current varied. Usually, both duty 
cycle and current magnitude. are varied in practical circuits, but they have a predictable 
interdependence. The effective value of an AC voltage is a function of amplitude and duty 
cyc l e. 

Voltage generators, however, supply a voltage which is related to the source. In these 
devices, i t  is usual to have several voltages generated at differing time relationships to 
obtain the desired output. I f  two voltages are in phase and have amplitude of I, the sum is 2. 
I f  they are 180' out of phase, their sum is zero; all intermediate conditions can be found by 
vector addition. The phase angle indicates the electrical waveform time displacement for 
starting time. Classical AC voltage analysis and synthesis is involved. 

Synthesizing a .waveform involves the sum of the outputs of many low-powered 
inverters. .By implementation, certain f ixed-phase relationships can be achieved that reduce 
the content of lower harmonics to levels requiring l i t t le or no filtering. Summation can be 
done magnetically with transformers or electrically from separate transformers. Trans- 
formers increase amplitude in this case by electromagnetic induction due to an AC voltage. 



There are also techniques that require l i t t le or no output with a transformer operating 
at the output frequency. These generally can be considered as "carrier" systems. They are 
sometimes lumped into the synthesized waveform class, but they are different. A carrier is 
generated at a higher frequency ( I0  to 20 or more times the desired output frequency), and 
then modulated at the desired output frequency. Either FM or AM is.used. With AM, there 
is a fundamental problem in that, theoretically, only 50 percent. is in the sidebands. By 
several simple techniques, the AM can. be converted to single sideband, suppressed carrier, 
so that all the power is in the sideband. Cyclo-converters fall within. this carrier technology 
along with other circuits that obtain the same results by other techniques. FM refers to 
frequency modulation and AM refers to amplitude modulation. 

The Ferroresonant inverter is the most popular lower priced system used today for 
sinewave outputs. These inverters should be considered as special cases of either voltage or 
current generators, with a different filter than the usual lumped, constant types. 

~ i l t e r i n g  of waveforms .serves. the purpose of separating the fundamental from the 
switched waveform harmonics in  a nonloss manner. In concept, they are quite simple, but in 
practice they add considerable difficulty insofar as phase shift, dynamic response, and 
control stability are concerned. 

b 

5.6 INVERTER OUTPUT FILTERS 
In most inverters, a square-wave voltage is produced at some point in the circuit 

because of the sudden switching action that occurs during the inversion process. E1ectrici.t~ 
travels as a wave at the speed of light. Changes often appear to occur instantaneously. For 

-simple transistor or SCR-switch inverters, a square-wave voltage is outputed to the load. 
Square waves contain considerable harmonic content that will cause excessive heating in AC 
motor loads, resulting in increased motor losses without improving the torque output. Most 
inverters contain internal filters or resonant circuits that enable them to produce an output 
voltage that closely approaches a sine wave. Typically, total sinewave output harmonic 
distortion is less than '3 percent, which is comparable to 'uti l ity standards. 
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SECTION 6 
ELECTRIC POWER LOAD ANALYSIS AND SYNTHESIS 

6.1 INTRODUCTION 
To prevent oversizing the solar PV power system (which is a stand-alone system) and 

unnecessarily increasing the cost, energy demand must be estimated as accurately as 
possible. As indicated in exhibit 6.1, the purpose of this section is to enable participants to 
estimate loads correctly, to reduce unnecessary loads, to determine whether the loads are 
best met by AC or DC voltage, and to anticipate potential problems that may occur when 
conventional loads are combined with the unconventional characteristics of the PV system. 
The load analysis also influences the selection and sizing of back-up systems in the areas of 
quantity and quality, including reliabil i ty and the need to maintain frequency stability for 
AC loads and possible ut i l i ty  grid-connected applications. All loads, generat ion, trans- 
mission, and distribution are analyzed and synthesized. 

PURPOSES: 

To enable attendees to :  

1. Estimate loads 
Reduce loads 
Define ACIDC needs 

2. Anticipate problems 
of loadlpousrsup~lv intersetion: 

3. Analyze and synthesize all loads. 
wnsration. tran:mi::ion, and 
distribution 

Exhibit 6.1 Load Analysis. 

6.2 ESTIMATING THE LOAD DEMAND 
The first aspect of the load analysis is defining individual energy requirements. These 

are used to determine the total electric load demand profile. Exhibit 6.2 lists typical 
electric equipment for remote applications (e.g., f i re  water towers). The power requirement 
represents the maximum demand at any one time. Because some of the equipment is 
operated on a cyclic basis (including the refrigerator), i .e average demand (the energy 
demand) is considerably less than would be obtained by multiplying these rated demands by 
24 hr/day, since energy equals average power x time. Exhibit 6.3 illustrates typical 
electrical energy requi rements, based on the indicated duty cycle-- the minutes per day the 
apparatus is drawing.current. The 1.607 k'Wh per day energy requirement is only four percent 
of the 40 k'dh per day that would be estimated i f  the peak demands were assumed to prevail 
for 24 hours, continuously. The size of the PV array and the cost would be approximately 
4 percent of what might have otherwise been estimated. Energy per day (kWh/day) can be 
translated into average power (k\N/day)'by dividing by the duty cycle hours. 

MAXIMUM POWER 
REQUIREMENT 

EQUIPMENT (12V OCI (W\ 

A)  'Radio Communication (Transmit) 25  
(Standby) 1 .08 

8 )  Lighting (Fluorescent) 6 0  

C )  Water Pumping (5 gal/min. 5 0  gal/day) ' 2  
D )  Refrigerator (25% Duty Cycle) 6 0  

€1 Micrwaun Oven 1.460 

Fl TV 50 ,/-- . 

'. 
Exhibit 6.2 Estimating the Load. 



Watt-hours per day = W x M x H x IhrIWmin 
1 kwh = 1000 WH 

. Exhibit 6.3 Allowance for Duty Cycle. 

L 

I 

CATHODIC PENETRATION 
Load Requirement, I & V = 7 amps at 6V DC 

, Power Required, Watts, - - 42Wat ts= IxV=7x6  

Energy RequiredIDay, WH, = 7 x 6 x 24 = 1,008 wH/day 

NAVIGATION LIGHTS, BELLS, AND HORNS 

Load Roquiromont r 4 Ampe at 24 V QC 

Duty Cycle - - 10% 

Power Required When On - - 96 Watts 

Energy ~ e ~ u i r e d / ~ a , y  - - 96 x 0.1 x 24 = 230 wH1day 
I - 

LOAD 

A. Radio (Transmit) 
(Standby) 
(Standby) 

B. Lighting 

C. Water Pump 

D. Refrigerator 

E. Microwave 

F. TV 

TOTAL 

Exhibit 6.4 Other Remote Applications. 

Total Demand Daily, KWH = 1.607 kWh/day 

MAX. POWER 

LOAD (W) 

25.00 
1.08 
1.08 

60.00 

12.00 

60.00 

1,450.00 

50.00 

1659.16 

Exhibit 6.4 lists the energy requirement$ associated with cathodic protection systems 
and navigational aids. Exhibit 6.5 shows typical energy requirements for pumping appl i- 
cations, including toilet flushers' and domestic water supplies with two different flow/lift 
combinations. Battery storage sizing is heavily dependent on erfergy demand and duty cycle 
as we1 I as peak power demand., 

ENERGYIDAY 

Wh/day 

33.33 
7.20 

17.28 

480.00 

2.00 

360.00 

570.50 

200.00 

1607.31 Wh/dav 

DUTY CYCLE 

min/hr 

10 
50 
60 

60 

10 

15 

7 

60 

M 

hr/day 

8 
8 

16 

8 

1 

24 

3 .  

4 

H 



TOILET FLUSHER 

WATER PUMPING 

a. Conversion Factor: 1 HP = 0.746 watts at 1.00% efficiendy; 
b. One watt-hour equals 3.3 Btu at 100% efficiency. 

Exhibit 6.5 Pumping ~pplications 
< 

r 

CATEGORY 

1. Flow Rate 
2. Head 
3. Pump Model No. 
4. Manufacturer 

6. Power Required (24 V) 
6. Duty cycle 

7. Efficiency 
8. Load requirement (a) 

I (Line 6 r Line 7) 

9. Energy Requirement 
(Line 8 x Line 8)  (b) 

UNIT 

9: 

HP 
4 r/day 

% 

W 

WH 

-. . 

PUMP 1 

2,300 
130 
ALTA-X 600 
Pompes Guinard 

5 

6oo 

3.000 Wh 

PUMP 2 

200 
1,500 
50 W 
Jenson 

j/r 
5 
75 
746 

3,730 Wh 



These computations for typical devices, as depicted in exhibits 6.2 to 6'.5, can also be 
used as a guide in computing the energy demands for other applications. The peak demand 
must be known and the duty cycle estimated. Data obtained in the field indicate that some 
of the nameplate ratings of components can be substantially overstated. Although the 
overstatement is not important for conventional energy sources, the impact on the cost is 
enormous for PV systems sized to meet the nameplate ratings. The energy consumption of  
some equipment is only 40 percent of what the nameplate would imply, even at peak power. 
It is possible that the PV system wil l  be seriously oversized, to the point of being noncost- 
effective, i f  nameplate readings are used directly. F.or marginal applications, measurement 
of the power input is advisable. 

6.3 LOAD-REDUCTION STRATEGIES 
When the energy demand of a potential PV system application is analyzed, methods for 

reducing system requirements are trequently discovered. txh ib i t  6.6 lists the most frequent 
methods of reduction. First, components of the load profile can be operated cyclically. 
When the transmitter is operating at  peak demand, the refrigerator can be shut off. This 
reduces the system peak power demand and, consequently, the sizes of the equipment and 
lines. The smaller sizes wi l l  result in higher system efficiency during off-peak operation and 
lower energy consumption. The cyclic operation of the components can be either manual or 
automatic, although the automatic system wi l l  be more costly and wi l l  introduce another 
power-consuming component into the system. The aufomatic systems will be cost-effective 
only i f  the existing peak power under simultaneous component operation is significantly 
greater than peak power under cyclic operation. A t  a rat io of approximately 3:l (simul- 
taneous to cyclic), the cyclic operation should be examined. I f  more than I kW is drawn, the 
cyclic operation should be examined, and the automatic system should be contemplated. 
(NOTE: The 3:l and I kW figures are today's best estimates based upon anticipated past- 

/ load efficiencies. Both figures wil l decrease as the price of the automatic system is 
reduced.) 

Exhibit 6.6 Load Reduction Strategies. 

Some of the losses that result from operatinq power-conversion equipment at less than 
maximum power can be circumvented i f  a separate power-conversion device is used for each 
load. For the most part, whenever the load is demanding power, the power converter will 
pass i ts  rated capacity. In addition, i f  AC is needed for part of the load and DC for another 
part, the individual converters would be designed for the respective duties. This scheme's 
realized energy savings must be compared to the added cost of using individual power 
converters instead of one central converter. Because their power requirement is small, the 
individual converters can be simply made; thus, they may be no more expensive than the 
central unit. 



Cyclic operation of a large number of'.components permits the undersizing of 
equipment on the basis of load diversity. When several components draw power from the 
system, it is unlikely all wil l draw current simultaneously. The power uti l i t ies make constant 
use of. the low odds associated with their enormous systems. For example, suppose there are 
four components on the line drawing powers of 10, 20, 30, and 50 kW peak randomly with 
duty cycles of 50, 40, 30 and 20 percent, respectively. The probability that all four loads wi l l  
operate simultaneously is 1.2 percent, as shown in exhibit 6.7. The system should be designed 
for the peak demand rather than cyclic operation under these circumstances, because the 
probability of overload is too great. (The 1.2 percent figure can be translated into 0.0 12 
times 365 days, or four dayslyr.) The total electric load demand profile is stochastic. 

LOAD 

10 W 
20 W 
30 W 
40 W 

Exhibit 6.7 Load Diversity. 

f 
ON-TIME 

50% 
40% 
30% 
20% 

1 

PROBABILITY OF OTHER COMBINATIONS 

The probability of having loads ranging from 10 to 90 W is also indicated in exhibit 6.7. 
The probability of any one combination .of loads can be computed in keeping with the 
following example: the probability that the load would be 20 W is equal to the product of the 
probability that the 20 W load i s  on and the probabilities that the three other loads are off, 
or 1 1.2 percent, according to the data in the exhibit. 

Probability of simultaneous operation = 
0.5 x 0.4 x 0.3 x 0.2 = 0.012 = 1.2% 

i 

J 

Value 

= 0.168 

= 0.112 

= 0.184 

= 0.114 

- 0.09 

= 0.076 

= 0.046 

= 0.018 

= 0.012 
L 

r 

W 

10 

20 

30 

40 

50 

60 

70 

80 

90 
* 

Probability Calculation 

0.5 x (1 - 0.4) (1 - 0.3) x (1 - 0.2) 
- 

0.4 x. (1 - 0.5) x (1 - 0 . 3 ) ~  (1 - 0.2) 

0.3 (1 - 0.5) x (1 , -  0.4) x (1 - 0.2) + 0.5 x 0.4 x (1 - 0.3) x (1 .- 0.2) 

0.5 x 0.3 x ( I - -  0.4) x (1 - 0.2) + 0.2 x (1.05) x (1 - 0.4) x (1 - 0.3) 

0.3 0.4 (1 - 0.5) x (1 - 0.2) + 0.5 x 0.2 x (1 - 0.4) (1 - 0.3) 

0.5 0.4 X 0.3 X (1 - 0.2) + 0.2 x 0.4 x (1 - 0.5) x (1 - 0.3) 

0.2 x 0.3 (1 - 0.5) x (1 - 0.4) + 0.2 x 0.4 x 0.5 x (1 - 0.3) 

0.2 X 0.3 x 0.5 x (1 - 0.4) 

0.2 x 0.3 x 6.4 x (1 - 0.5) 



The foregoing discussion brings us to the logical concept of load shedding. If the 
probabilit,~ of simultaneous operation is low, or i f  the same functions are not critical, the 
peak demand can be limited by a controller that senses the demand and supplies power to 
the low-priority components only when the demand on the power system is low. Load 
shedding involves the automatic tripping of lqad center circuit breakers, ududl ly in 
distribution switchboards, by use of relays triggered by sensors. Load shed tripping %an also 
be initiated manually by remote control. The first loads shed are non-vital, then semi-vi tal, 
and finally the generators are tripped frorri ihe system. Closing is accomplished man lid^^^. 

Reducing the peak load has such an indirect effect on the reduction in energy demand 
that i t  is difficult to estimate the energy impact without a computer that tracks system 
performance on a mi nu te-by-minu te basis. Even the simp lest analysis can incorporate the 
energy-saving concept of eliminating DC-to-AC inversion. If  the loads would conventionally 
require AC, there is always the option of replncing the AC components with a DC 
counterpart. Examples are: AC motors can be replaced by DC motors; other components 
that are normally supplied by AC but actually use DC, such as radio transmitters and 
receivers, can use the solar- roduced DC directly, I f  DC is supplied directly, the losses P associated with the DC-to-A inversion (from the arraylbattery system to the load) can be 
eliminated, as well as the losses associated with the AC-to-DC conversion in the equipment 
itself. The overall reduction in energy demand can be as much as 40 percent. However, the 
tradeoffs between AC and DC must be examined in greater detail for each application, as is 
discussed in the next section.  modifying or manufacturing DC equipment that normally 
rectifies or transforms AC electricity prior to equipment use for DC electricity can be 
accomplished easi l y on a technological basis. 

6.4 DCVERSUSACPOWER 
An analysis was undertaken by a DOE contractor to assess the merits of directly 

supplying certain loads with the DC power available from the solar arraylbattery power 
sources rather than inverting the power to AC with losses resulting from inverter 
inefficiency. In making the assessment, the question of regulation was also considered. 
Although the inversion of DC to AC carries with it a nominal penalty of 12 percent 
inefficiency, relatively good output AC: re ulation cnn he nchicved with the inverter within 8 nominal limits of +S percent. fiegulating C from an unregulated DC source (of which the 
arraylbattery com?;ination is typical with a voltage range of 30 percent) also involves an 
inefficiency penalty of about 12 percent. Thus, power economy benefits would result only 
when unregulated DC is  used. In section 6.4.1, typical loads are assessed as to their general 
operability with DC. Exhibit 6,FZ presents the riisadvantaqes of both AC and DC power. 
I ransformers, whose purpose is to reduce or increase voltage for an isolated system or load, 
or just isolate a load or system, and motors rely on induction by electromagnetic fields. This 
induction can take place only with alternating current (AC) or modified direct current (DC). 



Exhibit 6.8 Disadvantages of DC and AC. 

INTERACTIO 

Motor Drive 

Universal/Induction 

Lights 

Electronics 

W Output 

Battery 

Controls 

Multiple Voltages 

6.4. l CLASSIFICATION OF LOADS 
Electric loads can be classified by their type .of electrical energy transformatior;. The 

four categories useful for PV system considerations are resistance elements, universal 
motors, induction motors, and induction-coupled loads (transformers). 

The resistonce elements include simple heat producers such as electric range elements 
and incandescent elements such as light bulbs. The universal -motor i s  found in a great 
number of the portable appliances where the compact size and low cost are of primary 
concern. The universal motor can operate on DC or AC power. .Where the low brush life or 
variable speed of the'universal motor is objectionable, the induction motor i s  used. In long- 
.life, low-maintenance applications, such as refrigerators and washers, the simple squirrel 
cage wound motor is used. Where accurate speed is needed, such as in timekeeping and sound 
reproduction, a synchronous induction motor is used where synchronous refers to the 
matching of electromagnetic fields and speed. The fourth class energy transformation 
utilizing induction coupling (transformers) is used in such items as fluorescent lamps, some 
electronics power supplies, and microwave oven s.upplies. 

4 
BUS 

All  electrical loads have impedance, which consists of resistance and reactance. 
, Reactance consists of inductance and capacitance. The power factor indicates the 

percentage of resistance. The magnitude of impedance equals. the square root of the 
quantity (resistance2 + reactance2). AC voltage equals current x impedance. The common 
unit of impedance, resistance, and reactance is the ohm,. where one ohm equals one volt per 
ampere. 

DC 

Brushes wear 

. More expensive 

Fluorescents less efficient 
Loss of incandescent and 

fluorescent reliability 

Requires regulation 

Contact wear 

Not easily accommodated 

6.4.2 CLASSIFICATION OF CONTROLS 
Loads are frequently controlled by two types of control elements. The simple contact 

pair is the most prevalent and is found in both dry and mercury wetted forms. The second 
type of control element is  the thyristor. Both unipolar (SCR) and bipolar (Triacs) devices are 
used. The SCR is a static-controlled-rectifier (solid state-transistors). A triac is an 
alternating-current switch. Thyristors are serr~icqrlduc tor rectifiers. 

AC 

Requires regulation/rectification 

Requires inverter 

Requires rectification 

Requires rectification 



. The simple contact pair, found in nearly every appliance or circuit, guarantees 
complete line isolation when the appliance circuit is turned off. An extension of this control 
is the simple bimetal temperature control found in appliances such as irons and skillets. 
These switches are required to cycle on the order of four or five times per minute in most 
applications. A further extension of this technique is found in some universal motor speed 
controls where a miniature flyball governor is used to open and close contacts, thereby 
controlling the motor speed. Appliances and controls utilizing relays also rely on the contact 
pair. Many heating systems use relays for control and interlock functions. A governor is a 
mechanical device for automatically controlling the speed of an engine or motor by 
regulating intake power. 

The thyristor controls are found in lamp dimmers and motor speed controls where 
phase control techniques control the effective voltage delivered to the appliance or lighting 
load. A new application of these devices will be in appliance temperature controls where tlie 
thyristor, used in the AC wave zero'crossing mode, can eliminate unwanted conducted and 
radiated electrical noise inherent in contact opening and closing. 

Relays are electromagnetic devices activated by a variation in conditions in one 
electric circuit and control a larger current or activate other devices in the same or another 
circuit. 

6.43 APPU ANCE LISTING 
The most common electric appliances are listed in exhibits 6.9 through 6.16. They 

pertain to climate control, food preparation, food preservation, home care, home enter- 
tainment, laundry, lighting, and personal care. Included in the listing are average rated 
wattage, type of electrical energy transformation employed, types of common controls, and. 
average yearly energy usage. Electrical energy transformation involves resistance, 
reactance or a combinntinn, Thc average rated wattage and average yeul ly energy usage 
figures were computed from the Niagara Mohawk Power Corporation, NPC 1970 estimate 
and CEQ 1973 estimate. 

The m a j ~ r  types of energy transformation and control types have been rnarked on the 
tables with an X. The minor types have been marked with an 1'4. For example, the first entry 
in the Climate Control list (exhibit 6.9) is the Air Cleaner. It has X marks on the induction 
motor and transformer-coupled because there is usually an induction motor fan drive and, in 
the case of electrostatic air cleaners, a high voltage transformer. These units usually have 
simple on-off switches. However, room air conditioners are available with the three control 
types indicated. Most radiant heaters do not have air circulation fans, some do use a small 
induction motor to cool the metallic surfaces of the unit and provide some convection 
heating. Theretore, there is an M in the Induction Motor column. Induction involves the 
transfer of electric power by use of electromagnetic fields, and can serve to isolate circuits 
whi le reducing or increasing voltage, if necessary, as in transformers. 



Exhibit 6.9 Climate Control. 

Exhibit 6.10 Food Preparation. 



Exhibit 6.11 Food Preservation. 

~xhibit 6.12 Home Care. 
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CFteROY TRANSCURMAI IUN CONTROL TYPE 

, 

~ w r a g e  

U .- - - 
Appliance 

Radio 71  X X 86 

Radio/Record Player 109 X X 109 

Exhibit 6.13 Home Entertainment. 
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6.4.4 OPERATION ON DC VOLTAGE 
The operation of the appliances wi l l  be discussed with respect to the suitability of the 

basic electrical energy transformation means to uti l ization of DC voltage and the suitability 
of the' various controls to operat ion on DC voltage. 

The loads with resistance element energy transformation can operate on DC voltages, . 
as can the universal motor. The induction motors and induction-coupled appliances (trans- 
formers) rely on periodic voltage reversals to function (a1 ternat ing current). These appl i- 
ances cannot operate on DC voltage. 

Of the resistance element loads, those most suitable for DC are the simple heat 
producers. These units follow a square law relationship between voltage and electric power 
transformed into heat. The heat flow equals912 x Fl = v2/H which results from P = V x I and 
V - I x R (ohm's Inw). ivlany of these appliances have thermostatic controls such that the DC 
voltage might vary moderately (+I0 to 20 percent), while the control would compensate for 
the input power variation. For example, an electric frying pan set for 350' F may only have 
power supplied to the resistance heater for the first 15 seconds out of a minute during which 
t ime the temperature of the load is raised to some upper l imit, say 375' F. During the 
following 45 seconds, the temperature wil l decrease to some lower limit, say 3'25' F, at 
which t ime the bimetal controller applies voltage to  the resistance element to start the 
cycle again. With a low input voltage, the cycle might be 25 second on, 35 second off, while 
the high input case would result in. 10 seconds on and 50 seconds off. Voltage eauals energy 
per charge and current equals charge. per t ime ( I  amp = I coulomb per sec). Power is the 
heat rate in this case (one watt equals one joule per second which equals one volt x one 
amp). 

Due to the square law power conversion of these elements, the most significant 
variable in performance of these controlled resistance elements would be a low maximum 
output at low input voltages. Simple uncontrolled heaters, such as hot plates and radicnt 
units, also suffer from this poor regulation. A 10 percent reduction in voltage from the 
normal operating voltage would result in  a 20 percent reduction in heat flow, since p =. V2/R, 
and chanqe in power (heat flow) equals 2 x V/R x change in voltage. 

Incandescent lamps (lightbulbs) can operate on DC voltages; however, two phenomena 
must be considered. First energy output is proportional to the second power of the operating 
voltage. As the energy output decreases so does the temperature; therefore, the amount of 
energy emitted in the visible spectrum--the light ou tput--decreases more rapidly. For 
example, the overall ef fect  of a 10 percerjt reduction in voltage is a 40 percent reduction in 
the light output. 

The second phenomenon is metallurgical in nature. The incandescent tungsten filament 
in a lamp undergoes a grain boundary modlfication on DC operu.liuri. TI- is I-esults in u 
reduced l i fe from some lamps when operated on DC voltage. This grain boundary modifi- 
cation is quite temperature sensitive. Lamps operated above 2,800 K show l i t t le  of this 
phenomenon during life. Lamps operated in this temperature range are used for general 
household illumination. Long-life lamps and very low wattage types, such as night lights, 
operate at reduced filament temperatures (below 2,700' K )  which make them susceptible to 
this effect. However, the majority of the lamps used in residences wi l l  be unaffected by the 
UC operation. K = C + 273, and F = 1 . 8 ~  + 32. 2800 '~  = 2527 '~  = 4548.6'~. 



Fluorescent lcmps suffer from an approximate 20-percent loss in efficiency when 
operated on DC voltage. In addition, the direction of the DC voltage must be reversed 
approximately once per day to avoid the degradation and premature failure of the electrodes 
due to ion bombardment. The output of a fluorescent lamp is considerably less sensitive to 
voltage variations than the incandescent lamp. 

Universal motors do not rely on the periodic voltage reversal (AC) to operate. Even 
though these units can operate from either AC or DC voltage, most motors incorporated in 
present appliances have been optimized for AC operation because DC is not readily 
available. When the motors are operated on DC, they exhibit accelerated negative-brush 
erosion, resulting in a 50 percent decrease in life. Brushes, commutators, and slip rings, and 
other methods are used to transfer electricity from a moving conductor in which voltage has 
been induced. 

Some AC-equiped systems, such as refrigerators, are hermetically sealed. Because the 
brushes of a DC motor must be accessible for repair, hermetic sealing is not feasible when 
these systems are DC equiped. Therefore, there will be a loss in system reliability when GC 
is used. 

The speed of these motors is also dependent on the input voltage. A 10 percent 
decrease in voltage would result in a I0-percent decrease in speed. In most blower 
applications, this would result in a I0-percent reduction in flow rate and a 20-percent 
reduction in output pressure. 

The induction motor and transformer-coupled devices rely on the periodic sinusoidal 
voltage reversals to operate. If  these units are connected to a DC bus, a heavy current will 
be drawn with resultant appliance failure, since the reactance component of AC impedance 
becomes negligible under DC voltage. Power factor indicates the percentage of resistance. 

If universal motors are excluded due to life considerations, the controlled resistance 
elements are the only residential loads suitable for operation with DC voltage. 

The contact pair, as used in the typical residence, has been optimized with respect to 
cost and function. To redu-e the cost of contact material and mechanical actuators, 
switches have been designe~ for AC operation only. The arc (which is established i s  the 
contact pair opens) is extinguished during the periodic current reversal. At the instant of 
zero current, the arc can be extinguished quite easily with inexpensive contact materials 
and small gap spacings. A DC switch must be designed to extinguish an established arc with 
both voltage and current available to sustain it. Therefore, more massive erosion-resistant 
contacts are needed with an increased spacing for.DC operation. 

Appropriate controls are required for the operation of any appliance on DC. Even the 
simple on-off switches of most appliances would need modifications to operate safely. Arc- 
arrest ing capacitors should be considered for all DC switches. 

Electronic equipment, such as radios and, environmental sensors, operate on DC, 
internally rectifying the AC usually available from the utility. Many devices also operate 
directly on a battery power supply. Therefore, these devices are ideally suited to operation 
with a regulated DC output from a PV system. A solar array, if not regulated, may produce 

,operating voltages ranging from 1 7 V when new and fully i l luminated to 0 V when dark. Early 
in the morning, when the sun is just above the horizon, the operating output voltage may be 



only 10 V. Therefore, the unregulated input to the electronic equipment will range from 10 
to 17 V. The same range may prevail i f  a battery provides the only means of regulation, 
because it operates from nearly 17 V when fully charged to approximately 10 V when fully 
discharged. ;\/\any electronic devices will not operate properly over this voltage range and, 
therefore, will require a system voltage regulator for. proper operation. 

6.4.5 CONCLUSIONS 
Voltage regulation will be required unde; most circums'tances. DC voltage control is 

usually established by designing the solar array voltage higher than the load requirements. 
The higher voltage is reduced to match the load and system through losses controlled by and 
incurred in the voltage regulator. AC and' DC regulation can be accomplished by a 
motorlgenerator set. The motorlgenerator set converts array electric power to electric 
power for the 'load and has built in voltage regulators,. power requletors,'nnd frequency 
control, I t  is often used to supply sys1er.n~ of different frequency than the main system, 
including DCIAC inversion and ACIDC conversion, AC reguiu l ion can also he nccomplithcd 
by thyristnr control (rcctifiel-3). T l~e  merhods ot regulation must be evaluated for each 

. application to determine which is the most economical. This is especially important because 
the cost of some AC equipment, such as induction motors, is much less than for the 
corresponding DC 'equipment. I t  does appear that electronic equipment is best driven by UC 
voltage from the arraylbattery system. 

6 5  LOADIPOWER SYSTE.M INTERACTIONS 
Many problems which may be encountered when common components are connected to 

AC and DC power lines remain to be identified. Exhibit 6.17 lists the various problem areas. 

Exhibit 6.17 Load/PV Interactions. 
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6.5.1 AC MOTORS 
AC motors would be driven from the ariaylbattery combination through a DC-to-AC 

inverter. I f  a battery were used, the power system would probably have sufficient current 
capacity to start the motor. I f  no battery were used, the array would drive the motor 
directly and the output current of the array would be l imited by the insolation. The'problem 
is illustrated. in exhibit 6.18. When the motor is started, there is no back EMF generated, so 
the input impedance is very low. EMF is the electromotive force in volts. As a consequence, 
the load line is as indicated for high current and low voltage. When the motor is running at 

. ful l speed, the load line is as indicated, corresponding to the higher load impedance due to" 
reactance (back EMF). The zero-sp'eed current is much higher than the running current (the 
starting current is.very brief and looks like a spike function). As a consequence, the starting 
torque wil l be nearly equal to the running torque for some types of motors, such as 
synchronous and squirrel-cage. For universal motors, the zero-speed output torque could be 
too low to start the motor, especially i f  the motor were started under load. The load would . 

be picked up as operating speed is approached. 

Because permanent-magnet motors and series-wound motors have starting torques 
somewhat higher than running torques, they are the preferred motors to  use wi th PV 
systems. The series-wound have a tendency to overspeed under light loads because the field 
strength is too weak at low currents. 

AC motors are designed for a specific frequency, such as 60 or 400 cycles/sec. I f  the 
frequency deviates from the design value, the efficiency of the motor w i l l  decrease. 
Frequency deviations of 10 percent would result in  an increase in heat generation of 10 to 20 
percent. 

Waveform is another source of potential diff icult ies with AC motors. I f  ihe inverter 
does not produce a perfect sine wave, the motor wi l l  be less efficient and may overheat. 
Exhibit 6.19 illustrates this problem. I f  the motor uses only the square wave equivalent of 
the sine wave, most of the square wave wi l l '  not be useful in producing work output. 
Therefore, the difference in the electric power input from the sine wave and the power 
input from the square wave must be dissipated as heat. As indicated in exhibit 6.19, the heat 
dissipation wi th a sine wave is 15 percent o f  the output mechanical power (for an 85 percent 
efficient motor); but the heat dissipation with a square wave is 115 percent of the output - 
power, as an approximation. .or a 1.0 hp load, the motor must be rated for this extra input. 
'As shown in exhibit 6.19, the input electric energy must be 2.15 times the mechanical output 
for a square wave, so the dissipation is 1.15 times the output. Compensation for this much 
heat dissipation'requires a motor size 7.67 (I .  15/0.15) times what would be required with a 
sine wave, or 7.67 hp for the illustrated case. There is a possibility that a capacitor could be 
built into the motor to decrease this effect; in fact,' the inductive aspect of the motor 
impedance wil l provide some filtering, so the dissipation wil l be somewhat less than shown in 
exhibit 6.19. Capacitance decreases the reactance component of impedance. 

Finally, some diff icult ies can be expected if the input voltage is allowed to vary 
significantly. ivtotors normally can tolerate a + 10 percent change; however, for the PV 
system without a battery, the voltaqe, swing-will be from I) V to possibly 17 V. The 
synchronous and squirrel-cage motors wi l l  stall at low voltages because the load torque wi l l  
exceed the pull-out torque. The universal motor wi l l  rotate at a speed proportional to the 
input voltage. I f  the motor is designed for 12 V and the solar intensity is high enough t o  
produce 17 V, the high motor voltage could cause overheating, overspeed, and motor failure. 
Under most circumstances a voltage regulator is required. 
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Exhibit 6.18 AC Motor Starting. 
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65.2 DC MOTORS 
DC motors encounter the same startup problems as AC motors. In addition, the lack of 

voltage control wi l l  cause similar problems. 'Wave form problems pertain only to AC motors. 

6.53 INCANDESCU\(T LIGHTS 
The output of lights is highly sensitive to the input voltage, so an unregulated DC 

source--even a battery operating from I I to 14 V--wil 1 cause a significant variation in light 
output. Over-voltage wil l seriously shorten the light life; a drop from 14 V to I I V wi l l  result 
in adrop in intensity to approximately 15 percent of the 14 V value. As with the motors, a 
voltage regulator is a good investment. In most designs the voltage regulator is placed 
upstream of the battery, so the same I I to 14 V range wil l  st i l l  occur. A separate voltage 
regulator for the lights might prove necessary. 

65.4 FLUOR'ESCENT LIGHTS 
A fluorescent light is a glass tube or bulb coated on the inside with a fluorescent 

substance that gives o f f  light when mercury vapor in the tube is  acted upon by a stream of 
electrons from the cathode (negative terminal electrode). 

Fluorescent lights need a high voltage to start, but then can run wi th low voltage. (A 
12 W DC fluorescent is available.) A starting coil, similar to an automobile ignition coil, is 
needed to develop the init ial high voltage to sturt the. lamp. The coil i s  usually triggered by 
a thermal switch. Under DC operation, the efficiency of the fluorescent is approximately 20 

' percent lower than that attainable wi th 60-cycle AC. In addition, i f  the ions migrate in one 
direction only, as they do under DC, the l i fe of the electrodes is seriously degraded. Ions are 
positive charge atoms or molecules missing an electron. They do not necessarily move 
physically but rather transfer electrons. The effect is positive charge motion opposite the 
transfer of electrons. Reversing the direction of the DC on a daily basis is recommended; 
however, i f  the thermal switch is an electronic switch, DC reversal is not possible. The I I to 
14 V ronge rnay also prove troublesome for maintaining light output. 

6.55 ELECTRONICS 
Because the PV system produces DC and electronic equipment normally use DC, 

powering of electronics is ideally suited to PV systems. ~viost electronics require voltage 
regulation within I or 2 percent, so the variation of array output voltage can be mitigated 
only with a regulator. If the regulator i s  of the electronic switching type, there may be some 
radio interference from the array itself or from the noise introduced through the power lines 
to the electronics, because the switching prodtrces ,square voltage pulses superimposed on 
the input voltage. I '  

6.5.6 BATTERIES 
Batteries represent a load during the charge period. If the array is sized to yield 17 V, 

the voltage wil l  be too high when the battery is fully charged. Overcharging, overheating, 
electroly'te boil-off, and battery failure can result. If the array voltage is designed for a 
lower voltage, the charge rate may be too small to permit recovery the next day from 
overnight discharge when the solar intensity is low. In most cases, the battery capacity wil l 
span many days, so the recovery rate need not be high; however, there is a definite tradeoff 
between battery size and array voltage. I f  the array voltage is  designed to be as high as 17 
V, a voltage regulator wi l l  be required to  prevent the overcharging. 



The problem associated with charging many batteries in series was discussed in section 
4. The combination of needs: charging batteries in banks of low voltage, availability of DC 
components at low voltages only, and safety, may dictate that the PV system is best 
designed for low-voltage DC operation. DC-to-AC inverters would then be used for those 
isolated components requiring AC operat ion. 

65.7 INVERTERS 
DC-to-AC inverters .can cause instabilities in the power system that could, when 

coupled with the output characteristics of the PV array, lead to loss of -power. The stability 
criterion is that the power output of the power system must increase with voltage at a - 
slower rate than the power consumption of the load. This instability can be exhibited by a 

, PV system without a battery when operated at a voltage below the peak-power voltage, For 
this reason, nnd to permit optrutiori of each power-conditioning component at its peak 
efficiency, there is a possibility t h ~ t  the mn5t cost-effective s ) i $ l e ~ r l  deslgn w ~ l l  incorporate 
u DC-to-AC ~nverter at each AC-operated component. 

6.5.8 CONCLUSION 
Exhibit 6.20 provides a convenient checklist of pdtential problems that must be solved 

during the design phase of the project. The tradeoffs among the potential solutions w i l l  
depend on the particular characteristics of each application. 

MODULE CHARACTERISTICS: 

Sensor Technology: 36 cells 19.8 Voc 
Solarex (2 modules) 12 cells 6.6 Voc 
ARC0 36 cells 19.3 Voc 

0.25 Isc 
1.2 Isc 
1.2 Isc 

' 
QUESTIONS TO BE ANSWERED IN THE LABORATORY: 

1. How can the I-V curve be determined for a module? 

2. How can the 1-V curve be used to judge the quality of the module? 

3. How do ~oc 'and  Isc vary with insolation? 

4, How do Voc ~ I I J  Isc very when the module is shaded? 

8, blow oon Vb! judga llle cuirent CapaEly of the module when charging the battery? 

6. How can you test the diode that protects the module? 

7. How does the output of a C8 radio v a e  with module shading? 

8. How does the current de~nnnd of a C-Bkadio change with transmit/standby operation? 
*- 

9. How does the current demand of a permanent-magnet motor change with speed? 

10. How does the output of a fluorescent lamp vaw with .voltage? 

11. How can you tent a module for open-circuit or short-circuit cells? 

12. What is the I-V characteristic of similar modules when connected properly in parallel? 
When connected improperly? 

13. What is the I-V characteristic of similar module0 when connacnd pVOperly in wries? 
When connected Improp6rly'? 

14. What is the I-V characterintic of an airay consisting of grossly miunatched modules when connected in  
series and perallel. properly and improperly? (Sensor Technology end one Solarex) 

15. Describe the hot-spot problem. Can i t  be demonstrated with the four modules provided with the laboretorv? 

Exhibit 6;20 Checklist and Laboratory Analysis of Arrays and Systems. 



6.6 LOAD ANALYSIS LAB 
The primary purpose of the laboratory portion of the seminar is to demonstrate PV 

hardware and subsystems, its construction, operating peculiarities, and potential problems in 
applications. Solutions to applications problems wil l be suggested. These solutions are not 
expected to be the final definitive answers, since PV technology is evolving rapidly. Exhibit 
6.20 summarizes the quest ions the reader should be able to answer via the laboratory. 

A series o f  demonstrations and experiments are' planned to highlight various aspects o f  
PV applications. After these demonstrations, there wi l l  be an opportunity for the parti- 
cipants to explore problems that have not yet been addressed by the seminar. Three kits of 
modular components and detailed instructions wi l l  be available for tests or experiments. 
Other seminar 'resources wi l l  be available. Participants should feel free to inspect the 
equipment and subsystems more closely, run their own tests wi th the demonstration kits, or 
ask quest ions during this question and answer session. 

Exhibit 6.21 outlines the planned demonstrations and experiments. First, PV arrays 
have been set up outside to power several pieces of equipment. Lighting, pumping, and 
communications equipment are represented because the participants may be expected to 
deal wi th these applications. 

Following the inspection of these PV powered systems, the effects of over-and under- 
voltage on both incandescent and fluorescent lighting wi l l be demonstrated. Exhibit 6.22 
shows the circuit arrangement that has been set up to explore the sensitivity of lighting to 
voltage. While it is unlikely the lights wi l l  be powered directly from a PV array, the 
batteries used in the system can be expected to depend on their state-of-charge, exhibiting 
voltage swings similar to  those of the ?V array. 

The same circuit, as shown in exhibit 6.22,,- wi l l  be used for showing the effects of 
voltage variations on a television receiver. It should be noted that, for convenience, the 
arrays have been set up here to produce a nominal 12 V output because a variety of 12 V, DC 
equipment is made for the boating and recreational vehicle markets. 

Next, the effects of over- and under-voltage and the performance of DC motors 
driving different types of loads wi l l  be explored (exhibit 6.23). In particular, a centrifugal 
water pump is used to typify a load characterized by zero torque at zero speed. k 
diaphragm-type positive displacement pump typifies a full-torque-at-starting load. Because 
PV arrays are inherently current-limited power sources, the concern is that some types of 
DC motors may not be able to turn the fu l l - t~rque~at-star t ing loads. It may be desirable to 
specify ser ies-wound permanent magnet motors, ,where available, or to use centrifugal 
pumps where the application permits. 

li 



EQUIPMENT . 

Sensor Technology. Solarea and ARCO modules 
Ammeter 15 A OC). Voltmeter (25 V DC), Rheostat (100 ohms) 
Baneries (2-6 V gel-cells) . 
CB radio. fan/permanent-magnet motor, fluorescent lamp 
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Results 
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~xhibit 6.21 ' Laboratory Experiments. 
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Exhibit 6.22 Effects of Variable Voltage on Lights. 
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Lastly, the effects of over-voltage and over-charging on batteries wil l  be explored, 
because most applications wi l l  require, batteries for energy storage. Batteries also have the 
capability to provide some degree of voltage regulation to the output of  the PV array and to 
provide higher starting currents than the array alone could provide to motors and lights. 

6.7 ELECTRICAL POWER FACTOR CORRECTION (SAME, AUGUST 1976) 
Emphasis on the need for conserving energy in AC systems makes the electrical power 

factor a subject of  continuing interest. When providing the consumer with electrical 
service, the ut i l i ty  supplier is actually furnishing two types of AC electrical energy. The 
major type is known as the active or real kilowatt component upon which the cost of service 
is based. This is the component that is usable and does the work. The other kind of energy 
is the reactive or' magnetizing .kilovar component and is needed to magnetize any electrical 
equipment that requires a magnetic flux from the power system to permit operations. This 
type of energy does not cause the disk of the watt-hour meter to rotate, although it is drawn 
from the pciwer. lines and furnished to  the system. Every piece of electrical equipment or 
appliance whose operation is dependent upon a magnetic circuit requires a supply of exciting 
or magnetizing current. As an example, a transformer. or a common induction motor 
receives magnetizing current throuqh the alternating current distribution systems. Ac- 
cordingly, it can be seen that all inductive equipment such as transformers, motors, and 
fluorescent fixtures need two kinds of current: 

o Working Current -- also known, as usable, active and ,power-producing current - 
which is converted into useful work by electrical equipment, and, 

o Magnetizing Current -- also known as watt less, reactive, and nonusable current - 
which cannot be converted into useful work by inductive electrical equipment 
but which is needed for operation. 

Power factor may be defined as the ratio of the working current to the total of the 
working current plus the magnetizing current. Low power factor means only that an 
excessive amount of magnetizing current is being drawn from the incoming power lines. 
During the past years when electrical power could be considered relatively cheap and in 
plentiful supply, the taking of magnetizing current from the A.C. lines was not considered 
objectionable i f  the effect of the extra current on voltage regulation was not too serious. 
However, as the tc tal electrical load approaches the capac:ty of the ut i l i ty  supplier's 
generators, a low power factor wi l l  cause the generators to .become overloaded and 
additional expensive generation equipment must be provided. Additionally, a low power 
factor results in. the overheating of conductors and transformers and low voltage throughout 
the distribution system. I'his results in' inefficient operation of electrical equipment and 
overheating of induction motors. 



Clarification of the power factor principle can be .demonstrated by the following 
calculations. The power flowing in a direct current (DC) circuit is the product of the volts 
times th.e amperes and is expressed in watts. A wattmeter will accurately register this 
value. If one considers an AC circuit; and the load is pure resistance, then again E (volts) x I 
(amperes) = watts. However, i f  the AC circuit contains an induction motor, the wattmeter 
reading is less than the product of E x I. .A fraction of. the total amperes is consumed in 
magnetizing the motor and the balance is used to perform work. Consider the following 
case: a 240-volt motor draws 10 amperes as measured by an ammeter. The product of volts 
times amperes would equal 2,400 watts; however, when the power is measured with 'a 
wattmeter, it is found to register only 1,920 watts. It is apparent the current is doing other 
than providing useful work. The current necessary to provide the useful work is: 

9920 watts ; 8 amperes 
240 volts 

Accordingly, the total current is 10 amperes, and the power factor, previously defined 
as the ratio of the working current to the total current is: 

* = .8 or 80 percent or as usually.stated: 13 
watts 1 920 

= *$~JJ- = .8 or 80 percent volts x amperes 

In the preceding case, if it was found that the wattmeter had read 2,400 watts in lieu 
of 1,920 watts, then all of the current would have been performing useful work and the 
power factor would be 100 percent. This will not be found to be true, however, as the 
induction motor is a principal source of low power factor. Al l  induction motors operate at 
considerably less than 100 percent power factor due to their magnetizing current require- 
ments. Unfortunately, the magnetizing current needed is not proportional to the motor load 
and is very nearly the same at no load as at full load. Therefore, the power factor i s  
dependent upon the load the motor is carrying and becomes lower as the load is reduced. 
The importance of selecting a motor according to the work it must perform is evident. 

Most electrical systems contain quantities , of working current and magnetizing 
current, and one type is just as effective in overloading the uti l i ty supplier's system as the 

' 

other. The uti l i ty supplier must provide both, and the magnetizing current constitutes an 
addtional load without producing revenue. Many ut i  li ties compensate for this loss by 
including a charge for low power factor'in their rate schedules. This is a penalty charge and 
is paid for by requiring the util ity to provide magnetizing current as an extra service. A low 
power factor is not a desirable feature on an electrical distribution'system and action should 
be taken to provide improvement or correction. This means neutralizing the effect of. the 
magnetizing current.by the addition of either: 

o Synchronous motors, which do work while improving low power factor; 

o Static condensers (capacitors), .which are employed solely for power factor 
correction; or 

o Solid-state devices, such as silicon-controlled rectifiers and thyristor switches, 
which are required where frequent and rapid variations in power factor cor- 
rection are .needed. 



Of these, the capacitor is generally the most economical method for power factor 
improvement and usually pays back capital investment spent for installation in six months to 
three years. Capacitors may be considered as generators that supply the needed magne- 
tizing current to inductive loads. A bank of serveral capacitors is usually needed and these 
are normally cluster or rack-mounted on a power pole as near the load as possible. 

Power factor correction should be initiated to secure ttie following benefits: 

o Reduction of losses in generators, transformers, and distribution lines to 
conserve energy; 

o Reduction in the cost of electrical bills, particularly when a power factor 
penalty clause exists in the rate schedule; 

o lncrease in system capacity by elimination of excessive line current; 

o ' lncrease in voltage levels allowing efficient operation of all equipment; and, 

o Increase in illumination from incandescent. lamps. 

. The best solution to'obtaining power factor correction is  to have a qualified engineer 
survey the electrical system and select the proper location for the most efficient and 
economical equipment needed. Power factor calculations are slightly more complicated 
than indicated. Power factor is the cosine of the angle by which the current lags (or leads) 
the voltage in an AC circuit, complete with vector diagrams, plus the formula 

where w = three phase AC watts, E = voltage difference between phases (volts), I = current 
(amps), CosO = power factor, and J3 x E = 3 x V where V = the voltage difference between 
neutral and phase. Three phase powei.' equal$ 3 x single phase power (phase to neutral). 



SECTION 7 
BACKUP SYSTEMS 

7.1 NTROMICTION -.. 

I f  the system requires continuous power, a backup system would be required. The 
purpose of this chapter i s  to enable the attendee to list possible backup systems and to 
evaluate each possibility for his application (see exhibit 7.1 ). 

What Happens if the PV System Fails? 

PURPOSE: To enable attendee to: 

1. List possible backup systems. 

2. Evaluate pros and cons of each 
in context of the application. 

Exhibit 7.1 Backup Systems. 

As shown in exhibit 7.2, the key question to be answered in analyzing the. application 
is: is the occasional loss of  power critical? I f  the loss is not critical, there is no need for the . 
backup system with its attendant complexities. The duration of the possible outage is also 
part of  the criticality. I f  the system is frequently inspected and spare parts and maintenance 
crew are nearby, there may be l i t t le need for a backup system. Even i f  the power need is not 
critical, a backup system may be desirable i f  the repair cannot be accomplished in a short 
time. A reliability analysis may be required by legal codes and regulations, and often 
involves standard protection requirements. 

Is loss of power critical? 

How long will loss last? 

Exhibit 7.2 Need for a Backup System. 

7.2 CAUSES OF POWER LOSS 
Exhibit 7.3 lists the primary causes of power losses. A t  this time, there are 

insufficient data to estimate the frequency of the various interruptions for solar PV power 
systems. Available information does indicate that total system failures are rare; the major 
causes of power failures are nature, design deficiencies, and hardware failures. 

0 

One known outage due to lightning occurred at Meade, Nebraska. A 25 kW irrigation 
,facility was struck during its first 15 months of operation. The exact failure mechanism is 
still unknown, even though lightning protection is a fairly routine analysis. Long periods of 
l i t t le or no sun are another cause of power losses. In the design process, as will be seen in 
section 8, an allowance is made for the maximum number of low-insolation days. The design 
will not be based on the worst possible condition, but the worst experienced over the past 10 
to 20 years. There is always a possibility that there will be less scin than considered in the 
design. Unless a backup system is provided, insufficient energy will be possible at a high 
probability. 



' NATURAL 
8 .  

Lightning 
Consecutive sui.lless days 
Cold-weather effect on batteries 

DESIGN 

Less insolation than expected 
More load than expected 
Maintenance shutdown 

HARDWARE FAILURES 

Array short, opeir=cir~uit, full or partlal failure 
Optical degradation 
Electronics-power conditioning 
Batteries 

Exhibit 7.3 Causes of .Power Loss. 

Cold weather, even i f  it does not cause battery failure, will cause a loss in batteiy 
capacity. This loss in capacity can result in deeper discharge of the batteries, with an 
attendant shortening of the battery l i fe or a loss in the capability to store and later supply 
the needed energy. Cold weather is considered in the design, but nature may provide colder 
weather than anticipated. 

Power may also be lost due to an inadeql~nt~ r l~q ign.  In some cases, the engineering 
may be at fault. In other cases, basic' data may not be suff icientry accurate to permit the 
development of an adequate design; for example, the insolation in many parts of the country 
can be estimated only to within 30 percent. Designing with a 30 percent margin may make 
the system noncost-effective; the designer must use the best available information, and then 
qualifies the variance. Similar design deficiencies may present themselves i f  either the user 
or the designer underestimates the energy needs of the load or i f  the load is added to the 
system subsequent to completion of the system design. 

Finally, the user must expect occasional interruptions during scheduled maintenance 
periods, i f  only to protect the maintenance worker. In some.cases, the power need may 
remain throughout the maintenance period and a backup system must be provided or qlready 
to go 611=li11t! iristantaneously. 

The various causes of hardware failure, either partial or total, are listed in exhibit 7.3 
under the last category. Optical degrndntian gf the outer surface is particularly important. 
In some circumstances, arrays covered with silicon rubber have experienced a 30-percent 
loss of  power in 15 months. Cleaning restores much of this loss, although some ultraviolet 
degradation persists. Although an allowance is made in the design, loss of transmission 
through the apt ical coating could cause significant power losses and ultimately loss .of the 
power supply to the load. Ultraviolet refers to sunlight of a particular energy level, and 
thus the optical effect on photoconductivity due to material propagation. 



73 POTENTIAL BACKUP SYSTEMS 
Exhibit 7.4 lists several backup systems that might be suitable for the applications 

envisioned for remote sites. In many cases, the loss of power will not be critical, so backup . 
will not be necessary. In judging the criticality, one must recognize the time that will elapse 
before the power can be restored. Maintaining some inventory of spares wil l  help keep the 
elapsed time to a minimum. The modularity of the array will keep the cost of spares, i f  
required, low. % 

1. None (e.g., visit daily, carry spares) 

2. Manual (e.g., pumping, pedaling) 

4. Primary Battery 

5. Emergency solar-~echai~eable Battery 

: 6. Emerg6ncy Fossil-Rechargeable Battery 

Exhibit 7.4 Potential Backup Systems. 

Manual backups are a viable, low-cost alternative. Hand pumping can be used for 
village *water on an emergency basis, although provision must be made in the initial design 
for hand pumping. Centrifugal pumps cannot be manually operated, but positive-displace- 
ment pumps can. For small radio systems, pedal-powered generators can be used in 
emergencies. 

For larger pumping operations or large-power operations, an engine can be justified for 
the backup system. I f  an engine is rarely used, i t  should be started regularly to prevent 
problems. The maintenance costs associated with the weekly operation must be factored 
into the analysis. 

l Battery backups can be the most desirable. Primary batteries, such as zinc-air 
batteries, can be used in some circumstances. Once discharged, the zinc-air batteries must 
be rnan~~ally replaced, so the maintenance costs could be high. If  standby rechargeable 
batteries are used, battery replacement can be avoided. For example, lead-acid batteries 
could be used that have their charge rnaintained by the solar cells, but are not connected to 
the main battery-storage system, which is used for nonemergency energy storage. The' 
advantage of the solar-recharged battery is that it can recover from an emergency condition 

. without separate servicing by a mechanic. The batteries might also be recharged by a 
portable generator carried by the mechanic. The portable generator would be especially 

, useful as a backup in the rare circumstance of extremely low insolation for many days. 



The  various advan tages  and  disadvantages just described a r e  summar ized  in exhibi t  
7.5. Most of t h e  sys t ems  would cos t  approximate ly  $150 for  3 kWh/day applicat ions,  if 
servicing c a n  b e  accomplished within I day. An engine-generator  is t h e  only device  t h a t  
could b e  considerably m o r e  expensive,  because  t h e  s e t s  d o  not  c o m e  in smal l  sizes (less t han  
500 W). Sto rage  and s a f e t y  of fue ls  for  engine-generators  and maintainabil i ty of t h e  s e t s  
a r e  s o m e  of  t h e  p r imary  considerat ions in using por table  generators .  

A motor-genera tor  s e t  using e l ec t r i c i t y  f rom a small  e l ec t r i c  ut i l i ty  consist ing of a 
small  t ransmission and distr ibut ion ne twork  is a secondary  possibility. Na tu ra l  gas  ut i l i t ies ,  
and ene rgy  technologies such as t h e  solar  thermal-solar  cell (PV) t o t a l  energy sys tem,  and 
radioisotope powered photovol t a i c  cells a r e  o t h e r  secondary possibilities. 

Exhibit 7.5 Advantages and Disadvantages of Potential Backup Systems. 

7.4 APPROPRIATENESS OF VARIOUS BACKUP SYSTEMS 
The  appropr ia teness  of  various backup sys tems depends on t h e  applicat ion.  The 

p r imary  considerat ions a r e  listed in exhib i t  7.6. As  shown, t h e  f i r s t  considerat ion is the  
r emoteness  of  application. The  second considerat ion is whether  t h e  loss of  power is cri t ical .  

. - .  
Exhibit 7.6 Appropriateness of . . Various Backup Systems. 
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. - .. APPLICATION 

Radio 

Lighting 

Pump 

Refrigerator 

TV 

Cathodic Protection 

Field Instruments 

UNATTENDED 

CRITICAL 

Battery, alarm 

Battery, alarm 

Battery, alarm 

INHABITED 

NONCRITICAL 

Neno 

None 

None, alarm 

Battery, alarm 

Battery, alarm 

Battery, alarm 

Battery, alarm 

CRITICAL 

Batten. pcdel 

Engine 

Engine 

NONCRITICAL 

Nona 

None 

None 

None, alarm 

-None 

None. alarm 

None, alarm 

I 

None, alarm ' Engine 

None 

None. alarm 

None, alarm 

Battery, pedal 

Battery, alarm 

Engine, battery, 
alarm 



In many circumstances, the loss of power will be obvious because the equipment will 
not be working--the light will not come on, the radio will not receive or transmit. In other 
applications,. the power loss will not be detectable. For example, because the refrigerator 
compressor operates cyclically, an observer will not know i f  the .compressor is in an off  
period or is not being supplied by power. For these cases an alarm is needed to warn either 
that power has been lost or that the system is operating on emergency (backup) power. 

Systems operating in a heavily traveled area and requiring large power consumption 
can use a gasoline or diesel engine for backup, because the engine operators and servicemen 
will be nearby. Under automatic startup, operation of the engine will be apparent; therefore, 
no alarm is needed in these cases. 

7.5 INTEGRATION OF M E  BACKUP INTO THE SYSTEM 
Once the type of backup system has been selected, it must be integrated with the PV 

array. Means of integration are listed in exhibit 7.7. I n  monitoring or controlling an 
automatic actuator, a manual. transfer switch is clean, direct, and involves no energy loss. 
The manual system requires inspection and onsite correction. 

. > 

MANUAL TRANSFER SWITCH, 

Simple 
No energy loss 
Requires detection, onsite correction 

REMOTE MANUAL TRANSFER SWITCH 

No energy loss 
Requires two-way telemetry 
Requires actuator 

AUTOMATIC TRANSFER SWITCH 

Continuous energy loss-possible only when on backup 

Exhibit 7.7 Considerations for the Integration of the Backup into the PV System. 

For remote sites, especially those with a telemetry system that transmits when the 
system is not performing properly, a second communication link can be supplied by which a 
person at a central station can radio to the site for the backup system to come on. A remote 
actuator will be required for this type of backup, although the actuator can be an electrical 
relay or solid-state electronic switch. A telemeter is any device which measures physical 
phenomena (temperature, radiation, etc.) at some remote point and transmits the values 
obtained to a distant indicator, recorder, or observer. Transmission is by radio or wire. 



Automatic switchover is also possible, although the sensing and controlling function 
will then result in an additional power drain through the controller. It would be possible to 
have the relay or solid-state switch arranged so that power drain occurs only during those 
infrequent periods when the backup system is on, so the total energy loss would be 
insignificant. The relay would be the holding-coil type; the solid-state switch, a triac. 

7.6 CONCLUSION 
Except for a costly engine that might be required for a large-power backup supply, the 

backup systems add significantly to the reliability of the electric power supply system at 
minimal cost. Where required, the backup will add to the suitability of the solar PV system 
in remote applications. The use of back-up systems for supplement depends primarily on 
insolation, the electric load demand profile, and system capacity. Implementation involves 
the use of distribution switchboards or minor switching, and manual or automatic control. 
There are some applications which are not isolated but because of the importance of 
application and the duty cycle, require high reliability back-up regardless of remoteness. 



SECTION 8 
PV SYSTEM DESIGN 

8.1 INTRODUCTION 
This section presents an introductory detailed engineering method for the design of a 

solar PV system. This type of design is frequently used by system designers, 
however, i t  is too conceptual to be used as a design manual. 

1 An overview of electric power system design(. was given in the Introduction to this 
seminar (see section I). Since then, the discussion has been centered on each subsystem and 
component in the system and how they interact with the load. This section takes what was . 
discussed in the previous chapters and integrates it into a system schematic and an analysis 
and synthesis of system performance, which involves basic, equivalent networks and b(ock 
diagrams, load analyses, insolation computation, battery energy storage, and system 
capacity. \ 

In designing an electric power system, one follows the sequence shown in exhibit 8.1. 
The load is analyzed according to the procedures discussed in section 6. 

DESIGN SEQUENCE 

1. Load Analysis 

2 Quick Sizing of Components-Monthly Analysis 

3. Computer Analysis of Performance * 

Exhibit 8.1 PV System Design; 

- Chapter 8 

Exhibit 8.2 illustrates typical system schematics for PV power supplies. The top 
exhibit shows a system supplying DC; the bottom, AC. To illustrate the method for sizing 
system and computing its performance, an example of a DC system will be provided. Power 
is sent from the solar array, through a protecting diode, either to a battery or directly to 
the load, or both. I f  the voltage being supplied by the array is too large (for example, over 
14.4 V), .the shunt regulator will be activated so the excess power is dissipated in the 
regulator and the output 'voltage is maintained at approximately the battery voltage (.for 
example, 14.4 V). I f  insufficient power is being supplied by the array, the battery will supply 
the deficit. 
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~xhibit-8.2 Representative PV System Schematic for DC and AC Loads 

SHUNT 
REGULATOR 

With the schematic now defined for the typical PV application, the .sizing of the 
system and its subsystems and components can be addressed. An analysis and synthesis of 
the system performance will follow. 

8.2 QUICK SIZING OF COMPONENTS AND SUBSYSTEMS 
Exhibit 8.3 outlines the steps to be taken in estimating the,sizes of the components. 

: These sizes will be used in the detailed analysis of ,the system performance. Component 
sizing is an iterative process aimed at selecting the combination of sizes that minimizes the 
system l i fe cycle cost. The collector tilt, collector area, and battery size are the key 
factors governing the minimization process. The collector ti It is a compromise among the 
seasonal demands and available insolation during each of the seasons. The tilt that 
maximizes the energy collected in January may provide too l i t t le energy in July, or may 
require such a large collector area that a combination of less tilt, less area, and larger 
batteries may be less costly. One-axis and two-axis tracking collectors are being studied in 
the solar thermal power systems program, solar heat ing/cooling, and solar total energy 
system programs. Insolation is the rate of solar radiation per unit of surface area. 

BAlTERY DC 



SEQUENCE . 
. .  . 

A. Select array size, tilt 

6.  Compute insolation on average day for each month 

C. Compute output of array 

STORAGE REQUIRED 

D. Compute costs of array, battery 

E. Repeat 'for other array sizes, tilts until minimum cost is found. 

Exhibit 8.3 Quick Sizing of Components. 

The sequence illustrated in exhibit 8.3 calls for the estimation of the collector t i l t  and 
size. The computational procedure wi l l  yield the required battery size. The system cost can 
be computed on the basis of the array and battery sizes. As shown in step E, the process is 
repeated with other ti1 ts and array areas unti l the minimum cost is determined. 

The method for selecting array size is outlined in exhibit 8.4. First, the tilt angle must 
be estimated. I f  the tilt angle is equal to the latitude of the installation, the noon insolation 
wil l be the same in winter as in summer. However, the array wi l l  produce a high energy 
output during the summer, due to the longer summer da s, and .a low output during ttie J winter. By increasing the design tilt angle to be 5' to 20 greater than the latitude angle, 
significantly more energy can be obtained at winter noon, partially offsetting the shorter 
day. The ti1 t angle should be selected as latitude plus 15'. For illustrative purposes, the first 
tilt angle to  be evaluated is 45O, as indicated in exhibit 8.4. The insolation for this tilt angle 
is obtainable from available maps of insolation on t i l ted surfaces, such as shown in exhibits 
8.5 to 8.8. For the first iteration, the collector size should be selected on the basis of the 
minimum insolation over a 4-month period. Data from the maps can be used to estimate this 
minimum, as wi l l  be illustrated in a subsequent section of this section, where the monthly 
insolation values are tabulated (see exhibit 8.19). The average of the three lowest months is 
shown in exhibit 8.4 (4.0 kWh/m2 per day). Insolation is given as energy per unit area per 
day. 

The electrical energy available to  the load is equal to -the incident solar energy times 
the electrical efficiency of the PV power system. The efficiency of the power system must 
be estimated taking the load demand into consideration. An init ial estimate of the needed 
array size can then be made. 

Exhibit 8.2 illustrates a system whose components display the following throughput 
efficiencies: PV cells - 7.5 percent; array interconnections and leads -95 percent; and, 
battery storage - 80 percent. 



1.  Select tilt of 45" for convenience, since data is readily available 

2. Use the load computed according to the methods of Chapter 6. 3.6 kWh/day for this example 

3. Compute the minimum 3-month insolation (or take it from charts such as exhibit 8.6: 

Insolation = .4.0 kWh/day - m2 

4. Compute- the average system efficiency 

For power directly from array to load . . 

0.075 collector efficiency x 0.95 distribution 
efficiency = 0.071 25 

For power from array to  battery to  load " 

0.075 collactoi efficieilcy ' 1  0.95 disl~ilruliu:~ 
efficiency x 0.8 battery efficiency = 0.057 

Weighted average based on 8 hr direct and 1 6  hr via the battery: 
(8 x . 0.07125 . + 16  x 0.057) /24 hr = 0.06175 

5. Compute array area 

Array area = load/ (insolation x system efficiency) 
Array area = 3.6 kWh/day load /(4.0 kWh/day - m2 

. 

insolation x 0.06175 system efficiency) = 14.67 m2 

6. Compute peak output from the array 

Peak outdut = 1.0 kW/m2 peak insolatior! x 0.075 
array'efficiency 14.67 m2 array area 4 1.1 kWp - 

Exhibit 8.4 Estimating the Array Size and Tilt. 

Because the battery is bypassed during the daytime, a weighted average of the day and 
nighttime efficiencies must be used as an estimate of the system efficiency. 

I .  Daytime efficiency = (0.075 x 0.95) x 100% = 7.1 25%. 
Nighttime efficiency = (0.075 x 0.95 x 0.80) x 10006 = 5.7% 

I f  the load is'constant and there is an averaqe of 8 hours of dayliqht per day at -this 
site, the overall efficiency of the system is: 

System eff ~ciency = 7.1 25 x 8 + 5.1 x 16 = 6.1 15% 
24 

The initial estimate of the needed array size can now be calculated. 

Array size (M2) = ( ~ o a d  .demand/day (kwh/day)) . 

Efficiency x average insolation of the 
4 lowest months (kWh/day-mz) 

- - 3.6 = 14.67 m2 
0.06175 x 4.0 



LINES SHOW INSOLATION IN  kWh/ma - DAY 

Exhibit 8.5 Total Insolation on a Collector Tilted 45" above the 
Horizontal: Winter. 

LINES SHOW INSOIATION IN  kWh/ma . DAY 

Exhibit 8.6 ~ o t i l  Insolation on a Collector Tilted.4S0 above the Horizontal: Spring. 

8-5 



Exhibit 8.8 Total Insolation of a Collector Tilted 45" above the Horizontal: Fall. 

8-6 



The array size can also be expressed in terms of the peak electric power output when 
the insolation is 1.0 kW/m2, a common rating point for arrays. In terms of output, 

Array size ( K W ~ ) '  = area x array efficiency x 1.0 kW/m2 

= 14.67 x 0.075 x l .O, 

= 1.10 kWp. 

This is the size and the t i l t  of the array that will be used in the first more-detailed 
computation of system performance. . 

The first step in estimating the system performance more accurately is to determine 
the insolation on the tilted array. This step was indicated as step' 8 in exhibit 8.3. The 
computation of the insolation is perhaps the most complicated computation required to 
estimate the system performance in' detail. The following section deals with an approxi- 
mation for conceptual design, and incorporates resource assesjment of the solar thermal t 

power systems program, the solar heating/cooling and solar total energy systems programs. 

8.3 INSOLATION COMPUTATION 

83.1 INTRODUCTION 
The output of the solar cells depends on the amount of sunshine striking the solar cells. 

One of the first steps in computing the system performance involves the computation of the 
solar input, or insolation (see exhibit 8.9). The procedure that will be followed here uses. the 
method devised by Liu and Jordan and published by ASHRAE and is applicable to systems 
analysis and synthesis. The method was applied by Duffie and Beckman in the development 
of the insolation tables. After reading this section, the reader should be able to use these 
tables and compute the insolation on solar cells ti lted at any angle, facing south (north in 
the southern hemisphere), at any location in the world. The data are most accurate in the 
United States, where some of the empirical functions were determined. For the present 
purposes, the met hod wi l l be accurate enough anywhere. 

OBJECTIVES: 

To enable the reader to: 

1 . Use the tables of insolation. 

2. Compute' the insolation 

On tilted collectors 

. Anywhere in the world. 

Exhibit 8.9 Computation of Insolation. 



The data for Fairbanks, Alaska are in total disagreement with the other data, 
apparently due to instrument error. The correlation between cloud cover, CC, and K is 
shown in exhibit 8.13. The scatter is considerably greater. If CC wereJ.5, the KT TTould be 
somewhere between 0.50 and 0.65, a 27-percent range. I f  F were 0.65, K T  would be between 
0.51 and 0.61, a range of 18 percent. In estimating insolation, pyranometer data should be 
sought first, f raction-sunshine data second, and, as a last resort, cloud cover data. 

Erhihit 8.10 Variability of ~nsolation. 

i 

TIME OF YEAR: s = 440 (1 + 0.0167 cos (D-284' 3600 )z 
365 days 

= 440 Btu/hr-ftz 

= 129  W,/ftz I 1- 396 ' 

= 1.388 W/mz 

TIME OF BAY: S = SOVERnEAD (0.85)"~'~ A ON CLEAR DAYS 
b 

Example (40° latitude, normal incidence) 

I 

Possibly the best procedure for estimating insolation at a site with no pyranometer 
data is to find the closest station having pyranometer data. Then the correlations for 
fraction sunshine or cloud cover can be used to adjust' the pyranometer data to the location 
of interest. 

EFFECT OF CLOUD COVER: 
- 
KT = DAILY INSOLATION ON HORIZONTAL 

DAILY INSOLATION ON HORIZONTAL 
WITH NO ATMOSPHERE 

0.04 < R r  < 0.95 

NOTE: 

0 = DAY OF THE YEAR ( D  = 2 FOR JANUARY 2 )  
A = S ~ L A R  ALTITUDE ANGLE 
S = INSOLATION ON PLATE FACING THE SUN - 

JULY 

372 

335  

APRIL 

354  

308 

DATE: 

S~oo~:  

S* PM: 

OCT . 
352 

243 

JAN 

31 6 

138  



8.3.2 VARIABILITY OF INSOLATION 
' The computation of insolation must take into account the variation of insolation 

throughout the year, throughout the day, and throughout clear and cloudy days. Exhibit 8.10 
shows the three effects and gives numerical evaluations of each. Because the distance 
between earth and sun varies throughout the year, the insolation varies plus or minus 3 
p6rcent over the year. Outside the atmosphere, on a plate held perpendicular to the solar 
rays, the solar flux is 129 W/ft2 or 1,388 W/m2, on the average over the year, where flux 
equals power per unit area. 

Of more importance than the variation throughout the year is the variation throughout 
the day. At noon, the so.lar rays must penetrate the least amount of atmosphere, so the 
attenuation is least. On a clear day, the insolation at noon is approximately 85 percent of 
the insolation that would impinge on a plate outside the atmosphere. At times other than 
noon, the solar rays must penetrate a greater depth of atmosphere, The effect of the 
penetration distance is given by the simple power law shown in exhibit 8.10. If  A is 30°, sin 
A is 0.5 and the reciprocal of sin A is 2, then the atmospheric transmission is 0.8s2, or 
0.5625 (approximately 56 percent). The table in exhibit 8.10 provides additional examples for 
a site at 4 0 ' ~  latitude. It is evident that at 4 p.'m. in January, the transmission is quite low, 
whereas at 4 p.m. in July, the transmission is still high. (The plate is  assumed to be held 
perpendicular to the sun's rays and the numbers given are for the direct sunlight only. The 
total sunlight would be somewhat higher due to reflection from the same atmospheric 

' ' particles that cause the loss in direct transmission.) 

DEFINITION OF KT 
Cloud cover has the greatest single influence on insblation. I f  a ratio, < is defined as 

the ratio of total flux on a horizontal surface over the entire day to the ?-' otal flux thst 
would be received if there were no atmosphere (called the extraterrestrial flux), then KT 
would be found to range from 0.05 to 0.95, normal values being approximately 0.60. Thus, 
the clouds can cause the insolation to be only 5 percent of what rnight otherwise reach the 
surf ace of the earth. . .  

83.3 MEASUREM~JTS OF INSOLATION 
The most accurate measurement of local insolation is.obtained from a heat-flux meter 

called a pyranometer. The instrument measures the temperature reached by a blackened 
cavity when exposed to sunlight and protected from the ambient air b;' a glass dome. The 
instrument is  calibrated by illuminating it with a beam of known intensity. Instead of a black 
cavity, some pyranometers measure the temperature difference between black' and white 
strips and infer the insolation from this temperature difference. These black-and-white 
pyranometers are more difficult to calibrate and degrade more rapidly than the more 
precise black-cavity pyranometer. Intensity i s  defined as energy per unit time per unit area. 

~ e w  weather stations are equipped with pyranometers. As indicated in exhibit 8.1 1 ,  
some have Campbell-Stokes sunshine meters whi le others report the weatherman's estimate 
of the fraction of the sky that is covered by clouds. I'he Campbell-Stokes instrument focuses 
the sunlight onto a strip of paper, which is burned when the sunlight is bright enough. The 
length of the burn indicates the hours of sunshine. Actually, the instrument indicates the 
hours the sunshine was bright enough to burn the paper, so fhe hours are the hours of direct 
sunlight. Newer sun-actuated switches provide similar data. Exhibit 8.12 compares a 
correlation between (hours of sunshine as a fraction of possible sunshine F) to Good 
correlation is obtained with K = 0.85 x F. 

T 



-- - --- 

Pyranometer - energy measurement 

I Fraction of Possible Sunshine - burning of paper 

I Cloud Cover - human visual observation, judgment ( 

Exhibit 8.11 Measurement of Insolation. 

FAIRBANKS 

x PHOENIX 

LOS ANGELES 

WASHINGTON, D.C. . . 
A MIAMI 

BOSTON 

DAILY R, 

Exhibit 8.12 Correlation between KT and Fraction of Sunshine. 
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PHOENIX 
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0 WASHINGTON, D.C. 
0.1 A MIAMI - 

B BOSTON K, =.,0.21 + 0.684 (1 - CC) 

DAILY c, 

Exhibit 8.13 Correlation between KT and Cloud Cover. 
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For example, suppose one needed for location A and the closest pyranometer data T 
were for loca'tion 6, 100 miles awa,y. Suppose both locations had data on fraction sunshine, 
as indicated in exhibit 8.14; 0.60 for A and'0.65 for 8, with K T  at  0.52 for 6. From ,exhibit 
8.12, F = 0.65 and KT = 0.52 are not consistent with the correlation curve. To adjust to 
location A, one can use the coefficient 0.85 of the correlation equation to write: 

Exhibit &.I4 Sample Computation Procedure. 

1 

AVAILABLE DATA 

8.3.4 VALUES OF KT 
Values of KT were derived from measurements of the National Weather Service and 

extrapolated by Duff ie and Beckman in a manner similar to that just described to produce 
the tables for the United .States (exhibit 8.15). These tables show not only the flux ratio, but 
also the horizontal flux; the averaqe outdoor-air temperature 'for the month, and the number 
o f  heating degree-days accumulated that month, on the average. For world insolation see 
World Distribution of Solar Radiation, Report No. 21 by George 0. 0. Lof, John A. Duffie, 
and Clayton 0. Smith, Solar Energy Laboratory, The University of Wisconsin, July, 1966. 
The insolation can be converted to KT values by dividing by the extraterrestrial flux, as 
tabulated in exhibit 8.25 for each latitude and month. On exhibit 8.15, SI units have been 
used, so the degree-days, for example, are in C degrees. One MJ (megajoule) is equal to one 
mill ion W-seconds of energy,.where W represents watts o f  power. 

> 

, LOCATION 

A 

B 

Computation of KT for Location A : 

Correlation shows: 
- 
KT = KT (B) - (B) - 0.85 [F(B) - F(A)] 

= 0.52 - 0.85 (0.65 - 0.60) 

- 
K, (A) = 0.48 

F - 
Oa60 

0.65 

- 
K~ - 

- 

0.52 

CC - 



~xhibit 8.1.5 Values of g, and Insolation for the United Stater. 
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For greatest accuracy, a month-by-month computation . must be made of system 
performance; exhibit 8.15 shows the month1.y values. Exhibit 8.16 is an example of the use of . 
exhibit 8.1 5. Albany, N.Y., in January has a KT of 0.38 (see exhibit 8.16). The average 
ambient temperature is -5.0'~ (22'~). The insolation is 11.47 ~ v i J / m ~  on a horizontal 
surface, and 3 6 7 ' ~  days are normally accumulated. 

Albany, N.Y. in January: 

Exhibit 8.16 Example of Use of Exhibit 8.15 

For most PV systems, one must design not only for average power, but for days in 
which there is no sunshine. One must know how much energy storage is needed to carry 
through to the next day or so without sunshine. The insolation on one day is poorly 
correlated with the insolation on the next. If today is clear, tomorrow has an equal chance 
of being clear or cloudy. The lack of correlation eases the problem of estimating the number 
of sequential days the insolation wil l  fall below any specified value. Exhibits 8.1 7 and 8.18 
present the correlation devised by Liu and Jordan that shows the frequency of occurrence of 
each value of I? , gjven the average value, RT. The curves show the cumulative probability. 
For example (exi iblt  8.191, i f  XT were 0.5, the probability that I? would be equal to or less 
than 0.40 would be 0.323 (from exhibit 8.18). The probability t h a t k T  would be less than 0.4 
for n days in a row would be given by exhibit 8.20.. Cumulative probability gives the 
probability that a value - or those less than the value wil l  occur. The frequency distribution 
gives the probability. 

n P" = p 
or, for two days in a row, 

P2 = (0.323)2 = 0.104 

The probability that KT would be less than 0.4 for four days in a row would be (0.323)", 
or 0.0 I, once out of every 1-00 days. 



Exhibit 8.17 Generalized KT Distribution Curves. 

FRACTIONAL TIME. 1. DURING WHICH 
DAILY TOTAL RADIATION H 

Exhibit 8.18 The Generalized KT Distribution Curves. 



b * 
Given:KT=0.5  . 

What is probability KT 0.407 

a. Enter exhibit 8.13 or exhibit 8 .14 at KT = 0.5 
b. Read to KT = 0.40 
c. Read probability = 0.323 

Exhibit 8.19 Use of Frequency Charts. 

Exhihit 8.20 Consecutive Days of K,< 0.4. 

4 

probability = pM 

8.3.5 INSOLATION ON TILTED SURFACES 
The insolation computed and the probabilities of experiencing this insolation . pertain 

to insolation on a flat, horizontal surface. Most solar cells will be tilted toward the sun to 
take advantage of the higher incident flux. The method of Liu and Jordan can also be used 
to devise a way of computing the flux on the ti1 ted surface. 

M: 

probability: 
A 

First, the flux must be broken into the direct and diffuse components. The diffuse 
component is due to the scattering .of sunlight in the atmosphere by dust, clouds, water 
vapor, etc. One assumes that the diffuse flux is isotropic, coming uniformly from every 
sector of the sky (isotropic refers to the same value regardless of direction of measure- 
ment). If the diffuse flux is known for the horizontal surface, which "sees" the entire sky, 
the diffuse flux for the tilted sl~rface can ,be computed by correcting for the amount of sky 
"seen" by ttie tilted surface. The ratio of views is given by the for,mula shown in exhibit 8.21, 
where A is the tilt of the surface (A is zero for a horizontal suface; 90° for a vertical 
surface). If the direct sunlight onto the horizontal surface is known, the flux can be divided 
by the cosine of the angle of incidence (solar-altitude angle) to determine the intensity of 
the beam flux. This intensity can be multiplied by the cosine of the angle of incidence (with 
respect to the ti lted surface) to determine the direct flux on the tilted surface. Summing 
the direct and diffuse fluxes gives the total 'insolation on the ti lted surface, except for the 
flux reflected from the surroundings. A typical value for the ground reflectance is 0.1 ; for 
snow, it is 0.46 to 0.86. The flux received by the ti lted surface due to ground reflectance is 
given by the last formula in exhibit 8.21, where' S is the insolation on the horltontal 
surface. Exhibit 8.22 gives the relationship between RT and the diffuse flux, as obtained by 

1 

0.323 

' 2 

0 . 1 0 4 :  

4 

0.010 



L iu  and Jordan. The computation of the flux on a t i l ted surface is cornplicated. illost of the 
computation ef for t  lies in deter'mining. the angle of incidence to the horizontal and to the 
t i l ted  area. Fortunately, Duff ie and Beckman have performed the computations and have 
tabulated the results (see exhibit 8.23). The following computational procedure is based on 
the use of their tables. 

Direct Sunlight: By cosine of angle with solar rays 

Diffuse Sunlight: By view of sky, F = (1 + cos A)/2 

Ground-Reflected Sunlight: By view of earth, (1-F) R, S,, 

Exhibit 8.21 Conversion lu  lux on Tilted Surfaces 

1 .o 

0.8 V FEBRUARY V AUGUST 
tl MARCH . SEPTEMBe 

X OCTOBER 
0.6 X NOVEMBE 

RATIO. 

0.4 

0.2 

0 
0 0.1 0.2 0.3 8.4 0 . 5  0.6 0.'7 0.8 0.9 1 .O 

KT = M _  DAILY TOTAL RADIATION ON A HORIZONTAL SURFACE 

EXTRATERRESTRIAL DAILY INSOLATION ON A HORIZONTAL SURFACE 

v 

Exhibit 8.22 Ratio of Daily Diffuse Radiation on a Horizontal Surface to 
the Daily Total Radiation on a Horizontal Surface as a 
Function of the Cloudiness Index KT. 
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8.3.6 COMPUTATIONAL PROCEDURE 
The flux on a tilted surface on any day with clearness KT can be computed as follows 

(see exhibit 8.24). 
t 

STEP 1. For month. location. use exhibit 8.1 6 to obtain ST, (or choose K, per Exhibit 8.1 4). 

STEP 2.  Read ?i from exhibit 8.24.  

STEP 3 .  Read E the extraterrestrial flux, from exhibit 8.26. 

STEP 4. Compute the flux on the tilted surface from 

Q = KT R EE. 

3--- 

M~mphic 50° tilt June 

1. El = 0.60 

2.  = 0;73 

3. E = 41.2 

4. Q = 0.60 x 0.73 x 41.2 = 18.05 MJ/m2 - Day 

= 18.05/3.6 = 5.01 kWh/m2 Day 

1 

Exhibit 8.24 Computational Procedure. 

Ste One 
*month and location, determine KT from exhibit 8.15 (using part A for the 
United States and several cities in Canada and part 8 for other cities throughout the 
world) i f  average conditions are desired (K = RT). If  nonoverage conditions are being 
a~ulyzed, refer to exhibit 8.17 or 8.18. If  The world data on insolation nrc l,aed, +he 
flux must be cu~rvrrled to KT by multiplying the tabular values by 0.048 1 to convert to 
MJ/m2-day and then by divrding by the appropriate extraterrestrial flux as listed in 
exhibit 8.25. 

Exhibit 8.25 Monthly Average Daily Extraterrestrial Radiation MJ/m2-Day. 



Step Two 
Obtain the value of R, the ratio of flux on the tilted surfcce to the flux on the 
horizontal, trom exh~bit 8.23. 

Step Three 
Determine the extraterrestrial flux on a horizontal surface from exhibit 8.25. 

Step Four 
Determine the flux on the ti1 ted surface from the eauation on exhibit 8.24. Q = K,RE, 

I '  
where E is the insolation outside the atmosphere (ext;aterr.estrial). 

The flux so computed is the daily flux, MJ/m2 per day. If  KT were chosen randomly, 
then the frequency plot (exhibit 8.17 or 8.18) could be used to determine the frequency of 
the value of KT and thence, the frequency of the value of the corresponding insolat ion, Q. A 
plot of frequency versus flux will give sufficient statistical data to compute the average-day 
per for mance and the frequency of non-average occurrences. 

83.7 COMPUTATION OF INSOLATION ON M E  AVERAGE DAY 
The use of the computational procedure to obtain the insolation on an array tilted at 

latitude plus 15' for an average day in June in Memphis, Tennessee, will be illustrated. From 
exhibit 8.15 the value of RT is 0.60 for June. From exhibit 8.23, for June, at the latitude of 
Memphis (35'1, with the array. tilted at 50°, I? is equal to 0.73. Latitude is the angular 
distance, measured in degrees, north or south from the equator. Also for June at this 
latitude, the extraterrestrial insolation, E, i s  found on exhibit 8.25 to be 41.2 IlSrJ/m2-day. 
Therefore the daily insolation on the array is 

Q = R  RE, 
= 0.60 x 033 x 41.2, 

= 18.05 MJ/m2 - day, 

or in more useful units of kwh/m2 - day, 

Q = 18.05 x 106/3,600,000. 
= 5.01 kWh/m2 - day. 

83.8 COMPUTATION OF AVERAGE INSOLATION 
Exhibit 8.24 illustrates the use of the insolation-computation procedure when the 

average insolation is needed, rather than the insolation on the average day, as illustrated 
above. 

The computational procedure will be il1ustrate.d for Fresno, California (latitude = 
36.5') in December. We wish to determine the frequency distribution for the flux on a solar 
array tilted at the latitude angle above the horizontal and facing south. 



For KT = 0.1, the insolation is 97-percent diffuse, as indicated in exhibit Q.22, so R is 
equal to F. 

CL 

For convenience, one estimates the values of R by interpolation/extrapolation to be 
1.17 at KT = 0.2 and 1.97 at KT = 0.Q. To improve on this estimate, an hour-by-hour 
compu ta t  on would be necessary. 

From exhibit Q.25 (step C), the extraterrestrial flux is calculated by interpolation, 
with the result shown in exhibit Q.2Q. 

Exhibit 8.28 Extraterrestrial Insolation Calculation. 

Step D now can 'be used to compute the insolation versus frequency, as shown in . 
exhibit Q.2". 

Exhibit 8.29 Flux (Q) on the ~i l ted Surface. 

Itir rnedian day JCP = A 50) gives O = 12.0 MJ/mP-day. The average day (I?,. = 
0.42) gives O = I I. MJlm2-day. If the system' was designed for the average day (KT = 
0.42, CP = 0.4 61, the ~ o b a b i l i t y  of falling short of solar power for m days 
consecutively would be 0.496 , or 

Exhibit 8.30 Probability of Having m Consecutive Days with KT Less Than 0.42. 
I 
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10 

0.001 

m: 

Probability: 

6 

0.0 15 

I 
0.496 

4 

0.060 

' 5  

0.030 

2 

0.246 

3 

0.1 22 



This table does not indicate the number of days of battery storage required, because 
no indication is given regarding how much above 0.42 K the. insolation will be on the 
clearer days. The storage requirements must be compute& from an analysis of insolation 
under extreme conditions. The next section contains the data for designing the storage 
system. 1 / 

i 

83.9 CONCLUSION 
The computation of insolation is unavoidable. Although it must be performed only 

once for each site, it must be performed for three or four ti I t  angles so the optimum t i l t  can 
be determined, as described next. The step-by-step procedure of section 6 above should at 
least reduce the time required for the computations. 

8.4 MONTHLY PERFORMANCE COMPUTATION '. 

The apparent digression concerning insolation was necessary so the system input could 
be computed. The electr ical-system performance can be calculated. In accordance with the 
simplified computation of the section on "Quick Sizing of Components," a first estimate of 
the required array size was obtained. In the example, 14,67 m2 of array was needed to feed 
the 6.1 7 percent efficient system. Although the previous section presents only typical 
insolation computations, it is assumed that the insolation had been computed in  detail and 
the results were as illustrated in exhibit 8.3 1, column A, (a computation sheet that makes 
the work of the preliminary system-performance analysis easier). It is also assumed that the 
load had been computed as tabulated in column C. 

Exhibit 8.31 Computation of System Performance. 

8-37 



The computation sheet is to be used to determine the performance of a system with 
given array size. The calculated array size is entered on the first and second lines and the 
estimated system efficiency on the third. The product of system efficiency and collector 
area is entered on line 4. The monthly inso'lation on the tilted surface, as computed by the 
procedures described in the previous section, is entered in column A of the table. The 
electrical demand, as computed by the procedures in section 6 of this seminar manual, is 
entered in column C. The output of the PV system is computed in column B by multiplying 
the insolation by the system efficiency and the collector area (line 4). (The difference 
between column I3 and column C represents the amount of energy that must be supplied by 
the batteries, or by an auxiliary power source.) I f  column 6 exceeds columri C, zero is 
entered in column D for that month; otherwise, coclumn C minus column B times the number 
of days in the month is entered in column D. 

As indicated on line 5 of exhibit 8.3 1 ,  the rlmcr~~nt of long-term storage required, either 
in terms of fuel or batteries, is the sum of the values in column D. The long-term stnrnge i s  
requ~red to overcome seasonal differences in insolntian and system demands. In addition to 
the long-term storage, some allowance must be made .for the short-term storage require- 
ments to compensate for consecutive days without sunshine. Exhibit O.32 has been prepared 
to indicate the short-term storage needs. The short-term needs have been computed based 
both on direct weather (insolation) data and on weather simulations. As indicated on line 6, 
the total storage requirement is the sum of' the long-term and short-term needs. The short- 
term need will almost always be supplied by the batteries; the long-term, by either batteries 
or a backup system. 

(BASED O N  AN ARRAY TILT OF LATITUDE +15= A N 0  AN ARRAY SIZE BASED O N  THE THREE LOWEST 
MONTHLY INSOLATION VALUES.) 

Exhibit 8.32 Short' Term Storage, Requirements for Selected Cities. 



The sample case, in which a coll.ector area of 14.67 m2 was required, has been 
continued in the example illustrated on figure 8.31. On line 6 for this collector area and t i l t  
angle, the batteries must be sized to deliver 32.26 kwh. Since the collector area and the , 

battery size are both based on useful capacities, some adjustment is required to allow for 
system degradation, allowable depth of discharge, etc., as described in the next section and 
tabulated in exhibit 8.33. 

Exhibit 8.33 Component Sizes. 

r 
COMPONENT Nominal Size Adjustment Factor Size 

Array: 1.10 kWp + 0.8 for degradation 1.38 kWp 

Battery: 

8.5 COMPONENT SIZES 
Once the operating sizes of the array and storage system have been computed, 

all the components of the PV system can be sized. The necessary array size has 
already been calculated, but must be adjusted to allow for degradation with time 
(see exhibit 8.33). The sizing of the battery system for charge will equal .the 
storage energy required (kwh), divided by the system voltage (V), divided by the 
allowed percent discharge level of the batteries. Energy divided by voltage equals 
charge, where one coulomb of charge equals one joule of energy divided by one volt. 
Kwh can be converted to joules and Ah can be converted to coulombs.The allowed 
discharge of the battery depends on the type of batteries to be used. For example, 
lead-acid-cadmium grid batteries should be discharged only 40 percent of their 
rated capacity, so the amount of battery storage required is equal to the 
calculated requirement divided by 0.4. 

Rsgulaton 

Transmission Linu: 

If 20-percent degradation i: allowed for the .solar array over its lifetime, 
the array output initially will be 110.8 = 1.25 times i t s  required output. 

The regulator should be sized to handle the maximum power from the array under 
noon insolation on a clear day. The sea-level insolation under such conditions is 
approximately I kW/m2, down from the 1.35 kW/m2 in outer space due to the 
atmospheric attenuation. Therefore, in the installation year, when the 
efficiencies are highest, the power transmitted through the regulator could be as 
high as the product: I Kw/m2 x 1.25 x array efficiency x array area with the 
product having the units of kW: Therefore, the regulator in the example problem 
should be sized for I x 1.25'~ 0.075 x 14.67 = 1.38 kW of power. 

12V, 92 A 

12V,.92 A 

The transmission lines should be sized also to handle the noon load on a clear 
day (1.38 kW/12 V = 115 A), where P/V = I, and one kW equals 1000 x one volt x one 
amp. 

A DC/AC inverter, i f  used, must supply the peak load, so the maximum power 
through the inverter would be dictated by the peak power demand of the load. If the 
peak power input to the inverter could be the same as the peak power output of the 
array, the inverter size would be determined in the same way as the size of the 
regulator, as discbssed above ( 1 15 A). 

+ 0.8 for array 
degmdat Ion 

+ 0.8 for array 
degradation 

12V, I IS A 

12'4, I IS A 



8.6 DESIGN OPT1 MlZATlON 
What has'been calculated, for a given array ti1 t angle, are the necessary array size and 

storage requirements to meet the load demands. An optimization methodology mud include, 
the costs of these components, as well as the other system components, to determine the 
minimum-cost system. 

Exhibit 8.34 presents a form for the computation of l i fe cycle cost. The cost of the 
various devices must be determined from the vendors. Typical prices and the names of 
several vendors are provided in section 9 of this manual. The engineering estimates of 
installation costs must be based on the site conditions. The factors for estimating the 
maintenance. and operating costs are indicated in exhibit 8.34 and represent the best 
estimates available to date for long-term annual costs. The bottom line (line 20) is the l i fe 
cycle cost of a PV system with ttie calculated collector area and collector tilt. 

One een new alter the 'wqle bf I.l.~e ul I uy Ly + 5' frurr~ I t ~ e  prevlous tllt angle ijsed. 
This will result in different. insolation values, a new array size, and a different battery 
storage requirement. The l i fe cycle cost should be computed for each iteration and 
compared with the previous results. Enm.~gh t i l t  clnglcs end array .sizes must he evaluated so 
that the combination yielding the minimum life cycle cost will be established. 

A full consideration of l ife cycle costing and design optimization is beyond the scope 
of this seminar and will be considered in subsequent seminars. 

Exhibit 8.34 Life Cycle Cost Computation. 

1 



References: 

I. Shellard, H.C., communication to the authors. 

2. Dubief, J., "Le Climat Du Sahara," 43, 44 Alger (1959). 

Lewis, B.M., communication to the authors. 

Dubief, J., "Le Climat Du Sahara," 55, Alger (1 959). 

WMO Records of Solar Radiation for IGY and IGC. 

Soares de Azeudeo, M., communication to the authors. 

Boletim Actinometrico de Portugal, Ano I-V, Lisboa. 

Morse, H.N., communication with authors. 

Director of Meterology, Australian Dept. of the Interior, communication with authors. 

Simmer, H.G., Acting Director, New Zealand iV\eterological Service, communication to 
authors. 

I I. Fritz, S., "Solar Radiation Measurements in the Artic Ocean," Polar Atmosphere 
Symposium, Oslo, 159 (New York 1 958). 

12. Reed, W.W., Supplement No. 32, Monthly Weather Review, Washington, 1929. . . 

13. Bonython; C.W., communication to the authors. 

14. W.B. Rimmer and C.W. Allen, "Solar Radiation Observations on Mount Stromlo 1927- 
1939, "Memoirs of the Commonwealth Observatory, Mt. Stromlo, No. I I, 1950. 

15. Collmann, W., "Diagramme zum Strahlungsklima Euro.pas," Berichte des Deutschen 
Wetterdienstes, Band 6, No. 42 (1 958). 

I .  . Reed, W.W., Monthly Weather Review, Band 5, Supplement 110. 3 1, Washington 1928. 

1 7. Teixeira, T.R., communication to the authors. 

I 18. ' Bahli, F., communication with authors. 

19. United States Department of Commerce Weather Bureau, 1950- 196 1, Climatological 
' Data, National Summary. 

D u f f i e  and Beckrnat~, P 561 ar" Desi'qti  'tjy ' th6  F - C h a r t  'Method, Wi.ley 1978.. 



- 

- . I .  i s .  . , .  * .  . '. . - . . . I , . . .  
I . .  . . 

t * .. 

,.. . 
L . ,  .' , . . .  ; iTHI:.S: PAGE . ' . 

( I L .  ' .  

WAS >INTENTIONALLY 
LEFT BLANK 

\ 



SECTION 
PV SYSTEM COMPONENTS 

9.1 INTRODUCTION 
In this section, the characteristics of typical available components and subsystems are 

presented in terms of efficiency, control, price, and availability. The data have been taken 
from manufacturers' or suppliers' literature. The specifications of several designs are 
compared in each case, so the reader can recognize the correlation between price'and 
performance and determine the reasonableness of various performance requirements. 

9.2 AVAILABLE COMPONENTS. 
A brief survey of manufacturers' and standard catalogs reveals the availability and 

costs of the major components for solar PV power systems. The results of a survey 
conducted in preparation for this seminar are presented in exhibits 9.1 to 9.8. For typical 
systems under 1.5 kWp array sizes, there are components available off the shelf (within 
approximately 16 weeks). The price range is high because many of the components, designed 
to service laboratory instruments or computers, have more stringent requirements than 
would normally prevail for solar PV power systems. (A discussion of the requirements for 
various potential loads can be found in section 6, Load Analysis.) Therefore, selection of 
components must be related to the system design. For example, some of the less expensive 
power conditioners are more efficient because they do less power conditioning; however, the 
higher efficiency is accompanied by. a less regulated output, resulting in less efficient 
operation of the load. The combined efficiency of the power conditioner and the load, 
therefore, must be considered in performing the subsystem tradeoffs. 

An individual discussion will be provided for each of the components. The data are 
arranged in the order that the components appear in the system, starting with the solar 
array. 

9.3 SOLAR PANELS 
V-l Data were obtained from representative solar panel manufacturers listed by GSA. 

The data are summarized in exhibits 9.1 and 9.2. Exhibit 9.1 illustrates the combinations of 
currents and voltages available in modules that can be ordered from the GSA list. 
Exhibit 9.2 summarizes typical specifications. Note from exhibit 9.2 that the costs are all 
approximately $16.5/W of peak power. Panel sizes have not been standardized; however, 
most manufacturers supply their own structures, so standardization is not important. 

~xhibit 9.1 CSA-Listed PV Modules as of 11/1/78. 
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VOLTS AT MAXIMUM POWER 

28 

24 

201 

16; 

8 

4 

0 

0 1 2 3 4 5 6 7 8 

AMPS AT MAXIMUM POWER I 

MANUFACTURER SYMBOL 

ARC0 A 
MOTOROLA 0 
OCLl 0 
SOLAREX x 
SOLAR POWER 0 
SOLENERGY V 

NOTES: 

1. Solam8 repons only 
n o r n i ~ l  wltege 

2. Solsnsrgv reports only 

open-circuit wftegs and 

short-circuit current 



MOIOROU MOTOROLA 

Protection 
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Pawsr Temp. 
Costlidem 
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Temp. Coefficient 
IS 
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L , . n  
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27 0 
- 0 4%/O C 

1 3  
+ o m / '  ( 

O 047 ohm 

0 72 

- 0.4% 

0.632 ohm 

0.7P 

Ptrmo* 
No. d Cell8 

:- Dlmenniocu 

k r  
Weight 
Armbant Temp 

1P 36s 0 . 1P = 385 
46" 15.3" 10 .4  

2' 12.5" 
Silicon Silicon 
13 lb. 
- 5 5 O  C to - 70" C to 

+ 60° C + 70' C 

175 mph 1 175 mph 175 mph 
T e a ,  179s ' ' I Ye¶ I 

1 I I 
?m 1 Yes 

I I 
I 

L I I . . I I 1 I I 1 
Rang. on GSA Lim 

1 B#.d on gmn frontal ares 
a At 1 kW/m*. 25' C ambient 

I 

Exhibit 9.2 Comparison of Typical Specifications for PV Modulcs 

The open-circuit voltage (Voe), short-circuit current (Isc), and seties resistance 
(Hseries) are important in combining arrays (see sections I and 2 for a discussion on solar- 
panel theory). For the same reason, the temperature coefficients are important. Arrays 
matched at one temperature may not be matched at another. As indicated in exhibit 9.2, 
the reported temperature coefficients are all approximately 0.4 percent per O C. The 
temperature coefficient gives the change in electric power at a particular teniperu lure. 

Some arrays come with dual leads from each cell, module, panel and subarray. If one 
should fail, the other will suffice.' None of the GSA-listed arrays come with an intermediate 
tap that would permit the use of a partial shunt regulator. The partial-shunt regulator. is 
described in Section 5, Power Conditioning. 

The NASA Jet Propulsi6n Laboratory (JPL), California Institute of Technology has 
purchased models from many manufacturers and has subjected them to' extensive life and 
performance testing. The specifications in the second part of this section are based on, but 
are less severe than, the .JPI- specifications and test ' conditions. Although many 

' 

manufacturers have submitted panels for JPL testing, few of the production models have 
been evaluated. In total, there are approximately I I manufacturers from whom modules can 
be bought off-the-shelf. - - .  _ 
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9.4 DC REGULATORS . . 
Data were obtained from solar cell manufacturers pn the DC regulators offered with 

the panels. The data that should be specified are listed in exhibit 9.3. Costs will be on the ' 
order of $ 1  /W. The use of regulators is shown in Sections 1.2 and 5. 

Manufacturer 
Model 
Price 
Delivery 
Efficiency 
Input 

Volts 
Amps 
Protection 

Output 
Waveform 
Volts 
Amps 
Protection . 

MTBF' 
Physical 

Dimensions 
Weight (Ib) 
Temp. Limits 
Cooling 

'NOTE - MTBF is the mean time between ftiilures 
for failures occurring after the break in period and 
before wear out. It is the reciprocal of the failure rate. 
For example, if the failure rate is 1 percent per year 
due to random failures, the MTBF would be 
100 years. 

Exhibit 9.3 specification Items for DC Regulators. 

Normally, DC regulators for PV applications are designed and configured by the. array 
nanufacturer, and are the key components in successful stand-alone systems. 

9.5 . BAllERIES 
Both nickel-cadmium and lead-acid battery specifications are tabled in exhibit 9.4. 

The prime contenders for use with PV' systems are the nickel-cadmium, the CD, and the 
0033 batteries. The cos't per kwh delivered over the l i fe of the battery is lowest for the 
CD; the cost per product of kwh and the life in years is lowest for nickel-cadmium and 
0033. The actual battery size usually is not important, because batteries can be grouped to 
obtain the desired voltage and current. For very small applications, automotive batteries, 
sized to prevent more than a 10-percent discharge, might be the most cost effective. Cost 
per kwh is the energy cost and discharge refers to either kWhe or AH (amp-hours), where 
kWhe is electric energy and AH is charge. The amp-sec is a coulomb of charge, and the kWe 
is 1000 watts of electric power. The product of kWhe' and the l i fe in years is used for the 
cost per energy per year. 

9.6 DC/AC INVERTERS 
Exhibits 9.5 and 9.6 list the characteristics of typical DC inverters. I f  the solcir PV 

system were to supply AC voltage to the load, the inverter would be used. An inverter is 
approximately 90 percent efficient. Its cost is approximately $2/W i f  a sine wave is needed, 
but only $0.60/W i f  a square wave is acceptable. The use of inverters is shown in Sections 

' .  
1.2 and 5. 



' Exhibit 9.4 'Specification for Batteries. 
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Exhibit 9.5 DC/AC Inverters (0.05 kW Output). 
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Some manufacturers of self-cornmutated and line-commutated inverters are (SEIA): 
A b a c u s  Controls, Inc.. Summerville, capacity equipment uses a pulse width SO KVA level to  approximately $2001 
N.J. Abacus is finalizing the  develop- modulated control concept with silicon KVA a t  t h e  400 KVA level. 
ment  of a 10 kw. sinple phase self-corn- controlled rectifiers. 
muta ted  inverter  under contract to The  total voltage harmonicdistortion Windworks .  Inc.. Mukwonago. Wisc. 
S.4S.4-Lewis. This  system was (level- for t h e  transistor  models is less t h a n 3 9  Windworks manufactures and  distri- 
oped for  use with photovoltaic arrays when operat ing in t h e  rtand-alone . butes line-commutated. line feedingin- 
hu t  is capable of heing useti with other  nrode. The total cur ren t  harmonic dis- ver te rs  known a s  Gemini Synchronous 
sources a s  \veII. tortion when inter-connected to the  Inverters .  Units  a r e  available up to 15 

The inverter  is capable of operat inr  utility is iilso held to less than 3'7. kw. single phase and u p  to 1500 kw. 
in parnllel with a utility line or a s  a Efficiency is typically 90G for loads in th ree  phase. Applications of thisequip- 
s tand-alone system. .-\ digitally mntrol- excess of In-. ment  include wind systems, photovol- 
led transistor  bridge provides a very Inverter  costs. includinp a n  isolation taic arrays.  small hydroelectric instal- 
high quali ty po\ver output  with less t ransformer and photovoltaic input lations. solar thermal  electric systems. 
t h e n  5 T  total cur ren t  harmonic con- filter. range from approximately11,OOnl and  industr ial  was te  energy recovery. 
t e n t  when interfaced and with less thnn KV.4 capitcity a t  t h e  10 KVr\ level and These  sys temscan  only be used in t h e  
4? total voltage harmonic distortion S2OnlKV.4 tit t h e  :inn KV.4 level. presence of a lower impedance AC 
when operat ing in a stand-alone nrotle. source such a s  t h e  utility grid or  a 
The  phase angle of the  outplat cirn he E x i d e - P o w e r  S y s t e m s  Division. remote diesellgenerator set. Total volt- 
controlled ( =  90:) to  give ei ther  a Icad- R;tleich. S.C. Eside manufactures a a g e  harmonic distortion for th i s  type of 
ing o r  lagging power factor. Efficiency line 11f L'ninterruptahle Power Sup- equipment is a function of t h e  relative 
is approximately 9n- for  outputs  elver pli1.s ( I 'PS)  rirneing in capacity from 30 impedances of t h e  two sources hut  is 
2.5- with a'nn-load draw nf 250 tvtitts. , to 400 K\'.4. I-ncler contract to  TEAM. typically less thbn  I q  for utility appli- 
lnput  voltage range  is lM1.241l vnltc Dr .  Inc.. itntl this Department of Energy. cations. Total cur ren t  harmonic distor- 

The  eq~iipnient  is presently av;til;ihlr Esillc- is ;i(lapting two IXn b\'.4 self- tion can  be a s  high a s  30% for a single 
in s n ~ a l l  c!uantitites a t  acor t  of nl)prnsi- ~.~~tir!irii;ii:etl inverters  i\r.hich a re  nor- phase  system. Powerfactor  is essentihl- 
nratcly $lrinO;k\v c;tpacity includinc the ~n;iIIy piirt of a UPS packaye) for'use Iy proportional to  voltage and reachesa 
photovoltaic interface nntl o n  is1nl;irion with it phott~vnltiiic nrrny and hattery maximum of 0.7 for  single phase equip- 
t ransformer.  Prn,jectetl costs fnr :i I N I I I I -  11;ink. These systems \vill he synchon- ment  and  0.85 for th ree  phase units. 
e rn te  procl~.rctii>n level a r e  b70lblk\v. ixcvl with thin u:ility line hut \rill not Efficiency of t h e  basic inverter ,  exclus- 

I,c iihlc. tn feed r n i s r ~ r  into it. ive of input  f i l ters  and isolation trans- 
D e l t a  E l e c t r o n i c  C o n t r o l  Corp.. Thc.sc~ systi.rns typically hitvt. ;I totai formers is approximately 90% a t  10% 
Irvine. C;t!i,'. Di.lt:t prnrluces a lints 0 1 f  v o l t ; i ~ e  harmonic tlistortinn of 5- with load and  96-9R"r a t  full load. 
self-conrniututet1,lin~~-,'ee~lingr1rsr;in~l.  nn s i n ~ l t .  hiirnrnnir in cSxcess of :I?. Costs for t h e  basic inverter  ranpe 
itlone inverterc with rated (.itp:icitics irp Efficient ies range from 70.755 a t  23'7 fronr SIROlk\v to '$200/kw for single 
to :{no KV.4. Singlt. an11 three-phiirc. !r~;itl tnX0-!)."7 a t  full lo;icl. Cnsts. inclutl- phase systems and  from S?.iOlkw (20 kw 
inverters  up to :!0 KV.4 usla tritnnistrrl.~ irrc ;in isolation tran.;fnrmcr. range capacity)  to  S.5nlkw 11000 kw capacity; 
for t h e  su.itchinr elenirnt. Hicht-r fritni i rpl~rn~init i tc~ly bl.OOO~K\';\ ;it the  fnr t h r e e  phase equipment.  

CML-M CML-M 

DRS-50 

67% 

22-30 
2 
Lead Rev. Fuse 

S ine  
115.2 0.5% 
0.01%/" C 
50 
1 
400 2 0.5% 
0.05%/" C 
1 % 
2 
Fuse 

5" x 11" x 8" 
25 Ib 
- 20" C to + 5.0" C 
Passive 

Model 
Price 
Deliver 
Efficiency 
lnput 

V 
Wires 
Protection 

Output 
Wave form 
V 
Temp. Stab.  
V.A (W) 
Phases  
Freq. 
Temp. Stab.  
Harmonic Dist. 
Wires. 
Protection 

;"-w- 
Physical 

Dimensions , 
Weight 
Temp. Limits 
Cooling 

MNS-50 

72% 

22-30 
2 
Lead Rev. Fuse 

S ine  
105/115/125 ?r 6% 
0.03%/" C 
50 
1 
60 k 0.5% 
0.05%/" C 
3% 
2 
Fuse 

-- 

5" x 11" x 11" 
28 Ib 
- 20" C to  + 50" C 
Passive 

ElCO 

1080 
$86 

12 

117 

220 
1 

4 " x . @ ' x 6 "  
7 Ib 

POWERMAKER 

21 24 
$139 

67% 

11-15 

Lead Rev. 

Square  
1 20 

300 

60 

Yes 

6 " ~ 7 " ~ 6 "  
13 1b 
0" C to  40" C 



" C t o  + 5 O 0 C  

I I I I I 1 

Exhibit 9.6 DC/AC Inverters (0.50 kW Output). 

Manufacturer 

Model 
Price (qty#l ) 
Delivery 
Efficiency 
Input 
, V 

Wires 
Protection 

Output 
FUIIII 
\/ 
Temp. Stab. 
V.A. 
Phases 
Hz 
Temp. Stab. 
Harmonic Dist. 
Wires , 

Protection 
MTBF 
Phys~ral 

Dimensions 
Weight 
Temp. Limits 
Cooling 

Date 

T 

5212-26 
51.416 

70% 

1 1 -1 5/22-30 

CB Lead Rev. 

Slne 
116 * 19C 

500 . 
1 
60 2 0.5% 

T 

5006W 
$1.195 
3 wks 
/O% 

1 1-1 5/22-30 

Sine 
115 +, 541, 

500 
1 "  
60 2 0.5% 

5" * lb*, x g 
19 

POWERVERTER 

PV-550 
$1 39 

12 

i I* /  

550 
1 
60 

--. . . .--- 
7" x 19" x 13" 
65 
.- 10 to + 55" C 

POWERVERTER 
. . 

PV-500FC 
$278 

w 

12 

117 

500 
1 
60 2 2% 

--.-i 

8/74 

5,, lo,n x 9" 
19 



9.7 ACIDC CONVERTERS 
For large AC systems, an ACIDC converter might be used to convert the regulated AC 

to DC for charging a battery. An additional inverter is used to invert the battery current to 
AC for the load. The losses assoc.iated with such a system are tolerable only i f  there is a 
gain due to better matching of load demand and array output. The converters for which data 
are shown are all approximately 65-85 percent efficient and cost approximately $I/\N (see 
exhibit 9.7). A converter is useful for AC loads i f  the demand requirements are drastically 
reduced when stored energy is used. The use of converters is shown in Section 1.2 for, 
supplying AC with battery storage for low night demands. 

Model APS-24-2.2 
Price 
Delivery 

65% 

Wave Form Sine 
V 1 15/230 2 10% 
A 
Frequency 47-63 
Phases 1 

output 
53 VA 

V 24 2 0.2% 
Temp. Stab. 
Ripple 5 mV 
Protection 

' overload 

Physical 
Dimensions 
Weight 7 Ib 

0° to 56' C 
passive 

120 . 480 
28 + 1% 48 i 1% 
0.03%/" C 
300 mV 1 % 
isolated current current limiting 
limiting 

Source: 1979 Allied Electronics Catalog 

I Exhibit 9.7 AC/DC Converters (Rectifiers, Power Suppliers) (0.05 kW) 

9.8 MONITORING INSTRUMENTATION 
Soma transducers that might be useful in monitoring the system performance 0n.a 

continuing basis are listed in exhibit 9.8. Transducers can supply measurements to recording 
equipment and digital and analog computers. The current transducer is inexpensive, and the 
power transducer has a high price, especially relative to a system that might only cost 
$3,000. If the current transducer is used in conjunction with the battery, however, an 
approximate value of the power can be obtained, since the battery voltage varies only 
+ 15 percent, and power = voltage x current (DC power = wattage). For cl single phasc AC - 
circuit, Wattage I Vollage x Current x Power Factor (cosine of phase angle) where power 



factor is, the percentage of total power due to resistance. For a three phase AC circuit, the 
total wattage (W) = 3 x single phase wattage where the single phase voltage = 1 /3 (square 
root 3) x voltage between phases. The single phase voltage is the voltage between phase and 
neutral, thus a three phase AC circuit has "four1' phases where the neutral is the "fourth 
phase". The amount of total power in an AC circuit due to fxcitatign and field flux is 
termed reactive power (VAR). Total AC power = square root (W + VAR ). 

Exhibit 9.8 Transducers 

OSI-PC8 OSI-CT-L 

DC W Transducer Ctrrent Transducer 

9.9 COMPONENT MANUFACTURERS 
The component manufacturers listed in this section are meant to be representative of 

what is available. The list is far from exhaustive. For each application, a similar survey will 
be necessary. 

Price 
Inst. Voltage 
Input 

V 
A 
Frequency 
Resp. Time 
Ohms Outpui . 

V 
A 

Ripple 
Accuracy 

Temp Stab 

i ohms 

Exhibit 9.9, 'which is a partial list of manufacturers, follows. 

$450 
115 VAC 

25 to 600 
0 to 650 
DC to 400 Hz 
50 microsec 
(into 0 to 10,000 ohms) 

1 ma max. 
0.01 ma 
+ 1% 
+1%,O0 t o 4 0 ° C  

$97 

50 to 2,000 
UC to 5,000 to Hz 
50  mictosec 

4 

30 mV 

2 0;5% linearity 
- 0 .15%/0 .C , -40 t0650C 

3 



Exhibit 9.9 partial List of Manufacturers. 
o f  System Components 

'. ' 9-9, ; 
, + 

Wash., D.C. Representative , 

Gans-Fryling, Inc. 
2062 14th Street 
Arlington, VA 22201 

(703) 527-3262 

Electronics Marketing 
Associates, Inc. 
I 150 I Huff Court 
Kensington, MD 20795 

, (202) 38 1-5300 

Bartlett Associates 
4405 East-West Highway 
Bethesda, MD 200 14 

(30 1) 656-306 1 

Perrot Engineering Labs 
1020 N. Fillmore 
Arlington, VA 2220 1 

(703) 528-586 1 

CMLM' 

ACDC 

BATP 

T 

ElCO 

0s  I 

ME 

EL 

G 

i 

Corporate 

CML-Macara, Inc. , 

166 National Road 
Edison, NJ 088 17 

(20 1 ) 287-28 10 

ACDC Electronics, Inc. 
Oceanside Industrial Ctr. 
Oceanside, CA 92054 

(7 14) 757- 1880 

Bulova American I ime 
Products 

Bulova Water Co., Inc. 
6 1-20 Woodside Avenue 
Woodside, NY 1 1377 

./ (2 12) 335-6000 

Topaz Electronics 
3855 Ruffin Road 
San Diegq CA 92 1 23 

(7 14) 279-0 l l I 

Ohio Semitronics, Inc. 
1205 Chesapeake Avenue 
Columbus, OH 432 12 

(6 14) 486-956 1 

McGraw Edison 
Edison Battery Division 
2 10 Redstone Hi l l  Road 
Bristol, CT 06010 

(203) 582-632 1 

Electro Li te 
1225 E. 40th Street 
Chattanooga, TN 37407 

(6 15) 867-4750 

Globe-Union Inc. 
5757 North Green Bay Ave. 
Milwaukee, WI  53201 . 
(4 14) 228-2394 
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SECTION 10 
MODEL SYSTEMS SPECIFICATIONS 

10.1 INTRODUCTION 
JPL has developed and published specifications for the PV modules; however, industry 

work standards have not yet been agreed upon. The Solar Energy Research lnstitute is the 
lead agency in this area. Support is provided by the Electric Power Research lnstitute and 

, , 

the Solar Enefgy Industry Association. 

This section has been prepared to assist those who will be writing specifications for 
procurement. The following specifications should be used as a model in the development of 
specifications for any particular installation. 

This model specification is designed: (I) to enable the system designer to define the 
system in sufficient detail for the manufacturers to supply suitable equipment and for the 
installer to install the system so it will meet the desired functional requirements; ( 2 )  to 
define the quality of the equipment and installation so the maintenance and li'fe of the 
system will be as anticipated in the design selection and life-cycle cost analyses; and (3) to 
control the quality of the manufacture and installation of the system. The designer should 
keep these purposes in mind when applying the model specifications. If  the designer deletes 
an item, he should be willing to accept the corresponding loss of system definition and 
quality control. I f  an item is added, it should be done because there is, a need for a more 
complete definition and quality control. 

I t  is expected that, as experience is gained with terrestrial applications of solar PV 
systems,. standards will be developed by the industry. In the absence of widely accepted 
standards and test procedures, the- following model specification represents one effort. at 
documenting requirements for design, manufacture, installation, service life, and the quality 
control associated with each (See exhibit 10.1). The JPL module specification was the basis 
for section 10.4, appendices I 1 .A and 1 l .B, and section 14.3. 

~ e n e r a l  Photovoltaic Solar System Requirements (see section 10.2)  
System Requirements [see section 1 0 . 3 )  
PV Module Specifications (see section 10 .4 )  
Inverter (see appendix 8 .7)  
Battery Voltage Regulator (see appendix 8 .8 )  
Converter (see appendix B.9) 
Battery (see appendix B.10) 
Electrical 
Structure 
Fence 
Foundations 
Test and Acceptance (see appeiidix 6.1 1 ) 
Warran*/ (see appendix 8 . 1  2 )  

11A. Performance Measurement Procedures 
11 B. Test Procedures 

Exhibit 10.1 Typical Outline for,System Specifications. 



10.2 GENERAL PHOTOVOLTAIC (PV) SYSTEM REQUIREMENTS 
A. General 

I. Drawings: 

a) The drawings diagrammatically illustrate the arrangements of the principal 
equipment and shall be followed as closely as possible. 

b) The drawings shall be neat and the arrangements well spaced throughout. 

c) The drawings and specifications need not 'include exact equipment dimen- 
sions, locations, nor complete accessory items and control wiring devices 
required for each manufacturer's equipment. 

d) Thedrawingsshallprovidecompleteandproperlyfunctioningsystemsthat 
comply with the standards and performance requirements specified herein, 

2. ChangesinLocation: 

a) Changes in locations of equipment from the locations indicated on the 
drawings, to  suit the actual conditions of the work, require written 
approval of the contracting officer. 

b) Chang,es in location after the equipment has been installed, i f  directed by 
the contracting officer, shall be made in accordance with applicable 
provisions of ,  the gener~l~condi  tions. 

I. General: 

n) Mnterinls, when not otherwise definitely specified, shell conform to 
appl icab le national specifications and standards, such as Underwriters 
Laboratories, National Electrical  manufacturers Association Code, Nation- 
al Fire Code, National Electrical Code, and the Uniform Building Code. . 

i 
b) Al lmaterialshal lbenewandinperfectcondit ion. 

1 
C. Items Requiring Submittal *!: 

i 
1. Shop Drawings: 

I 

i '  
! ,  

a) Refer to A. I , Drawings. 

b) In addition to the above requirements, detailed shop drawings are required 
for, but not limited to, the following: 
( I )  snlnr cell morj~~les 
(2) power-conditioning.equipment 
(3). battery and housing for same. 



103 SYSTEM REQUIREMENTS 
' . The accompanying engineering drawings, which are part of this specification, describe 
the system and most of its requiremerits. The PV system, which is comprised of the PV 
array, the support structure, the wiring and connectors, the power-condi tioning equipment - , 

(regulators, inverters, converters, etc.), the batteries, the housings for the equipment, and 
a buses, substations, switchboards, load centers, transmission, distribution, and control shall 

supply all the energy required to operate: an irgigation pump, a transmitter, a radio . 
receiver, and a telemetry system (See exhibit 10.2). The power and energy requirements of 
these devices are shown on exhibit 10.3 of these specifications. The area of the power. vs. 
timetprofile equals energy, where energy equals the summation of power x time duration. . 

What is included in the PV System: Array, Structures, . . . 
What the system powers: Pump, Transmitter, . . . 
Where the system will be installed: Billings, Montana 

. Overview of unusual requirements 
Insolation: Tabulation of monthly averages, NWS for more data 
Load: Graphical representation 
Life: 20  years (10 years for battery) 

' 

Energy storage required: 1 0  days without sun 
Telemetry/Alarm: 20 miles. signal once per hour based on battery voltage, adds to load 

Exhibit 10.2 General Data Needed to Design a Solar PV System 

Exhibit 10.3 Power and Energy Requirements. 

-- p~ ~ - p~ 

PUMP (12 V DC INPUT) 

Locked rotor current: 180 A 
Running current at 12 V: 30 A 
Daily energy required: 700 Wh at 12 V average of the month 
Operating Time: Designer's option 
Use: July, August only 

TRANSMITTER 

14 
INPUT POWER, I, 

W 
AT 7 c, 
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8 

6 

4 

PEAK --- 
1 
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OVER THIS TIME 
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The equipment and installation a r e  t o  be suitable for use over a 20-year period in 
Billings, Montana (example). The system is t o  be designed for insolation corresponding t o  
t h a t  shown on exhibit 1.0.4. If more  insolation detail is required in t h e  design, the  insolation 

. d a t a  available f rom t h e  National Wegther Service shall be  used. The s t ructure  shall be 
designed according t o  t h e  local codes pertaining t o  Billings, Montana. Weather da ta  a r e  also 
available from the  National Weather Service for this location. 

If storage is required, t h e  bat tery  storage capaci ty  shall be  sufficient t o  supply t h e  
energy needs of t h e  devices described above for a period of 10 days without, any energy input 
f rom t h e  solar array. The bat ter ies  shall be designed for a minimum of 10 years'  life. A 
radio-tele.metry a larm system shall be provided to  transmit  a signal proportional t o  the  
ba t t e ry  voltage to a receiver 20 miles from . the  a r ray  installation site. , 

Tho contractor  is to pro~icltt both the nlnrm t ransmit ter  and receiver. T l ~ e  signal 
t r ansmi t t ed  will require power in addition t o  t h a t  of the load described on exhibit 10.3. 
However, t h e  power requirements a r e  to  be kept as low as possible by only transmitt ing t h e  
signal approximately once per hour, When the  hat tery  voltoyc falls below Ihat specified in 
section IU.7, an a larm must light t o  indicate to  the  a t tendant  at the  receiver tha t  the  PV 
system is not performing within t h e  specifications. 

10.4 PV MODULE SPECIFICATIONS 
Solar cell modules meeting the  requirements of this specification shall be mounted or 

grouped into an array s t ruc tu re  compatible with system design constraints for t h e  PV 
application described in section 10.3. The module, panel, subarray, and array designs shall 
sa t is fy  t h e  following general design c r i t e r i a  (See exhibit 10.5). 



Exhibit 10.4 Insolation for Billings, Montqa (45' . . Latitude) 

MONTH 

January 

February 

March . 

1. 

.AVERAGE DAILY INSOLATION 0bi.k 
HORIZONTAL ~ ~ ~ F ~ C E + ( i v l J l m ~ l d a y )  

April 19.09 . . 

May 22.65 

June 25.62 

July. : 26.63 

August 23.32 

September 17.75 

October 

November 

December 5.57 

+NOTE: ' I. Divide by 3.6 t o  convert N\J/m2/day to  kWh/m2/day. 
2. . One M J equals I mi l  lion joules of energy. 
3. One kWh,equals I thousand watt-hours of energy. 
4. one watt equals One joule per second of power. 
5. Insolation equals solar flux which equals intensity which equals 

power density which equals energy per. unit t ime per unit area. 
6. The unit of area used is the square meter, the unit of t ime used 

is the day, the unit of power used is ,the watt, and the unit o f  
, energy used is the joule or the kilowatt-hour. 



Definitions: Based on annual average environment (80 MW/cmz 20' C) 

Electrical Design 

- 20' C. 100 MW/crnZ: 600 VDC 
Grounding: 1 F 50 VDC 
String Reliability/Redundance: Not Specified 

Hot spot does not further degrade 
Regulator connection: Intermediate Tap 
Diodes: External on each module 

Mechanical Design 

Dimensions: Less than 4' . 8' 
Framing: Will not retain snow 
Interchangeable 
Optical Surface: Tempered glass or approved equivalent 
Each module labeled 

Environmental Design 

Temperature: - 40' C to + 90"; 150) 6-hr cycle 
Humidity: 0 to 95%; (6) 24-hr cycle 
Loads: Per site; (10.0001 oycles pressure and suction; 20 cpm 
Warping: 'A" per foot 
Hail: Per site; (9) impacts with 1.5 .. NBS diameters 

Optical Design: 

Limit decrease in efficiency with angle of incidence 

~xhibit 10.5 PV Module Specifications. 

10.4. I DESIGN REQUIREMENTS 

10.4. I. I PERFORMANCE MEASUREMENT DEFINITIONS 
'The following standard performance-measurement definitions shall be utilized: 

( I )  Nominal Power Output - The power output of individual modules shall be 
determined per appendix I I .A. I as the product of the module Nominal Operating 
Vnltngr (v io l  hnd the module current measured at V under standard 
Operating bondit ions (SOC) defined as an irradiance level ?p I00 mW/cm2 and 
cell temperature equal to the Yominal Operating Cell Temperature (NOCT). 

( 2 )  Nominal Operating Voltaqe - VNO is the reference voltage level at which the 
modules are designed to provide maximum power output at standard operating 
conditions (100 mW/cm2, NOCT). The VNO level shall be selected by:the module 
manufacturer/system designer. 

(3) NOCT - NOCT is the module cell tepperature under operating conditions in the 
Nominal Thermal E n v i i o n m e n t T ~ ~ )  which is defined as: 

Insolation = 80 mW/cq2. 
Air Temperature = 20 C. 
Wind Average Velocity = I m/s. 
Mounting = Tilted, Open Back, Open Circuit. 

The NOCT measurement procedure is described in  Appendix I I .A.2. 

* The NTE approximates the annual average environment. 



10.4.1.2 ELECTRICAL DESIGN REQUIREMENTS 
The electrical design of the module shall meet the following requirements: 

( I )  Electrical Voltage Isolation - All module circuitry, including output terminals, 
shall be insulated from exterrial surfaces. The manufacturer/contractor shall 
establish the voltage isolation requirement on the basis of the maximum open 
circuit voltage of the complete system at an ambient temperature of -20' C, 
with 100 mw/cm2 irradiance. The voltage level shall be set at a minimum of 600 
V DC. 

Electrical Groundinq and Safety - To minimize electrical hazard to personnel, all 
modules shall be provided with an external grounding terminal or stud serving as 
a common grounding point for all exposed external conductive surfaces not part 
of the module circuitry. A grounding stud is not required for modules designed 
for systems with operating voltage levels less than 50 V or for modules without 
exposed conductive surfaces, unless removal of covers or mounting hardware will 
expose such surfaces. Lightning protection must be provided for the array. 

(3) Cell Strinq Circuit ReliabiIity/Redundancy - Circuit redundancy features shall be 
incorporated where cost effective to enhance the re1 iabi li ty of completed 
modules. Any conflict between minimum reliability and cost shall be in favor of 
minimum reliability, per se. Design features may include, but are not limited to 

, the following: 

(a) Redundant interconnections between solar cells, including redundant 
cell attachment points, 

(b) Series/parallel interconnection of cells within the module, and 

(c) By-pass diodes with each module. 

The decision to incorporate redundancy features shall be based on minimum 
reliability and the expected percent improvement in lifetimelyield and replace- 
ment cost ,as contrasted with the percent increase in module costlwatt. 
Series/parallel circuit arrangements, when used, shall be designed so that "hot 
spot" cell heating does not legd to further module permanent degradation under 
worst-case-single-cell failure conditions defined as follows: 

(a) The module output is short circui ted. 

(b) k single representative solar cell is open circuited to represent a 
single cell failure. 

(c) The incident irradiance is 100 mW/cm2, air-rnass equal to 1.5. 

(d) The thermal boundary conditions are adjusted so that the equilibrium 
solar cell temperature outside the hotl$ot region is equal to NOCT + 
20° C. 

(4) 'Connections for u Shunt Voltaqe Hequlator - If a shunt type voltage - - regulator 
will be used, an intermediate lead must be provided on each module. I he output 
voltage to ground of this lead shall be between 10 and I I V, si~ch that the shunt 
regulator can be connected between the intermediate lead and the high-vol tage 
terminal of the array, since a shunt connection is a parallel connection. 



(5) Diodes - All ' diodes used to prevent reversed current through the modules must 
be replaced without damage to the module, when diode performance becomes 
unacceptable. 

10.4.1.3 MECHANICAL DESIGN REQUIREMENTS 
The mechanical design of the module shall meet the following requirements: 

( I )  Module Geometry - To meet the arraylsystem requirements for mounting, each 
module shall meet the envelope, mechanical, and interface requirements speci- 
fied by an Interface Control Drawing to be prepared by the 
manufacturer/contractor, providing as a minimum the following information: 

- (a) Maximum envelope dimensions and tolerances, 

(b) Locationofoutputterminals, 

(c) Mounting hole or attachment provisions, dimensions, and tolerance, 

(dl Illuminated (active) surface dimensions and shadowing or view angle 
constraints for low .level nnnr~ntrators, and 

(e) Nominal electrical performance. 

To allow for convenient handling, the maximum module dimensions shall not 
exceed 48 in. by 96 in. Suqqested standard dimensions and hole locations are 
provided in. exhibit 10.6. In this exhibit, the module width may be any dimension 
up to the 96 .in. maximum. The framing for the module shall be designed so snow 
is not accumulated by the frame such that the cells remain covered. 

(2) Interchanqeability - All modules shall be physicaliy and functionally inter- 
changaab!e. -i'olerances on all externul r.~~oclule dimensions shali be maintained at 
a level consistent with module interchangeability, Surfaces, mounti~ry I~ules, and 
apy attachment hardware associated with the attachment interfaces shall be 
maintained within tolerance specified in the Interface Control Drawing. 

(3) Optical Surface Soilinq - The illuminated optical surface(s) of the module shall 
be smooth and generally free of projections that could promote'entrapment of 
dust and other debris. Particular attention shall be given to the selection of 
materials for the apticul scrr,fuce(s) whlch will minimize the accumulation of 
nonremovable contaminants, fungus growth, particulate matter and stains, and 
will promote self-cleaning by natural processes such as wind and rain. A sheet of 
tempered glass meets these requiretnentsj hnwevcr, other I I IU lerials may 6lso 
prove suitable, but must be approved by the owner. 



(ALL DIMENSIONS IN INCHES) 

47.88 + 0.00 
LENGTH - 0.12 

Exhibit 10.6 Suggested Module Standard Dimensions. 

(4) Module Labeling and Identification - Each module s h ~ l l  be identified in a 
' ~ermanent and leaible manner- with suitable labels or markings specifying the - .  
inanufac turer's mGdule model number (or drawing) and revision, sequent ihl ier  ial 
number, year and week of manufacture, and maxi mum system operating voltage 
for which the module is designed. Additional information may include the V 
bnd power of the module. The identification shall be installed at a position tk!? 
.is visible from the front (illuminated) side of each module, when installed in the 
array. The polarity of each electrical terminal shall be marked .in a permanent 
and legible manner in a position .that is visible when ,accessing the electrical 
terminals in a completed array. Positive, negative, neutral,oand ground shall be 
explicitly indicated. 

10.4.1.4 ENVIRONMENTAL DESIGN REQUIREMENTS 
Environments to be cohsidered in assessing possible degradation of module electrical 

perforinance and physical properties include: solar exposure (particularly ultraviolet-UV);r 
thermal conditions, including freezing and thawing; effects of wind, rain, snow, ice, hail, 
salt mist, and atmospheric oxidants; dust 'and debris accumulation, especially nonremovable , 



stains or contamination; and, dynamic loading effects of wind, snow, and hail. As a 
minimum, the module design shall be capable of withstanding exposure to the following 
environmental test environments: 

( I )  Thermal cycling from -40' C to + 90' C per Test Procedure in appendix I 1 . & I .  

(2) Humidity per Test Procedure appendix 1 1 .B.2. 

(3) Mechanical cyclic loading per procedure in appendix 11.8.3. The test load level 
shall be determined by the manufacturer/contractor on the basis of the antici- 
pated application site niaximum wind gust velocity. (A test level pressure of - +50 
Ib/ft2 is tommon practice.) 

(4)  Warped mounting surface of Y4 in/ft per Test Procedure in appendix 1 1.8.4. 

(5) Hail impact testing per Test Procedure in appendix 11.8.5. The rnaximum size 
hailstones that the module can withstand shall be determined by the manu- 
facturer/contractor on the basis of an assessment of the hail rid< at thc intended 
application site, 4 

The manufacturer/contractor shall establish additional environmental requirements 
dictated by special environmental conditions at the intended application site. 

10.4. I .S OPTICAL DESIGN REQUIREMENTS 
As the angle of incidence of the insolation to collection area changes, the optical 

surface coating will result in a decrease in module output for a given insolation. Both 
reflection and absorption increase with angle of incidence. The tests and ratings resulting 
from these specifications will be useful in designing the system for year-to-year use. The 
output of the module shall not be less than that indicated in exhibit 10.7 as the angle of 
incidence changes, for any azimuth angle of the sun. 

Exhibit 10.7 Transmission Properties of Class. 
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10.4.2 QUALIFICATION HEQUlRE@3TS 

10.4.2.1 PERFORMANCE CHARACTERIZATION REQUIREMENTS 
The tests included in this section shall be performed to characterize the module 

. per.formance and to provide a high level of confidence that all modules will function within 
the specified performance requirements. 

( I )  Determination of NOCT - For purposes of providing a measurement of module 
performance that is representative of .the anticipated terrestrial application, all 
module performance measurements are referenced to the NOCT. NOCT is 
defined as the average cell temperature in the module under operating conditions 
in the NTE. NTEois characterized by 80 mW/cm2 insolation, ambient air 
temperature of 20 C , average wind velocity of 1.0 m/s, with the module 
mounted in an open back condition (i.e.,' not insulated on back side). Actual cell 
temperatures shall be taken at conditions approximating NTE to obtain the solar 
cell NOCT. The NOCT shall be used for all measurements of module per- 
formance at SOC. The approved techniques for performing the NOCT characteri- 
zation test are included in appendix I I.A.2. 

( 2 )  Initial Electrical rL"\easurement - A minimum of five production module samples 
shall be used to determine module baseline electrical performance. 

rbeasurements shall be conducted at the NOCT determined per paragraph 
I 

10.4.2.1 and the V specified by the manufacturer/contractor for the intended 
P? application. In ad ~t on to obtaining a baseline I-V characteristic curve for each 

module, the average output power (P avg) at VNO shall be calculated from 
measurements of all prototype samples. Any sample producing less than the 
nominal average power. under SOC shall be replaced by an acceptable module 
prior to subjecting these modules to the design qualification tests in 10.4.2.2. 
The Nominal Average Power is defined as the average power c t  SOC and V 
according to the manufacturer's specification, as used in the system design. fh& 
output power determined for each module shall be the calculation base for 
deter mining extent of performance degradation during environmental quai i f  i- 
cation testing. 

10.4.2.2 DESIGN QUALIFICATION TEST REQUIREMENTS 
This section specifies the minimum tests that shall be performed by the contractor/ 

manufacturer to verify that the modules will satisfy the design requirements of this 
specification (see exhibit 10.8). Owners may, at their option, in addition to the character- 
ization tests described in 10.4.2.1, perform any or all of these tests on submitted prototype 
modules prior to approval of the module design. Modules shall be mounted on rigid structural 
frame simulating the selected.mounting interface and configuration for all design qualifica- 
tion testing. As a minimum, the following qualification tests shall be performed in the order 
listed. 



Determine Nominal Operating Temperature and Voltage 
Determine Nominal Average Power 
Ground Continuity: 5 0  milliohms 
Electrical Isolation: 50  micro amps (Omit test if under 5 0  V) 
Environmental Test: 

Ground Continuity 
Electrical Isolation I 

Thermal Cycling 
Humidity Cycling 
Mechanical Cycling 
Vibration Test 
Warped Mounting 
Hail 
Electrical Isolation 
Final Elecrrlcal Pertormance Test 

Acceptance: Less than 5% Degradation 

Exhibit 10.8 Qualification Test for PV Module. 

. . 

( I  ) Groundinq Continuity Test 

Each module' having exposed external cond~~ctivr? surfaces (i.c., frame or 
sTructural members) shall be tested using a suitable continuity tester to verify 
that electrical continuity exists between all such surfaces and the module 
grounding point. The maximum resistance to ground shall be 50 milliohms (50 x 
10-"rns). 

(2) Electrical IsolationTest 

Each module shall be subjected to a DC-vol tage-wi thstanding (Hi-Pot) test to 
assure the capability of the encapsulation system to provide adequate electr ical 
isolation of internal circuitry, This test level shall equal the design level 
established by the manufacturer per paragraph 10,4.1.2. Leakage current during 
the test shall not exceed 50 micro A (50 x I 0-6 A) and there shall be no evldence 
of arcs, or flashover indicating insulation failure. Modules for which the 
maximum system voltaqe does not exceed 50V =are exempt from this re- 
qui rement. 

Environmental Test inq 

Each module shall be subjected to the following environmental exposures, plus 
any additional special environmental tests which the .manufacturer/contractor 
may require for the intended application. These tests shall be conducted in the 
order indicated: 

(a) Ground continuity test 

(b) Electrical isolation tests per appendix 1 1 .B.6 
, . 

(c) Thermal cycling test per appendix I I .B. I 

(d) Humidity cycling test per ap?endix 1 1 .B.2 



(e) Mechanical cycling test per appendix 1 1 B . 3  

(f) Vibration test - not part of JPL specification 

(g) Warped mounting surface test per appendix 1 1 .B.4 

(h) Hail impact test per appendix 11.8.5 

(i) Electrical isolation' tests per appendix I I .B.l 

(j) , Final electrical performance test per appendix I I.A.I. 

(4) Quai i f  ication PassIFail Cr iteria--The output power degradation of each tested 
module, determined after completion of all qualification tests, shall not exceed 5 
percent of the initial electrical performance determined per 10.4.2.1. The 
module shall pass the electrical isolation test (appendix 1 1.8.6.) when retested at 
completion of qualification tests. The allowable level of observable cracks or 
other mechanical degradation (such as delamination of coatings) shall be 
determined by the manufacturer/contractor. Acceptable performance under the 
qualification testing requirements is a prerequisite for owner approval of the 
module design. All test reports showing the results of the qualification tests shall 
be submitted to the owner. 

10.4.23 MODULE ACCEPTANCE REQUIREMENTS 
( I ) Electrical Performance 

Each module shall be measured to determine its current-vol tage character istics 
(I-V curve). Measurements shall be made in accordance with appendix I I .A. I. No 
module shall be accepted .for delivery which produces less than the Nominal 
Average Power under SOC, where P = V x I. 

( 2 )  Electrical Isolation 
Each module shai'l be subiected to .  a DC 'Hi-Pot' test to assure adeauate 
electrical isolation for safety of operating personnel at system opeibting 
voltages. The exposc A, external, conducting surfaces shall be electrically .iso- 
lated from any PV voltage. 
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SECTION I I 
INSTALLATION, OPERATION, AND MAINTENANCE 

I I. I INTRODUCTION -- s 

A PV manufacturer has provided . an instal lation and maintenance manual, with 
troubleshooting and onsite testing procedures. That manual is included in 1 1.4. 

Solar power system performance is usually monitored onsi te, however, remote 
monitoring via telemetry i s  possible. Because the choice of monitoring techniques can have 
a significant impact on life cycle cost, a discussion of the economics of the monitoring 
procedure is included. 

1 1.2 OPERATION AND MAINTENANCE 
Generally, PV power systems are trouble free, requiring only periodic inspections. The 

conditions of the array should be noted and meticulously recorded after each inspection, as 
well as information required by DOE in degradation reports, which should be recorded and 
for warded. 

Foreign matter coming into contact with the array surface will normally fall away due 
to the mounting angle or be washed away during .rain. Some sources of array soiling are dust, 
pollen, airborne emission particles, and bird droppings. i 

A sound maintenance practice is to permanently install monitoring meters between 
subassemblies and ensure isolation' capability. It is also desirable to be able to switch the 
meters into the circuits, as required (see exhibit I 1.1). The cost for the meters and switches 
and the effort to wire them into the circuits will be well worth the work and extra costs 
involved when routine monitoring or troubleshooting is required. 

The specific gravity of battery elec,trol yte must be inspected, i f  possible and 
applicable, to ascertain the charge of t h ~  batteries, where specific gravity equals the ratio 
of electrolyte density to water density. An immersion thermometer and hydrometer are 
required. The hydrometer reading should be corrected for temperature using the 
temperature of the elecjrolyte solution and not the ambient air temperature. The specific 
gravity in the batteries should not differ from each other by more than 0.020. The state-of- 
charge of the batteries should be consistent with the season and recent weather conditions. 
The hydrometer is an instrument for measuring the specific gravity of liquids: i t  is a 
graduated, weighted tube that sinks in a liquid up to the point determined by the density of 
the liquid. 

VOLTMETER, 

PV 
CELL ARRAY 

CONDITIONER 

I I I 
I .  

Exhibit 11.1 Proposed Installation for Monitoring/Troubleshooting. 



1 1.3 MAINTENANCE AND REMOTE MONITORING WITH TELEMETRY 
Maintenance can be handled through a maintenance contract wi th the supplier or a 

local contractor. The cost of such an arrangement is easily determined from quotations. 
Because high-technology maintenance specialists are not required for most PV systems 
under most circumstances, the Federal agency wil l usually handle the maintenance Itself. 

When the agency performs the mainfenance, there is a tradeoff between the frequency 
o f  site visits and the use of telemetry systems to radio the condition of the system. For 
example, i f  1 week o f  power outage is the maximum tolerable in a remote site, then weekly 
inspections are necessary. However, i f  a radio telemetry system is used, inspections may not 
be needed. Only the repair crew wi l l  be required to visit the site and, then, only in the event 
of a failure. The cost of the inspection labor must be weighed against the cost of telemetry 
systems. A telemeter is any device for measuring temperature, radiation, etc. a t  some 
remote point and transmitting values obtained to a dis.tunt indicator, recorder, or observer. 

Telemetry systems can be obtained f hat cost approximately $4rlO for I runsmission 
distances under 0.5 mile, wi th an additional $50 for each mile from the receiver. The 
teler11etry-3ystcm cost rlnct.21 i70t increase m l~ch  wi th the amount of data transmitted. The 
simplest system would transmit a constant signal ra a ~IIUIII . I~~, ecntral stdinr~. If the PV 
system should fail, the signul would be discontinued. The maintenance crew would then be 
dispatched to the site so the system could be repaired within the allowable downtime. I f  the 
telemetry system should fail, the signal would again be'stopped and the maintenance crew 
would again be sent out for iepair. There would 'be no dif f iculty in making the signal 
proportional to the output current or some similar indicator of system performance. 

In some applications, such as forest observation statioris and American Indian villages, 
daily inspection is practical because people are near the systems everyday. In other 
applications, the PV system is powering a transmitter, so the loss of the transmitted signal 
would indicate failure. Alternatively, the transmitter could be used to signal that the 
emergency (backup) battery is being used, so the PV system needs attention. In applications 
such as these, a separate telemetry system is not required. Periodic inspection of the system 
rrioy st i l l  be desirablp: to determine if some element of the system not covered by the 
telemetry system is not fucctioning properly. Two visi t b  per year would be reusonable, in 
light of the past, favorable experience witt i  solar PV systems, If the systems prove 
sufficiently reliable and durable, the semiannual inspections may alleviate the need of the 
telemetry system. 

In the absence of reliabil i ty data, the tradeoff must be made between the cost of a 
telemetry system and the cost of frequent site visits. The cost of the site visit wi l l  be 
approximately $20/hr, when wages and overhead are included. The t ime on site wil l be 
approximately 60 minutes. Additional t ime wil l  be required for travel. Assuming the travel 
can be accomplished at 40 mph, the tradeoff between'telemetry and site visits is shown on 
cxhibit 11.2, Only i f  the solar-powered system can be out of commission for more than 
approximately 100 days should personal inspecliol-r he c~sed. (Early in the proiect, weekly 
inspections may be desirable to learn o f  any unforeseen problems. However, over the 20- 
year life, the frequent visits have l i t t le  effect on the l i fe  cycle cost tradeoff.) For most 
unattended, remote systems the telemetry system wi l l  be cost effective. 
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Exhibit 11.2 comparison of Life Cycle Costs for Telemetry vs. 
Inspection Systems. 



1 1.4 Installation and Maintenance Manual 

TABLE OF CONTENTS 

Section ' Title and Contents 

1 .O General 

2.0 Unpacking and Assembly 

3.0 Testing 

Test 3-1 : Solar Array Performance 
Test 3-2: Blocking Diode Performance 
Test 3-3: Battery Self-Discharge 

4.0 Maintenance 

4.1 Regular Maintenance ' 

4.2 Troubleshooting Guide 
6.3 Mudule a l ~ d  CIlotie Aep~aeemenr 

5.0 Tools and Equipment 

5.1 Installation and Maintenance Tools 
5.2 Tooting Bqulpmant 

Page 

2 

2 .  

3 

'INSTALLATION DATA 

Site Location: 

Tllt Angle: Regulator: BVR, Design Load: AHlday 

Battery: Model connected cells in series by banks in parallel 

THE FOLLOWINQ QATEST DATA PERTAINSTQ YOUR SOLAR ELECTRIC GENERATOR: 

A m y  Podormrncr 

Array Model: Serlal I#: 

Rated Output' A m p s  at Volts 

Rated Short Clfgyit Current':.. . . . . . .... . ........-. Yithl* 

No. of Series-Connected Solar Cells: 

No. of Parallel-Connected Solar Celts: 

Brama Cwforrnanco 

No. ot Separate Frames in Array: 

Model M m o d u l 0 ~  o n f r a m e ( s ) .  

Rated Short Circuit Current' of f r a m e 1 s ) : a m p s  ea 

. Model M 'modules o n t r a m e ( s ) .  

Rated Short Circuit Current' ot frame ( s ) : a m p s  .ea. 

Module Pertormanee 

- MODEL M module 

Rated. Shod Circuit C~rrent': Amp8 

rlo. 61 Geri6s.Conneclod Oolhr 0slis. 

No. of Parallel-Connected Solar Cells: 

MODEL M module 

Rated Shon Circuit Current': Amps 

No. of Series-Connected Solar Cells: 

No. or Parallel-Connected Solar Cells: 

- ~ t  100mWI cm2 sunlight intensity.and 2R.C cnll tnmpnratllra 



1.0 GENERAL 
1.1 This manual includes the unpacking. assembly. and 
maintenance instructions for the Solar Power Corporation 
Solar Electric Generator Series M Arrays. For information 
relating to the installation and maintenance 01 the storage 
battery system, refer to Manufacturer's Instructions. 

1.2 Properly installed solar electric generator sysiems 
should only require regular maintenance visits once a year. 
Maintenance recommendations are given in Section 4.1. 

1 .3  If any trouble does develop, Sections 3.0 and 4.0 give 
complete test. troubleshooting, and repair procedures. If 
addilional help is required, contact the Technical Service 
Department at Solar Power Corporation. 

2.0 UNPACKING AND ASSEMBLY INSTRUCTIONS 

2.0.1 Because the arrays may be anchored to different 
types of mounting surfaces. the customer i s  expected to 

'supply mounting hardware. 1 -. 

2.0.2 If the total array consists of more than one frame. 
reDeat all instructions for each frame. 

2.1 UNPACKING AND ASSEMBLY - 
ARRAYS WlTH TELESCOPING LEGS 

2.1.1 Open the crate. Remove the layer of packing 
material and any other hardware or items that are on top of 
the acray. 

2.1.2 Lift the array out of the crate and hold it nearly 
vertical or place it on the ground, front module surface 
facing up. DO NOT PUT THE ARRAY ON THE GROUND 
FACING DOWN. 

2.1.3 Unbolt the mounting feet from the leg sections. 
Retain this hardware and all other hardware removed in the 
following steps: it will be needed to assemble the legs and 
rnounting feet to the array frame (reference Figure 1 b). 

2.1.4 Unbolt the two large leg sections (larger cross 
sectional area) from the bottom rnounting brackets. Attach 
one mounting foot to one end of each of these leg sections . 
as shown in Figure 1. Point C. It may be necessary to loosen 
the bolt holding the small leg to the top mounting bracket. 
thus allowing the leg to swing. 

2.1.5 Attach the remaining two mounting feet to the 
bottom mounting brackets (the ones that do not have leg 
sections attached t o  them) as shown in Figure 1 .  Point D. 

2.1.6 The array is now fully assembled and ready to be 
moved to i ts installation location and oriented. If the array 
must be disassembled or recrated, reverse the above . . 
procedure. 

2.2 ORIENTING THE ARRAY - 
ARRAYS WlTH TELESCOPING LEGS 

2.2.1 When selecting a mounting location, make sure that 
the bottom of the array will be at least 3 feet (or 1 meter) 
higher than the maximum snow depth level. 

2.2.2 IMPORTANT: THE ARRAY MUST BE ALIGNED 
SUCH THATTHE FRONT (MODULE) SURFACE DIRECTLY 
FACES DUE SOUTH (DUE NORTH IN THE SOUTHERN 
HEMISPHERE). WHEN USING A MAGNETIC COMPASS 
MAKE SURE TO CORRECT FOR THE LOCAL DIFFERENCE 
BETWEEN MAGNETIC DIRECTION AND TRUE DIRECTION. 

" ~ n c h o r  the front mounting feet once the array is aligned. 

FIGURE 1 

W.18 2% in. bolt 

g / i e , b r .  MOUNTING no 



2.2.3 Anchor the legs' mounting feet to the mounting 
surface. It is best to make support spacing (0) equal to array 
dimension (A) (reference Figure 2b). Other positions may be 
used as necessary depending on the angle required,andlor 
terrain considerations. 

2.2.4 To set the tilt angle of the array, remove the long 
bolts anchoring the leg sections together (reference Figure 
1, Point 0) and adjust the length of the telescoping legs. The 
tilt angle of the array (the angle the array surface makes with 
a horizontal surface) should be adjusted to within 2 degrees 
of the specified angle. An inclinometer (adjustable angle 
liquid level) is most useful in measuring this angle. 
although, with care, a protractor and an ordinary bubble level 
may also be used. Reinsert the bolts and tighten. 

2.2.5 Tighten all nuts and bolts. 

FIGURE 2 

TRUE SOUTH 
(NORTH IN SOUTHERN HEMISPHERE) true hotamnu1 
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2.3 ATTACHMENT OF CABLES 
2.3.1 If a battery voltage regulator Is included in the system 
or if one is  added to the system, follow the instructions 
included with the regulator. 

2.3.2 Single Flame Amys: The output cable can be 
attached directly to the battery. Observe thecorrect polarity; 
black is positive, white is negative (reference Figure 4). If the 
polarity is accidentally reversed, nodamage will result to 
either the array or the battery (assuming the battery is of the 
propervoltage for thearray). However, if the polarity is left 
reversed for more than a few hours, the solar electric 
generator system will not function and the battery may 
become discharged. 

2.3.3 Multlfmmr Amye: Each frame is supplied with a 
separate output cable. Attach the output cable directly to the 
appropriate battery terminal (observe correct polarity). 

2.3.4 After connecting cable(s) to the battery and 
connecting any required battery intercellconnecting wires. 
protect all battery terminals from corrosion with a layer of 
y reass. 

FIGURE 3 

OUTPUT CABLE 

3.0 TESTING 
. . 

There are several tests that can be conducted to check. 
system performance: Test 3-1 (Solar Array Performance), 
Test 3-2 (Blocking Olode Performance), Test 3-3 (Battery 
Self-Discharge). These can be performed either 
independently or in conjunction with the Troubleshooting 
Guide. Section 4.2. 

Upon installation. Test 3-1 (Solar Array Performance) should 
be conducted. Tests 3-2 and 3-3 should be performed if 
trouble occurs. 

The annual maintenance visit can include the following 
simple check of the solar electric generator system 
performance. Measure the specific gravity of the battery 
electrolyte (for lead-acid batteries) with a standard battery 
hydrometer. Correct the readings to 77°F (25°C) using Table 
3-1. Refer to Table 3-2 and relate the percent of battery 
capacity remaining to the corrected electrolyte specific 
gravity. If battery electrolyte specific gravity is low, refer to 
Section 4.2, Conditions 1 and 2. 

TEST 3-1: SOLAR ARRAY PERFORMANCE 
1. This test must be performed during the middle hours of a 

sunny day. The sun must be clearly visible with no thick 
haze present. 

2. Disconnect array cable(& or voltage regulator-battery 
cable from the battery terminals. If the system contains a 
rogulater(o), disconnect regulstor(s) following 
instructions provlded with regulator(s) before proceeding 
i n  the next step 

3. Connect a suitable ammetor across the two disconnected 
cable leads (reference Flgure 4). The ammeter's resistance 
should be such that the voltage drop across the ammeter 
is less than 0.3 volt. Adjust the tilt angle of thearray to 
obta~n the maxtmum current output as ~ndlcaled by l ltu 
ammeter. 

FIGURE 4 

Scale k mar. m a y  
shon clrcult cunent 

4. The ammeter current reading (short circuit current) should 
be approximately 70% of the 1 0 0 m ~ l c m ~  short oircuit 
current (listed under " ~ r r a y  Performance" on the front 
20ue1'). 

5. Disconnect the ammeter. Connect across the same cable 
leads (reference Figure 5) a voltmeter having an 
impedance of at least 1,000 ohms per volt. The volt- 
meter reading (open circirit voltage) should.be greater ' 

than 0.48~011 times the total number of solar cells 
in  series (listed under "Array Performance" on the f r ~ n t  
cover). , 

FIGURE 5 

open elrcull voltage 



6. Disconnect the voltmeter. Reconnect the negative lead to 
the battery. Connect an ammeter between the positive 
cable lead and the positive battery terminal (positive 
ammeter lead to the positive cable lead). Connect the 
voltmeter to the two cable leads (reference Figure6). If 
this voltage is less than 2.2 volts times the number of 
series-connected lead-acid battery cells, the measured 
current should be at least 80% of the current measured in 
Step 4 (assuming sunlight conditions unchanged since 
Step 3). 

FIGURE 6 
- 

output cabb 

Vokmecsr 

7. For multiframe arrays this test procedure can be repeated 
for each individual array section by making these tests at 
each individual array cable termination. For each 
individual array section, disconnect the cable leads from 
the terminal block inside the external junction box and 
repeat Steps 3 through 6. The corresponding information 
for each frame is listed on the front cover of this manual 
(reference "Frame Performance"). 

8. If an array does not pass this test, refer to the Trouble- 
shooting Guide. Sqt ion  4.2. 

TABLE 3-1 

HYDROMETER READING CORRECTIONS TO 77" F - 

' 60 -0.008 
50 -0.01 2 
40 -0.016 
30 -0.020 
20 -0.024 
10 -0.028 
0 -0.032 

-1 0 -0.036 
-20 -0.040 . 
-30 -0.044 
-40 -0.048 

I€: The temperatureof the electrolyte solution. not the 
,lent air temperature, should be measured with an 

Elulrolyto lemp.mture 
l'F1 

immersion type thermometer. Some hydrometers have a 
thermometer and temperature correclion scale built in. 

Comction 
[add to mading1 

TABLE 3-2 

PERCENT OF500 HOUR RATE CAPACITY REMAINING 
vs. 

ELECTROLYTE SPECIFIC GRAVITY (CORRECTED TO 77°F) 

TEST 3-2: BLOCKING DIODE PERFORMANCE 
1. This test must be performed either at night wilh no. 

artificial light striking the array or with a black opaque 
cloth covering the entire array (reference Figure 7). 

?/, Capaclty 
Remaining 

100 
90 
80 
70 . 
60 
50 
40 
30 
20 
10 
0 

2. Disconnec!the positive lead of the array cable(s) or the 
voltage regulator-battery cable from the battery terminals. 
Connect a milliammeter between this disconnected lead . 
and the positive battery terminal (positive milliammeter lead 
to the posltlve baltery term~nal) (reterence Figure 7). The 
current measured should be less than 4mA times the number 
of solar cells connected in parallel (listed under "Array 
Performance" on the front cover). 

3. A current exceeding the aboye value indicates that the 
diode(s) has developed excessive reverse leakage current. 
I f  the array contains a diode mounted in a junction box, it ' 

should be replaced (reference Section 4.3). If the system 
includes a voltage regulator(s), refer to Regulator Manual 
for testing procedure. Otherwise, the diode(s) is located 
inside the module(s) and this test should be repeated 
for each module on the affected frame. Access to each 
module's leads may be obtained by removing the attached 
junction box cover. Disconnect the leads at the terminal 
block before startifig the test. Remember that no light can 
strike the module's surface. Diodes located in the terminal 
box attached to the back of esch module are sealed 
and cannot be replaced in the field. Any module that 
shows excessive reverse leakage-current should be 
replaced (reference Section 4.3). 

lnltlal Electrolyle 
Specific Gravity 

1.210 1.250 1.300 

Hydrometsr Readlng 
[Corrected to 77'FI 

TEST 3-3: BARERY SELF-DISCHARGE 
[LEAD-ACID BARERIES] 

NOTE: THIS TEST WILL REQUIRE REMOVAL OF THE 
BATTERY SYSTEM PROM THE ARRAY SITE. 

1. Disconnect all cables from the battery terminals. Charge 
the battery or battery cell at a current rate not exceeding 
the battery's capacity in ampere hours divided by 20 hours 
(e.g., a 100-ampere hour battery would be charged at a 
current of 5 amperes or less). A standard battery charger 
should suffice for this purpose. Discontinue charging 
when the battery's terminal voltage exceeds 2.3 volts 
per series-connected battery cell. 

1.300 
1.283 
1.266 
1.249 
1.232 , 
1.21 5 
1 .I98 
1.181 
1.164 
1.147 
1.130 

1.210 
1.197 
1.185 
1.172 
1 .I60 
1.147 
1.135 
1.122 . 
1.110 
1.097 
1.085 

2. Take a specific gravity reading of the electrolyte in each 
baltery cell and record the correcled values (use Table 3-1 
and an immersion thermometer). 

1.250 
1.235 
1.221 
1.206 
1.192 
1.177 
1.163 
1.148 
1.134 
1.119 
1 .I05 



3. Allovv the baltery to stand ialeal room lemperature lor a 
week A l  the end of Ihe Meek lake a seccnd sel ol spec~ l~c  
grav~ly reaolngs. Compare wilh readings laken In Step 2. 
Correcled read~ngs dil ler~ng by more lhan 15 poinls 
10.0151 Indicate a baltery cell w ~ l h  excess~vely high sell- 
d~scnarqe. 

4.0 MAINTENANCE 
4.1 REGULAR MAINTENANCE 

IYearly Intervals recommended.) 

4 1 . l  Check oatlery electrolyte level. Replenish with 
oistilled water. 11 necessary. When checking or adding to the 
ballery eleclrolyte. the battery manufacturer's 
recommendalions should be lollowed. 

4.1.2 Check the module surface(s) lor dirt buildup. Normal 
rainfall will usually be sullicient to provide for self-cleaning. . 
11 the array is t~l led at 15' or more lrom the horizontal. 
However. il dirt buildup becomes excessive. either plain 
water or a m ~ l d  detergent solution followed by a water rinse 
may be used. DO NOT USE SOLVENTS OR STRONG 
DETERGENTS. 

4.2 TROUBLESHOOTING GUIDE 

Most problems can be isolated with theaid o f  the 
lollowing guide. I f  it is impossible to locate ttie problem. 
please contact the Technical Service Department at Solar 
Power Corporation lor assistance. 

SYMPTOM Other Symptoms 
Battery electrolyte Specific gravities 
specific gravity low of all battery cells 
[lead-acid batteries] differ no more than 

20 points (0.020) 

Checks and Repalrs 

1. Check all battery electrical connections for corrosion and 
mechanical soundness. Clean andlor repa!r. 

2. Check to see il there are any obstructions that shadow any 
portion 01 thearray during any part o f  theday. If this 
condition exists, either the obstruction must be removed 
or the array must be moved to an unobstructed location. 

3. Check the orientation of the array. Make sure it is facing 
directly due south (north in the southern hemisphere) and 
the tilt angle is correct (reference Section 2.2 or 2.3). 

4. Check the load current. Calculate the eguivalent number 
01 amo hours Der day reauired by the load. Compare this 

5. Check the solar array output by following the instructions 
in Test 3-1. Refer to Conditions 3. 4, 5. or 6 (Section 4.2) 
as necessary. 

6. Check the blocking diode(s) by following the instructions 
in Test 3-2. 

7. Check lor high battery sell-d~scharge by following Ihe 
lnstructlons in Test 3-3. 11 the battery or part of the total 
battery system Iails3h1s lesl. replace the defectwe batlery 
cell(s). 

SYMPTOM Other Symptoms 
Same as Specific gravity of 
condition 1 only one or a few 

battery cells low 

Checks and Repairs 

1. Check for excessively high electrolyle level. If so. sheller 
baltery lo prevenl rain from entering lhrough the vent 
hole(s). 

2. Check the affected cells for high battery self-discharge by 
following the instructions in Test 3-3. Replace batten/ cell 
or battery containing bad cell. 

SYMPTOM 
Array open circuit 
voltage equal to 
zero [from Test 3-11 

Checks and Repairs 

1. Single Frame Arrays: 

(a) ll thearray consists of only one module. that module 
must be replaced (reference Section 4.3). 

(b)'lf the array consists of more than one module. remove 
the cover o f  the junction box mounted to the back of 
the array. With the output cable disconnected from the 
battery terminals, test for voltage at the individual 
module leads. If voltage is present. there are bad 
contacts. At the terminal block.orthe crimp 
connectors attached to the output cable are not 
making contact to the wire. or the output cable's 
conductors are broken. Clean all connections. Test . 
crimp connectors by pulling on wires. Recrimp or 
attach wiredirectly to terminal block if necessary. Test 
the cable with an ohmmeter or continuity tester. 
Replace output cable if it isan open circuit. 

calculation against ihe design load listed under 2. Multiframe Arrays: 
"lnslallation Data" on Ihe front cover. I f  Ihe measured load 
exceeds the design load. contact the Technical Service (a) Remove junction box cover. Check lor loose 

Department at Solar Power Corporation. Each solar connections at the terminal block. Tighten i f  

electric generator system is designed for a specific load. necessary. 

Dev~ations lrom that load may result in unsatisfactory 
operation. 

I 

FIGURE 7 

Milliammeter 

, 



(b) Test for voltage at the individual array cable 
terminations. If voltage is present there. proceed tG 
Step 2 (c). If no voitage is present at any of the cable 
terminations. each array section must be checked 
individually as described in Step 1 (b). 

( C I  Make sure that at least one lead of the battery cable 
is disconnected from the battery terminals. Connect a 
jumper wire between any positive array cable terminal 
and the positive battery cable terminal. If voltage is 
now present at the battery cable leads, and there is a 
blocking diode within an external junction box. either 
the blocking diode is defective or one of the wires 
connecting the diode to the terminal block is broken. 
Detach Ihe plate on which the terminal block is 

' mourlted by removing the lour corner screws. The 
blocking diode is located beneath the plate. Inspect lor 
any broken wires and if none are found. replace the 
diode (reference Section 4.3). 

(d) Check the continuity of the battery cable with an 
ohmmeter or continuiry tester. Replace output cable if 
it is an open circuit. 

SYMPTOM 

Array open circuit 
voltage low (from 
Test 3-1 1 
Checks and Repairs 
1. Check that the voltmeter's resistance is greater than 1.000 

ohms per volt, that the sun is clearly visible, that there is no 
thick haze blocking the sun, and that the array is aimed 
towards the sun. 

2. Single Frame Arrays: 
(a) If the array consists of only one module, that module 

should be replaced (reference'Section 4.3). 

2. (b) If the array consists of more than one module, remove 
the cover of the junction box mounted in the back of the 
array. Disconnect the cable leads from each module. 
Test each module individually for low open circuit 
voltage. The voltmeter reading (open circuit voltage) 
should be greater than 0.48 volt times the number o f  
solar cells in series (listed under "Module 
Performance" on the front cover). Any module that 
does not pass this test should be replaced (reference 
Section 4.3). 

3. Multiframe Arrays: Disconnect the array cables from the . 
terminal block in t t e  external junction box or from the , 

battery terminals. Check the ope.1 circuit voltage at each 
individual cable pair of wires to isolate the affected array 
section. The voltmeter reading (open circuit voltage) 
should be grealer than 0.48 volt times the number of solar 
cells in series (listed under "Array Performance" on the 
front cover). To locate the defective module in the array 
section isolated above, follow the instructions in Step 
2(b). 

SYMPTOM 

Array short circuit 
current low [from 
Test 3-11 

Checkm and Repairs 

1. Check for dirt buildup on any module or portion of a 
module. Clean according to Section 4.1.2. 

2. Check for condensation, snow, or ice on moduleor any 
portion of a module. Wipe clean. 

3. Check for shading of any module or portion of a module. 
Retest after removing obstruction. 

4. Make sure array is aimed directly at the sun. Retest after 
rnrrecting tilt. 

5. Single frame arrays or when the problem is isolated to a 
single array frame (reference Step 6): Remove the attached 
junction box cnver. Test each individual module for short 
circuit current as described'in Test 3-1. Steps 3 and 4. 
Compare these values to the short circuit current values 
listed on the front cover under "Module Performance". 
Replace any module (reference Section 4.3) which fails 
Test 3-1. Make sure all connectims in the junction box are 
$tight and clean. 
.- 

6. Muililrame Arrays: Perform Test 3-1 for each array Section 
(cable) to determine the faulty section. Check for any 
loose terminals or broken wires within an external junction 
box. Also check all Connecrors. I /  arry. lor corrosion and 
tight mating of the male and female contacts. Clean or 
replace as necessary. 

Checks and Repairs 

1. Check for corrosion at the battery terminals. Clean 
terminals arid cable leads. Retest. 

2. If the array has a junction box(es) (either internal or 
external), remove the cover(s) and inspect for corrosion 
on all electrical connections within the box. Clean or 
replace,pamagea components. Retest. 

3. Test each module individually as described in Steps 3. 4. 
and 6 of Test 3-1. Compare these values to the short circuit 
current values as listed on the front cover under "Module 
Performance". Replace any module(s) that fail Test 3-1 
(reference Section 4.3). 

4.3 MODULE AND DIODE REPLACEMENT 

When it has been determined that a module or a blocking 
diode needs replacing, proceed as follows: 

4.3.1 Replacement of Module 
(a) Remove cover of junction box attached to array 

frame. 

(b) Disconnect at the terminal strip the cable leads of the 
modu!e being replaced. . 

(c) Loosen the threaded gland of the cable-fitting through 
which the module cable enters the junction box. Pull 
the end o f  the cable out of the junction box. 

(d) Remove the nuts and bolts holding the module onto the 
array frame. Lift off the module; save the hardware 
removed. 

(e) Insertion of Replacement Module: 
Reverse the removal procedure: (a) through (d) 
above. 

4.3.2. Replacement of Blocking Diode 
Located in Junction Box 

(a) Disconnect battery cable at battery terminals 

(b) Remove the junction box cover and the metal 
- plate on which the terminal block is mounted. 

Loosen or remove cable leads from the terminal 
block, if necessary. 

(c) The diode will usually be mounted on a heat sink. 
Make a sketch showing which lead goes to which 
terminal and how the hardware IS assembled. 
Unsolder the leads to the diode. Remove the 
diode. 

(d) Insert the new diode (exact same number-as the 
diode being replaced). Take careto replace the 
hardware in the same order as was on the removed 
diode. 

(e) Solder the leads to the new diode. Take care that 
the leads go to the same terminals as on the 
removed diode. (Array positive lead to anode: 
bat!ery positive Lead to cathode.) 

(1) ReDlace the metal plateand the junction box 
cover. 

(g) Reconnect the battery cable 10 the battery 
terminals. 

4.3.3. Replacement of Blocking Diode Located in Module 

A blocking dior l~  within the module cannof be replaced in 
lield. The module should be removed from ihe array frame 
(relerence'section 4.3.1, a-d) and returned to Solar Power 
Corporation for repair. 

5.0 TOOLS AND EOUIPMENT 
5.1 INSTALLiITION & MAINTENANCE TOOLS 

Ratchet Handle (318" or 112" driver 
6" Extension 
112" Socket and Wrench 
9116" Socket and Wrench 
7116" Socket and Wrench 
314" Socket and Wrench 
Screw Urrvers il 18" tu 112'' wide) 
Slip Joint Pliers (lvz" diameter grip) 
Locking Pliers 
Crimping Tool (VACO 22-10 or equivalent) and 
assorted crimp terminals 
Wire Strippers 
Diagonal Cutters (medium) 
Compass (magnetic) 
Inclinometer 

5.2 TESTING EOlllPMENT 

Simpson 260 VOM (or equivalent) 
lmmerslon Tllermometer 
Battery Hydrometer SYMPTOM 

Excessive dllfe#ence 
between array short 

. circuit and battery 
charging current [from 
Test 3-11 



APPENDIX I I .A 
PERFORMANCE MEASUREMENT PROCEDURES 

A. 1 ELECTRICAL PERFORMANCE 
Electrical performance measurements shall be referenced to SOC defined as 1 00 

mbV/cm2 irradiance, air-mass 1.5, NOCT. All procedures, equipment, and standards related 
to measurements shall conform to the latest revision of date of the contract of NASA TM 
73702, Terrestrial PV Measurement Procedures, dated June 1977. Manufacturer's con- 
formance to this procedure is subject to acceptance by the owner. If a reference cell is 
used, it shall be traceable to NBS and shall be the only irradiance reference used. 

To provide for efficient mnd~rle testing, module performance may Ix: bused on module 
output at either SOC conditions or at Optional Test, Conditions (OTC) def i n ~ r l  as 
100/mW/ci-11";1 rudlance, find r i  cell temperature other than NOCT. Wl I ~ I  I r rleusuremenrs are 
made. at OTC the power output (P) at  NOCT cell temperature shall be determined as 
follows: 

where 

VNO = Module nominal operating voltage at NOCT. 

'OTC 
= Module current measured at OTC and at a voltage 

equal to (VNO + A V) volts. 

, A I = Current Temberature Correction (delta I). 

= I @ (NOCT, V') - I @ (OTC, V = V' + AV). 

NOCT 

OPEN CIRCUIT 

CLEAN 

- T - TAM, + R ' *  S + EXHIBIT A-3 CORRECTION 

DETERMINE R EXPERIMENTALLY 

CORRECT TO NOMINAL T,,, AND S 

GEOMETRY: TILTED, 2 ft ABOVE GROUND, WIND NOT EAST OR WEST 

Exhibit A.l Performance Measurement Procedure. 

11-10 



V' = Voltage = 0.6 Voc @ NOCT. 

I' = Current = 0.9 ISC @ NOCT. 

Determination of the temperature correction factors, A l  and A\/, in the above 
equation shall be based on actual measurements of a minimum of 5 production modules at  
both OTC and.NOCT +2O cell temperature. The current-voltage (I-V) characteristics of each 
module shall be measured at both conditions. The corresponding I-V curves for the two 
temperatures may then-be overlayed to determine the correction factors. A simultaneous 
translation of the curves along both current and voltage axes may be made until an accurate 
match of the curves is accomplished at two points near the maximum power point..The OTC 
curve should match the NOCT curve at a point where the NOCT current is approximately .90 
percent of I (I1, above), and at a second point where the NOCT voltage is approximately 60 
percent of (V1, above). The current and voltage shift required to produce the curve 
match shall f% determined for the exact cell temperature difference between tests. The 
change per degree C for each. factor is then calculated and multiplied by the difference 
between NOCT and the temperature used for OTC. The resulting A l  and AV shall be 
averaged for'the modules tested to establish temperature correction factors to be used when 
testing modules at other than SOC. Alternate temperature correction procedures such as 
that provided by a computer controlled, Large Area Pulsed Solar Simulator (Xenon source) 
may be used i f  approved by the owner. 

A.2 NOCT 
A.2. I Purpose 

The purpose of this test is to acquire sufficient data to make an accurate deter- 
mination of the NOCT1s of a terrestrial module's solar cells. By definition, NOCT is the 
module cell temperature under operating conditions in the nominal thermal environment 
(NTE), which is defined as: 

Insolation = 80 mW/cm2 
Air temperature = 20' C 
Wind'average velocity = I m/s 

' Mounting = tilted, open back, open circuit. 

The NOCT test procedure is based on gathering actual measured cell temperature data 
via thermocouples attached directly to the cells of interest, for a range of environmental 
conditions similar to the NTE. The data are then presented in a way that allows accurate 
and repeatable interpolation of the NOCT temperature. 

A.2.2 Determination of NOCT 
The temperature of the solar cell (T ) is primarily a function of the air temperature 

(T . ), the average wind velocity (V), a n ~ ~ l h e  total solar insolation (L) impinging on the 
hc9fte side of the solar array module. The approach for determining NOCT is based on the 
fact that the temperature difference (Tc -T&) is. largely independent of air temperature 
and is essentially linearly proportional fo the insolation level. Analyses indicate that the 
linear assumption is quite good for insolation levels greater than about 40 mw/cm2. The 
procedure calls for plotting (T - Tair) against the +insolation level for a period when wind 
conditions are favorable. The WCT is then determined'by adding Tair2= 20' C to the value 
of (T - T . ) interpolated for the NTE insolation level of 80mW/cm , i.e., NOCT = (Tcell 
- T . T~TE  +aiZoO C. air 



'The plot of (T - T . ) versus I shall be determined by conducting a minimum of two 
f ield tests in which d'mo&:Ye being characterized is tested under terrestrial environmental 
conditions approximating the NTE in accordance with the testing guidelines which follow. 
Each test shall consist of acquiring a semicontinuous record of (T ell -T . ) over a I- or 2- 
day period, together with other measurements, as required, to ckaract&%e the terrestrial 
environment during the testing period. Acceptable data shall consist of measurements made 
when the average wind velocity is I m/s + 0.75 m/s and with gusts less than 4 m/s for a 
period of 5 minutes prior to andoup to t h i  time of measurement. Local air temperature 
during the test period shall be 20 C + 15 C. Using only acceptable data as so defined, a 
plot shall be constructed from a set cf measurements made either prior to solar noon or 
after solar noon which defines the relationship between (Tcell' - Tair) and the insolation level 
(L) for L - > 40 mW/cm2.* 

Whsn (T ell - Tair) is plotted as u function of L for average wind velocities less than 
1.75 mls, resufts similar to those shgwn exhihit A.2 ore obtained. Far the dulu sl~own, the 
local air temperature was 15.6" C + 4.5 C and the wind speed varied from zero to less than 
4 m/s with an average of I m/s. ~ S n g  the plot of (Toll - T ir) VS. L, the value of (T,,, - 
T . ) at NTE is determined by interpolating the average va?ue of (T T . ) f o r L = b  
mW/cr$. Using the data in exhibit A.2 as an example, &T a f N f  i ' IS etermined to 
be 20.2 C. The preliminary value of NOCT is thus 20.2 Ee!l;Oi~= 40.2' C. 

I 

CELL - AIR NTE - 

- 

- - 

- 
I 

INTENSITY, mW/cmz 

Exhibit A.2 Typical Cell Te~nperrrture Data. 
\ 

* The two sets of measurements can be combined into a single set provided the 
average air temperature of the two sets does not differ by more than approximately 5' C. I f  
the average air temperature is significantly different, the resulting effect appears as an 
increase'in the scatter of the plotted data. As a result the data will be more difficult to f i t  
and a less accurate result is possible. 



A.2.3 Air Temperature  cnd Wind Correction 
A correction factor  t o  the  preliminary NOCT for average air  temperature  and wind 

velocity is determined fhom exhibit A.3. This value is added t o  t h e  preliminary NOCT and 
cor rec t s  the  d a t a  t o  20 C and I m/s. Tair  and a r e  the  average t empera tu re  and wind 
velocity for t h e  t e s t  period. 

AVERAGE TEMPERATURE (74 

Exhibit A.3 N O n  Correcliuri Factor. 



For the test data shown in exhibit A.2,' C is I m/s and fai. is 15.6' C. From exhibit 
A.3, the correction factor is 0' C. The NOCT is, therefore, 40.2 e. 
A.2.4 Test Geometry 

a. Tilt Anqle. The plane of the module shall be positioned so that it i s  normal to the 
sun (+5O) - at solar noon. 

b. Height. The bottom edge of the module shall be 2 feet or more above the local 
horizontal plane or ground level. 

c. Panel Configuration. The module shall be located in the interior of a 1.2 m x 1.2 
m (4' x 4') panel. Black aluminum panels or other modules of the same design shall be used to 
f i l l  in any remaining open area. of the panel structure. The back of the panel shall be 
exposed. 

d. Surroundinq Area. There shall be no obstructions to prevent full irradiance of the 
module beginning a minimum of 4 hours before solar noon and up to 4 hours after solar noon. 
The ground surrounding the module shall not have cl high mloa reflectance and shall be f lat 
and/or sloping away from the test fixture. Grass and various types of' ground covers, 
blacktop, and dirt are recommended for the local surrounding area. Buildings having a large 
solar reflective finish shall not be present in the immediate vicinity. Good.engineering 
judgment shall be exercised to assure that the module, front and back sides, is receiving a 
minimum of reflected solar energy from the surrounding area. 

e. Wind Direction. The wind shall not be predominantly from due west; flow parallel 
to the plane of the array is not acceptable and can result in a lower than typical operating 
cell tem~erature. 

f. Module Electrical Load. Data shall be obtained for a module open-circuit 
condition corresponding to zero electrical power output. 

A.2.5 Test Equipment 
a. Pyranometer. The total solar irradiance on the active side of the module shall be 

measured by a reference cell traceable to the National Bureau of Slandards or by a 
pyranometer. The device shall be mounted on the plane of the module and within .3 m ( I  
foot) of the array. The pyranometer used shall have a traceable annual calibration to a 
recognized standard instrument and shall be either: ( I a tempera turc-cnmpensated unit 
which has less than +I percent deviation in sensitivity over a range -20' to +40° C, or (2) a 
unit which incorporgtes a temperature sensor and has a sensitivity-temperature correction 
supplied with its calibration. 

b. WindMeasurement.Boththewinddirectionandwindspeedshall bemeasuredat 
the approximate heiaht of the module and as near to the module as feasible. . . 

c. Air ~emperature. The local air temperature shall be measured at the opproxi- 
mate height of the modulg. The measurement shall be made in the shadow of the module and 
shall be accurate to 21 C. (Note: An average local air temperature is desired. This is 
obtained satisfactorily by increasing the thermal mass of the thermocouple by imbedding the 
thermocouple in a solder sphere of approximately 114-inch diameter.) The measurement 

' 

must be appropriately shielded and vented. . . 
d, C=II ~em~era tu re .  ;he temperature of at least two representative interior solar 

cells shall be measured to +I C. Thermocou~les shall be 36 aauae. and shall be soft- 
d . # ,  

shouldered directly to the bac-k of the cells. . ' 
e. substrite Surface Temperature. The exterior temperature of the rear of the 

solar module shall be measured to +I" C beneath a representative cell and, when practical 
beneath a representative space between cells. ~hermocou~les shall be 26 gauge, and shall be 
bonded down with 57-C epoxy or the equivalent. 



A.2.6 Data Recording . I . 

All data shall be printed out approximately every 2 minutes. In addition, solar 
. -intensity, wind speed, wind direction, and air temperature shall be continuously recorded. 

A.2.7 Cleaning 
The active side of the solar cell modvle and the pyranometer bulb shall be cleaned 

before the start of each test. Dir t  shall not be allowed to build up, Cleaning with 'a mild 
soap solution followed by a rinse with distilled water has proven to be effective. 

- 
A.2.8 Equipment Calibration 

A calibration check shall be made of all the equipment prior to the start of the test. - 



APPENDIX I I .El 
TEST PROCEDURES 

6. I THERMAL CYCLING TEST PROCEDURE 
The module shall be subjected to the thermal cycling procedtre per ex9bit B.1, 

consisting of 50 cycles with the cell temperature varying between -40 C and +90 g. The 
temperature shall vary approximately. linearly with time at a rate nat exceeding 100 C ger 
hour and with a period not greater than 6 hours per cycle (from ambient to -40' C- to  +90 C 
to ambient). The module circuitry.shall be instrumented and monitored throughout the test 
to verify that no open circuits or short circuits occur during the exposure. 

8.2 HUMIDITY TEST PROCEDURE 
The module shall be subjected to the humidity cycling procedure per'exhibit 8.2. The 

module shall be tested in the open circuit condition, but with terminals protected from 
water condensation. Electrical performance test, per appendix A. I, shall be performed 
within I hour after removal from the humidity chamber, or within another mutually agreed 
on time period, i f  the testing is subcontracted. 

, . 

8.3 MECHANICAL CYCLING TEST PROCEDURE 
The module shall be subjected to a cyclic load test in which the module is supported 

only at the design support points and a uniform load normal to the module surface is cycled 
10,000 times in an alternating negative and positive direction. Cycle rate shall not exceed 
20 cycleslmin. The module circuitry shall be instrumented to verify that no open circuitry or 
short circuits occur during the test. JPL Document 5 10 1 - 1 9 "Cyclic Pressure-Load Develop- 
mental Testing of Solar Panels," February 1977, describes techniques suitable to the 
'performance of this test. 

8.4 WARPED MOUNTING SURFACE TEST PROCEDURE 
The module shall be subjected to a twist test oy deflection of the substrate to which i t  

is mounted. The deviation from a true flat surface'during the test shall be +Y* inch, measured 
along either mounting surface as shown in exhibit 6.3. The module &cuitry shall be 
instrumented to verify that no open circuits or short circuits clc.ct.~r during the deflection 
test. 

B.5 HAIL IMPACT TEST PROCEDURE 
The module shall be subjected to normal impact loading with the required diameter' 

iceball traveling at terminal velocity for the specified size. Typical hail characteristics are 
provided in exhibit 8.4: A t  least three different points df impact shall he aelcctcd to include 
the test specimen's most sensitive exposed point, and each point will be struck at least three 
times (a minimum of nine impacts). The most sensitive exposed point on a test specimen 
must be determined experimentally through destructive testing of a sample panel. lceballs 
1.5 times the required diameter shall be fired at candidate sensitive points with increasing 
velocity unt'll the panel is broken. Several different points on the panel should be broken, and 
the points broken at the lowest velocities should beused for subsequent testing. 

The candidate points selected shall include (where applicable) the following: 

o Corners and edges of the' module; 

o Edges of cells, especially around electrical contacts; 



o Points of minimum spacing between cells; 

o Points of support for any superstrate material; and, 

o Points of maximum.distance from points of support noted above. 

Some scatter is expected in hitting a location on a module. Three repeated impacts are 
required to assure that a sensitive point has been struck. Error of up to 112 inch in  the 
location hit is acceptable. Either pneumatic or spring-actuated guns for pr0jectin.g the 
iceballs against the modules are acceptable, however iceball velocity at impact must be 
controlled to within +5 percent of terminal velocity for the required hailstone size. lceballs 
shall be generally spFerical in sh8pe wi&h a maximum deviation in diameter of + 118 inch. The 
iceballs shall be cooled to - 10 C 22 as measured in the compartment wKere they are 
stored. The module. shall be mounted in  a manner representative of that used for actual 
installation of the module in the array. After each impact, the module shall be inspected for 
evidence'of visible damage. lceballs are the only acceptable hailstone simulation. Dropped 
steel balls, for example, shall not be used. 

8.6 ELECTRICAL ISOLATION TEST PROCEDURE . 
The module 'hi-pot' test shall be conducted with the output ter'minals short-circuited. 

Test leads from a suitable DC voltage power supply shall be connected with the positive lead 
on the terminals and the negative lead on the module grounding stud. 

In the case of modules not required to provide a grounding stud, the mounting 
structure shall be used as the second test point. Voltage shall be applied at a rate not to 
exceed 500 V/sec up to the test voltage, and shall. then be held at the required test voltage 
for I minute. The module shall be observed during the test for signs of arcing or flashover. 
Leakage current shall be monitored during the test to verify that leakage current does not 
exceed 50 microamps (50 x A). 

8.7 DCIAC INVERTER 
The inverter for converting DC to AC voltage shall be designed in conformance*with 

the general provisions contained in section B. I I (See exhibit 8.5), and the following. 

TIME (hr) 

Exhlbit B.l Thermal Cycle Test. 
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Exhibit B.2 Humidity Cycle Test. 

Exhibit 6.3 ,.Graphical Representation of "Twisted Mounting Surface '"Requirement. ' 



I* 
z n v e r t e r  shall be totally enclosed, passively cooled in a weatherproof* metal 

container, grounded in accordance'with the NEC (National Electrical Code). Al l  connectors 
shall be weatherproof, strain-relieved, and compatible with aluminum/copper wire and 
cable, wi th proper polarity indicated by embossing or other permanent marking. All 
electrical connections shall be three-wire, with one wire serving as ground, and output and 
input clearly labeled. 

*Some applications do not need weather protec'tion (if mounted in a shed) or need only 
be weather resistant. 

t 

HAIL CHARACTERISTICS 
WEIGHT AND TERMINAL VELOCITY 

SIZE WEIGHT* TERMINAL VELOCITY 
in. - Ib mph 

Vz 0.0021 36 

W 0.0072 45 

1 0.017 52 

1 % 0.033 58 

1% 0.057 63 

2 0.136 73 

2% 0.266 81 

3 0.459 89 
4 

DENSITY OF ICE TAKEN AS 0.9 gm/cm3 

Exhibit B.4 Typical Hail Characteristics. 

MECHANICAL DESIGN: 

Pauivslv cool' 
WesCksrproot 
Strain - relieved. alurninun/copper wire 
a wiro (ground) 
Polarity emboared 

INPUT: 4. 

C1 

Voltage: 10.8 to io .6 v DC 
Current: bu than 10 A 
Circuit h k e n  
Lead-revenal protection 

OUTwr: 

Volmga: 116 V t 6%. single'phen. 60, t 0.6 Hz 
Hennonic Dhnofion: Less than 3% 
Tampemturer d i d l b n l :  Volmgs: *u *an 0 . 0 5 ~ ' ~  C 

Frequency: bra than 0.08%/" C 
Circuit breakem 
Lead-revanal pralootion 

EFFICIENCY: 

Va. pmmt of rated input p o m r  (tabla) 

RELIABILITY: 

- 20' C to + 60" C whib openting 
20-year life 
25-year m a n  time between f&iIlures 

Exhibit BS DC/AC Inverter Component~Specifications. 



2. Input 
The input to the inverter shall be: 

I 

10.8 to 14.5 V DC (variable) for a 12 V System 
10 A maximum 

The inverter shall be self-protected from lead reversal' with a keyed connector. 
Shorting of input leads and over-voltage protection shall be provided with circuit breakers or 
other devices that require manual resetting, but not replacement of a part. Fuses are not 
acceptable. Circuit breakers shall not emit smoke, fire, or visible arcs, shall have ambient 
temperature compensation and manual reset. The internal resistance shall be less than I 
micro-ohm. The circuit breakers shall fail open, but shall have a life exceeding 200 cycles. 

3. Output 
The output from the inverter shgll be a sine wave at 11.5 V(RMS) a 6 percent, single 

phase, 60 cycles per second (60 Hertz) frequency + 0.5 percent. The harmonic distortion 
shall be no greater than 3 percent. The output- voltage shall change no more than 
0.03 percent per degree C change in the 2mbient air temperature. The output frequency 
shall change no more than 0.05 percent/ C. The inverter shall be protected from lead 
reversal with a keyed connector and from a direct short of the output leads by a circuit 
breaker or other resettable device as described in the previous section. Fuses are not 
acceptable. The RMS value of an AC voltgge is the DC equivalent v n l ~ l ~  ( t h ~  effective 
value). 

4. Efficiency 
The efficiency of the inverter. defined as the ratio of the ~roduc t  of RMS (root-mean- 

square) output voltage and current to.the product of the input &rent and voltage, shall be 
no less than indicated on the following table; where P = V x I and efficiency equals Pout/Pin. 

Percent of Rated Ratio 
lnpu t Power (efficiency) 



5. Reliabilit 
The inveFter shall be capable of meeting these specifications when operating in 

ambient-air tem~eratures ranqins from -20' C to +50° C. The mean time between failures 
(MTBF) for the' inverter shall b e  no less than 25 years. Suitable redundancy shall be 
incorporated in the inverter to achieve this reliability. The !ife of the inverter shall exceed ' 

20 years. 

6.8 BATlERY VOLTAGE REGULATOR 
The voltage regulator that controls the input voltage to the battery during charging 

operations shall be designed in conformance with the .general provisions contained in 
section 8.1 I, and the following. 

I. Desiqn 
The regulator. shall be totally enclosed, passively cooled in a weatherproof* metal 

container, grounded in accordance with the NEC. All connectors shall be weatherproof, 
strain-relieved, and compatible with aluminum/copper wire and'cable, with proper polarity 
indicated by embossing or other permanent marking. All 'electrical connections shall be 
three-wire, with one wire serving as ground, and shall be clearly labeled for series, parallel, 
or partial shunt operation, and for output and input. 

2. Input 
The input to the battery voltage regulator shall be: 

13 to 17 V DC (variable) 
I0 A maximum 

The regulator shall be self-protected from lead reversal, shorting of input leads, and 
over-voltage by circuit breakers or other devices that require resetting, but not replacement 
of a part. Fuses are not acceptable. The control voltage into the regulator shall be the . 

battery ter.minal voltage. 

3. Output 
The output from the regulator shall be used directly for connection to the battery. The 

output current shall be 10 A when the battery voltage is equal to or less than 13.0 V and 
shall decrease to 0 A when the battery voltage is equal to or greater than 14.4 V. The,output 
shall be self-protected from a direct short of the out'put leads'by a circuit breaker or other 
resettable device. Fuses are not acceptable. The regulator shall also be self-protected from 
a lead reversal at the output terminals. If the leads to the battery are reversed, no current3 
is to flow to or from the battery. 

4. Efficienc 
d e n c y  of the regulator, defined as the ratio of the product of output voltage 

and current to the product of the input current and voltage, shall be greater than 90 percent 
at 13.0 V and 10 A input, where P = V x I and efficiency equals Pout/Pin. 

5. Reliabilit 
The regulitor shall be capable of meeting';he specifie: requirements while operating 

in ambient-air temperatures ranging from -20 C to +50 C. The mean time between 
failures (MTBF) for the regulator shall be no less than 25 years. Suitable redundancy shall.be 
incorporated in the regulator to achieve this reliability. The life of the regulator shall 
exceed 20 years. 

*Some applications do not need weather protection (if mounted in a shed) or need. only 
be weather resistant. ' 



8.9 CONVERTER 
The converter that converts the al ternating-current voltage 'input into a direct-current 

output shall be designed in conformance with the general provisions contained in section 
B. I I, and the following. 

I *  
R o n v e r t e r  shall be totally enclosed. ~assively cooled in a weatherproof * metal 

container, grounded in accordance'with the NEC. All'connectors shall be weatherproof, 
strain-relieved, and compatible with aluminum/copper wire and cable, with proper polarity 
indicated by embossing or other permanent marking, with one wire serving as ground, and 
output and input clearly labeled. 

2. -~?. Input -- 
The input to the converter shall be: 

105 1." 140 V AC (vurlable) slne wave 
57 to 63 cycle per second frequency (Hertz), single phase 
I 0  A maximum 

The convertor shall be self-protected from lead reversal, shorting of input leads and 
over-voltage by circuit breakers or other devices that require resetting, and not replace- 
ment of a part. Fuses are not acceptable. 

3. Output 
The output of the convertor shall be 14.4 V + I percent, direct current at 100 A 

maximum. Maximum ripple shall be one volt. The ouTput voltage is to vary no more than 
one percent per degree C change in  ambient temperature. 

The output of the converter shall be self-protected from a direct short of the output 
leads by a circuit breaker or other resettable device. Fuses are not acceptable. The 
convertor shall also be self-protected from a lead reversal and shorting at the output 
terminals. I f  the leads of a battery are reversed and connected to the converter output, no 
current is to flow to or from the battery. 

4. ttt iciency 
The efficiency of the converter, defined as the ratio of 'the product of the o,utput 

voltage and current to the product of the input current and voltage, shall be no less than 
indicated on the following table, where P = V x 1 and efficiency equals Pout/Pin. 

Percent of Rated 
lnput Power 

Ratio ' 
(efficiency) 

10% 40% 
20% 57% 
30% 66% 
40% 72% 
50% 76% 
60% 80% 
70% 82% 
80% 84% 
90% 85% 

.---.- - * '  100% 87% 
,- 

*Some applications do not need weather protection (if mounted in  a shed) or need only 
be weather resistant. 



5. Reliability 
The converter shall be capable of meeting the specified requirements while operating 

in ambient-air temperatures ranging from -20°C to +50° C. The mean time between 
failures (MTBF) for -the converter-shall be no less than 25 years. ~ u i  tabie redundancy shall 
be incorporated in the converter to achieve this reliability. The l i fe of the converter shall 
exceed 20 years. 

6. I 0 BATTERY SPECIFICATION 
I. Design 

The battery casing shall be constructed from high impact resistant plastic. The 
polarity of the terminals must be clearly and permanently marked. The battery shall include 
a means of checking electrolyte level without necessitating the removal of any components. 
The battery shall also include a means of adding distilled water to the electrolyte. Terminals 
must be protected from corrosion by suitable means and provisions must be provided to vent 
hydrogen gas produced by the batteries and catalytic caps must be provided which are 
capable of mitigating the safety hazard. 

2. Input 
The battery charging voltage will not exceed 14.4 V. 

3. Output 
Batteryo capacity, in Ah of charge, shall be given at a 100-hour discharge rate at 

- 12.2' C (10 F). Battery output voltage must be in excess of I .8 V/cell for lead-acid 
batteries and 1.08 V/cell for nickel-cadmium batteries throughout the discharge ( 1 0.8 V for 
a nominal I2  V batteryJ. The batteries must be able to deliver the peak current demand, 
32.2 A at - 12.2' C (10 F) when the batteries are discharged to 60 percent of their rated 
capacity at - 12.2' C (10' F). The state of charge of the batteries shall exceed 60 percent of 
rated capacity at all times unless atypical weather patterns cause a discharge below the 
aforementioned value, where one ampere - second equals one coulomb, and one volt equals 
one joule per coulomb. 

4. Efficiency 
The coulombic efficiency must exceed 90 percent. 

5. Reliabilit 
d r i e s  shall provide this sprvice for at least 5 years. Battery self-diicharge 

must not exceed 2 percent per month at 27' C (80°0~). Iheobattery must not freeze when 
discharged to 60 percent of its rated capacity at -23 C (- 10 F). 

B. I I TEST AND ACCEPTANCE 
I. Description of the Tests 

Upon completion of the entire electric power system installation, the system shall be 
cleaned and adjusted for proper operation. The system output at rated insolation and load 
shall be determined according to the test procedures described in section 3 below. All tests 
shall be performed by the installer under the supervision of the owner or his designee. 

The contractor shall give the owner a minimum of seven (7) calendar days1 notice, 
written or oral, before start of testing so that the operator or designee may visually inspect 
the final assemblies, witness the test, and review documentation to assess acceptability. 



2. Acceptance Criteria 
The acceptance test shall be used to demonstrate whether or not the system is 

electrically acceptable under this specification. Note that acceptance of the system does 
not relieve the contractor of the responsibilities implied by the various portions of this 
specification, nor does it relieve the contractor of the obligations imposed by the 
warranties. The acceptance test is considered the minimum requirement that must be met 
before the owner will assume responsibility for the operation of the system and before t e 
contractor will receive final payment. Any provisions concerning service l i fe shall e 
adhered to. 

Z 
The system shall be considered acceptable according to this test procedure if: (I) the 

total output current of the system into the load and bat9ries exceeds 24.0 A when the 
insolation is 0.8 kW/m2 and the ambient temperature is 25 C; and (2) when the maximum 
demand is placed upon the power system by the load, the current into the load exceads 
35.0 A at 12 V, wl~elher the Source at current is  from thc battery or urray, when the 
insolation is equal to  0.8 kW/m2, and the ambient temperature is 25' C. 

Comment: The criteria were devised on the basis of a clean new urray and system. It 
presumes the system meets the system-performance requirements 20 years from in- 
stallation, thus, a 20-percent service l i fe margin is included. 

3. Remedies 
I f  the system should be found unacceptable according ta the acceptance test, modules 

and associated wiring shall be modified and/or .added to the system by the contractor, so 
that the system performance is brought within the acceptance criteria. 

4. Test Procedures 
a. Measurement Accuracy 

The insolation meter shall have a maximum error of + 2 percent of the actual 
reading. Either a PV detector or a thermal pyranometec calibrated for the angle 
of tilt, is  acceptable, The insolation mctcr shall have beerr recently calibrated 
according to NBS standards, The voltages and currents st~ull be measured within 
+ 2 percent of the actual reading, using instruments that have been recently 
calibrated to NBS standards. 

b. General Procedures 
In recognition of the fact that the insolation and temperature cannot be 
controlled, the test can be conducted within 1.5 hours of noon at any insolation 
greater than 0.7 kW/m2, as measured in  the plane of the array, and any ambient 
temperature. Correction factors, described below, can be used to convert the 
measured performance to the standard conditions of 0.8 kW/m2 at 25' C. 

The acceptance test shall be conducted with all components und subsystems 
connected in the system. The load can be most conveniently and controllably 
applied with a resistance bank that provides the same voltage/current rela- 
tionship as the operating load. 

The voltage and current shall be measured at the output of the array (point A); 
a t  the input to  the battery (point €3); and at  the output of the power conditioning 
equipment (point C). The points are illustrated in exhibit 8.6. The instruments 
are to be attached a t  the points indicated on the drawings. The insolation meter 
is to be mounted at the same angle as the array in the plane of the array and 
such that the reflected and direct solar flux is the same as that which impinges 
on the array. The insolation shall be measured simultaneously with the currents 
and voltages at points A, B, and C (see exhibit 8.7). 
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Exhibit 8.6 Illustration of the Measurement Locations. 

TEST AND ACCEPTANCE: 

Cleaned and adjusted 
Done by installer 

. 
. Data corrected to 8 0  rnw/m2 and 20" C, cloudless 

Includes oversizing for degradation 

POWER FROM ARRAY: 

Current into load plus battery: .24 A 
Current into battery: less than 2 . 4  A 

POWER INTO LOAD: 

Current into load: 35 A 
Current from battery: less than 10 A 

ADD MODULES UNTIL SYSTEM PASSES 

Exhibit B.7 Test and Acceptance Procedures. 

On a cloudless day, when the insolation exceeds 0.7. kW/m2, the system shall 
have the load applied to it, with the input to the load being 12 V. The currents 
and voltages into the load and into the batteries shall be recorded, along with the 
insolation and ambient temperature. 

c. ~ b s t  with the Power from the Array only 
The first test to be conducted is the test of the system output at rated insolation 
and ambient temperature. During this test, the current shall flow into the load 
and into the battery, such that the battery is being charged. If  desired (and i f  the 
system operation is not affected), the battery may ,be removed from the circuit 
during this test and a resistance load may be substituted. During this test, the ' 
current into the load shall be at least 10 times that into the batteries. 



The data recorded shall be used to compute the current output at rated 
insolation and ambient temperature according to the following formula: 

Current output at rated conditions = (measured current into the 
load + measured current into the battery) 

X 
0.8 kw/m2 

measured insolation ( 1 .  + 0.004 x (ambient temperature -25' c)). 

The current output so computed must meet the first criterion of section 2 above. 
I f  the current output does not meet this criterion, the remedies of section 3 shall 
be applied. If  the current at the rated conditions does meet the requirements, 
the system shall be deemed acceptable according to the first criterion. 

d. lesl will1 MUA~IIIUIII Puwer i ~ ~ l u  l l ~ e  Luud 
The second test to be conducted is the test of the rnaximum output capability of 
the system at rated insolation and temperature. On a cloudless day,' when .the 
insolation exceeds 0.7 kW/m2, the system shall have the maximum load applied 
to it, with the input to the load being 12 volts. The current and voltage into both 
the battery and the load shall be recorded, along with the insolation and the 
ambient temperature. The current out of the battery shall not exceed 10 A 
during this test. The data recorded shall be used to compute the current output 
at rated insolation and ambient temperature according to the following formula: 

Current output at rated conditions = measured current +(measured current 
- current from battery) 

X 
0.8 kW/m2 

X measured insolation (I. + 0.004 x (ambient temperature -25' c)). 

The current output so computed must meet the second critericn of section 2 
above. If  the current output does not meet this criterion, the remedies of 
section 3 shull be opplied. IC Ille currer~l ul the rated uondltlons does meet the 
rcquircmcnts, +he s y ~ t e m  jhall be detis~cd azccptabli uceul d i ~  ~y lu I1 le secur~d 
criterion. 

5. Operation and Maintenance Manual 
The contractor shall prepare five copies of an operations manual and five copies of a 

maintenance manual, which shall include troubleshooting procedures and a checklist for 
checkout purposes. The operation manual shall include. descriptions of the systems and 
components, schematics, wiring diagrams, structure drawings, and instruction for taking 
operational data and acceptance data. 

8.12 WARRANTY 
The system shall be guaranteed by the contractor for a minimum. of one ( I )  year from 

the date of final acceptance of the work by the owner in writing. The system shall be 
guaranteed to be free of defects of material and workmanship under the first year's 
operating conditions. The guarantee shall provide that any faulty materials or workmanship 
will be replaced or repaired, and that upon failure of this contractor to do the above, after 
written notice from the owner, the owner may have the work done at the expense of this 
contractor (see exhibit 8.8). . 



The contractor further warrants that the electric power system delivered under this 
purchase order shall conform to the requirements set forth in this specification and shall . 
meet the system specifications for a period of 10 years from the time of delivery to the 
site. Performance shall be measured by the same procedures as described for the acceptance 
test described previously in these specifications. The contractor shall repair or replace any 
components or subsystems that fail to meet the conditions specified herein, with an 
equivalent compgent. Components suspected of failure shall be shipped prepaid to PRC 
Energy Analysis Company or NASA Jet Propulsion Laboratory for inspection and then to the 
contractor for repair or replacement. The contractor shall return prepaid any repaired or 
replaced components. Components that have been returned to the contractor as defective, 
but which in the opinion of the contractor are not defective, shall be reported to DOE for . 

, 

disposition and shipping-cost determination. This warranty does not apply to modules that 
DOE determines to have been subjected to gross mishandling, negligence or omissions, acts 
of God, tampering, lightning, hail, wind loadings in excess of the local codes, and vandalism. 
Cosmetic degradation which exhi,bits no functional degradation is not covered by this 10- 
year warranty. 

In no event shall the contractor be liable for incidental or consequential damage. This 
warranty is in lieu of 0.11 other warranties whether expressed, implied or statutory, including 
implied warranties of merchantability and fitness for' a particular purpose other than that 
purpose set forth in the aforementioned specification. 

Placed on contractor 
One year for materials and workmanship 
Ten years for system performance 
Remedies: repair or replace to bring into specification 

Exhibit B.8 'Warranty. 



Typical list of drawings: 

Solar Photovoltaic Power System Location 
Solar Photovoltaic System Site Plan 
Grading Plan 
Array Layout 
Array Foundation System 
Array Sections 
Fence, Road and Trail Details 
Gate Details 
Battery Building Site Plan , 

Battery Buildir-~y Blun 
Battery Building Elevations 
Wull SecIiwis urid Detalls 
Eave Detail and Sections 
Array Subfield Assembly 
Subfrume Assembly 
Subframe 
Frame 
Module 
Battery Building Structure 
Util it ies - Water and Sewer 
Battery Building Plumbing Plan and Details 
Battery Building Mechanical 
Wiring Assembly for Subarray 
Lightning Protection and Electrical Power 
Battery Building Lightning Protection, Grounding and Controls 
Battery Building Electrical 
Generator Building Electrical 
Door and Window Details 
Miscelluneous Detalls, Sign, Etc. 
V l l i t o ~  Overlask Plan, Audio Syste~is, Etc. 
Electrical System Schematic 
System Wiring Diagram 
Distributive Systems Integration 
Interface Control 



SECTION 12 
PERFORMANCE CHARACTERISTICS OF TYPICAL ' 

SOLAR CELL MODULES 

12.1 INTRODUCTION 
A convenient manufacturing package of interconnected solar cells to produce the 

electrical characteristics is specified as follows: 

In the package, the solar cells are: 

Electrically interconnected (soldered); 

Bonded onto substrate for mechanical strength; and, 

Encapsulated for protection from the environment. 

12.2 CONSTRUCTION/MANUFACTURlNG DATA 
Cells used in the modules are round or half moon, 2 inch, 2-114 inch, 3 inch, and 4 inch. 

I 

Substrates and bonding materials are aluminum, silicone rubber, epoxy fiberglass, 
acrylic plexiglass, and glass. 

Encapsulants are glass and silica. 

12.3 TYPICAL CHARACTERISTICS 
Low voltage, 5-20 volts; low-power, 5- 10 watts. The electrical circuit is isolated from 

the chassis only with series-connected solar cells. No diode isolation or shunt diodes are 
used. 

An assembly of solar cell modules to produce the required elect'rical output at the 
, chosen field location. Solar arrays are usually designed to produce: low voltage/low power 

(battery charging, portable unit, remote units); intermediate voltagelintermediate power 
(residential applications, small commercial complexes); and, high voltagelhigh power 
(central power stations, industrial, commercial complexes). 

12.4 ELECTRICAL PERFORMANCE 
Impor'tant performance data for users and power conditioner designers is as follows: 

Electrical characteristics. 

(I-V Curve, Voltage, Current, Power) . 

Equivalent Circuit Parameters (Impedance is ,a function of resistance, 
capacitance, inductance, arid frequency) 

Impedance = square root (~es is tance~ + Reactance2), where reactance is a 
function of capacitance, inductance, and frequency. 

Factors degrading performance and amount of degradation. 



12.4. I ELECTRICAL CHARACTERISTICS 
I-V of solar array is produced from the summation of all the solar cell I-Vs 

I-V of solar array is determined from summing the currents of all the cells at each 
voltage value minus the losses of the interconnects. 

Assuming good matched solar cells, the I-V curve at intensity X and temp Y is shown 
in exhibit 12.1. 

The number of modules (he'nce, number of solar cells connected in series-parallel) are 
determined by the power requirements within the following design considerations. 

Allowable number of cells in series per solar arrny: 

Voltage breakdown; 

Safety requirements (maintenance-code); 

Reliability (loss of a single cell may resul-t in zero output); and, 

, t lectromagnet ic Properties. 

Allowable number of cells in parallel per solar array: 

Cable IR drops and size (voltage .drop IH where R is cable resistance and I is 
current) 

Wellabllliy (more cells in parallel improve reliability); and, 

Electromagnetic Properties. 

Ways of meeting the design considerntions: 

Divide array into sections (limit number of series-parallel solar cells); 

Arrange sections to minimize electromagnetic properties; 

Use diode isolation; and, 

Use diode shunting. 

Influencing parameters are solrir intensity and temperattlrc ( e x h i b i t  12.2) 

First approximation is that intensity will vary Isc. and that temperature will vary V 
and affect curve shape. oc 

12.4.2 CONCLUSION 
A solar array is a variable power source. 
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12.5 GENERALLY ACCEPTED DC AND AC EQUIVALENT CIRCUITS 
Generally accepted DC and AC equivalent circuits are shown in exhibit 12.3. . 
using mathematical model and measurements of solar cells, the forward-biased solar 

cell impedance as a function of frequency for any given DC operating point has been 
generated asshown in e x h i b i t  12.4. 

12.5.1 INTERESTING OBSERVATIONS 
At lower cell illuminations, the impedance is higher at low frequencies. At  higher 

illuminations, the impedance is relatively constant. The capacitance value varies with 
intensity. The typical impedance values are as follows: 

Resistance 1.0 ohm - (small) (Series resistance of solar 
cel Is and intcrconneets) 

Capacitance 8 fd/CELL - one Multiply by number in 
(C = O/V) fd is a farad para1 lel 
(C = Capacitance, of capacitance Divide by number in series 
Q = Charge, Reactance equals C (parallel),= C +C2+C3 . . . 
V = Voltage) - I /wc where 

w = 2 ' r f  I/C (series) = I/C , +I/C2+1/C3 
12.5.2 CONCLUSION 

A solar array impedance varies with intensity, and operating point on I-V cl.lr\/e. 

12.6 FACTORS DEGRADING PERFORMANCE 
Solar array electrical characteristics may be degraded i f  the solar cells are shadowed, 

fractured or damaged. 

The amount of degradation depends on the number of shadowed, fractured or damaged 
solar cells and the electrical circuit design (number of solar cells in series-parallel). 

12.7 SHADOWED, FRACTURED, OR DAMAGED SOLAR CELLS 
The amount of power dissipation of a shadowed or damaged solar cell in the solar array 

depends upon: 

( I  ) The reverse voltage that can be developed across the cell by the array: 
a) . Operating Conditions (Battery Clamp) 
b) Extreme Operating Temperatures (exh i  b i . t  12.5) 

(2) The amount of current forced through the cell 

(3) Reverse-bias impedance (the impedance of the illuminated solar cell is greater 
than that of the dark cell) 

Electrical characteristics of a 2-solar cell module with one cell totally or p~ r t i a l l y  
. . shadowed and parallel connected are shown in exhibit 12.6. . 

12.7.1 SINGLE SOLAR CELL 
The output of a shadowed single cell will degrade because the input energy is reduced 

to the cell and the internal energy losses in the non-illuminated cell portion are increased. 

Typically, current output should be proportional to the illuminated areas: 

'sc = I r  where 

r = A ILL. A = Area., and IL = illuminated current 
A lotal 



Exhibit 12.3. Generally Accepted DC and AC Equivalent Circuits 
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Exhibit 12.4  AC Impedance 
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~xhibit  12.5 Reverse vs. Forward Voltage 



Exhibit 1 2.6 Electrical Characteristics of a 2- Solar Cell Module With One Cell 
Totally or Partially .Shadowed with Parallel-Connected Cells 

; 
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TWO ILLUMINATED 
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- 

ONE ILLUMINATED 
CELL 

ONE ILLUMINATED 
AND ONE DARK CELL 
IN  PARALLEL (POWER 
LOSS IN DARK CELL) 

ONE DARK CELL 

- 



Exhibit 1 2.71 Series-C~nnected Cells (Partially Shadowed or Damaged) 
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Exhibit 1 2 . 7 ~  



Typically, the output of a fractured or damaged solar cell is reduced by the area 
damaged. 

12.7.2 SOLAR ARRAY CRCUlT 
In a series string, the damaged solar cell restricts the current flow of the entire string; 

in a parallel string, 'the. damaged cell will shunt part of the current of the good cells, as 
shown in Exhibit 12.7. 

The damaged solar cell may become reverse-biased by the voltage developed across 
the cell and/or become a dissipator. 

Power losses are usually higher than proportional to the loss of .area, because in a 
series string, the,shadowed cells block the current flow of the illuminated cells; and in a 
parall'el string, the shadowed cells shunt part of the generated current of the illuminated 
cells. . In addition, shadowed cells may become reversed-biased by the voltage developed 
across them; therefore, shadowed cells may become a dissipator. 

12.73 . CONCLUSIONS 
The electrical characteristics of an array will be degraded depending on the number of 

shadowed, damaged, or fractured solar cells; the amount of cell area shadowed, fractured, 
or damaged; circuit configuration of the solar array (cells in series-parallel); the power 
dissipation developed, which will influence the operational condition of other solar cells; and 
the use of isolation and shunt diodes. 

12.8 OPERATIONAL CONSIDERATIONS 
The solar array as a power source of a system must be compatible with the system 

grounding requirements, safetylmaintenance requirements, electromagnetic properties (con- 
ducted and radiated interference); and lightning protection (see exhibits 12.8, 12.9). 

12.8.1 SAFETYIMAINTENANCE REQUIREMENTS 
The solar array is an active power source, during illumination. To limit the solar array 

voltage to 60 volts (recommended by electrical code), mechanical switches should be in- 
stalled between the solar cell modules (every .60 volts). The, mechanical switches can be 
disengaged, limiting the voltage anywhere on the solar array to 60 volts for maintenance. 

12.8.2 ' GROWDING REQUIREMENTS 
Center-tap grounding of the solar array electrical current via a resistor is recommend- 

ed. A short. in the solar array can be detected via a sensing circuit consisting of two 
resistors and an ammeter. I f ' a  short occurs anywhere on the solar array, the current will 
flow through the current meter, which will be used to energize switch S I  and remove the 
array from the system. 

12.9 ELECTRO-MAmETIC INTERFERENCE (CONDUCTED AND RADIATED) 

12.9.ITWO CONDITIONS 
( I  ) Electromagnetic field generated by the electrical circuitry of the solar array as 

a power source. 

(2) Electromagnetic field generated by the electrical circuitry of the solar array 
from noise fed back from the power user (power conditioners). 



Exhibit 12.8 A Typical Solar Array ' ~ a r m ( ~ o n c e ~ t u a l  Design) 

Exhibit 1 2.9 Terrestrial Solar Array Grounding and Safety Protection 
- -  - 
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12,9.1.1 SOLUTION 
(1') The internally-generated electromagnetic interference can be limited by arrang- 

ing the array section and wiring to cancel the fields. ' 

(2) The electromagnetic interference that can be generated fro,m the power 
conditioners, and input ripple fed back to the solar array circuits are unknown. A study is, 
therefore, recommended. 

12.9.2 LIGHTNING PROTECTION 
Solar arrays, like any other power generators, are exposed to the environment and are 

vulnerable to lightning strikes. 

12.92.1 SOLUTION 
. Lightning protection in the form of lightning arresters may be required. This wil l 

depend on location and costs. 

12.10 LOADING CONSIDERATIONS 
There are potentially two types of loads that wil l be connected to the solar array; 

stable loads and conditionally stable loads, as shown in Exhibits 12.10 and 12.1 1. 

Stable loads (positive resistance) are resistors, batteries, shunt regulators, and series 
dissipative regulators. 

Conditionally stable loads (negative resistance) are low-power dissipative electronic, 
switching regulators. 

12.1 1 POWER UTILIZATION CONSIDERATIONS 
There are potentially two ways of  obtaining power from a solar array source; directly 

connected to the solar array or via maximum power-point trackers, as .shown in Exhibit 
12.12. 

12.1 I. I MAXIMUM POWER POINT TRACKER * .  

Detects and tracks maximum power of  the solar array and delivers, it to the load. A 
number of  approaches are' reference cells, adjustable parallel load, and impedance match'ing. 
Power loss is anticipated up to 10%. , 

' 1  2.1 1.2 OBSERVATIONS 

12.1 I,i!.l BATTERY 
Best uti l ization is at 12 noon. , 

12.1 1.2.2 RES ISTIVE 
Poor uti l ization at 7:30 a.m. 

12.1 1 -2.3 CONSTANT POWER 
Poor uti l ization at 1.2 noon, needing other power source at 7:30 a.m. 

12.12 SUMMARY OF THE KEY SOLAR ARRAY PERFORMANCE PARAMETERS 
AS APPLIED TO POWER CONDITIONING 

The solar array is a variable power source. (The I-V characteristics: voltage, current 
and power vary. with solar intensity and temperature.) 

The impedance of  the solar array is a variable parameter. (Varying with intensity.) 



Exhibit 1 2.10 Sdar Array Delivering Energy into Stable Loads 
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Exhibit 12.11 Solar Array Delivering Energy to a Constant 
Power Switching Regulator 

A - STABLE 
B - STABLE 

CONSTANT POWER 

STABLE REGION 



Exhibit 1 2.1 2 Power Utilization Considerations o n e - ~ a ~  
Operation in Terrestrial Environment 

CURRENT 
(AMPS) 

VOLTAGE (VOLTS) 

LOAD 



Shadowed, damaged, or fractured solar cel Is  wil l affect the performance charac teris- 
tics of the solar array. (Using shunf and isolation diodes can reduce the effects.) 

A center-tap of the solar array electrical circuit is recommended for grounding 
of the solar array power source. 

With the non-dissipotile (switching) regulators on, the stability criterion 'of the solar 
array must be observed. 

Electromagnetic intei ference generated by ripple and noise feedback to the solar 
arrays from the power conditioners can be a serious problem. 

Maximum power utilization considerations are essential inputs to the system and 
power conditioning designers. 

Sensing networks for detecting shorts on the solar array and removing them from the . 
power system circuit are recommended. 

Lightning protection, and safety-maintenance considerations (60 V voltage limit) as 
applied to the solar array source are worth remembering. 
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SECTION 13 
SPECIFIC SYSTEM DESIGNS AND INSTALLED SYSTEMS 

13.2 GENERAL SYSTEM CONSIDERATIONS AND CHECKLISTS 

13.2.1 SITE SURVEY CHECKLIST 

Prior to  visiting site 

a. Calculate estimates of: 
- insolation - peak power to load 
- daily energy to load. 

b. Make block diagram of PV system and equipment being powered: 
- array .size (dimensions), including ground area required 
- battery size (dimensions) 
- power conditioner size (dimensions). , 

, . 

c. Determine required load voltage (and whether AC or DC). 

d. Determine in-house and contractor responsibilities for site sur- 
vey, design, review, installation, operation, and maintenance. 

e. Determine environmental restrictions (Federal, state, and local). 
Examples of such restrictions are: 'a) no digging for cable 
layout, (b) no visual recognition of arrays from nature trails, (c) 
existing structures, special type structures, or buildings must be " 

used. 

2, A t  site 
(Consider all information and environmental restrictions learned in 
above.) 

a. . Determine eltx11 i d  C I I U I U C I ~ ~  ~ S I ~ C S  0 1  existiny equiyrr~er~f to be 
pawered by PV (voltage, current, Iso~.scpawci',  it^.). 

b. Check to see if the load or duty cycle can be reduced through 
more efficient use of, or replacement of, equipment. 

c. Check array location .for: 
- shading 
- foundat lon/struciural suppan 

.d - ground/roof area. 

rli Chmk pnr;r,ih!n coblc locations to array and sutrrsssemblics: 
- underground or overhead. 

e. Check possibl& fence locations (if required). . 

f. Determine the frequcncy of sitc visits that could bc uscd to 
check system operation. 



g. Check installation and shipping route for site accessibility. 

h. Draw sketch of site layout (indicate south), including equipment, 
shelters, fences, cabling, sources of array shading; give dimen- 
sions. sions. 

, 

DESIGN CHECKLIST 13.2.2 

A. Requirements 

. 6 - Define power and energy requirements. 

6 - Can the array output be used totally or primarily during daylight 
hours? 

6 - Is a voltage regulator needed? 

Is  a DCIAC inverter needed? 

Are batteries needed? How many and what size? . 
Is a low-power-capaci ty warning system needed? 

Must a backup energy system be used? 

What instruments should be used for checkout, monitoring, 
and diagnosis? 

System Desiqn 

Determine the optimal system bus voltage, location and 
efficiency.. 

Consider degradation of the array and efficiencies of the 
power conditioner, batteries, and connectors. 

8 - Consider periodic change of the arrby t i l t  angle. 

8,3 - Has array temperature been Eonsidered when computing 
instantaneous array output? ' .  . 

i I 3 - Consider snow removal. 

6 - Can the array output be stored ,in the end product, such ' as 
pumped water? 

4 - Should the batteries be heated to , retain . .  capacity, prevent 
, . .  .. 

freezing, or permit recharge?, 



5 - Should the voltage regulator be shunt (parallel connected), 
partial shunt, or series? 

3 - Is a diode provided to prevent battery discharge through the 
array? 

8 - Has a1 lowance been made for the voltage drop through the 
diode? 

*8 - From a sketch of the I-V characteristics of the load and the I-V 
characteristics of the array and batteries, can a load or power- . 
system mismatch be identified? Consider the effect of various 
operating temperatures and insolations, and degradation with 
time. 

What control system, i f  any, is to be used? 

Can the control system be .designed to make the power system 
more compatible with the load? 

Should 'AC or DC be used? 

Is an automatic maintenance telemetry system worthwhile? 

Should vandalism be considered? 

What provision is made f 3r less insolation than expected? 

What backup power is provided (none, manual, engine, primary 
battery, solar-recharged emergency battery, fossi I-rechnrgcd 
emergerrcy battery)'{ 

What spare parts. should be provided? 

Are the costs of spare parts included in the life cycle cost 
.and ysis? 

I.. I 
How will a malfunction be detected? 

Is the insolation preperl y computed (Aerospace/Solmet) with 
ground reflectance? 

If the energy method is used in the design computations, is the 
average efficiency properly chosen and just i f  ied? 

If a current method is used in the design computations, is the 
voltage sufficient to supply the current (eonsidtr terr~perature 
and low insolation)? . . 



8 - What is the optimal tilt, orientation, array size, and storage 
' size? 

8- Whatistheprojectedlife-cyclecost? 

10 - Are sufficient permanently wired voltage meters, ammeters, and 
test points provided so that system performance can be readily 
measured? 

C. Array-Design 
8 - From the manufacturer, obtain the I-V characteristics of the 

modules as a combined function of temperature and illumination. 

2 - Incorporate a monitor panel with voltage and current meters to 
check current and ' voltage outputs of subarrays and possibly 
modules. Determine its location. 

2 - Segment the array for maintenance safety from high voltage and 
temperature. 

3 - Determine least-cost frame and cover that meets the safety 
requirements. 

3 - Determine the least-cost packing density for the cells. 

2,3 - .Will the array or module withstand the environment (dust, sand, 
wind, temperature cycling, ice; freezing, high humidity, 
fog, snow, rain)? 

2,3 - Does the design conform to the national and local ' codes: 
BOCA, UBC, SBC, ANSI, NBS, HUD, NEC, NFC, NEMA? 

2,3 - Have the following structural loads been considered: 
weight, maintenance, snow, drifting, wind, earthquake, 
hail, ice, settlement, deflection, thermal cycling, 
humidity cycling, ground uplift, overturning, 
combinations of loads, and the probability of these events 
occu rr i ng? . .-. 

3 - Can the array be mounted 6n an existing.structure? 

3 - Are soil borings required? 

3 - What is the least-cost foundation? 

3 - What is the least-cost ,structural material? 

3 - Should the structure be obtained from the module 
manufacturer or is a special design necessary? 



2 -  Islightningprotectionprovided? 

3 - Is protection from falling objects (trees, sky lab, etc.) provided? 

2 - How is the maintenance person protected from high voltages and 
temperatures associated with a sunlit array? 

2 - Are dual leads provided for each cell? 

D. Power Conditioner Desiqn 

5 - Does the design conform to the national and local codes: ANSI, 
NBS, HUD, NEC, NFC, NEILZA? 

9 - How is the power conditioner protected from the weather? 

5 - Is there a potential instability associated with the power condi- 
ti oner? s 

Energy Storaqe Design 
- 

I 
4 - Does the design conform to the national and local codes: BOCA, 

UBC, SBC, ANSI, NBS, HUD, NEC, NEMA, NFC? 

3 - 'Have the following 'structural loads been considered in the design 
of the housing: weight, maintenance, snow, drifting,' wind, 
earthquake, hai I, ice, settlement, deflection, thermal cycling, 

, humidity cycling, ground uplift, overturning, combinations of 
loads, and the probability of these events occurring? 

4 - Should lead-acid (pure lead, Icadlcdcit.rm, sealed, SLI), silver- 
zinc, or nickel-cadmium (pocket-plate?) batteries be used? Con- 
sider: cost, availability, depth of discharge, l ife (cycles, years), 
and capacity vs. temperature. 

4 - Must the battery area be vented to prevent hydrogen buildup? 
(can catalytic caps cir overcharge prevention be used instead)? 

' 

4 - Obtain the I-V characteristics of the batteries as a combined 
function of tempera'tore and state of charge. 

' 4 - How many batteries can be charged in series? 

4 , -  Are the batteries arranged to minimize shorting and shocking? 

4 -, How rapidly will the hatter i ts  self-discharge? 

8 - What is the impact of a failure of one battery? What provisions 
are made to offset this impact? 



F. Backup Energy System Desiqn 

7: What power source is used i f  photovoltaics need repair or routine 
qaintenance? 

7 - . Is an automatic backup power system provided (if needed)? 

7 - How is the readiness of the backup power system maintained and 
checked? \ 

13.23 PROCUREMENT CHECKLIST 

I. Procurement Determination 

a. Sole Source 
b. Competitive Bid 

2. Review of Bid 

a. Review Sole Source price or low bid for compliance with all . .  . 
agency regulations. 

b. Award Contract. 

c. Review submittals for all equipment being furnished for project. 
Determine i.f shop drawings comply with project specifications 
and quantities. 

d. Review manufacturers' warranties.for all equipment being .furn- 
ished. 

e. ' Review. contractors' bonding and warranties for all material and 
workmanship to complete project as specified. 

13.2.4 INSTALLATION CHECKLIST 

Tools and equipment required: 

o Rachet handle 

o Sockets and wrenches 

o Screw driver 

o Slip joint and locking pliers 

o Crimpingtooi'andterminals 
. . 



o Wirestrippers 

o Diagonal cutters 

o Compass 

o Inclinometer. 

Hand l i ng and Unpack i nq 

- Careful handling and unpacking. of arrays is imperative. Check for , ' 

. shipping damage, i f  any and note same. 

Mounting Structure 
, 

- Orientation 
- Tilt angle 
- Secure 
- Grounding and lightning protections 

3. . Wiring 

- Proper series or parallel module interconnect ' 
- Polarity protection/marking 
- Proper wire guage 
- Cable runs - Weatherproofing 
- Disconnects instal led 

4. Batteries 

- Proper number and size 
- Correct interconnects 
- Setwe B U S ~  U I I ~  houslng - Venting 
- Safety notices 
- Safety equipment (mild basic solution for lead-acid, mild acid 

solution for nickel-cadmium batteries to neutralize accidental spills 
on personnel or equipment). 

13.2.5 TEST AND ACCEPTANCE CHECKLIST 
I 

Tools and equipment req~ired~also see installation checklist: 

o Voltage and current meters 

o Insolation meter. 



Prior to acceptance testinq insure that: 

a. , 
System has been properly cleaned and adjusted' by installer. 

b. Expected results are available (corrected to reference insolation, 
temperature, etc.). 

c. Test instruments (not built into system) are available and, cali- 
brated. 

i. Mechanicalcheck: 

= mnllnting in service 
- grounding connected and properly instal led - lightning protection connected and properly installed 
- weatherproofing instal led as required 
- drainage provided, i f  necessary 
- safety codes being followed. 

. . 
11. Electrical Measurements and Record: 

- insolation 
- array output voltage, current 
- battery input voltage - open circuit, current - short 

circuit 
- output of power conditioning equipment voltage, current. 

2. Documentation 

Ensure that appropriate warranty operation, maintenance, and asso- ' 

ciated documentation are supplied at time of sign-off. Representative 
drawings.which might be provided include: 

Solar photovoltaic power system location 
Solar photovol taic system site plan 
Grading plan 
Array layout 
Array foundation system 
Array sections 
Fence, road, and trail details 
Gate details 
Battery building site plan 
Battery building plan 
Battery building elevations 
Wall sections and details 
Eave detail and sections 
Array subfield assembly 
Subframe assembly 
Subframe 
Frame 



Modu le 
Battery building structure 
Ut ili ties--water and sewer 
Battery building plumbing plan and details 
Battery building mechanical 
Wiring assembly for subarray 
Lightning protection and electrical power 
Battery building lightning protection, grounding and 
controls 
Battery building electrical 
Generator building electrical 
Door and window details 
Miscellaneous details, signs, etc. 
Vlsltor overlmk plan, audio systems, etc. 
Eltctr ical System Schematic 
System Wiring Diagram 
Distributive Systems Integration 
Control Interface 

13.2.6 OPERATIONS AND MAINTENANCE CHECKLIST 

Equipment required: 

o Ammeter 

o Volt meter 

o Flnt s~.~rfoce thermorreter 

o Hydrometer 

, 0 Immersim thermometer 

o Air thermometer. 

I. Battery Checks 

a.. .Is the electrolyte level low? Replenish with distilled 
water, i f  necessary, 

b. Check the state of charge, correcting the hydrometer 
reading for the temperature of the, electrolyte. The 
specific gravlty of the electrolyte should not differ by 
more than 0.02 between batteries. 

c. Is the state of charge consistent with the season and 
recent weat her conditions? 



2. Array Checks 

a. Is the array free from excessive dirt buildup? If not, wash with 
water or mild detergent solution. Do not use solvents, strong 
detergents, or abrasives. 

b. Check the array for breakage, inspecting both the modules and 
their supporting structure. 

c. Disconnect the array. Follow all safety precautions (shading the 
array from the sun will reduce the possibility of injury). 

d. Remove any cover on the array. Measure the open. circuit 
voltage across the array. Is it consistent with design values? 

e. ~easu re  the short circuit current produced by the array. Is the 
measurement consistent with the design value (taking into ac- 
count insolation conditions)? I f  not, procede to the trouble- 
shooting guide. 

13.2.7 SPECIAL SAFETY CONSlDERATlONS 

All photovoltaic system designs shall comply with the safety measures set 
forth in the various articles of the National Electrical Code that pertain to 
Direct Current (DC) Systems and all other articles that are pertinent. 

The following are suggestions that should be incorporated int.0 all systems 
above 50 V. 

I. Provide black cloth or other suitable material to completely cover array to 
prevent power generation when maintenance is being performed on live electr i- 
cal parts.' 

2. Any modules whose combined voltage exceeds 50 V shall be provided with a 
disconnecting means to facilitate maintenance and troubleshooting procedures. 

3. All systems shall have total lightning protection. 

4. All systems shall have a driven ground frame when system voltage exceeds 50 V. 

5. All modu.les shall tiave adequately sized, factory installed junction boxes as an 
integral part of the individual module. 

6 .  Each module junction box shall have insulated stand-off terminal blocks secured 
firmly to the junction box with metal screws or bolts. 

7. All module 'junction boxes shall have weathertite covers and weathertite 
cable entrances and exits. 



8. Provision for battery disconnecting means is required. 

9. Provision for array disconnecting means is required when array and 
distribution panel are not within sight of each other. 

10. All loads on system shall have adequate disconnecting means and branch . 

circuit protection. 

I I. Adequate ventilation is imperative when batteries are in an enclosure. 

12. Face mask, gloves, and acid neutralizing agent shall be provided to 
protect personnel servicing installations. 

13. All batteries shall have flame a'rrestor3. 

.'::?. , ... -. L 
-/ 

'" '- 1 3.3. SPECIFIC SYSTEMS DESIGNS 

13.3.1 , NATIONAL ELECTRICAL CODE (NEC) 
_ _  .- 7 - - - .  

133.1.1 SAMPLE AREAS'OF' CONCERN 

The following sections of the NEC should be studied for compliance with the 
photovoltaic design being developed. 

ARTICLE TITLE 

Article 90-02 (b) Not Covered 

Article 110-17 Guarding of Live Parts 

Article 210-10 UPJLKUUFJDED Conductors Tapped from Grounded Systems 

Article 2 15-07 UNGROUNDED Conductors Tapped from Grounded Systems 

Article 250-03 Direct-Current Systems 
v 

Article 250-22 Point of Connection for Direct-Current Systems 

Article 250-93 Size of Direct-Current System Grounding Conductor 

Article 250- 1 3 1 Service of Less Than 1,000 Volts 

Article 280 Lightning Arrestors 

Article 480 Storage Batteries 

Article 720 Clrcui t s  and Equipment Operating at Less Than 50 Volts 



TYPES OF BATTERIES 

ACTIVE MATERIAL 

Zinc-Carbon 

Alkaline-Manganese 

Mercury 

Lithium 

Lead Acid 

Nickel Cadmium 

Lithium-Sulfur 

Sodium/Sulfur 

Sodium/C hloride 

TYPE 

Primary 

, . 

. . 

. . 

Secondary 

. . 

.I 

, , 

,a 

FEATURES 

Low cost, wide variety of small 
sizes 

Good low-temperature opera- 
tion, high effictency under high- 
drain duty, more costly than ztnc- 
carbon 

Excellent hi h-tem erature per- # P formance. elative y flat dis- 
charge characteristics 

Higlrest energy densit , temper- r ature range and she!f ife of 
prtmary cells, contatns no water 

Least expensive and most readily 
available of secondary cells . 

Excellent low-tem erature opera- 
tion, low weight, P ow rnainte- 
nance, higher initial cost than lead 

0 erate at high tem erature, 8 I' 4 0" C, not current y corn- 
mercially available, projected 
costs $25/kWh 

Operate at high temperature, 
300" C, very low self - 

discharge, projected costs are 
$20/kWtr, should be com- 
mercially available in  rnirl 1980's 

Not commercially available, 
projected costs S20/hWlr with 
efficiencies of greater than 90%. 
operates at 200" C 

- 

VOLTS/CELL 

1.5 

1.5 

1.3-1.4 

2.95 

2 .O 

1.2 

a1.6 

2.2 

2.12 

W-h/lb 

35 

. 42 

66  

150 

1 2  

1 6  

2 6 0  

e 9 5  

% 70 



WARRANTY 

It 'is understood and agreed that the equipment offered will be free 
from def8ects in rnateriak workmanship and performance for a 
period of not less than one year after acceptance by  the 
Giovernwnt. During the guarantee period all broken or defective 

-L parts no t  caused by misuse or accident through fault or z 
h# negligency by the Government must be replaced. and all necessary 

equipment adjvstments occasimed by  such defective parts shall be 
made at the contractor's expense including labor, parts and 
transportation costs. i f  any. 

' 



MANUFACTURERS PHOTOVOLTAIC MODULE/ARRAY 
QUALITY ASSURANCE TEST DATA 

Site Location: 

Till Angle: - Regulator: BVR Design Load: . AH/day 

Battery: Model connected - cells in serios by banks in parallel 

THE FOLLOWING QA TEST DATA PERTAINS TO EACH PHOTOVOLTAIC MODULE AND TOTAL ARRAY. 

Module Performance 
Module Model: Serial #: 
Rated Output*: Amps at ~ o i t s  
Rated Short Circuit Current*: Amps 
No. of Series-Connected Solar Cells: 

No. of Parallel-Connected Solar Colls: 

Array Perforn~ance 
No. of Separate Modules in Array: 

I - Model - modules on - frame(s). 

Rated Short Circuit Current* of frame(s): amps ea 

Model - modtrles on - frame(s). 

Rated Short Circuit Current* of modrlle(s): - amps ea 

C 

Module Performance 

MODEL module 
Rated Short Circuit Current*: - Amps 

No. of Series-Connected PV Cells: 

No. of Parallel-Connected PV Cells: 

MODEL module 

Rated Short Circuit Current*: - Amps 

No. of Series-Connected PV Cells: 

No. of Parallel-Connected PV Cells: 

A t  100 mW/cm2 slrnligllt intensity and 
28" C cell temperature. 



13.3.2 PHOTOVOLTAIC WATER PUMPING SYSTEM 
t I 

Project J00003 Sweet~ater,~Arizona Well 1,972 16 
I Latitude = 36 - 40' 

Longitude = 109" - 30' 

1 3.3.2.1 REQUIREMENTS 

General - The water system must supply continuous drinking water year-round for 24 
people, 50 animals, and I watering point. The estimated consumption will not exceed 
2,400 gallday. 

The cstimote \NOS calculated in the following manner (gallo~~j: per duy): 

CONSUMER 
people 
animals 
water inq point 

Total daily consumption 

EACH - - 
TOTAL 

- so 1200 
- - 12 600 

Well Supply - The maximum daily consumption (2,400 gallons) must be supplied by the 
well. Additionally, the well must retain a depth of water necessary to prevent damage 
to the interior of the well, which requires that the well supply the, maximum daily 
consumption with normal depth level retention. This well will yield 20 gallmin without 
pump down. 

Pumping - The pump driven by photovoltaics must be capable of supplying the 
maximum daily consumption during day1 ight hours year-round. 

The walking beam positive displacement pump was selected for the application. The 
rrvailable well is 350' deep with a 2.5 in. drop pipe. The motor required i~ o I hg 
pcrmernent mag~scl. T l ~ e  driver pully, mounted on the motor, will be 4 in. in diameter. 
The pump will pump 648 gallhr at 35 strokeslmin. 

Stora e - The water storage tank must be capable of storing at least 10 days of water & o gallons. 

Sensing Tank Storaqe - The purposes of the sensors are four-fold; 

o to de-activate the pump motor when the tank is at full capacity to prevent 
overflow and unnecessary pumping; 

e 

o to actuate the pump motor to refi l l  the tank in its normal day-to-day mode; 

o to actuate the pump motor to run all day, i f  necessary, to supply the demand 
water; 

o to de-activate the pump motor in the event of an extreme low 'water condition 
that probably indicates a malfunction in the storage tank or distribution system. 



- Sensor a t  high water mark to cut off  pump motor when tank has 24,000 - 
ga l Ions. 

- Sensor (intermediate) at 19,200 gallons remaining mark to turn on 
pump during daylight only. 

1 

- Sensor at lower intermediate mark (9,600 gallons remaining mark) to 
turn on both battery and array. \ 

- Sensor a t  cr i t ical empty (4,800 gallons remaining mark) to turn of f  
pump motor which can then only be started by manual override. 

Array and 6attery Monitorinq - Electi ical system monitoring is required to '  
ensure proper operation and maintenance of al l  components. 

__--. .  - 
o Voltage meter, located in the pump house, shall isolate' and monitor 

voltage on each array string, which also indicates total array voltage. 

o Voltage meter, located in the pump house, shall isolate .and monitor 
voltage o f  each battery and total battery voltage through manual 
switching. 

. , o  Ammeter shall measure total array output current via manual switching or 
fixed wiring. 

o Ammeter shall measure pump motor current via manual switching. 

Electrical. Storaqe Batteries - Must be capable of storing sufficient energy to 
drive the positive displacement pump to provide 4 days' supply of water in the 
event of emergencies or extreme low insolatipn. 

13.3.2.1 LOAD STATISTICS AND COMPUTATIONS 

Water Requirement: 

6 families + 90 head of catt le 

6 families = 200 .x 6 = 1,200 gallday 

50 cows @ 1 2 ga llcow = 600 gallday 

I water inq point = 600 qallday 
a 

Total gallday = 2,400 



Existing well: 

well depth = 350' pumping depth 

Pump = walking beam positive displacement 

drop pipe = 2Yz" 

cylinder - = 2Y4' 

' rod = # I  hollow 

GPM. = 10.8, 

GPH = 648 

Motor Horsepower = GPM x Ib/qal x well depth (ft) 

foot pounds/horse power min. 

Motor Drive for Pump: 

use I hp ptrmanent magnet motor 

I hp motor rated at 10.6 A full load @ 90 V (1,725 rpm) 

Driver Pulley (Diameter): 

Driver Diameter = diameter of driver x transmission speed x strokeslmin 
speed of driver motor' 

I 

b. B. = 4.07" dlameter (use 4" dlarneter pulley) 

Array Requirements (Hours per day): 

90  motor being driven 

batteries = 45 cells @ 2 V = 90 V 



. .  
battery storage = 156 Ah 

battery selected = 3 sets of 15QP75-5 as manufactured by C and D batteries. 
, , 

Latitude' = 30'-40' 

Longitude = 109' - 30' 

Equivalent hrlday (with 20% safety) for south facing panel t i l ted at angk  to latitude = 

4.54 hr/day 

Amp Demand for System: 2,400 gallday + 648 GPH from pump 

= 3.70 hours of pumpinglday 
\ 

Motor demand on array = 3.'70'hours of pumping x 10.6 A 

= 39.22 Ahlday 
. . 

Battery &mand on array = 39.22 x 1.10 = 43.14 Ah 

(for 90 percent efficiency of battery - multiplying factor of 1.10) 

The required rated array.output = 43.14 + 3.7 hours of pumping 

.Pump Amp Draw = 1 1.66 Amps 



Array Sizing (Modules) 

battery charging voltage = 45 cells x 2.6 V cell 

= 1 1 7 volts on array 

each module = 16 V 

array voltage = 1 17 + 16.7 Vlmodule . 

= 7 modules 

use 7 

Optimizing Array Size (Strings) . 
7 modules in series = 7 x 16.7 = 1 16.9 V 

array voltage = 1 16.9 V @ I 2 A/sl.rirry 

Hours of good sun for this location =. 5 hrlday 

array output = 43.14 Ah s 5 hr = 8.63 A 

Each string of modules = 8.63 I 1. l2Alstring 

= 7.7 strings - 

Array size (Ahlday)= 7 modules series connection = I string at 116.9 V 

8 strings of 7 modules = 5G modules 

actual array output = 8.96 A 

array output (Ahlday) . = 8.96 x 5 hr 

= 44.8 Ahlday 



Photovoltaic Array output - 
44.8 Ahlday 

b > 

Battery Output-39.22 Ahlday 
Battery Demand 
From array - 43.14 AhIday 

ARRAY 
A 

Permanent Magnet Drive 
Motor demand 
From battery - 39.22 ~ h f d a y  
Output - 2,400 gallons water 

C 

Tank Input is 2,400 gallday 
Output is 2,400 gal/dcy 

go0003 

Sweetwater Well #9T2 16 

1 

BATTERY 

SYSTEM' FLOW 

c 

POSITIVE DISPLACEMENT 
PUMP 

e 

b 

WATER STORAGE 
TANK 
(24,000 Gallons) 



GENERAL SYSTEM LAYOUT 
(Not to Scale) 

I r WELL AND CASING 



SYSTEM CONTROL 
Pltotovolt~tc Artvy 

Eaclt ntod~tlo s t r i n ~  16  V 7 1 12 V 
Total rystol~t 8 strto(ls @ 1 12 A 8 96 A 
1 1 2 V  8 9 6 A  1 0 0 3 6 2 A  0- 
5 l to~r t r  goat  61111 44 8 All  WATER 
Motur 10 6 FLA - 3 7 39 2 A l~ /Ddy  dul~rcl~ttl STORAGE 

@-- TANK 

PV MODULE C A P A C I T Y  
24.000 

@- GALLONS 
1 

NOTE. 
MANUAL TRANSFER 1 rruv~cle 4" drtvcl 1111lly un 111otor 
SWITCH NONFUSED 2 Postttvo dts lecomcnt pcottlt wall 
3 POSITION oltorutu @ $6 strokss/cttitt 
ON-OFF -ON 3 3 6  strol-os/tatn 1 0  84 GPM 

4 2.400 (ja1 1 day 6" 141tk I t u t ~ l t ~  
6 2.400 ~ p l / t l a y  1 0  84 GPM 3 7 0  Itours 

BATTERIES 
ol l tr lrn~. operictton pur 11.1~ 

46 -2 V CELLS 00 V 
166 Alt k - 4  PERMANENT M A G N E T I C  1 

PUMP MOTOR 1 hp . 90 V 

MOTOR CONTROLLEII 



STORAGE TANK CONTROL 
LEVELS 

1 4,800 GAUONS OR 2 DAYS 1 I 2 DAYS USE 
- % - m u - - - - - - - - - - - . . - - -  

I 9,600 GALLONS OR 4 DAYS 

I 1 4,800 GALLONS OR 2 DAYS 

1 4,800 GALLONS OR 2 DAYS 

FULL OFF 

NORMAL MODE 
PUMP DAY ONLY 

PUMP DAY AND NIGHT 

PUMP OFF 
CAN ONLY BE 
MANUALLY RESET 



ARRAY VOLTMETER 

(PULL- @: 
ARRAY STRING 

SELECTOR-VOLT 
METER SWlTCl l 

MONITOR PANEL 

O N  

P 
OFF 

T-- AHRAY OUTPUT AMPS BAnEf lY  VOLTMETEn 

BAlTERY 
VOLTAGE 

SELECTOR 
SWITCII 

- -  1 - .  
PUMP MOTOR AMMETER 

I 

PUMP MOTOn 
AMMETER 

SWlTCl l 



133.3 DOMESTIC PHOTOVOLTAIC POWER 

General 

The photovoltaic system shall provide electricity for remotely located homes where 
hookup to ut i l i ty-  grid lines is not economically feasible or where uti l i ty backup is 
necessary. The electricity supply shall be adequate to allow refrigeration of food, 
house lighting, television or radio or both, and cistern water pumping. 

Refrlqeratlon 

A 6 cu f t  refrigerator shall provide cold storage for the average family. The power 
requirement is as follows: 

12VDCmotor,6dW,5A . 
25 percent duty cycle (average) 
Total Ah required = 24 hr x duty cycle x 5 A = 30 Ah. 

Lighting 

The domicile will be equipped with 4 fluorescent lights, 2-40 W,  and 2-10 W. A 
conservative estimate would be 4 . hours of usage per night. The charge 
requirement for lighting is as follows: . 

2 x 4 0  W 9 12Vx4-h r  + 2 x  10 W t 12V.x4 hr = 33.33 Ah. 

Television 
e 

Television usage is estimated at approximately 4 hrtday. Charge requirements 
- 4 hr x 24 W + I2 V 20.0 Alr. 

Cistern Water Pump 

A permanent magnet, positive displacement water pump shall be used, which 
draws 5 A under full load. The pump shall f i i l  a pressurized tank; which shall 
then supply the domicile's water needs. A positive displacement pump was 
.chosen ovei a centrifigal or screw type pump due to its higher efficiency (80 
percent versus = 50 to 3 5  percent). . A n  average family requires 200 gallday; 
the pump provides 9.4 gallmin. Charge requirements = 200 gal t 9.4 gallmin t 
60 rninlhr x 6 A = 6.38 Ah. 

Food Preparation 
I .  

I f  .cooking cannot be done by an alternative method (i.e., 'LNG, wood, etc.,) a 
microwave oven can be incorporated into the domicile's design. This unit w i l l  
increase the electrical power needs by almost 65 percent, and,' as a res~ l t ,  
increase the cost of the PV power system by several thousand dollars (33 
percent). Incorporating a microwave oven into the house design (option 2) is 
only recommended i f  there is no reasonable alternative heat source available 
for food preparation. 



Microwave Oven (Option 2) 

The microwave oven 'is equipped with its own inverter and transformer circuits. The 
size of the microwave oven used does not appreciably alter the energy required as a 
larger oven would be on a proportionately shorter-time (i.e., it is the number of Btu's 
absorbed by the food that is important). A 725 W unit, 60.5 A at 12 V, i f  used for all 
three meals, would be used approximately 50 midday. 50 minlday + 60 minlhr x 60.5 
A = 50.4 Ahlday. 

Total Charge Requirements Per Day (Average) 
, . 

Option I 

Lighting = 33.3 Ahlday 

Television = 8.0 Ahlday 

Cistern Pump =, 6.4 Ahlday 

Total = 77.7 Ahlday 

Option 2 

Ref rigerator = . 30.0 Ah/day 

Lighting = 33.3 Ahlday 

. . 
Cistern Pump . = 6.4 Ahlday 

Microwave 

Total 

System Component Sizinq 

Array - 220 Wp 

= 50.4 Ahlday 

= 128.1 Ahlday 

13.75 'Ap 11-12 V panels 
. , 

Battery 680 Ah @ 12 V 

Volt regulator % -  yes, to prevent excessive outgassing due to overcharge 
. . 

Option2 , 

Array - 340 Wp - 2 1.25 Ap 



17 to 12 Volt panels 

Battery = 1,121 Ah @ 12 V 

Volt regulator - yes, to prevent excessive outgassing due to overcharge 

Control of PV Power System 

o A manual switch shall be provided to isolate the load for. maintenance purposes. 

o The system shall-be fused to prevent battery drain i f  a 'short circuit develops. 
Standard buss (car fuses) fuses are acceptable and readily available .for this 
p~jrpns~.  

Array and Battery Monitor inq 

o ' Voltage meter w ~ t h  sw~tches located rn the battery storage box That Will Isolete 
and monitor either the battery or orray voltage. 

o Ammeter with switches located in the battery storage box that will monitor 
either the total array output current or the total load current. 

Electrical Storage 

o Shall be provided by lead-acid batteries that exhibit low self-discharge. 

o Venting or recombiner caps shall be provided to prevent dangerous hydrogen gas ' 

bui Idup. 

o Sufficient storage shall be'provided to prevent dangerous hydrogen gas buildup. 

o Battery shall undergo a maximum 60 percent depth of dlschsrge, 

Safety Considerations 

Disconnect switches between the panels shall not be required due to the low (i.e., 12 V) 
system voltage. An opaque cover shall 'be available for use during maintenance to 
cover the array, thereby effectively turning the array "off." - Due to the location of 
the battery storage in a residence, special care must be taken to ensure proper venting 
of gases and protection of the battery terminals against accidental shorting. 

1333.2 SUMMARY OF DOMICILE DESIGN 

I. Schematic of Design 

2. Computation of Load-Option I (no microwave) 

3. Total Daily Requirement - Option I 



'4. Initial Array Sizing - Option 1 , . <  . 

5. Month-by-Month Calculations - Option I : Based on Exhibit I 

Exhibit 1.A - I I panels (winter months used for sizing) 
Exhibit 1 .B - 10 panels (yearly average used) 
Exhi bit I .C - I0 panels 

6. Choice of Exhibit .I .A, Exhibit I .B, or Exhibit I .C (which design is optimal?) 
I 

7. State of Charge Batteries 7 Option I 

8. Option II - Microwave Oven Load Computation 

9 .  lnitial Array Sizing - Option 2 

10. Month-by-Month Calculations: 

Exhibit 2.A - 17 panels 50: Ti l t  
Exhibit 2.8 - 16 panels 50 Til t  . . 

I I. Battery State of Charge - Option 2 

12. : Estimated Costs of Installed Systems - Options I and 2 
b 

13.3.33 LOAD COMPUTATION 

Refriqeration 6 f t 3  

1.2V DC Motor, 60 W, 5 A 25% duty cycle 
5 A x 2 4 h r z  4 = 3 0 A h  

Lighting - 4 F l  lights 
4 .hrlday 

12V, 72 W, 6 A  . Cistern Water Pump - p 

Pump delivers 9,4 gallmin 

Need 200 gallday ., . 

50: Ti l t  
50, Ti l t  
40 Ti l t  



DAILY LOAD - OPTION I (No microwave) 

Refrigeration 30.0 Ah 

Lighting 33.3 Ah 

Water. Pump . 6.4 Ah 

Total 77.7 Ah/Day 

Initial Array size (First Estimate) 

A peak = Averaqe Daily Load (Ah)* 
Average Monthly tquivalent Hours Peak Sun (Winter Averager 

77.7 
Ap = = 12.73 Ap Total 

(6.08 + 6.03 + 6.2) 
3 

Panel chosen produces 1.25 A at  60' C under an insolation of I00 mw/cm2 

12.73 Panels needed = ~5 = 10.1 8 or I I panels 

I f  a yearly insolation average is  used, the initial estimate~would he: 
' 

1 1.57 ' Panels needed =, - r s  = 9.26 or 10 panels. 

*Provision for degradation is not included. The calculations that follow can be used for a 
trade-off study regarding adding more storage capability vs. adding more modules or, i f  
necessary, management intervent ions in  crit ical design 'areas. 



Exhibit I 

I CON\PUTATION OF SYSTEM PERFORMANCE - 55' Tilt, 35' Latitude 

I. Array size (Ah) = 13.75 p (at 1.85 a t  60' C, 100 mW/cm2) 
Panels required = %5 = o. 8 

D 

Energy From 
Backup 

(AhIDay) 

Co1.C-C01.6 
(Enter 0.0 i f  

Col.B=Col.C) , 

0 

0 

0 

0 

0 - 
0 

0 

0 

0 

0 

0 

0 

0.0 , 

2. Total 
I 

3. Long term storage required = 2 x Line 2 (Ah) = 0.0 month 
,.-. 

4. Total storage = (Line 3) + (Short term storage) 7 days x (maximum value in 
Col. C) 

= 544 Ah 

C 

~ l e c t r i c a l  
Demand 

( AhIUay) 

From Load 
Analysis 

77.7 

77.7 

77.7 

77.7 

77 $7 

77.7 

77.7 

77.7 

77.7 

77.7 

77.7 

77.7 

B 

Electrical 
Output of 

Array 

( AhIDay) 

Line 4 x 
Co1.A 

85.9 

87.3 

91.7 

86.6 

84.8 

88.8 

83.05 

82.36 

89.1 

90.1 

83.9 

84.0 1 

Column: 

I tern: 

Units: 

A 

Average Day 
Insolation on 

a Tilted Array 

(kWh/m2 - Day) 

From Insolation 
Analysis 

r 

JAN 

FEB 

MAR 

APR 

MAY 

JUN 

JUL 

AUG 

SEP 

OCT 

NOV 

DEC 

6.25 

6.35 

6.67 

6.30 

6.1 7 

6.46 

6.04 

5.99 

6.48 

6.55 

6.10 

6.1 1 



Exhibit I .A 

COMPUTATION OF SYSTEM PERFORMANCE - 50' Tilt 

1 .  . Array size IAp) = 13.75 Ap 

1.25 Alpanel @ 60' C @ 100 mW/crn2 

- I:::: = 10.18 panels 

use I I. panels = 13.75 A 



Exhibit I .B 

COMPUTATION OF SYSTEid PERFORMANCE - 50' T i l t  
\ 

I. Array size (Ap) = 12.5 Ap 
10 panels - 

1.25 Alpanel @60° C Q I00 mW/cm2 

I 

/ 

i 

' D  

Energy From 
Backup 

(AhIDay) 

da s Co1.C-Co1.B x *h 
(Enter 0.0 if 

Col .B=Col.C) 

6.2 

0 

0 

0 

0 

0 

0 

C] 

0 

0 

51 .O 

71.3 
128.5 

2. Long term storage required = Sum Col. D = 128.5 

3. Total storage = (Line 2) + (Short term storage) 7 days x (maximum value 
in Col. C) 

= 672 Ah . 

C 

Electrical 
Demand 

(Ah/Day) 

From Load 
Analysis 

77.7 

77.7 

77.7 

77.7 

77.7 

77.7 

77.7 

77.7 
1 

77.7 
i - 

77.7 
c % 

77.7 

77.7 
t 

B 

Electrical 
Output of 

Array 

( Ah/Day) 

Line I x 
Co1.A 

77.5 

79.6 

79.8 

82.8 

82.1 

86.4 

80.6 

79.4 

84.1 

82.9 

7 6 

75.4 

Column: A 

I tem: ~ v e r a ~ e  Day 
Insolation on 

a Tilted Array 

(kWh/m2 - Day) Units: 

From Insolation 
Analysis 

JAN 

FEB 

MAR 

APR 

MAY 

JUN 

JUL 

AUG 

SEP 

OCT 

NOV 

DEC 

6.2 

6.37 

6.38 

6.62 

6.57 

6.9 1 

- 6.45 

6.35 

6.73 

6.63 

6.08 

6.03 



Exhibit I .C 

COMPUTATION OF SYSTEM PERFORMANCE - 40' Tilt, 3s0, Latitude 

I. Array size (Ap) = 12.5 Ap (1.25 at 60' C, 100 mW/cm2) 

need 9.28 panels = I 0  panels 

Column: A 

I tem: Average Day 
Insolation on 

a Tilted Array 

Units: (kWh/m2 - Day) - 

From Insolation 
Analysis 

3. Total storage = (Line 2) + (Short term storage) 7 days x (maximum value 
in Col. C )  

= 946 Ah 

B 

Electrical 
Output of 

Array 

(Ah/Day) 

Llne I x 
Col .A 

74.3 

78.5 

87.4 

88.9 

Y'1.3 

95.6 

88 .*9 

86.6 

88.3 -. 
83.1 

73.8 1 

71.9 

= Sum Col. D = 

JAN 

FEB 

MAR 

APR 

MAY 

JUN 

JUL 

AUG 

SEP 

- OCT 

NOV 

DEC 

5.94 

6.28 

6.99 

7.1 1 

7.22 

7.65 

7.1 1 

6.93 

7.06 

6.65 

5.90 

5.75 

C 

Electrical 
Demand 

(Ah/Day) 

From Load 
Analysis 

77.7 

77.7 

77.7 

77.7 

77.7 

77.7 

77.7 

77.7 

77.7 
, 

8 77.7 

77.7 

77.7 --- 

402 2. Lonq term storaqe required 

i) 

Energy From 
Backup 

( Ah/Day) 

Co1.C-Col .B x a 
(Enter 0.0 i f  month 

Col .B=Col .C) 

105.4 

0 

0 

0 

0 

0 

0 

0 

0 

0 

117.0 

179.8 
402.2 



BATTERY DISCHARGE 

Domicile 
X - Min. battery storage trsed (1 1 panels) (SO0' Tilt) 
- 1 0  panel Array (SO0 Tilt) 

J A N  FEU M A R  APA M A Y  JllN JUL A U G  SEP OCT N O V  DEC 3 A N  



13.3.3.4 DESIGN OPTIONS 

o Using I I panels, seasonal battery storage is not needed, tilt angle used is 50' 
(latitude + 15O). 

o Using I 0  panel% seasonal battery gorage needed is 1 28.5 Ah of charge with 
, 

the array at 50 tilt (latitude + 15 ). 

o Using a latitude ?il t and 10 the seasonal storage needs grow to 402.2 
Ah. 

o Optimal choice is either I or 2: 

Choice is between I extra panel and 128.5 additional Ah of battery charge 

Cost of panel ( I 2  V, 20 Wp) @ I 1.25/Wp = $225.00 

Cost of additional lead-acid calcium grid battery storage ( 1  28.5 @ 12 
v @ 

170fkWh @ 500 hour rate @ 60% depth of charge) = $437 

o Difference = $(437-225) = $2 12 

o Percent,difference = 2 121225 = 94.27. 

o Therefore use additional panel. 



'1 3.33.5 DOMICILE: MICROWAVE OVEN (OPTION 2) 

The microwave oven is equipped with i ts own inverter and transformer circuits. It requires 
an input of 60.5 A at 12 V (725 W) and has an on time of approximately 50 midday. The size 
of the microwave oven used does not appreciably alter the load requirement for cooking as a 
larger oven would be on a proportionately shorter time and a smaller oven would be on 
longer (i.e., it is the number of Btu's absorbed by the food that is 'important). 

I f  it is assumed that the oven is used for all three meals, the on t ime would average 
approximately 50 midday. 

The charge per day (Ah/day) equals 60.5 A x 50 midday x I hrf60 min = 50.4. 

PANELS REQUIRED: INITIAL ESTIIMATE 

Ap = 1 28.1 = 20.99 Ap Total 
(6.08 + 6.03 + .6.2)* 

3 

Number of panels = .x = 16.8 or 17 panels 

(1.25 A @ 60' C @ I00 mW/cm2 insolation) 

+Insolation used is for a 50' tilt on the array 

50' T i l t  Exhibit 2.A 

Exhibit 2.6 50' Ti l t  



Exhibit 2.A 

COMPUTATION OF SYSTEM PERFORMAWE - 50' Ti l t  

I. Array size (Ap) = 2 1.25 1.25 Alpanel @ 60' C 

use 1 7 panels = 2 1.25 . 

1 

2. Long term storage required = Sum Col. D = 0 

3. Total storage = (Line 2) + (Short term storage) 7 days x (maximum value 
in Col. C) 

= 897 Ah 

B ----- -- ----- 
Electrical 
Output of 

Array 
--- 

( AhIDay) 
-.. 

Line I x 
Co1.A 

131.75 

135.4 

135.6 

140.7 

139.6 

146.8 

137.1 

1 34.9 

143;O 

140~9 

129.2 

128.1 

C ----- 
Electrical 
Demand 

-- 
( AhIDay) 

From Load 
Analysis 

128.1 

.128.1 

128.1 

1 28.1 

128.1 

128.1 

128.1 

128.1 

128.1 

128.1 

128.1 

128.1 

Column: A D 

Energy From 
Backup 

(AhIDay) 

C0l.C-Co1.B x eh 
(Enter 0.0 if 

Col.B=Col.C) 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 
0.0 

I tem: 

Units: 

-- 
Average Day 
Insolation on 

a Tilted Array 
------ 

(kwh/m2 - Day) 
------------- 

From Insolation 
Anul ysls 

JAN 

FEB 

MAR 

APR 

MAY 

I JUN 
JUL 

AUG 

SEP 

OCT 

NOV 

DEC - 

6.2 

6.37 

6.38 

6.62 

6.57 

6.91 - 
6.45 

6.35 

6.73 

6.63 

6.08 

6.03 



Exhibit 2.8 

COIL\PUTATION OF SYSTEM PERFORMANCE - 50' T i l t  

I. Array size (Ap) = 20 Ap 

Use 16 panels = 20 Ap 

--- - 

2. Long term storage required = Sum Col. D = 623.8 
f 1 

Column: 

I tem: 

3. Total storage = (Line 2) + (Short term storage) 7 days .x (maximum value 
in Col. C)  

= 1521 Ah -- 

A 

Average Day 
Insolation on 

a Tilted Array 

B - - --- 
Electrical , 
Output of 

Array --- ----- 
Units: (kWh/m2 - Day) 

From Insolation 
Analysis 

( Ah/Day) 

Line I x 
Col .A 

124.0 

127.4 

1 27.6 

132.4 

131.4 

138.2 

128.0 

JAN 

FEB 

MAR 

APR 

MAY 

JUN 

JUL 

AUG 

SEP 

OCT 

NOV 

DEC 

C -- 
Electrical 
Demand 

---- 

6.2 

6.37 

6.38 

6.62 

6.57 

, 6.91 

6.45 

6.35 

6.73 

6.63 

6.08 

6.03 

0 

Energy From 
Backup 

(Ah/Day) 

From Load 
I Analysis 

128.1 

( Ah/Day) 

Col .C-C0l.B 
(Enter 0.0 if 

Col .S=Col .C) 

124.0 

127.0 128.1 i I 34.1 I 
134.6 

128.1 / 19.6 

128.1 I 15.5 

128.1 

128. I 0 

i 

128.1 I 0 
i 

128.1 I 0 

128.1 i 
I 

0 

132.6 

121.6 

120.6 - 

I 0 
I 

128.1 1 0 

128.1 195.0 
I 

128.1 1 232.5 
623.8 



BATTERY DISCHARGE 
I 

(~ ic rowave  0 "en) X = 17 pands 
Domicile- Oplion 1 = 16 panels 



13.3.3.6 ESTIMATED COST OF P V  DOMICILE SYSTEM 

(7-Day No Sun Battery Storage) 

Component 

Photovoltaic panels 

Basic System 

$. 2,970 (264 Wp) 

Structure $ 219 

Fence* (Roof Mobnted) $ 0 

Storage batteries with shelter 
(60% depth of discharge allowed) $ 1,903 (907 Ah) 

Total $ 5,356 

Total installed with fees $ 8,085 

Microwave Option 

$ 4,590 (408 Wp) 

$ 262 

$ 0 

$ 408 

$ 3,125 (1495 Ah) 

$ 8,385 

$12,662 

13.3.4 NAVIGATIONAL AND AIRCRAFT AIDS 

13.3.4.1 REQUIREMENTS 

General 

Rising battery costs and environmental concerns in disposal of spent batteries have made 
photovoltaics an economically viable and attrative source of power for navigational aids. 
Hundreds of commercial navigational aids are now operative. 

Specific 

The photovol'taic system shall produce sufficient power to operate a channel marker light 
during twilight and nighttime periods. The light operates at 24 V DC with a current draw 
of 3.1 A (74.4 W). The power requirements of the marker buoy will peak during the.winter 
months due to the long hours of darkness. Coast Guard regulations concerning private 
PV navigational aids require a minimum of 30 days of battery storage to be included in 
the power system. 

Array Size - 12- 12 V panels, 220 Wp (7.5 A peak @ 29.4 V) 



Battery size - 1,336 Ah - 24 V 

Voltage regulator - A voltage regulator shall not be required, as the maximum charging 
current of 7.5 A is equal to 0.6 percent of the storage battery capacity and, therefore, 
l i t t le outgassing due to overcharge should result. 

Control, of PV Power System 

o The light will operate only during the nighttime hours, therefore, power shall 
be supplied to the load by a photocell control. 

Array and Battery .Monitor inq 

o Voltage meter located in the battery housing that will isolwte and monitor 
either the battery or array voltage. 

o Ammeter located in the battery housing that will monitor the total,array output 
current. 

/ 
t 

Electrical Storaqe 

Shall be provided by low self-discharge, lead-acid 'batteries. A minimum of 30 days of 
storage is required by the Coast Guard for private aids. 

Safety Considerations 

Disconnect switches between the panel shall not be required due to the low (i.e., 24 V) 
system voltage. An opaque cover shall be available for use during maintenance to cover 
the array, thereby effectively turning the array "off ," 

133.4.2 SUMMARY OF NAVIGATION AID DESIGN 

1.  , Schematic of Design (~i t 'her Engineering Drawing or Block Di.agram), 

2. Computation of Load. 

3. Initial Array Sizing for Minimum Storage Design. 
- 

4. Month-by-Month Calculation for 14 Panels (Exhibit '3.A). 

5. 30-Day Battery Storage Design - Initial Array Sizing. 

6 .  Mnnth-hy-Month Calsw lation 40" Ti l t  .Exhibit 3.8 
60' Ti It Exhibit 3.C 

7 . .  Battery State of Charge (Graph) for Each Design. 

8. Cost Difference Between Designs. 

9. Estimated Cost of Installed System. 



L * 

13.3.4.3 LOAD COMPUTATION 

Load - Channel Marker Lights , - 
20 V DC, 3.1 A, or 81.6 W, battery used has a coulombic efficiency of 90 percent 

Month 
- .  

Jan 

Hours of 
FKiFiRSrne 

14.9 . 
Feb 14 47.6 

Mar 12.8 43.4 

A P ~  

May 

Jun 

Jul 

Aug 

Sept 

Oc t 

Nov 

Dec 15.3 52.0 

.Ah/day = (hours of niqhttime) x (A demand of load) 
-(coulombic efficiency of battery) 

133.4.4 MINIMUM BATTERY STORAGE DESIGN 

Avu ,wi~-~ tel' loud Initial estimate of array current= Avg. winter insolation (60: t i l t )  

Panels needed @ 1.25 Alpanel @ 60' C @ I00 mw/cm2 

8.12 
/ Panels needed = - = 6.49 

. 1.2s 

Because system is 24 V, use 7 x 2 = 14 panels 



Exhibit 3.A 

COMPUTATION OF SYSTEM PERFORMANCE - 60' Tilt, 35' Latitude 

I. Array size (Ap) = 8.75 Ap 
Panels needed minimum storage 6.49 x 2 = 

use 7 x 2 = 14 panels 

da s 1 3. Long term storage required.; 2 x Line 2 (Ah) = month 

Column: 

I tem: 

Units: 

1 4. , Total storage = (Line 3) + (Short term storage) 7 days x (maximum value 
in  Col. C) 

-- 
A 

Average Day 
Insolation on 

a Tilted Prray 

(kWh/m2 - Day) 

8 

Electrical 
Output of 

Array 

(Ah/Day) 

From Insolation 
Analysis 

b 

Line 4 x 
Col .A 

54.9 

55.1 

56.5 

52.1 

50.1 

52.2 

49.0 

48.9 

54.2 

FEE3 

MAR 

i APR 

M A Y  

JUbJ 

JUL 
I 

AUG 

SEP 

OCY 

F\JOV 

DEC 

C 

Electrical 
a Demand 

(Ah/Day) 

6.27 

6.28 
- 

6.46 

5.95 

5.73 

5.96 

5.60 

5.59 

6.19 

6.43 

C .08 

6.14 

From Load 
Analysis 

50.7 

47.6 

43.4 

39.7 

36.9 

35.9 

37.1 

40.1 

43,9 

\ 

Col .C-Col .B 
(Enter 0.0 if ' 

Col.B=Col .C) 

0 
.. 

0 

0 

0 

0 

0 

0 

0 

0 

53.2 

53.7 52.0 

D 

Energy From 
Backup 

(Ah/Day) 

1 

c) 

0 

0 
0.0 



Exhibit 3.8 

CON\PUTATION OF SYSTEM PERFORMANCE - 40' Ti1 t, 35' Latitude 

I. Array size (Ap) = 7.5 Ap 

(5.22 x 2) panels needed 
use 6 x 2 panels = 12 panels 

D 

Energy From 
Backup 

(AhIDay) 

C0l.C-Col.8 
(Enter 0.0 i f  

Col.B=Col.C) 

6.1 

0.5 

0 

0 

0 

0 

0 

0 

0 

0 

6.3 

. 8.9 
21.8 

3. Long term storage required = my$hx Line 2 (Ah) = 668 Ah 

4, Total storage = (kine 3) + (Short term storage) 7 days x (maximum value 
in Col. C) 

= 1032 Ah -- - - 

C 

Electrical 
Demand 

( AhIDay) 

B 

Electrical 
Output of 

Array 

( Ah/Day) 

Column: 

I tem: 

Units: 

A 
L 

Average Day 
Insolation on 

a Tii ted Array 

(kWh/m2 - Day) 

From Insolation 
Analysis 

JAN 

FEB 1 MAR / APR 

MAY 

JUN 

JUL 

AUG 

SEP 

I OCT 

NOV 

BEC 

7. Total 

Line 4 x From Load 
C0l.A Analysis -4 

5.94 

6.28 

6.99 

7.1 1 

7.22 

7.65 

7.1 1 

6.93 

7.06 

6.65 

5.90 

5.75 

44.6 

47.1 

52.4 

53.3 

r 54.2 

57.4 

53.3 

52.0 

53.0 

49.9 

44.3 

43.1 

50.7 

47.6 

43.4 

39.7 

36.9 

35.9 

37.1 

40.1 

43.9 

47.9 

50.9 

52.0 



Exhibit .3.C 

COlvZPUTATlON OF SYSTEM PERFORMANCE - 60' ~ i l  t, .35O Latitude 

I. Array size (Ap) = 7.5 Ap 

12 panels 
6 x 2  

Column: 

I tem: 

Units: 

A 

Average Day 
Insolation an 

a Tilted Array 

(kwh/m2 - Day) 

B 

Electrical 
Output of 

Array 

(Ah/Day) 

From Insolation 
Analysis 

3. Long term storage required = mont 

4. Total storage = (Line 3) + (Short term storage) 7 days x (maximum value 
in Col, C) 

= 834.6 Ah 

Line 4 x 
COLA 

47 .O 

47.1 

48.5 

44.6 

43.0 

44.7 

42.0 

41.9 

46.4 

48.2 

45.6 

46.1 

- 

JAN 

FEB 

MAR 

APR 

MAY 

C 

Electrical 
Demand 

(AhIDay) 

6.27 

6.28 

6.46 

5.95 

5.73 

5.96 

D 

Energy From 
k k u p  

( AhIDay) 

From Load 
Analysis 

50.7 

47.6 

43.4 

39.7 
t 

36.9 

35.9 

37.1 

40.1 

43.9 

27 -9 

50.9 

52.0 

C0l.C-Col.8 
(Enter 0.0 i f  
Col.B=Col.C) 

.( 

3.7 I 
I 

i 
Oa5 0 1 
0 i 
0 

0 

I 
0 

0 

0 

0 

5.3 

5.9 
15.4 

JUN JUL 5.60 

AUG 

SEP 

OCT 

NOV 

DEC 

- 

5.59 

6.1 9 

6 -43 

6.08 

6.14 

7. Total 



Navigational Aid: 
+ - minimum battery storage used 
0.- 30 day storage used (40" Tilt) 

--- - 60" Tilt (30 day storage) 



13.3.4.5 DESIGNING TO COAST GUARD REQUIREMENTS 
, +  

A Coast Guard requirement states that 30 days of battery storage must be used on private 
navigation aids. 

I f  one uses an average Ahlday requirement (43.8 Ahlday), an estimate of the 30-day storage 
required can be obtained. 

One can design a system that will use this battery capacity so batteries reach a minimum 
of 50 percent capacity during the winter months (657 Ah). This will minimize the array 
current needed. 

The first estimate will use the average load and monthly insolation to obtain an estimate 
of the needed array current. 

Avg. load 
Avg. insolation 

43*8 = 6.52\A (peak rated array output) = m  
Panels needed Q 1.25 Alpanel @ 60' C @ 100 mw/cm2 

6.25 - - - = 5.2 = use 6 x'2 = 12 panels 
1.25 

This design leads to a'battery storage requirement of: 

68 x 2 (50 percent depth of battery discharge) 1,336 Ah @ 24 V 

which conforms to the Coast Guard requirement of 30 days' battery storage. 



13.3.4.6 PRICE DIFFERENCE BETWEEN THE TWO DESIGNS 

2 panels @ $300/panel = $ 600 

Difference $2,125 

The price difference is irrelevent in this cafe, since the first design will not meet Coast 
Guard requirements. 

13.3.4.7 ESTIMATED COST OF PV NAVIGATIONAL AIDS 

Costs of Components (Installed) 

Cost of PV panels for marine environment is estimated at $ 1  5.00/Wp. 
>. 

Photovol taic panels 

Structure 

Fence, power conditioner not required 

Storage batteries $ 5; 564 ( 1,336 Ah) 

Total $10,054 

Total with fees $13,472 

13.3.5 TELECOMMUNICATIONS 

13.3.5.1 REQUIREM ENTS 

General 

*The photovoltaic system shall provide year-round power for an unattended radio 
repeater. The site is sufficiently remote to preclude the extension of the existing 
uti l i ty grid. 



Specific 

The repeater operates 7 days a week; it .is active for 5 hours per day. Operating on 
12 V DC, it draws I I A (132 VJ) while simultaneously receiving and retransmitting (the 
active mode), and draws 112 A (6 W) while listening only (the squelched mode). This 
load profile equates to a total power requirement of 64.5 Ahlday. (.774 kwhlday). 

Control of PV Power Syste'm 

I. Power is being supplied to the load at all times, so control hardware is not 
needed. 

2. The system shall be fused to prevent battery drain i f  the tepeater should fail In a 
short circuit mode. Standard buss fuses are available for this purpose. 

Array and Battery Monitoring 

I. Voltage meter with switches located in the battery storage box fhai will isolate 
and monitor either the battery or array voltage. 

2. Ammeter with sw'itches located in the battery storage box that will monitor 
either the total array output current or the total load current. 

Data and Calculations 

o Load - Radio Repeater 

12 V DC, I I A ( 132 W) active, 112 A (6 VJ) squelched 

Repeater operates 24 hrlday 
I 

- 5 hours active = 5 S . O  Ah 
- I Y hours squelched = - 7.5 Ah 
Total daily charge requirement = 64.5 Ah 

Initial Estimate of Array = 

averaqe load - 64.5 + 54.5 + 64.5 + 64.5 = 
average winter insolation (50 t i l t)  - 

6.20 + 6.37 + 6.08 + 6.03 

~ a i e l s  needed: (@ l .25 Alpanel & 60 C 6 I00 m\hll:m2) 

10.45 - 8.36 Panels needed - - - - 1.25 Use 9 panels 

Using 9 panels, seasonal battery storage is not needed (at 50' tilt: latitude 
+ 15) 

Providing 7 days' short term battery storage at an average Ahlday requirement 
of 64.5 yields 



'Allowing for 60 percent depth of discharge 45 1.5 Ah + .6 = 752.5 Ah 

Array - 180 Wp - 11.25 Ap 

Battery - 753 Ah @ 12 V 

Voltage regulator required 

Costing 

PV panels 
Structure 
Fence 
Power conditioning 
Battery and she1 ter 

+ Subtotal 
Fee (34 percent) 

TOTAL 



COMPUTATION OF SYSTEM PERFORMANCE - 55' Tilt, 35' ~ a t i t u d e  

I. Array size (Ap) = 1 1.25 Ap 9 Panels @ 1.25 A/panel 

* 

Column: 

I tern: 

Unitst 

A 

Average Day 
Insolation on 

a Tilted Array 

C0l.C-C0l.B 
(Enter 0.0 if 

Col.B=Col.C) 

0 

0 

0 

0 

0 i 
0 

I 

U 
I 
I 

0 

0 

0 

0 

0 
0.0 

C 

Electrical 
Demand 1 

B 

Electrical 
Output of 

Array 
-_. .- " -, 

2. Total 4 

--- 
clu s 1 3. Long term storage required = 2 x Line 2 (Ah) = 0 

i month 

4. Total storage = (Line 3) + (Short te rm storage) 7 days x (maximum value 
in Col. C) I 

= 45 l .5 Ah 

D 

Energy From 
Backup 

From Load 
Analysis 

64.5 

64.5 

64.5 

64.5 

64.5 

64.5 

64.5 

64.5 

64.5 

h4.S 

64.5 

64.5 

From lnsolation 
I 

Line 4 x 
Analysis Col .A 

(Ah/Day) 
.-e. .-. 

(liWh/mZ - Day) 

JAN 

FEE3 

MAR 

APR 

M A Y  

1 :zC' 
I AUG . 

SEP 

OCT 

I PdOV 
I 
1 DEC 

(Ah/noyf  

6.25 

6.35 

6.67 

6.30 

6.17 

6.44 

6.04 

5.99 

6.48 

6.55 

6.10 

6.1 1 

(Ah/Day) 

7U.3 1 

7 1.44 

75.04 

70.88 - 

69.4 1 

72.68 

67.95 

67.39 

72.90 

73.69 

68.13 

68.74 



13.4 PRACTICAL LESSONS LEARNED FROM SYSTEMS 

1 3.4.1 EXAMPLES OF INSTALLED SYSTEMS 

EXAMPLE I 

TIME: 12 noon (local time) 

LOCATION: ' 36ON x 1 0 9 ~ W  . 
WEATHER: Extremely clear,; 4' F 

1 System Description 

o Array has '108 modules; array angle 50' to horiiontal. 

o Battery bank consisted of 14 Willard EV88's @ 6 V each = 84 V. 

o Pump motor = 3.5 hp permanent magnet 25 AF L 2,750 rpm, driving 50 W Jensen 
jack and hypro pump. 

o Field connections were checked and determined to be properly wired. 

o System is designed to operate continuously 1 2 hrlday with capacity of 5,800 
gallday, for the Jensen Jack and 7'GPM transfer water for the hypro centrifugal 
pump* 

Actual Operating Description 

o Control box sets voltage at high of 96 V and low of 78 V. These voltages are 
for on and off switching. 

o The longest consecutive period of time the system operated was 4 months due 
. ' to high battery depth of discharge cat~sed by failure of contra1 box. 

o System had been in operation approximately one year. 

3. Initial Observation 

o System appeared to be properly installed. 

o Electrical connections were completed in a professional manner. 

o System was permanently wired with no quick disconnects to facilitate system 
test measurements 'and maintenance. 

' o . , System did not contain a monitor test panel. 



4. Findings. 

o The new voltage control box failed hf ter one day of operation. 

o Visual inspection revealed no broken modules or damaged cells. When mandally 
operated without control box, system outpuj was excel lent. 



TIME: 12 noon (local time) 

LOCATION: 36' i\l x 109' W 

WEATHER: Extremely clear; 3.5' F 

I. System Description 

o Array consisted of I04 modules; array angle 45' to horizontal. 

o Battery bank consisted of 12-8 V C & D {ILCPSA-5. 

o Pump motor = 112 hp Doeer permanent magnet 4.7 AFL 1,725 rpm. 

o Field connections were checked and determined to be properly wired. 

o System is designed to operate continuously 24 hrlday with capacity of 2 gallmin. 

2. Actual Operatinq Description 

o Pump must be manually switched on and off to prevent excessive battery dis- 
charge. 

o The longest consecutive period of time the system operated was 4 hours due 
to high battery depth of discharge. 

o System had been in operation approximately one month. , 

3. Initial Observation 

o System appeared to be properly installed. 

o Electrical connections were completed in a professional manner. 

*o System wos perrr~anently wlred with no quick disconnects to facilitate system 
test measurements and maintenance.' 

*o System did not contain a monitor test panel. 

4. Findings 

o The voltage regulutrst prevented the array from charging beyond 100 V measured 
value. As a result batteries never reached their ful l  charge of 1 17.6 V to 120 
V and in effect drastically reduced s to r~ye  capability. 

* Discrepancy 



*o Visual inspection revealed that several modules.contained damaged cells which 
reduced current output of thearray. 

*o One of the modu.les electrical. interconnects was rniswired resulting in a string 
voltage output of 4 V. .The string,. which was prewired at .the manufacturer's 
facility, should produce approximately 20 V, open circuit. The miswiring caused 

' the total array open. circuit voltage to be only 135 V after bypassing the 
defective voltage regulator. After correcting the wiring, the open circuit voltage 
measured 150 V. 

Because miswiring occurred at the manufacturer's facility, the individual strings 
could not have been adequately tested prior to shipment. 

*o Durincj the test, the operating point on the I-V errrve at battery lull clrurge was 
~ i ~ ~ ~ i f i c a i l t l y  below thc maximum power point of t h e  c18rrve. The tempersture 
during the test condition was approximately 1 '  C; therefore, during periods of 
higher temperatures.(i.e., late spring or summer), the voltage will drop due to 
temperature effects on cells, and the array will not charge the battery. 

*o The pump is unbalanced causing inefficient mechanical operation. 

., ,. 
*o I he electrical motor ( 1 / 2  hp) driving the motor pump ir oversized and 

should be replaced by 113 hp motor. 

Test Conducted 

Test I --array + regulator + batteries - - 

array vol.kuge - 100 V 
array current - 0 A 

Test 2 - array + battery (bypass regulator with blocking diode) 

array voltage - I I O V 
array current - I I A 

Test 3 - array short circuit current - 18.5 A ' 

array open circuit voltage - 1 35 V 

Test 4 - individual string tests - 
+ .  

String I = 1'9 'V 
String 1 + 2 = 39 V 
String 1 + 2 + 3 P 56 V 

**String 1 + 2 + 3 + 4 . , 
= 60 V 

* discrepancy 

** abnormally low 



' ~e termined by above test, there was a set o f  cdnductors in the manufactu- 
rer's junction box somewhere in the fourth set of incorrectly connected 
modules. Removed the covers on the J-boxes of these modules and found that 

. the positive and negative leads were indeed incorrectly connected. The leads 
were switched and then another test o f '  the fourth.set was done which 
read 75 V. Proceeded to test th-e total array without going further 
into the manufacturer's J-boxes. This test produced 150 V, open 
circuit from the array. 

The next test was at the panel in the bump house: 
\ 

There we read 150 V, open circuit, and - 105 V connected to 
. . batteries 

with 13.8 A current output. ' 

. '  . 
' i . . . . .  

'I . 
All above voltage, and current tests G r e  done witti a new Simpson 260 
meter with a Simpson DC adaptor that had a range of 25 A DC. 

13.4.2 SYSTEMS INTEGRATION 

I. Design must include systems analysis and synthesis. 

2. Electrical, mechanical, structural, etc., areas must be considered. 

3. Safety must be designed into the system. 

4. Maintenance and performance must be designed into the system. 

o Quick disconnectors 

o Monitor panels 
I 

o .Miscellaneous items such as covering for the array during 
maintenance 

13.43 AHRAYS 

I. Bypass diodes should be used on modules. 

2. Cells should not be chipped or cracked. 

3. Excessive torque on ponels will eause some encapsulating glass to 
crack.. 

4. Array and system should be grounded per existing codes. 

5.. Maintenance considerations must be considered at system design. 

I 
6 :  Arroy should. be able to be isolated and be monitored at control/test 

panel. 



7. Ti l t  angle is important but a good procedure to follow is latitude plus 15'. 

8. Panels should be structurally supported from both sides rather than the 
middle. 

13.4.4 BATTERY AND STORAGE 

I. Battery capacity should be calculated not to exceed maximum dis- 
charge rate. 

2. Voltage regulators must be chosen to allow batteries to charge 
fully which usually requires overcharging per manufacturer's 
specifications. 

3. Gassing is important to fully recharge battery. . . 

4. Consider venting or catalytic cops. . . 

13.4.5 ' BALANCE OF SYSTEMS SUBASSEMBLIES (Keep System Slrnple) 

I. Direct current 

2.. Minimum distance between subassemblies 

3. Lightning protection 

4. Grour ding 

5.  Quick disconnects 

A. (\C\onitor panels 

7. System efficiency 



I 

SECTION 14 
ADDENDUM 

14.1 PHOTOVOLTAIC SYSTEM RFP RECOMMfWDED ADDENDUM 

14.1.1 A COMPREHENSIVE NARRATIVE DESCRIPTION AND MATHEMATICAL 
M O D E  FOR THE DETERMINATION OF THE PHOTOVOLTAIC SYSTEM 
DESIGN 
The contractor shall describe in detail the operation of the system and 

relationship of the components to the system, to the load and to the overall operation. Also 
included shall be mathematical computations needed to describe the system and specify all 
of the parameters essential in completing the system optimization including percent of 
oversizing necessary for degradation purposes. 

,. . 
14.1.2 RESULTS OF M E  MODULE AND SYSTEMS QUALITY PERFORMANCE TESTS 

CONDUCTED AT M E  MANUFACTURERS FAClL l lY 
The information should be comprehensive and pertain to each photovoltaic 

module, total array and total system. 

14.1.3 FAILURE ANALYSIS METHODOLOGY 
A detailed description should be' provided to include narrative explanation of the 

rationale and probability of component and system failure, the maintenance and isolation 
procedures which should be used in the event of component or overall system failures, the 
component replacement techniques including requirements for spares and the procedures to 
be used for the handling and analysis of malfunctioned components. 

14.1.4 COMPREHENSIVE TES-i AND ACCEPTANCE PROCEDURES 
Test procedu~es required for system test and acceptance must be specified in 

detail for each of the sub-assemblies, the structure, i f  required, and the total system. 

14.1.5 DESIGN, HARDWARE DELIVERY AND INSTALLATION SCHEDULE 
Comprehensive schedules must be provided and coordinated with manufacturers, 

suppliers, etc. 



14.2 PURCHASE DESCRIPTION (5500 Watt Solar Cell Array) 

U.S. ARMY MOBILITY EQUIPMENT 
. RESEARCH AND DEVELOPMENT COMMAND 

. Fort Belvoir, Virginia 22060 

1.0 SCOPE.. 
1'. I This Purchase Description covers the requirements for design, fabrication, and testing 
of Silicon Solar Cell Modules with high efficiency and high packaging density installed and 
interconnected into suitable frames. The solar cell modules shall meet the JPL Environ- 
mental Requirements No. 5-342- 1, Rev 6. 

2.0 Applic&I.e Documents. . 

MIL-STD-8 10 Environmental Test Meth$s 
JPL-No-5-342- I, Rev B T)ec 1 979 Silicon Solar Cell hlodule Performance, Erlviron- 
17icntal Tesl 
Handbook H-28 Screw-thread Standards for Federal Services 
MIL A-8625C Anodic Coatings for Aluminum and AL-Alloys 

3.1 Module Description. The solar cell module design shall attempt to maximize the 
performance of the modules 'with respect to the following: 

a. Maximize power output per module unit area. This effort will reduce solar array 
area requirements and thus reduce support structure and electrical interconnection costs. 

b. Minimum cost per unit energy produced. 

c. service life. Maxlmlze the service lite of the module with a goal of 10 years, 

3.2 Electrical Performance. 

3.2.1 Module Characteristics. 

I 
3.2.1.1 General. The module geometry shall be such that they can be installed in 
subarrays of about 4 x 8 feet. Each *subarray shall have the voltage range specified in 
paragraph 3.2.1.3. 

3.2.1.2 Module Output Power. . The average module output power, wheq measured 
according to the JPL requirements 5-342- 1, Rev B, shall not be less than 10 W/ft . 
3.2.1.3 Subarray Voltage. The individual module voltage is of no consequence and is, 
therefore, not specified in the P.D. The subarray voltage, (a subarray consists of a number 
of modules installed in a 4 x 8 fee t  frame) shall be in the range of 125 Vdc to 3g0 Vdc. The 
low voltage (1 25 Vdc) shall correspond to the peak power point at 50 C ambient 

i temperature; the upper voltage (300 Vds) shall correspond to the open circuit voltage at - 
40'~. 

3.2.1.4 Subarray Output Power. The average subarray output power, when measured 
according to the JPL requirements quoted, shall not be less than 300 watts. 

'4 



3.2.2 Electrical Insulation. The electrical insulation of the module shall provide a minimum 
insulation resistance to ground of 100 megohms' and shall withstand 1 500 Vdc for one minute 
between circuitry and any metallic substrate, support, or frame. 

3.2.3 Output Terminals and Interconnection Box. Each module shall contain redundant out- 
~ u t  terminals to ~ e r m i t  interconnection of modules into either parallel or series arrange- 
hents. . Output tkrmina~s shall be capable of carrying 5 A, minimum. The output terminals 
shall be located within a waterproof interconnection box. 

3.3 Mechanical Requirements. - 

3.3.1 Module Geometry. The basic module geometry shall be such thai it can be mounted 
into a subarray nof greater than 4 x 8 feet, including a border for handling and fastening. 

3.3.2 Interface Dimensional Tolerances. Tolerances on .all external module dimensions shall 
be maintained at a level corisistent with module interchangeability. Surfaces, mounting 
holes and other attachment fasteners shall be maintained with a tolerance not to exceed + 
1/32 inch. Surfaces not associated with the attachment interface shall be maintained with a 
tolerance of + 0, - 118 inch. 

3.4 Solar Cell Frames and Mounting Stands. 

3.4.1 General. The solar cell modules shall be mounted and interconnected in suitable 
frames and associated stands. The frames shall be designed as to withstand the environ- 
mental characteristics specified herein. 

3.4.2 Panel Structure. 

3.4.2.1 Mechanical Construction. The structure shall be self-supporting, consisting of a 
panel frame assembly, interpanel wiring, and four legs with baseplates bnd provisions for 
tie-down. 

3.4.2.2 Ground Clearance. Each panel structure shall be of sufficient height to prevent 
a build-up of wind blown debris or snow from reducing the electrical performance of the 
system (1 8 inches minimum). 

3.4.22 Tilt Anqle. The illuminated surface of the panel shall be positioned at an angle 
of 45 from the hor lzontal. 

3.4.2.4 Interchangeability. The solar cell .modules and the array panels shall be 
interchangeable. 

. . 

3.4.2.5 Identification Markinqs. A l l  the panel itr$&res shall be permanently marked 
with identification numbers. 

3.4.2.6 Materials. The panel structure shall be'made of aluminum with a corrosion 
resisting treatment, acceptable to the C.O. Note: Anodizing according to MIL-A-8625C is 
an acceptable treatment. 

3.4.2.7 Grounding. The panel structure shall incorporate a ground stud or 318 hole for 
connecting ground cables/str ips. 

3.5 System Design Requirements. 
r .  



3.5.1 Lifetime Consideration. The system shall be designed for a minimum lifetime of 10 
years. I 

3.5.2 Transportability. The system shall withstand, without damage, shock and vibration 
encountered in shipment. 

3.5.3 Fungus Resistance. Materials used in the fabrication of the system shall not support 
the growth of fungus, except that the requirement need not apply to components within 
hermetically sealed enclosures. 

3.5.4 Environment. The solar cell array shall be designed to operate in and/or survive the 
following environments: 

Environment Operate Survive 

Ambient Temperature - 4 0 ' ~  to +SOOC 
=40? to + I 22'f 

- -  

Thermal Cycling -40% to +90°c 
I(1n C /ho~~r  with 
cycle 4 hours 

Humidity 2 to 100% 

Cyclic Load +50 lb/ft: to 
-50 Ib/ft 100 
times 

Elevation Sea Level to 10,000 f t  
Wind Up to 120 knots 

Hail lVV 

Rain ' Sha'll withstand 
sustained rainsjorms 
at  rates up to 5" 
per hour. Water 
entry into connector 
shall t~ csrisidered 
unacceptable. 

3.5.5 Fasteners (Except Electrical). Screw threads shall conform to Handbook H-28; 
American National coarse threads are required where threads are provided in aluminum, 
magnesium or plastic parts and are preferred for all other parts. Bolts, screws, and other 
fasteners used on- rotating parts shall be provided with positive locking devices or means 
which do not depend on spring action or friction for their locking action, such as lock plates, 
lock wire;snap rings, castellated nuts, and cotter pins. Means for locking fasteners on all 
non-rotating parts shall. also be provided. Swedging, peening, or stalking of threads will not 
be acceptable as a locking device or means for parts subject to adjustment, disassembly, or 
removal. The number of different sizes and types of bolts, screws, nuts, washers, etc.? shall 
be the minimum practicable. Sheet metal screws shall not be used except in fastenlnq of 
nameplates and instruction plates. 



3.5.6 Corrosion Resistance. All fasteners (bolts, screws, studs, etc.) and their associated 
hardware (washers, lockwashers, pins, etc.) shall be made of stainless steel, except that the 
following need not~comply with this requirement. 

a. Fasteners within hermetically sealed components. 

b. Fasteners within components which operate immersed in or filled with a fluid which 
will form a protective film. 

c. Fasteners in parts which are not subject to adjustment, disassembly, or removal for 
servicing, maintenance and repair during the life of the component of which they are a part. 

3.5.7 Fasteners (electrical). Lock devices shall be provided each fastener used in making an 
electrical connection. Each fastener, locking device, and other hardware (washers, etc.) 
shall be made of corrosion-resisting material or shall be treated to be corrosion-resisting. 
Fasteners (bolts, screws, studs, etc.) shall not be depended on to carry current; they shall 
serve merely to hold current-carrying parts (lugs, terminals, etc.) in firm contact with each 
other. Where flow of current through a stud cannot be avoided, the stud and all i ts 
associated hardware (nuts, locking devices, washers, etc.) shall be made of corrosion- 
resisting material. Positive means (such as pins or square shanks) shall be provided for, 
preventing turning of studs in their mountings when nuts are tightened or loosened; lock- 
washers which depend on friction or spring action will not be acceptable for this purpose. 
Except for devices with integral studs, unused length of threads on studs (or screws used as 
studs) shall not exceed three threads of the stud or one-fourth inch, whichever is smaller. 
All threads of a nut used in making an electrical connection shall engage mating threads on 
the corresponding stud (i.e., length of stud is sufficient to allow complete passage through 
the nut). 

3.5.8 Wiring. All wire shall be neatly laced into harnesses through the use of fungus 
resistant cord or self-locking nylon straps. Harnesses shall be so run and clamped (with 
insulated clamps) as to protect insulation against contact with sharp corners and edges, 
pinching, sharp bending and twisting, and abrasion because of vibration or contact w*ith 
moving parts. The clamps shall also serve to prevent transmittal of mechanical stress to 
internal connections of electrical components. Where a cable or wire is run between parts 
which move relative to each c her, sufficient slack shall be left in the harness. Wires shall 
not be spliced at any point throughout the length of their runs. All  harnesses used to 
interconnect assemblies shall terminate in qualified connectors at each end or branch. 
Connectors outside ot enclosures shall be potted where wires exist or seals shall be used to 
prevent entrance of water, dust, dirt, etc. Open, exposed connections shall not be 
permitted. Not more than two terminal lugs shall be attached to any one stud or stud-type 
terminal boards. Solder terminals on electrical components shall not have more than two 
wires attached, unless speciFic written approval is obtained from the Contracting Officer's 
Technical Representative. 

3.5.9 Wires and Cables. All wire and cable shall have conductor size not less than AWG 
Number 16. The following'exceptions are permissible: 

a. Wire used in coils and windings and wire used as short "jumpers" on printed circuit 
boards, etc., may be solid and smaller than AWG Number 16. 

b. Wiring located within a hermetically sealed electrical component may be smaller 
than AWG Number 16. 

c. Wire size smaller than Number 16 may be used within electrical enclosures i f  



1 .. 
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i ' . . .  specific written approval is obtained from the Contracting Officer's Technical Repre- 
. . .  sentative. I .  

! , '  . 
! .  

4.0 Quality Assurance Provisions. 
i 

4.1 Responsibility for lnspection and Test. Unless otherwise specified in the contract, the 
contractor is res~onsible for the ~erformance of all ins~ection and test requirements as 
specified herein. ' Except as otherwise specified, the supplier shall utilize his own facilities 
or any commercial laboratory acceptable to the Government. In addition, the Government 
reserves the right to perform or repeat any tests or inspections set forth in this Purchase 
Description at any time such tests or inspections are deemed necessary by the Contracting 
Officer to assure equipment conforms to prescribed requirements. It is required that the 
contractor proposes solar cell modules equivalent in design and materials to modules which 
hove previously met the pertinent Jet Propulsion Laboratory Environmental Requirements 
No. 5-342- 1, Rev 6, part Ill Test Requirements. 

4.2 lnspection and Identification. 

4.2.1 Visual Inspections. The Contracting Officer's Technical Representative shall make a 
physical inspection of all modules, frames, and stands to determine conformance with this 
Purchase Description, prior to the tests. The inspection shall include, but not necessarily be 
limited to the items of Table 1. 

' . 4.2.2 Module Identification. All modules shall be appropriately identified. 



TABLE I , . 

VISUAL EXAMINATION . . 
. , 

Workmanship 

Safety 
. I  I 

Identification ' ' . . 
. ' 

Treatment and Painting 

Welds 
. . 

Soldering . . . .. 
. . 

Electrical Wi.ring, Connectors and' Connections . . . a 

Output Terminals 

Corrosion Resistant Treatment and Materials 

Cracked or Dirty Silicon Cells 

Encapsulation 



4.3 Acceptance Test. 

4.3.1 General. The acceptance tests consist of the pre-manufacturing tests and the 
manufacturing tests. They shall be performed according to the specified JPL document, 
taking into consideration the different voltage and power levels of the. modules. The pre-. 
manufacturing tests are intended to characterize the expected module performance and to 
provide a high level of confidence that the modules and subarrays will function within the 
specified performance requirements in a terrestrial environment. 

4.3.2 Pre-manufacturing Tests. 

4.3.2.1 Electrical Performance. Perform current-vol tage (I-V) characteristic tests on 
5% of the modules. 

4.3.2.2 Electrical lnsulation Tests. Perform insulation resistance tests on 50% of the 
modules. 

4.3.2.3 tnvironmental Tests. Perform environmental tests on 5% of the modules. 

4.3.3 Manufacturing 'Acceptance Tests. 

4.3.3.1 Electrical Performance Tests. Five percent of the solar cell modules shall be 
subjected to the electrical performance test. 

4.3.3.2 Electrical Insulation Test. Five percent of the solar cell modules shall be 
subjected to the electrical insulation test. 

4.3.3.3 Thermal Cycling Test. Fixve individual modules shall be subjected to the thermal 
cycling test. 

4.3.3.4 Subarray Acceptance Test. All components shall be mounted on one subarray to 
demonstrate its ability to support %-me. 

4.3.3.5 Compatibility Test. One subarray shall be operated and monitored for a 
minimum of 14 hours to verify system performance. 

5.0 Preparation for Delivery. 

5.1 Preservation and Packaging. Preservation and packaging of the solar cell modules, 
frames and stands shall be in accordance with good commercial practice to provide 
protection against deterioration and damage from the supplier to the destination. 

5.2 Packaging. The solar cell modules, frames and stands shall be packed to insure carrier 
acceptance and safe delivery to destination at lowest rates in compliance with Uniform 
Freight Classification rules or National Motor Freight Classification rules. 

6.0 Notes. 

6.1 Intended Use. It is intended that the 4000 watt solar cells describkd herein be used for 
two applications, one in Yuma, AZ and the other in Dugway Proving Ground, UT. 



6.2.1 - Cell. A semiconductor device typically in wafer form that converts light energy to 
electrical energy. 

6.2.2 Module. A grouping of one or m o e  cells encapsulated into an integral, indivisible unit. 

6.2.3 Subarray. A grouping- of one or more modules into a free-standing unit, with module(s) 
electrically connected and terminals provided for connection to the array or load. 

6.2.4 Array. The entire solar cell subsystem. An array normally consists of a number of 
panels, although an array could consist of a single module, which, itself, could consist of a 
single cell. 
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REJECTION CRITERIA FOR JPL LSSA MODULES 

06 JECTl VE 
. . 

14.3.1 . . :  

The objective of this document is to define the rejection criteria for silicon solar cell i 

modules procured for the JPL Low-Cost Silicon Solar Array Project.' The criteria, 
terminology, and illustrations are derived from the details of specific module designs. .Any . . 
module design for which these criteria are inapplicable because of difference in detail shall . . 

necessitate theldefinition of additional or alternate rejection criteria. , 

143.2 . APPLICABLE DOCUMENTS . , . . . . 

The latest approved revisions of the following publications shall apply: 

A. JPL Silicon Solar Cell Module Design, Performance, and Acceptance Test 
Requirements document. 

6. Contractor interface control drawing. 
. . 

C. Contractor top assembly drawing. ) .  

. . 

14.3.3 INSPECTION REQUIREMEJWS 

Magnification: Inspection shall be performed using 6 x  magnification. Higher . 
magnification shall be used for evaluati.on or clarification. 

14.3.4 REJECTION CRITERIA FOR MODULES 
! .. 

The following defects shall be cause for module rejection. 
, 

A. Module Identification 

I. Module serial number location and orientation other than the position 
. indicated on the manufacturer's drawing. 

2. Required markings or identification which cannot be correctly read or 
interpreted. 

3. Markings or identification ..which show signs of peeling or readily coming 
off. , . 

4. Missing contractual markings or identification, .b . .  

. . 
5. Incorrect markings or identification. 

1 
I 

B. Module Mechanical Features 

'I. Module length, width or depth out of the tolerance specified on the 
maiufacturer's drawing. 

2. Module mouijf ing tiole size or location out of the td~erance specified in the i 



manufacturer's drawing. 

3. Cracked or damaged s~ructurai elements. 

C. Solar Cells \ 

I. Cracked or broken solar cells (exhibits 1 - 1 1 ). 

2. Cells in edge-to-edge contact (exhibit 1 2). 

3. Cells in  edge contact with metal module substrate (exhibit 13). 

4. Overlapping cells (exhibit 14). 

D. Interconnects and Soldering 

I. Collector or interconnect delamination (exhibits 270, 27b, 274. 

2. Alligatored contact. Silicon fracture under collector (exhibit 28). 

3. Extensive collector dewett ing from silicon in the interconne.ct-to-collector 
contact area (exhibit 29). 

4. Less,than 50% solder f i l let on soldered area of interconnect-to-collector or 
back contact. 

5. Fractured, overstressed, or damaged interconnects (exhibits 30-34). 

6. * Solder joints obscured by flux. 

7. Brokenornickedwirestrandsatsolderjointsinexcessofthesecriteria: 

7-strand wire: I strand broken, 2 strands nicked 

9-strurid wire: 2 311 UI ' I~J  broketi, 3 j t f a n d ~  nicked 

8. Insulation of wire buried into solder joint (exhibit 35). 

9. Solder joints which lack a solder fi l let to all wires or other elements 
contained within the solder juncilan (exhlblts 36, 37). 

10. , Broken or fractured solder joints at output terminals iexhibi ts 37 and 38). 

I I .  Split, burnt, crushed or cut insulation on. any of the lead wires. 

12. Cut, overstressed, or broken single strand wire. , 

3 Interconnect misalignment with less than 50% of interconnect in contact 
I with collector (exhibit 39). 

14. Stress relief loop frozen by solder (exhibit 40). 

15. Wire or other interconnects in or near contact with other conductors, 
including conductive substrates. 



16. ' Folded interconnects (exhibit 4'1 ). 

17. Damaged flat or printed circuit paths having less than 75% of current- 
carrying conductor remaining. 

18. Interconnect rework, i.e., patching or solder coating, is not acceptable for 
exhibi ts 30-34. 

E. Encapsulation 

I. Encapsulant cracking or splitting over active elements (exhi bi t 42). 

2. Frame seal delamination (exhibits 43, 44). 

3. Holes or air bubbles in the encapsulant, regardless of size, which could 
serve as a direct moisture path from the outside environment to an internal 
module component (exhibit 45). 

4. Bubbles or delamination between output terminals or terminals to substrate 
(exhibits 46, 47). 

5. Uncured or insufficiently cured encapsulant characterized by excessively 
sticky surfaces and/or streaks of liquid on the surface of the encapsulant. 

6. lnterlayer delamination. 

7. Air bubbles or uncured encapsulant which move about under light finger 
pressure. 

8. Delaminations and Bubbles. 

a. Delamination or bubbles less than 2 mm across the largest dimension 
are acceptable at any location on the module. 

b. Delamination or bubbles larger than 2 mm but smaller than 3 mm 
across the largest dimension are acceptable under the following 
constraints: 

( 1 ) There shall be none over cells, interconnects and/or terminals. 

(2) There shall be no more than 10 per module. 

(3) None shall be located where it can provide a path from one 
conductor to another or from a conductor to metallic frame or 
substrate (exhibits 44, 45). 

(4) Delaminations or bubbles shall be at least 2 cm apart. 

c. Delaminations o r .  bubbles 'greater than 3 mm .are not acceptable 
(exhibit 44). 

9. Internal conductors, interconnects, or cells within 1.5 mm of the external 
surface of the encapsulant (unglassed modules only) (exhibits 48, 49). 



10. Cracked or fractured glass or other protective bating. 

I I. Deep scratches over 5 cm in length in  any direction or location on module 
cover glass. 

12. Inadequate adhesion of encapsulant in reworked areas, as indicated by the 
following procedure: . - 

a.. Clean the surface to be evaluated with methyl or ethyl alcohol. 

b. Cut a 2 to  3 inch length of Scotch Brand Pressure Sensitive tape No. 
600 or equivalent and apply immediately to the area to be tested; 
hold a tab end above the surface. 

c, Rub tape so that air bubbles are removed. 

d. Pull tape from the surface. Reject i f  encapsulant comes away from 
the module and remains on the tape. 

NOTE: Do not perform this test before the encapsulant has been 
completely cured (i.e., a minimum of 48 hours at. room 'temperature). 

f. , Foreign Material 

I. Any metallic particle (including solder) resting on the cell junction (exhibit 
50). 

2. ~n~ metallic particle (including solder) trapped between the intercdnnect 
arid the cell junction (exhibit 50). . . 

3. Any metallic particle trapped between an internal conductor, such as an 
interconnect, and a conductive substrate. 

G. Hardware 
/ 

I. Loose or missing hardware. 

2. Damaged hardware such as threaded terminal posts and missing plated or 
ekemieall y t r ea t4  areas. 

3. Encapsulant on external elecir leal c6nTacT$, mounting bosses, or mounting 
hardware surf aces. 

4. Incorrect hardware. I 

H. Final Test and IV Data 
1 

I. Data missing or incorrect. 

2. Data out of specification tolerances. 



FIGURES I TO 50 

REJECTION CRITERIA FOR JPL LSSA MODULES 



5101-21, Rev. A , 

Figure 1. Terminated Crack. Reject. 



5101-"1; Rev. A 





5101-21; Rev. A 

Figure 4.  .Rim to; R i m  Hairline Crack. Reject. 



5101-21; Rev. A 

Figure 5a.' crack- Between Collectors. Acceptable. 



5101-21; Rev. A 

Figure 5b. Crack Isolating Offset Interconnects. Reject. 
* .  



5101-21; Rev. X 

: 

Figure 6. Irregular  airline Crack Through Collector. Reject. , 



5101-21; Rev. A 

Figure 7 .  Edge Crack Terminaced or Passing Through or Under Collector 
Solder Joint. Reject. 



5101-21; Rev. A 

Figure 8. Broken Portion of Cell  Intersecting Collector Strip. Reject. 





5101-21; Rev. A 

Figure 10. Cracks Caused by Point Impact. Reject. 



5101-21; Rev. A 

Figure 11. Spalling i n  Cell Surface ? later id  at  Collector. Reject. 



5101-21; Rev. A 



5101-21; Rev. A 

Figure 13. Cell i n  Edge Contact With Xetal ?fodule 
Substrate. Reject. ' 



Figure 14. Overlapping Cells. Reject .  



5101-21; Rev. A 

Pigure 15. Break i n  Cell not Intersecting Collector. Acceptable. 



5101-21; Rev. A 

Figure 16. Part of Cell Broken Away Without Disturbing  Cell 
Integrity. Acceptable; 



- 
5101-21; Rev. X 

Figure 17.  Chip sroken out of Cell Body it Edge. Acceptable. 

I 



5101-21; Rev. A 

Figure 18. Parallel Saw Narks on Surface. Acceptable. 



,- : 
5101-21; Rev. A 

Figure 19. Saw Mark. on C e l l  Surface Only. Xay be Stra ight  
Line or Curved. Acceptable. 



5101-21; Rev. A 

Figure 20. Sutfvc~+ Scar-e and Scratches. Acceptable. 

. . 





5101-21; Rev. A 

Figure 22. Excess Solder on Cell Surface. 
Acceptable. 





5101-21; Rev. A 

Figure 24. Broken or Missing Grid Lines With Loose Fragments of Grid 
Lines. Accept able. 





5101-21; Rev, A 

Figure 26. Major ~a; in  Collector. AcceptPble. 



5101-21, Rev. A 

Figure 271. Collector Delaminated at Interconnect Solder Joint. Reject. 

Figure 27b. Interconnect Delaminated at Solder Joint. Reject. 

Figure 27c. Interconnect Delaminated at Solder Joint. Reject. 



5101-21; Rev. A 

Figure 28. Alligatored Cell. Broken Material 
Under Collector Solder Joint Starting 
at Edge of Cell. Rajecc. 



F
1g

11
re

 2
9.

 
1n

te
rr

ot
i1

1t
.t

: t 
C

t)
tl

ls
et

 S
n

ld
r 

r 
1)

cv
r.

t.t
 I

n%
 
L
 je

c
t 
. 



Plgure 30. Sul id  Strip Tntcrcro~mect Nctnl Fatigue Fracture. Reject. 



* 

. 

TOOL OR ASSEMBLY 

Figure 31. Solid Strip 1n.tcrcornert 1)iscrt:l~ouc les L E  i n  Stress Relief Area. RcjccC 
I f  tllc ,Cross-Sect lc~nirl Arcir of Llre S t r i p  1s H c ! ~ I I c ~ ~  I B ~  25% or  Nore. 



Flg~rrc 32. Ilicccco~lne&t Stress  Damage. Reject. 



ylgtlre 33.. Sol id S t  r i p  I r l e r c l n ~ ~ e . : t  IJis#:rslbun~:lrs. Hcjeel  1 f &C 

Crcms-sccr lon;r.i  arc;^ ol ~ i l c  S t  r i p  l a  Wedtrccd L y  25% or 
)It1ru . 



F i g ~ ~ r e  34. .Neb-'Cypc I n  ccrconnect I lcf oc:l.s. I)c:f ec t:; W l t l  ch Iteduce the 
Crass-Sect l o ~ u l  .Area of the Wel, b!;ltcrlal by .25% or  Hirc  
a re  Cro~~ncls t-c~r Hc,ject&on of t l ~ e  Iln l t . 



5101-21, Rev. A 

Figure 35. Insulation Buried 
Into tbe Solder. Reject. 

Figure '36. Poor Flow t o  Wire. 
I n s u f f i c i e n t  Heat or  Contamina- 
ted Surfaces. Reject.  

Figure 37.  Cracked Solder. 
Reject.  

Figure 3 8 . ' \ . ~ ~ l a ~ e d  or Birdcaged 
Wire Strands Pt Solder Joint ,  
With Strand Breaka~e .  Usually 
Shiows Exposed Copper i n  Breakage 
Area. R e  j e c t  . 





Figure  40.. S t r e s s  R e l i e f  Loop Frozen tiy S o l d e r .  Reject. 

1 EXCESSIVE SOLDER 



5101-21; Rev. A 

Figure 41 .. Intetconnec t crushed Betwee3 Cell ~ d g e s  
and/or Distorted and Degrading Stress Relief.  
Reject. 



5101-21; Rev. A 

Figure 42 .  Encapsulant Surface S p l i t .  Reject .  



5101-21; Rev. A 

Figure 43.  Edge Seal Void Between Substrate and 
Pott ing.  (Side View) Reject.  



Figure 44. Any Del.am1natioes or  U ~ ~ b b l e s  Greater Than 3 mn. Reject. 



METALUC 5UBSTRATE ONLY 

Figl~t-c 45. A l r  Bubble Discrepancl e. Reject. 



5101-21; Rev. A 

Figure 4 6 .  Void or Delamination from Output Terminal 
t o  Metal Substrate. Reject. 

Figure 47. Void or ~ e l d n a t i o n  Between Output 
Terminals. Reject. 



Figure 40. Cell ~ x p o s e d  or I.ESS rlian 1.5 mm Below Surface of Encapsulant. Reject. 
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Figure 49. Interconnect Exposed or Less Tlran1.5 mm Below Surface of Encapeulant. Reject. 



LOOSE METAL FRAGMNT 
~ADHERIEIC TO EDGE OF CELL 

SOLDER T W I E D  UNDER 
INTERCONNECT 5TRlP 

Figure 50. Poss'Lble Junction Shorts. Reject .  




