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BRIEFING AGENDA

® PV SYSTEMS-A DEFNITION

® PV SYSTEM COMPONENTS

®SYSTEM APPLICATIONS

® ELEMENTS OF PV SYSTEM CONCEPTUAL DESIGN

® CONSIDERATIONS FOR SYSTEM INSTALLATION, OPERATION,
REPAIR, AND MAINTENANCE



PV ENERGY SYSTEM DEFINITION

A PHOTOVOLTAIC ENERGY SYSTEM CONSISTS OF
THE COMPONENTS NECESSARY TO CONVERT SUNLIGHT
INTO A USEFUL END PRODUCT (DC OR AC ELECTRICITY,
POTABLE WATER (PUMPED, PURIFIED, DESALINATED),

LIGHTING, REFRIGERATION, COMMUNICATIONS, GROUND
GRAIN, ETC.)

THIS BROAD DEFINITION IS REQUIRED BECAUSE:

1)MANY END USE DEVICES ARE SPECIFICALLY
DESIGNED FOR PV POWER, AND

2)MODULES, BATTERIES, CONTROLLERS, INVERTERS
AND DIESEL OR WIND EQUIPMENT (HYBRID
SYSTEMS) ARE DESIGNED TO OPERATE AS A
“SYSTEM” MATCHING SOLAR RESOURCE WITH
LOAD CHARACTERISTICS



PV SYSTEM COMPONENTS

®* PHOTOVOLTAIC CELL

e MODULE, PANEL, (STRING), SUBARRAY. ARRAY
® REGULATOR/CONTROLLER

® STORAGE: BATTERY, PRODUCT

® BACK-UP: DIESEL, WIND, GRID

® POWER CONDITIONING-INVERTER, REGULATOR

®END USE DEVICES

® WIRING, JUNCTIONS, SWITCHES, GROUNDING
EQUPMENT, MOUNTING HARDWARE, ETC.



PHOTOVOLTAIC SYSTEM

R BATTERIES

2N,

LOAD

POWER CONDITIONING



PHOTOVOLTAIC ENERGY SYSTEMS
MATCH RESOURCE TO LOADS BY:

CONVERTING

SOLAR
RESOURCE |> PV Array

Junctioning

® CONTROLLING

Regulation
Protection

Managing
¢ STORING
Battery
Product
eDELIVERING ‘: LOAD
Conditioning |DEMAND

Distribution
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Figure 5. PV System Components
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Figure 6. PV System Components
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Figure 4. Basic Solar Cell Construction
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SLIDES

SINGLE CRYSTALLINE MODULE
SEMI-CRYSTALLINE MODULE

ARRAY, MODULE, STRING, PANEL (20 kW KUMAKA, GUYANA)
ARRAY ( 3 KW SAND CREEK, GUYANA)

CONTROLLER

BATTERIES

INVERTERS

LIGHTS (FLUORESCENT)

LIGHTS ( LPSV)

REFRIGERATOR/FREEZER

RADIO

STERILIZER

PUMP



PV SYSTEM APPLICATIONS

- EXAMPLES-



PV Panel or Array
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Since 1981, a 68 W.. Educational TV system
has provided tramning and entedainment for
the 35 inhabtants of a rural vitage in Oman
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1.

A separate 15 kW, system installed at
Hammam Burdha Sud in 1983 pumps up to
750 m* (198,000 aly menthly from a 1.5 m
(50 1ty well to rngate one hectare of fruit trees.




Figure 10.
Typical Water Pumping Systems
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In Cahfornia, a 600 W, system pumps up to
57 m' (1500 gal) daily from a 45 m (150 )
well 1o supply drinking water for an Indian
communilty {1481)
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A portable 300 W, surtace water pumping
system has been i use i Basasa Village,
Egypt since 1979 to provide up to 45 m?!

(12.000 gal) dinly for wngating farms around
the willage



An 8 kW, desalination system provides up
1o 2 3 m? (600 gal) of tresh water daily for
the city of Jeddah, Saud: Arabia Sea waler
with 43 000 parts per mdhon (ppmi sall 1s
converted to tresh water with less than

100 ppm salt (1a81)




SLIDES

MEDICAL SYSTEMS - Africa, South America



ELEMENTS OF CONCEPTUAL DESIGN

LOAD EVALUATION
RESOURCE EVALUATION
STORAGE RFOUIREMENT
- ENERGY OR PRODUCT SUPPLY RELIABILITY

- BATTERY
- BACKUP SYSTEM (DIESEL)

DETERMINE WORST MONTH RESOURCE AND LOAD MATCH (LOW RESOURCE, HIGHEST LOAD)
ARRAY STZING
BATTERY SIZING
BOS SIZING
- CONTROLS
- INSTRUMENTATION
- WIRING
- SWITCHES

END USE DEVICES



Energy and Power

Energy

* Capacity for doing work
e Symbol: E
* Units: kWh

Power

¢ Rate of doing work
e Symbol: P
e Units: kW, or watts

Energy
Power = ———
Time

Solar power reaching earth

Solar power striking the Earth's
< 2 surface is about 1.2 x 10'" watts

iy



LOAD

EVALUATION

WHAT IS THE PRESENT ENERGY LOAD?
HOW IS THIS LOAD BEING SUPPLIED?

WHAT WILL BE THE EFFECT OF SUBSTITUTING PV FOR HUMAN OR ANIMAL LABOR OR PETROLEUM
ENERGY? :

EVALUATE LOAD CHARACTER

PUMPING - WATER DEPTH, WELL (SOURCE) YIELD (PEAK AND AVERAGE), QUALITY, DISTANCE
FROM POINT OF USE, EXISTENCE OF STORAGE TANK, AMOUNT REQUIRED PER
HOUR, DAY, MOMTH. CRITICAL SUPPLY PERIODS AND AMOUNTS.

- LIGHTING - INTENSITY, USE (HOURS/DAY), AVAILABILITY OF SPARE BULBS/BALLASTS,
DESIGN OF LIGHT (PORTABLE, FIXED)-

- DESALINATION - WATER QUALITY, AMBIENT TEMPERATURE, HUMIDITY.

- REFRIGERATION - AMBIENT TEMPERATURE, FREQUENCY OF ACCESS, REGRIGERATED PRODUCTS
(TEMP. CHANGE, AMOUNT, FREQUENCY)

- RURAL ELECTRIFICATION - LOCAL VOLTAGE LEVEL(S); FREQUENZY, END USE DEVICES.

- AGRICULTURAL - QUALITY OF GRAIN, AMOUNT, IRRIGATION METHODS, ETC.



O ESTIMATE AVERAGE AND PEAK LOADS BY HOUR, DAY, AND MONTH IN WATTS AND WATT-HOURS

0 DETERMINE LOAD PROFILE

2. RESOURCE EVALUATION

0 SUNSHINE METERS, PYRANOMETERS, HELIOPYRANOMETERS

n  SITE-SPECIFIC DATA IS BEST FOR PROPER SIZING

~ INSOLATION INSTRUMENTATION SHOULD REPLICATE ARRAY AND ENVIRONMENT (TILT ANGLE, SAND,
HEIGHT ABOVE GROUND)

0 COMPUTER MODELS OF ARRAY OUTPUT AT VARIOUS TILT ANGLES ARE GENERALLY INACCURATE
(+ 10%)

0 4-7 KWH/MZ/DAY ACROSS EGYPT



3. STORAGE REQUIREMENTS

0 RELIABILITY OF LOAD
o NUMBER OF pAYS OF “NO SUN”
o TYPES OF STORAGE
- PRODUCT (WATER, GRAIN, COLD, ETC.)

- BATTERY (DEEP CYCLE, SHALLOW CYCLE)
- BACKUP (DIESEL)

b. "WORST" MONTH

0 DESIGN TO MEET LOAD 100% - USE "WORST MONTH”

o DESIGN FOR AVERAGES - PROGRESSIVE DISCHARGE/CHARGE



5-  ARRAY SIZING

0 ARRAY ORIENTATION

- SUN ALTITUDE (+ 23.5° FROM EOGUATOR)
- MONTHLY AVERAGES SOLAR DECLINATION

0 CELL TEMPERATURE EFFECTS ON PERFORMANCE

- VOLTAGE IS INVERSELY PROPORTIONAL TO TEMPERATURE (2.4 MV/°C/CELL, 25°C REF.)
- CURRENT IS PROPORTIONAL TO TEMPERATURE (25MA/°C/cMZ, 25°7 REF.) ~

0 PROTECTION FROM “KNEE OF THE I-V CURVE"

6.  BATTERY SIZING

o DAYS OF STORAGE

0 DEPTH OF DISCHARGE

0 TEMPERATURE



Irradiance, or
Radiant-flux density

¢ Radiant power per unit area
e Symbol: H
¢ Units: kW/m?, or watts, m> or mw/cm?

* Measurement: Pyranometer (e.q.. Eppley PSP)
Reference (solar) cells

* Peak value: 1 kW/m? (1000 watts/m?2, 100 mw/cm?)
e Nominal value: 0.8 kW. m* (800 watts/m?, 80 mw/cm?)

Solar constant

The irradiance on a surtace normal to the sun's rays
immediately outside the earth's atmosphere (AMOQ).

Solar constant = 1.353 kW/m?2 (428 Btu/hr.ft?)

Insolation

* Radiant energy per unit area
* Irradiance summed over time
e Units: kWh/m?



Irradiance (kW/m?)

i
%Q§ FSec Peak sun hours

The number of peak sun hours per day at a given location is
the equivalent time (in hours) at peak sun cendition
(i.e., 1 kW/m?) that yields the same total insolation

(i.e., A2 = Aq).
Peak
1.2 1.2¢, sun —
hours
1.0¢ = 1.0 — Peak sun
E \\
0.8} :3: 0.8 \
Q
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Time of Day Equivalent Time (hours)



Setup for testing solar cell response

Solar cell

———— + \ /nterconnecting wire
o RN N\
———————— '
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£ .
Voltmeter ( 4 )

Ammeler
~

Variable resistor load

Source: Buresch

Current-Voltage (I-V) characteristic
for a solar cell
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Power (walls)

P =

Power versus voltage for a solar cell
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Effect of temperature on cell response
|

I = Current (amperes)
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Effect of temperature on cell response
|

I = Current (amperes)
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Nominal Operating Cell Temperature
(NOCT)

The array temperature when:

Etticiency relalive 1o 20°C

* Irradiance on array plane = 800 watts/m?
* Ambient air temperature = 20°C

® Array is electrically open-circuit

* Wind-speed = 1.0 m/sec (approximately)

Effect of temperature on
solar cell efficiency
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Source: Woodall



Any number of photovolitaic
devices connected in series

T3 P2 P w
Voltage

V=V{+Vo+.. . +Vy

Current

=14 =lp=...=1y Similar devices

| = Ilyiv Dissimilar devices




Any number of photovoltaic
devices connected in parallel

- +

1
- 5 +
- N +
o o
Volitage
V=Vi=Va=z=V, Similar devices

y
V = -N-(V1 +Vo+...+Vy) Dissimilar devices

Current

:l1+l2+---+lN




Bypass diode

PV K

a4

A bypass (or shunt) diode allows current to
bypass the module (or group of cells) in the event of
an open-circuit condition or failure.

Effect on performance by the addition of
bypass diodes for one-cell shadowing

n 3n
-V —_V -Vp | — - l
b L___ I — 3 Vavg - Vb —
’* ]
Shadowed Shadowed Shadowed. 15
cell < ip cell .. 'ﬂ cell \«747» i
% w & an FeAL
— Vayg =——
n cells 4 |
in series l ! i
Bypass ] =
'ZS diode I I i
L_._ n J
‘ 2Vavg — == —~Vavg =———
2 | !
] ’ Y
: |
a —=Vave —/——
v
)3
|
| |
0.0V ; 0.0V — 0.0V
One bypass diode Two bypass diodes Four bypass diodes

oL
!
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Blocking diode

A blocking (or series) diode prevents reverse
flow of current into the module(s).

Simulation of cumulative 1-V curve for
a branch circuit containing
failed and unfailed elements

Failed cell
B+D+F
!
= D/ $it
2 |F B+D+F)+(A+E)+C =
= ( )*(A+E) =
= |/ \ \ <
o H-
v Al \
- E A+E- B
4
— ,
c
V = Voltage

Al
Sy
.\‘}a



Array peak rating conditions

¢ |rradiance = 1000 watts/m? = Qne sun

e Air mass = 1.5
¢ Cell temperature = 25°C

Array nominal rating conditions

* |rradiance = 1000 watts/m? = One sun

* Air mass = 1.5
¢ Cell temperature = NOCT

Nominal Operating Cell Temperature
(NOCT)

The array temperature when:
* Irradiarce on array plane = 800 watts/m?

e Ambient air temperature = 20°C
Array is electrically open-circuit
Wind-speed = 1.0 m/sec (approximately)
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PHOTOVOLTAIC
BATTERY REQUIREMENTS

. Low self-discharge rate
. High depth of discharge
. Capability of great number of charge/discharge

cycles

High temperature adaptability

Low water loss

Low internal resistance

Suited for low charge/discharge rates
Capable of withstanding overcharging
Adaptable to freezing temperatures



Lead-Antimony (car)
Lead-Acid (Photovoltaic)
Pure Lead (Photovoiltaic)
Lead Calcium (Photovoltaic)

Nickel Cadmium

Approximate
Cost/kWh

(%)

70
80
140
200

300-1,000

Cycle
Life

150-250
1,000-2,000
1,000-3,000
2,000-6,000

3,000-10,000

Depth of
Discharge

10%
10-30%
30-50%

20-70%

Normal
Self-
Discharge

7-50%/month
3-4%/month
2%/month
1%/month

5%/month



SPECIFICATIONS — TYPE QP BATTERIES
DEEP DAILY DISCHARGE BATTERIES

AH Capacity @ 77°F (25°C) Overall Dimensions Weight

Including
Cell to 1.70 VPC to 1.75 VPC Length Width Height Tray

Type 6 Hr. 8 Hr. | 12 Hr. 16 Hr. 24 Hr. in. ] mm.| in. | mm. in, mm. | ibs. kgs.
QP75- 5 150 154 165 170 176 1.89 48 |6.19 | 157 122.75 | 578 33 15
QP75- 7 225 231 249 255 264 2.64 67 |6.19 | 157 12275 | 578 46 21
QP75- 9 300 308 330 340 352 3.39 86 [(6.19 | 157 |22.75 | 578 58 26
QP75-11 375 385 412 425 440 4.14 105 |6.19 | 157 (2275 | 578 71 32

QP75-13 450 462 495 510 528 4189 1 124 16.19 | 157 2275 | 578 84 3
QP75-15 525 539 577 595 6516 568 144 1625 [ 159 (2275 | 578 96 43
QP75-17 €00 616 650 680 704 6431 1683 '£25 1159 {2275 | 578 109 49
QPrP75-19 675 683 742 765 792 718 182 [6.25 1 159 22.75 578 122 S5
QP75-21 750 770 825 850 280 793 1 201 625 1159 2275 | 578 134 61
QP75-23 825 847 Q07 Q35 968 868 1 22 6.25 | 159 12275 | 578 147 67
QP75-25 ano 924 930 1020 1056 947 § 240 |625 | 159 [22.75 | 578 160 73
QP110-19 Q90 1012 1089 1134 1197 7.18 | 182 |6.25 | 159 {2988 | 759 178 81
QP110-21 1100 1125 1210 1260 1330 793 | 201 [6.25 {159 |29.88 | 759 155 89
QP110-23 1210 1237 1331 1386 1463 868 | 220 6.25 | 159 |29.88 | 759 }|215 a7
QP110-25 1720 1350 1452 1512 1596 9.47 | 240 }6.25 | 159 |2988 | 759 }233 106

Recommended end of charge voltage — 2.60 1o 2.65 volts per cell @ 77°F (25°C)
Specific gravity @ 77°F (25°C) — full charge — 1.290
Recommended start of charge current — up to 20 to 25 amperes per 100 AH rated 6 Hr. capacity

* Cells are mountedin mulhi-celltrays In order to determine trayed battery weight
and dunensions do the following

-— Trayed Battery Weight  Mulliply number of cells in a tray by the cell weight
Example 6 cet QP75-1t
Vi Weaght Calculation = § cells X 32KG = 192KG
—_— e Teayed Battery Dimenwions Multiply cell dunensions by tray conbguration
l Fenath I Erample: Jald Tray Conhiguranion tor QP75 2416 coll tray)

Widdlh = ' » 194UKM = LVHRM
Length = 4 x 2200MM & GGONM




Sizing a remote, stand-alone PV system

Calculate load
energy requirement

4

Calculate battery
storage capacity

]

A4
Determine focal
insolation

Calculate worst-month
insolation and energy
load

v

Determine array and
storage sizing factors

v

Calculate array power
and area

v

Calculate voltage
regulator size

v

Calculate inverter/
converter size

Perform life-cycle
> cost analysis




SIZING OF STAND-ALONE PHOTOVOLTRIC SYSTEMS

Horksheet

APPLICATION __

LOCATION e e e e
A. LOADS
Al Inverter efficiency (decimal)
A2 Battery bus voltage
(A3) (A4) (A5)
Rated Adjustment Adjusted
Component Wattage Factor Wattage
1.0 for dc (A3/24)
(Al) for &ac
A7 Total energy demand per cGay
A8 Total amp-hour demand per day (A7/A2)

B. BATTERY SIZING DESIGN MONTH

El Days of storage decired/required
B2 Desired depth-of-discharge limit (decimal)
33 Requirecd usable capacity (A€xBl)

B4  Amp-hour capacity of selected battery*

BS Useful battery capacity (BdxB2)

B6 Number of batteries in parallel (B3/B5)

B7 Number of batteries in series (A2/battery v
B8 Total number of batteries (E6xR7)

LATITUDE

(A6)
Hours Per
Day_Used

DESIGN TEMPERATURE

Energy
Per Dg

(AS5xA6

watt-hours

——w—w— amp-hours

———e e e days

arp-hcours
amp-hours

emmmmm e &L-lcure

oltage)

* Use amp-hour capacity at a rate of discharge corresponding tc the total

storage periocd, El.

C. RBV_ARRAY SIZING OPTIMUM TILT

Cl Total energy demand per day (A7)

C2 Battery round-trip efficiency (C.80-0.85)
C3 Required array output per day (Cl/C2)

Cc4 Selected PV module max power voltage x 0.9

________ — Wwatt-hours

_______ — . watt-laurs

volts


http:0.80-0.85

C5
cé
c7
c8

CS
Cl0
Cl1

Cl2

D.

1.

Selected PV godule power outputl at

1000 watts/m“ and NOCT e Watts

Peak sun hours at optinum tilt R hours
Energy output per module per caay (C5xC6) ___ _______ watt-hours
Operating temperature cderating factor, DF

(C.B0 for hot climates and critical applications;

0.95 for moderate climates and non-critical

applicaticns) (DFxC7) ee—e—_ watt-hours
Number of modules required tc meet energy

requirements (C3/C8) - modules
Number of modules reauired per string

(A2/C4) rounded to next higher integer — e modules
Nurber of strings in parallel

(CS/C10) rounded to next higher integer — strings
Number of modules to be purchasea (C10xCll) __ _ mocules
BOS REQUIREMENTS

A voltagf regulator is recommended unless array output currert (at

1000 w/m“ conditions), less any continuous load current, is less than
of the selected battery bLank capacity (at the 8-hour discharce
2) .

Wiring shauld be adeguate to ensure that losses are less than 1% of
the energy produced.

In low voltage (i.e., less than 50 volts) systems, germanium or
Schottky blocking diodes are preferred over silicon diodes.

Fuses, switches, ard other components should be selected to satisfy
both yvoltage and current recuirenents.

All battery series branches choulcd contain fuses.

Fused disconnects are strongly recommended to isolate the Lattery
bank from the rest of the esysten.



CONSIDERATIONS FOR SYSTEM INSTALLATION,
OPERATION, REPAIR, AND MAINTENANCE

INSTALLATION

0 SITE TRANSPORT AND COMMUNICATION’S
O NEAREST LOCATION OF WATER, CONCRETE (SAND AND GRAVEL) AND POMER
0 LOCAL CONSTRUCTION MATERIALS AVAILABILITY

- MECHANICAL FASTENERS, TOOLS (HAND AND POWER), FENCING

- ELECTRICAL EQUIPMENT

- WOOD, REBAR, SCREEN, ROPE, ECT-

0 SHIPPING WEIGHT OF LARGEST PACKAGE (MANUAL UNLOADING AND TRANSFER, INVERTED CONTAINERS,
“DROP DAMAGE”, ETC.)

O CONSTRUCTION DETAILS OF ALL ON SITE STRUCTURES

O DETAILED SITE LAYOUTS AND TOPOGRAPHIC LAND FEATURES

O LOCAL/COUNTRY SPECIFIC BUILDING CODES (MECHANICAL AND ELECTRICAL)
0 BATTERY EQUALIZING CHARGE TIME

O “LIVING WITH THE SYSTEM”



OPERATION
0 EMERGENCY SHUTDOWN/SUBSEQUENT START UP PROCEDURES
o SIMPLICITY OF OPERATION
o INSPECTION ROUTINES
0 MANUAL CLARITY AND THOROUGHNESS

- COUNTRY LANGUAGE
- LEVEL OF DETAIL

0 INSTRUMENTATION

o MANAGEMENT OF TECHNICAL SUPPORT

0 PROCUREMENT OF_SPARE DARTS

0" STOCK OF SPARES (COST, DISTANCE, AVATILABILITY-TECHNOLOGY LIFE)
0 USE OF SPARES (ABILITY AND RESPONSE TIME)
0 COMMUNICATIONS LINK: SITE TO SUPPORT

O EQUIPMENT TO BE COMPATABLE WITH EXISTING EQUIPMENT
INFRASTRUCTURE TO THE EXTENT POSSIBLE



0 CLEANING ARRAY

0 BATTERY INSPECTION/EVALUATION

0 LOAD MAINTENANCE (LOAD SPECIFIC)
- PUMPS-BEARINGS, CLEANLINESS
- DESALINATION-FILTERS
- R/F-DEFROST, CLEANING
- LIGHTING-CLEANING
- GRINDING-MILL MAINTENANCE

INSTRUMENTATION

0 IDENTIFY PURPOSE AND END USE OF DATA

0 MINIMIZE AND ELIMINATE INSTRUMENTATION REQUIRED (OR PERCEIVED TO BE
REQUIRED) FOR OPERATION

- VOLTMETER
- RUN-TIME METER
- HYDROMETER
0 SIMPLIFY INSTRUMENTATION REQUIRED FOR EVALUYATION

- USE TESTED PROVED EQUIPMENT
- SOLID STATE OR MANUAL DATA AQUISITION

O CONSIDER “COMMERCIALLY VIABLE” AS SEPARATE FROM “DEVELOPMENT/TEST” SYSTEMS



SLIDES

DES1GN CRITIQUES OF EXISTING SYSTEMS, COMPONENT FAILLRES
FIELD EXPERIENCE WITH INSTALLATION AND START UP OF SYSTEMS



AFPLICATIONS OF PHOTOVOLTAICS

SYSTEMS, COMPONENTS, SIZING, DESIGN

by

STEVEN J. STRONG

SOLAR DESIGN ASSOCIATES
Conant Road, Lincoln, MA 01773

617-259-0350



STEVEN J. STRONG

Steven Strong founded Solar Design Associates, Inc. in 1974 after serving
as an engineering consultant on the Alaskan Pipeline. Convinced there was
an easier and less-costly way to deliver comfort to the consumer than
"going to the ends of the earth" to extract the last drop of fossil fuel,
he drew on a background in both architecture and engineering to design a
new kind of building which he calls "the energy-producing orgarisim" that
produces enough enerzy to satisiy its own requirements,

Re designed The Carlisle House, the country’s first full-size PV-powered
residence and was Chairman of the first national conference on the applica-
tion of photovoltaics held in March 1983 at MIT. Mr. Strong has consulted
to wany of the leading companies in the PV industry and has taught archi-
tecture and renewable energy systems engineering at the Boston Architec-
tural Center. His book on photovoltaic applications will soon be published
by Rodale Press.

SOLAR DESIGN ASSOCIATES

Solar Design Associates is an architectural and engineering firm
speclalizing in energy-conscious building design and renewable energy sys-
tems engineering. This year, the photcvoltaic-powered, all-solar home the
firm designed for Boston Edison Company to represent housing in the vear
2000 is the feature of the 26-week natisnal PBS television series "The All-
New This Old House". The firm provides full design services as well as
consulting for residential, commercial and institutional clients with a
focus on the integration of energy systems and architecture.



NOTICE

This instructional material was compiled by Solar
Design Associates from original research material
by Mobil Solar Energy Corporation and Solar Design
Associates. Every effort has been made to insure
that this material is up-to-date and accurate.
However, Solar Design Associates, Mobil Solar
Energy Corporation, the workshop instructors and
sponsors cannot be responsible for the completeness,
accuracy or suitability of this course material.
You are adviscd to seek competent professional
assistance tor all aspects involved in the design,
engineering and installation of a photovoltaic
electric power system. Working with electricity
can be leathal and photovaltaic systems must
satisfy many codes and standards.

THIS MATERIAL IS COPYRIGHTED 1683. IT IS PROVIDED
AS REFERENCE MATERIAL FOR THE SOLE USE OF THE
WORKSHOP REGISTKANT TO WHOM IT HAS BEEN GIVEN.
FEPRODUCTION, SALE OR TRANSMISSION OF ALL OR ANY
PART OF IT BY ANY MEANS ELECTRONIC OR NTHERWISE

IS STRICTLY FORBIDDEN.



Section

—

.
b et s et ot e e O
e o o o o e @
NV P LN —

~No
-
oD O

DN LRRDNDNDND N —

N
-
e o & o
LLww NN

Applications of Photovoltaics

Contents

Subject

Introduction

U.S. Eenrgy Consumption

U.S. Energy Projections
Electricity Usage

Sources of Electricity
Photovoltaicy Defined
Development of Photovoltaics
Photovoltaics Today

Technology

Physics of Photovoltaics

Types of Silicon Cells

First Generation - Czochralski Silicon
Second Generation ~ Polysilicon

Third Generation - Ribbon Silicon
Fourth Generation - Amorphous Silicon
The Photovoltaic Power Module
Sunlight and Power Production
Temperature and Power Production

Load Matching

Internal Matching Losses

System Types

Storage Batteries

Types of Lead-Acid Batteries

Battery Construction

Factors Affecting Battery Performance
Battery Selection Criteria

Battery Sizing

Battery Sizing Example

.

Voltage Regulators
Function of Voltage Regulators
Types of Voltage Regulators

Optional Features for Voltage Regulators

Selecting a Volcage Regulator
Blocking and Bypass Diodes

Inverters
Utility-interactive Inverters

Selecting a Utility-interactive laverter

Stand-alone Inverfers
Selecting a Stand-alone ILnverter

The Solar Resource

Availability of Sunlighe

Measuring the Sun’s Power and Energy
Equivalent Hours of Full Sun

Effects of Arrav Orientation

Sizing Photovoltaic Systems

Sizing in Terms of Amp-Hours

A Second Example of Amp-Hour Sizing
Sizing in Terms of Kilowatt-Hours
Sample Design Problems

Page

NS PN

— e e e = e s e
NS WLWLWWA N —

—
~

NN N
w»—r— 00

ro

Ll W N
— e s O

W
o o

Pt ol S OV )
~Nu—0O v

(A . EV. V. XV,
S —O0O0

A runun
wi— oo~

o
~1



List of Figures

Figure Title Page
1.1 U.S. Primary Energy Consumption vs: Time 2
1.2 Energy Consumption vs: GHP 3
1.3 Energy Sources vs: Time 3
1.4 U.S. Electrical (Primary) Energy Consumption vs: Time 4
1.5 U.S. Sources fo Electricity vs: Time 5
1.6 U.S. Residential Electricity Makeup 6
1.7 Average Selling Price (of PV) vs: Time 7
1.8 Annual PV Sales Worldwide vs: Time 8
1.9 PV Sales in 1983 by Marketl Segment 8
1.10  Average Selling Price vs: Time (1982 Dollars) 9
1.11 Annual PV Sales (Worldwide) 10
1.12 Market Segments in the vear 2000 10
2.1 Solar Cell Cross-section 12
2.2 Sample Module IV Curve 15
2.3 Module IV Curve as a Function of Insolation 16
2.4 Module IV Curve as a Function of Temperature 16
3.1 Single Line PV Systems Block Diagrams 18
5.1 Series Regulator Block Diagram 32
5.2 Shunt Regulator Block Diagram 33
5.3  Sequential Regulator Block Diagram 34
5.4 Amp-Hour Integrating Regulator Block Diagram 35
6.1 Inverter Output Wave Shapes 43
7.1 Power vs: Time 51
7.2 Power vs: Time 52
7.3 Array Area as a Function of Surface Tilt 53
7.4 Power vs: Time on a Horizontal Surface 53
7.5 Equivalent Full-Sun Power vs: Time 54
7.6 Side View of a Module Mounted at 30° 55
7.7 Summer Sun Position 55
7.8 Winter Sun Position 55
7.9 Moothly Daily Average Full-Sun Hours 56
.1 Mobil Ra30 IV Curve as a Function of Insolation 60
4.2 Mobil Ral80 IV Curve as a Function of Insolation 6l
8.3 Mobil Ra30 IV Curve as a Function of Temperature 64
List of Tables
4.1 Comparison of Varioue Batteries 27
4.2 System Reliability and No-Sun Days 2
5.1 Comparison of Various Voltage Regulators 37
6.1 Comparison of Various Inverters 49
7.1 Daylight Hours as a Function of Latitude 50
7.2 Full-Sun Hours in Phoenix 56
7.3 Full-Sun Hours in Boston 57
7.4 Full-Sun Hours in Albuquerque 57
8.1 Load, Temperature and Sun Data for Phoenix 2
List of Graphs

4,1 Battery Life vs: Depth of Discharge 22
4,2 Amp~Hour Capacity as a Function of Temperature 3
4.3 Freezing Point vs: State of Charge 24



SECTION 3. SYSTEM TYPES

The following block diagrams show the connections between components in
various types of basic PV svstems. The diagrams are given in order of

system complexity,
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y |
/ ARBAY /@ 5 LOAD

Most basic DC stand-alone system: Array connected directly to load

Example: water pumping, DC variable speed, variable voltage motor, with no
electrical storage. In this case, water may be stored in a tank so that 1t
is available at all times (called "pumped water storage"). The system 1s
simple, reliable, requires negligible maintenunce and is ideal for shallow-
well irrigation systems. (For deep well svstems, because of the large
mocors batteries are needed often to supply the high-motor starting cur-
rent.

=,

BATTERY

Very basic DC stand-alone system: Array connected to load with storage

Example: attended home lighting system, DC lights. No regulator 1is used.
It is assumed that a daily check of the battery condition will be made to
determine when the modules should be disconnected (battery is overcharged)
or when the load should be reduced (battery is discharged).

i ARRAY /{ > REGULATOR LOAD

N\

EATTERY

Basic DC stand-alone system: Array connected to load and batteries via a
voltage regulator
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Example: remote communications system. A regulator is used to
automatically control the state of charge of the battery. For unattended
systems using battery storage a regulator should always be used.

INVERTER AC
LOAD
ARRAY REGULATOR > DC
LOAD
GENERATOR > CHARGER ? BATTERY

AC/DC stand-alone system with regulator, storage, inverter, backup
generator and battery charger

Example: residential off-grid (no utility-connection). An inverter is used
here to change a portion of the DC electricity into AC. WHen the PV array
output is low, the generator charges the battery and also delivers AC
directly to the AC loads during its operation. While the gener:tor is
running, DC loads are served with generator output via the battery charger.

/ ARRAY //————) INVERTER > AC LOAD

> UTILITY

Utility-interactive PV system

Example: residential utility inter-tie. The utility supplies power when-
ever the array cannot fully meet the load. When the array produces more
electricity than the load requires, the excess is fed back into the utility
line. The utility must buy this power from the system owner (by mandate of
Federal law, PURPA).

Solar Design Associates, Inc. * Applications of Photovoltaics * page 19



SECTION 4. BRATTERIES

Since photovoltaic cells only produce electricity during the daytime, it is
often necessary to store that energy for use at night or during times when
the sunlight isn’t strong enough to power the load of a stand-alone PV
system.

The most reliable form of electrical energy storage available today 1s the
battery. It is available as either a primary battery or a secondary
battery, Primary batteries cannot be recharged whereas secondary batteries
can be repeatedly discharged and recharged. Discharging and recharging is
called cycling. Not too many years ago, primary batteries were used in
most of the off~shore warning light system. Now, more and more, these
primary batteries are being replaced by photovoltaics and secondary

batteries.

Secondary batteries are manufactured from a wide variety of materials and
methods. The more commonly available types are lead-acid and alkaline
(includes nicads). In the past, the high cost of nicad batteries has
precluded their use in PV systems. Today, in locations where extreme
weather conditions prevail, (very cold and very hot) nicads may compete
favorably in life cycle costing. For most locations in the US the less
expensive lead-acid is most conmmonly used in photovoltaic systems. 4s
such, this section will deal with lead-acid batteries.

4.1. Types of Lead-Acid Batteries

Lead acid batteries are designed for a wide variety of applications ranging
from:

* Emergency standby power
* Electric vehicle power
* Autowmotive starting and lighting

* Deep and shallow-cycle solar.

Emergemcy standby batteries are designed for short periods of operation
(less than 1 hour of discharge time) with a high current output., They
are generally maintained at a "float" voltage with occasional "equalizing"
voltage applied (more on these terms later).

Electric vehicle batteries (motive power batteries) are usually discharged
over a 6 to 8 hour period and recharged at a constant rate right afcter
being discharged.

Starting and lighting batteries, otherwise called car batteries, are used
for a very short while, (6 to 10 seconds) with a high-current output and
recharged right away. In a PV system, their internal losses must be cal-
culated and added to the system”s load requirements to externalize the
load.

Shallow-cycle batteries can be discharged to between 107 and 20% of their
capacity (in Ah) on a daily basis. For example, a 100 Ah shallow-cvcle
battery will deliver 10 to 20 Ah on a daily basis (provided it"s also
recharged daily). Repeated deep-discharges, on the order of 50 to 80% of
rated capacity, will very seriously shorten the life of the battery.
Deep-cycle batteries are designed to allow between a 60 to 80% daily dis-
charge. They are often used when the storage requirement of the system 1is
for 1 to 5 "no sun" days.
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4,2, Battery Construction

The family of batteries known as lead-acid batteries is typically con-
structed of lead or lead-allovy plates immersed in a sulphuric acid/water
solution. The plates are either positive or negative. A cell is a group
of positive and negative plates with a single positive output terminal, or
lead, and a single negative output terminal. The nominal voltage of a cell
Is 2 velts. A twelve-volt battery then has 6 cells which are connected in
series. (Remember, series connections increase the voltage while parallel
connections increase current). The plate materials and construction deter-
mine battery life as well as operation, efficiency and cost.

Lead-acid batteries are constructed with several different types of plates
depending on the application. Examples are:

* Lead-lead oxide

* Lead~antimony

* Lead-calcium

* Lead-calcium/antimony hybrid

The pure lead (lead-lead oxide) battery typically has a very long life (25
years or more) with high current rate discharge capability. The positive
late contains about 2I antimony (Plante cell). Historically the battery
as been used in standby power applications, however, it is beginning to be
used in photovoltaic systems.

Lead-antimony batteries have 4% to 127 antimony concentration in the pos-
itive plate. It is designed for deep discharge capability and has good
cycling ability. Unfortunately, lead-antimony batteries have relatively
high self-discharge rates, which get progressively greater with age,
Also, upon charging, there is a good deal of water vapor produced (gassing)
which must be replaced by frequent maintenance (every 3 months is average).

Since ampere hour efficiency of a battery is adversely affected by the
amount of gassing during the charging cycle and by self discharge rate, the
ampere hour efficiency of a lead-antimony battery is not as high as that
for a battery that does not contain antimony.

The lead-calcium battery is characterized by a low self discharge rate (13
to 4% per month at 25°C) and low gassing during charging. Like the lead-
antimony battery it has good cycling capability but Is limicted in the
number of deep discharges it can withstand. It is only used in shallow
discharge applications. The lead-calcium battery requires lower mainten-
ance and in some cases has been designed as a sealed "maintenance free"
battery (never needing the addition of water).

The lead-antimony-calcium hybrid battery combines the favorable charac-
teristics of both the lead-antimony and the lead-calcium batteries. It has
a long cycle life (up to 3500 and more) and allows deep discharge without
requiring as much maintenmance as the comparable lead-antimony battery. It
1s also one of the most expensive batteries available.

4.3. ¥actors Affecting Battery Performance

All batteries work by storing electrical energy in the form of chemical
energy. Charging a battery means putting electricity into it which causes
a chemical reaction to take place. When a load is connected to a battery,
this chemical reaction goes in the opposite direction with the result being
electricity being delivered by the battery.

There is no known energy conversion process that is 100% efficient (i.e.,

has no inherent internal losses). Batteries are no exception. The
efficiency of a battery is defined as the ratio of the electrical energy
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delivered by the battery to the electrical enerzy consumed by the battery.
The overall energy conversion efficiency (or cycling efficiency) of most
lead-acid batteries ranges between 807 and 85%.

There are many factors which affect battery efficiency and their influence
on storage capaclity varles from battery to battery. Some are internal to
the design and conditiom of the battery such, as plate type and battery age
while others are external, such as operating temperature and charzing pro-
cedure. Some of the more important factors affecting battery efficiency
are:

* Daily Depth of Discharge

* Charge and discharge rates

* Charging procedure

* Self-discharge rate

* Time spent discharged

* Temperature of operation

* Battery age and history

* Electrolyte specific grav:ity
Daily depth-of-discharge Shallow-cvcle batteries can only withstand a
daily depth-of~discharge (DOD) of 102 to 20% of their capacity, whereas
most deep cycle batteries can withstand up to 80% depth-of~discharge on a
daily basis. The actual DOD will have a strong Influence on the storage
capacity and life of a battery as shown in Graph 4.1, If manufacturer's

guidelines are not followed and the battery’s recommended DOD is exceeded,
significant loss of storage capacity and service life can result.
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Battery Life (cycles) vs: Daily Depth of Discharge for the Delco 2000

As an example, a Delco 2000 discharged 10% per dav will last for nearly 3
vears, however, if discharged 20% per day it will only last a lit:zle more
than 2 vears.

Charging Procedure If a battery is maintained at its float voltage (13.3 ¥
for the Delco 2000 at 25°C) and never charged above this voltage twe
problems can occur. First, the electrelyte may stratifv., This means :zhat

.
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the acid will be concentrated in the bottom of the battery with the water
at the top. Stratification of the electrolyte results in poor performance
of the battery and makes the battery more susceptible to freezing and
permanent internal damage. Second, in 3 system where several batreries are
connected in series, Lt 1s possible that a single battery may lose its
capacity before the rest. This will cause poor performance of the entire
battery bank.

In order to minimize these problems it is a good idea to provide an oc-
casional "equalizing charge"” to the batteries. This means raising the
battery voltage above the float voltage. Under normal charging conditions,
the charging rate (the current zcing into the battery) is lowered once the
float voltage 1s reached so that excess "bubbling" of the electrclyte does
not occur. This last step in charging a battery is frequent.!y called a
finishing charge or trickle charge. When an equalizing charge is applied,
a controlled amount of bubbling of the electrolyte is purposely introduced
to de-stratify the solution and also bring up any weak cells to full
potential. This process is recommended about once a month but varies with
service.

Charge and Discharge rates The chemical conversion of energy which pro-
duces electricity in a lead-acid storage batterv has an optimal rate of
conversion vs: time. Most batteries are designed to provide a reasonable
latitude in the charge discharze rate (the rate of current flowing into cr
out of a battery vs: time expressed in Amps per Hour). If these design
rates are exceeded, the energy conversion efficiency will be adverseiv
affected and the battery’s interna! losses will increare resulting in less
net electrical energy delivered. A battery will doliver its maxioum output
when discharged at or below the manufacturer’s rec)mm:.nded discharge rate.
The converse is also true. A battery will accept i.. fullest charge when
recharged at or below the manufacturer’s charging rate. Graph 4.2 presents
manufacturer’s data on Amp-hour capacity as a fuaction of both temperatur:
and rate of discharge for the Delco 2000.
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Graph 4.2
Amp-Hour Capacity as a Function of Temperature
and Discharge Rate for the Delco 2000

Self Discharge Rate All batteries continually lose some of their stored
energy because of internal reactions, even if thev are not being discharged
by the load. This is called "self discharge", usually expressed in terms
of Ah lost per month or per cent capacity lost per month. It increases

-~
ﬂ‘
-
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with battery 'emperature and age. (Self discharge of the batteries causes
your flashligu: to never work when it’s needed.)

In the extreme case of a lead-antimony battery near the end of its life and
in a hot climate, the self discharge rate can get as high as 40% to 303 of
1ts capacity, This means the PV array will not only have to supply the
battery with the normal charging current but will, in addition, have to
supply an equal amount just to xeep the battery from self discharging.
Unless the array were sized to deliver this extra energv the net eifect on
the system would be a reduction in the energy available for the load.

Time Spent Discharged A battery that has been discharged should be re-
charged as soon as possible. Prolorged periods of low state-of-charge
result in severe shortening of battery life. If a battery is left in a low
state of charge for a long period of time (varies with batterv type), the
battery will either not regain full capacity or may not even be able to be
recharged at all.

Temperature of Operation Although a battery opevates more efficiently as
lts temperature increases (over the standard rating at 779F), it should
ideally be kept at or near this point because, as temperature increases
above 77°F, the bartery’s service life is shortened. A battery should also
not be subjected to very low operating temperatures. This results i1 in-
efficient operation and could possibly freeze the electrolyte. Freezing
becomes even more likely when the battery is subjected to low temperatures
in a discharged state (because the proportion of water to acid in the
electrolyte lacreases).

For example, the Delco 2000 has a 105 Ah capacity (at a |l & current drain)
at 25°C (77°F) buc only a 95 Ah capacity at 0°C. It is recommended that
the Delco 2000 be operated between -59C and 35°C. The relative loss of
capacity of a shallow-discharge Exide battery is somewhat less (at 0°C it
maintains 92X of its rated capacity). Graph 4.3 shows the correlarion
between freezing point and battery state-of-charge.
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Graph 4.3
Freezing Poiat wvs: State-of-Charge

As an example, a battery will not freeze at -20°C (-4°F) if it is above 307
state of charge, however, if at 20Y state of charge and the temperature is
~10°C (14°F) you can count on having o buy a new batterw.

Battery Age and Past History All batteries gradually loose their abiiity
to store energy over their service life, A pattery’s useful service 'ifa
15 considered over when the batterv storage capacity in ampere-hours is
reduced to 807 of its initial rating. As a result, in order to ensure that
a battery will continue to satisiv a svstem’s specific load requirement
over 1its full useful life, the ncminal capacity (rated for the new battery)
should be divided by 0.30 to accouut or the loss in capacitv. Fcr exanm-
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ple, if a 425 Ah battery is required then the nominal capacity of the
battery to be used should be 425 Ah/0.80 or approximately 530 Ah.

If used batteries are employed, do not expect the performance of the bat-
tery to equal that of a similar, but new battery., Just a few deep dis-
charges on a shallow-discharge battery can significantly shorten the life
and the capacity of the battery. Addition of anything other than clear
distilled water to a battery in the past will cause problems (short life,
low capacity) in the future. Battervy additives that claim to improve
battery performance or increase capacicty are to be avoided. Using used
batteries is not recommended uniess past operation and maintenance are well
known and the application is considered non-critical.

Electrolyte Specific Gravity The specific gravity of a battery cell elec-
trolyte 1s an indicator ot the state of charge »>f the cell. During cell
operation the electrolyte (water and sulphuric acid solution) changes in
composition. At full charge the specific gravity is high (1.250 - 1.300)
and the acid concentration is high (40% at a specifc gravity of 1.300). As
the state of charge falls so does the concentration of the acid (acid ge:s
used up and water 13 formed). 1Most lead-acid batteries are considered to
be completely discharged if the specific gravity is 1.100.

Specific gravity is measured with a battery cell hydrometer. This instru-
ment should be cleaned with pure water after each use and should never be
used to test different types of batteries (i.e., don’t use the same hydro-
meter to test a lead-antimony battery as a lead-calcium battery). The
actual specific gravity of the electrolyte in a new fully charged battery
1s a part of the battery design and varies with manunfacturer. Although
specific gravity of "maintenance free" cells cannot be measured, some
manufacturers have built a state of charge indicator into the batrery,

Specific gravity readings are affected by temperature. As a result, in
order to obtain an accurate value, vou must first measure the temperature
of the electrolyte then record the sprcific gravity reading and adjust it
to the corrected value. The adjustmeut most often used is to add 0.001 to
the reading for every 3°F above 77°F, subtract 0.001 for every 3°F below
77°F.

As an example, the temperature of a particular battery cell’s electrolyte
is found to be 88 °F, The specific gravity reading on a hydrometer is
1.240. Determine the corrected specific gravity.

Corrected Reading = 1.240 + (38 - 77) (0.001) = 1,244
3

4.4. Battery Selection Criteria

The choice of battery for any photovoltaic system depends on many factors.
Among the more important considerations are:

* Climate at site and number of expected "no sun" days
* Site accessibility

* Size and type of system

* Required system reliability

* Battery physical characteristics and warranty

* Required maintenance

* Availability of backup power source

* Initial purchase price and life-cycle cost

wn
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As discussed previously, batteries can be classified as either deep or
shallow-discharge. Generally deep-discharge batteries are used when less
than five days” of storage are required. For longer storage periods,
shallow-discharge batteries are more often used. Although a deep-discharge
battery may be used in a shallow-discharge application, it is likely to
develop a stratified electrolyte condition unless the electrolyte can be
periodically mixed. Mixing can be accomplished by either a mechanical
device or by a short period of overcharging (equalizing charge).

Where the system is located is very significant in battery selection., If
the site is far away and unattended, or, in the extreme case, inaccessible,
(such as space power systems), it is very important to have a low main-
tenance or maintenance free battery. High-maintenance batteries such as
lead-antimony batteries are to be used only if proper precautions are taken
and the site is accessible so that routine maintenance can be easily per-
formed.

Batteries are heavy and large batteries are very heavy (up to 350 pounds
per cell and more). As a result, proper handling equipment must be avail-
able on site if large batteries are used. For thls reason, very remote
gystems located in hard-to-access places will often be better served with a
large number of small batteries as opposed to a few large batteries because
of logistical requirements of transporting and handling large heavy units.

The smaller the system the more likely the owner is willing to replace his
battery every three to five years. The large industrial system owner will
usually look for a longer battery system lifetime,

Although most battery manufacturers agree that any number of parallel
connections in a battery bank will not reduce reliability, a large number
of connections may increase installation cost. Some manufacturers have
stated that a large number of series-connected batteries can reduce
reliability, however, experience with up to 120 series-connected batteries
has shown no reliability problems to date due to wiring. Proper hardware
and installation proceedures are most important.

When systems are inatalled in remote areas and/or accurate local climatic
data is not available, a conservative value for "no-sun days" should be
selected due to variability in local climate from year to year. The in-
crease in the size of batterv storage bank resulting from designing around
a conservative number of no-sun day 1is considered desireable, particularly
in critical systems such as cowmunications.

When a backup power supply is available, such as a diesel generator, it is
possible to select a short "mo sun" day period without sacrificing system
reliability. The advantages ~f a backup generator are most apparent in
systems that would otherwise have a long (15 days or more) "no sun" period.
For example, if a mountain-top system requires 20 days of storage, use of a
reliable backup generator would 1llow you to shorten the period to 3 to 5
days. (Note: most generators must be used periodically to ensure their
starting when necessary - this is called exercising.)

With batteries, as with most other things, you "get what you pay for", If
initial low cost of a system is a prime consideration, it may be best to
use less costly but shorter life batteries. On the other hand, if life-
cycle costs are considered, it may be more economical to use a longer life
battery (which, of course, costs more). Table 4,1 compares several bat-
teries” initial and life cycle costs.

Other considerations are manufacturer’s experience, design capability and
commitment. Does he make a specially designed photovoltaic battery or is
he trying to sell a car battery with a new label? How is the product
warranteed? What accessories are available? How are terminal connections
made? The PV systems designer should consult and be fully-familiar with
the battery manufacturer’s design criteria, specifications and recommendad
operating and maintenance procedures before specifying any batterv.
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4.5. Battery Sizing

When sizing a PV system to meet a given load, efficiencies (energy output
divided by energy input) of all components must be determined. However,
when the ampere-hour (ah) methed is used to size a battery bank, the energy
efficiency of the battery iIs not considered in the batterv sizing calcula-
tion. The battery’s internal losses are, instead, considered as an another
addition to the system’s total load during the PV array sizing and, must be
calculated so that the PV array size and output can be increased to insure
that enough net power is available after all internal system’s losses are
considered to satisfy the system’s load.

When gizing the battery bank then, we consider the Ah efficiency (called
"coulombic" efficiency) to be close to 100% (when the batteries are new)
such that Ah OUT = Ah IN, Of course, this is not the same as saying that
the energy efficiency is 100%.

What actually happens during the charge-discharge cycle is that a battery
is charged by putting in a certain number of Ah at an input voltage (e.g.,
13 - 15 V for a 12 Vbattery) and delivering the same number of Ah out at
an output voltage that is lower than the input voltage (e.g., 12 V).
Hence, a battery’s energy efficiency can be calculated as its average
voltage output divided by the average input voltage. This is called the
battery’s '"voltaic" efficiency and is most often what people are refering
to when they speak generally in terms of battery efficiency when storage
batteries are incorporated in a PV system.

The first step in determining the size of the battery required is to
calculate the daily load, L, in terms of ampere hours (Ah) and the system
voltage, V (explained later in System Sizing). The load will determine the
battery capacity (Ah); the system voltage will determine the number of
cells to te connected in series. In determining L, be sure to include all
non-negligible power consuming devices (such as inverters).

Next, you must decide on the number of "no sun" days (N). The number is
based on experience with the local weather conditions and the required
reliability of the system. In a few cases, local codes specify the storage
requirement. As an example, Table 4.2 presents no-sun data for Tucsen,
Arizona and can be used to determine the number of "no sun" days for a PV
system in a region (such as Phoenix) that is known to have very clear skies

almost every day.

REQUIRED RELIABILITY APPLICATION NO-SUN DAYS
Medium Lighting 3
90~-95% Water pump/with storage

Appliances
High Cathodic protection at 5
95-982 remote site
Very High¥* Communications at 8
(Better than 98%)* "inaccessible" sites

* It is unrealistic to consider a system that is 100% reliable.

TABLE 4.2
System Reliability and No-Sun Days in Tucson, AZ.

For areas of less daily sun, such as in Massachusetts, the required amount
of storage is two to three times as high. PV system engineers have deve-
loped computer sizing programs which utilize a statistical reliabilicy

2nalysis to determine the optimum number of days of storage for 2 given
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requiréd system reliability.

To calculate the total usable battery ‘capacity (TUC) required for a PV
storage system, multiply the load, L, by the number of days of storage, N:

TUC = (L)(N)

It is important to remember that TUC does NOT equal the nominal rating of
the battery capacity as specified by the manufacturer.

Once the TUC has been determined, cthe required rated battery capacity, C,
(as stated by the battery manufacturer) should be calculated. The calcula-
tion procedure differs according to manufacturer depending on what paras-
meters the manuiacturer comsiders to be important. Most often the para-
meters are:

* Daily depth-of-discharge

* Maximum allowable discharge

* Rate of charge and discharge

* Operation temperature

* Rated capacity of battery near end of its life

If we use the Delco 2000 for an example, the manufacturer recommends the
following procedure:

l. Determine N, the number of "no sun" days.
2, Determine the actual battery capacity as a function of ambient
temperature and discharge rate. Call this "C".

3. In order to avoid discharging the battery more than its maximunm
allowable depth~of-discharge, MDOD, (50% for the Delco 2000) even
at the end of the "no sun" day period, multiply C by the DOD to
get the usable rated capacirty.

4. In the case of the Delco 2000, the number of batteries required in
parallel is equal to TUC divided by the product of C and MDOD,
obtained in step 3. .

5. Determine the number of batteries needed IN PARALLEL

Bp = TUC a 2 TUC
L5%C C

If the Bp calculated is not a whole number, always round up.

6. To find the number of batteries in series, divide the system vol-
tage, V, by 12 (the nominal voltage of the Delco 2000).

Batteries needed IN SERIES
Bs = V/12

If the Bs calculated is not a whole number, the Delco 2000 should
NOT be used.

7. The total number of batteries needed in the product of the two.
4.5.1. Battery Sizing Example

The following basic sizing example for a simple, stand-alone PV system will
serve to illustrate this battery sizing process.
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System Design Parameters:
* System load, L, = 42.4 Ah per day
* System voltage, V, = 48 volts DC
* Location is Fish Creek, Arizona
* Operation is not critical, but important

Since the load requires a medium to high reliability, four no-sun days are
chosen,

Determine Battery Capacity, C

It is assumed that the battery will be used mostly during the day and will
be kept near 70°F during the winter months., If 42.4 amp hours are being
drawn during 8 Lours the average discharge rate is 42.4/8 = 5.3 A. Accord-
ing to the manufacturer’s data presented in Graph 4.2 for the Delco 2000,
the capacity of the battery is approximately 96 Ah.

Find the required number of batteries in parallel,

Bp = (2)LN
c

Bp = 2(42.4) (4)
36

Bp = 3.5 rounded up to 4 batteries

Now let’s calculate the daily depth~of-discharge and see if it is within
the manufacturer’s recommended limits. Since we have a total Amp-hour
capacity of 4 x 96 = 384 Ah and we are withdrawing 42.4 Ah each day, the
daily depth-of-discharge is 42.4/384 = 11X, This falls within the allow-
able range of daily depth~of~discharge as recommended by Delco which is 135%
or less. As a result the battery bank will have a life of about 1700
cycles (nearly 5 years). Cycle life for the Delco 2000 is found using
Graph 4.1,

Find the required number of batteries in series:

Bs = V = 48 = 4

12 12

Therefore the total number of batteries required is equal to sixteen. Four
in series to deliver the required voltage and four in parallel to provide
the required Amp-hours of current.

If it bad been decided that only two days” of storage were needed, then 3p
would be found initially to be: :

Bp = 2(42.2)(2) = 1.7 rounded up to 2 batteries in parallel
96

Hence, a total capacity of 2 x 96 = 192 Ah. Since we are taking out 42.4
Ah each day, the daily depth-of~discharge = 42.4/192 = 22%, In this case
we have passed the manufacturer’s recommended allowable 152 daily depth-
of-discharge and consequently have shortened battery life to about 700
cycles (less than 2 years). Since such a short battery life is probably
not acceptable, either the nuuber of batteries should be increased cr a
battery that allows a deeper daily discharge should be specified.

Table 4.2, on the following page, is a comparison between some of the

various batteries currently used in PV systems. The LIST PRICE is that
which is offered by the manufacturer on a retail basis for small
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quantitie:. Some of the batteries are listed more than once to show how
the daily Jdepth-of~discharge affects battery life and, ultimately, system
cost. Performance characteristics were all obtained from manafacturers’
literature and are not to be considered as measured performance values.
Total kWh delivered is equal to:

TkWh = (DDOD) (VNOM) ( # Cycles) (Ah Rating)

Then, cost per kWh of electricity delivered from storage calculated as LIST
PRICE/TkWh,

In determining what battery to use in a system it is also important to add
the cost of freight, handling and labor to the cost of replacing the
battery when it reaches the end of its life. As an example, we see in the
table that the Delco 2000 is an inexpensive battery but must be replaced
every 2 years if discharged 205 per day. On the other hand, the Exide
Tubular Modular battery will lasz 10 years at a 20% daily depth~of~-dis-
charge., The life-cycle cost of the Exide may be considerably less than
that of the Delco. This could be especially true if the storage bank was
installed in a very remote location where transportation costs for more
frequent replacement could be significant.

SECTION 5. VOLTAGE REGULATORS
5.1. Punction of the Voltage Regualtor

The purpose of a voltage regulator in a stand-alone PV pcwer system with
batteries is to control the state of charge of the batteries, This pre-
vents the batteries from overcharging or undercharging. It is also pos-
sible to minimize overcharging without a voltage regulator by a combination
of careful PV module selection and system design however this practice is
dependent on a variety of variable factors and is not generally recom-
mended.

5.2. Types of Voltage Regulators

There are various types of regulators, each of which uses a different
technique to regulate the batteries. The fol.owing types of regulators are
described in this section:

* Series

* Shunt

* Sequential (array shedding)
* Ampere-hour integrating.

Series Regulator The series regulator, shown in Figure 5.1, incorporates a
series charging relay in line with the PV array. In the morning as the sun
rises, the regulator senses the rise in array voltage and closes the
charging relay (appx. 140 mA draw) thereby connecting the zrray directly to
the batteries. This is the first of the two-step charging sequence. As
the battery voltage increases to a preset level (high voltage level termi-
nation point), indicative of a 90 to 95% state of charge, (approximately
14,5 to 15V on a 12V system depending on manufacturer and svstem para-
meters), the relay opens (no current draw). This stops the full array
output from geing into the battery (prevents overcharging).

At this point the regulator is in the float charge mode where a bypass
transistor (i.e., the transistor is in paralle! with the charging relay
contacts) allows up to 3 amps of array current to go into the battery. The
float charge will help maintain the batteries at a high state of charge.
The battery will continue at a high state of charge as long as the arravy
output exceeds the load. When the load needs more energy than the array
can deliver the battery must supply the extra. Tris will cause the battery
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voltage to drop. When the voltage falls to the "full charge resumption

point" the charging relay will close, once again allowing full array output
to go into the battery,

At night, the charging relay opens (this prevents wasting the energv the
relay needs to stay closed) when it senses that the array voitage has
dropped to a low volcage, typically 4 to 5 volts on a 12 voit svstem, On
cloudy days, short cycling of the charging relay is prevented bYv using a
time delay and by choosing a threshold voltage which Is below the voltage
level of the PV array voletage for "twvpical cloudvy periods", Typical relavs
have a cycle life of 500,000 cvcles. On a daily basis of two cycles per
day, a relay wouid last close to 700 years.

PY ARRAY X ELECTRONICS LoAD

LYD = LOW YOLTAGE
I LOAD DISCONNMECT

TP © TEMPERATUAE PROBE

Figure 5.1
Series Regulator Block Diagram

Shunt Regulator The Shunt Regulator shown in Figure 5.2 is a solid-state
voltage regulator that prevents overcharging of the battery through the use
of a solid state device (e.g., transistor), by shorting out the array. The
shorting of the array occurs when the regulator serses a high bactery
voltage (high voltage level termination point). AL this point the regula-
tor goes into a pulsating trickle charge mode whereby the shunt transiscor
opens and closes at varying rates, every 30 ceconds on the average, depend-
ing on the array current. The slow switching of the transistor 1s purpcse-
ly chosen to eliminate the possibility of a noise injection interference
which is particularly important :in communication svstems.

This type of regulator incorporates a blocking dicde (series regulators ac
aot). The purpose of the blocking diode (s to prevent the batczerv ftvom
discharging through the arrav at night. Without the dicde fhe Sattery
would slowly discharge (at a 20 @d race). he disadvantage cf usirg 4
blocking diode is power dissipacion, tvpically 1/2 watt per amp fer a
silicon diode and 1/4 watt per amp for a Schottky diode. Schottkv diodes
are I to J times more expensive and hive lower current ratings than siilcon
diodes. The diode can become quite hot and, therefore, =ust be ZOURLed on
2 beat sink. The shunt trans1stor also musC be mounted on 2 Seat 510K

Secause of these heat sinks, saunt regulators are usudiiv bulkier than
series regulators. They alsc tend to cost more than lomparadie serie
regulators due to higher component and overhead zosts, 7 9

t -~ i . .
cae el IdTr and
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use of blocking diodes is discussed further in the section on blocking ané
bypass diodes which follows.

A shunt regulator typically has a current rating between 6 & and 20 A. In

systems that use an arrtray that produces greater current than a single

regulator will carry, several regulators may be used (they are connected irn

parallel). One manufacturer’s wethod for increasing current handlirg cap-

ability is with the addition of slave units. The clave units are con-

trolled by a master control board. Each slave is capable of handling the
]

same amount Of current as the master unit typically 12 amps 1na :2 vo.t
system.

! I -
‘ - |
| BLOCXING 0100E |'—' _—— — [
' |
' g o
' 1 ! I ' LvD
I b o
' ' _J
' ) , ™ —
I : , " @ATTERY
=
PV ARRAY | ELECTAONICS | = E —— BANK % LoAO
I

Figure 5.2
Shunt Regulator Block Diagram

Sequential (Array Shedding) Regulator The Sequential Regulator, shown in
Figure 5.3, is used on large arrays (».g., in the kW region). The PV arrav
is divided into subarrays where eact subarray is controlled independently.
As the battery state of charge increases, the subarravs are disconrectea
one at a time, thereby diminishing the amount cf charge going tc the
battery. The reverse is also true, the subarrays come back onto the svsten

as the battery state of charge decreases. This regulator is tvpically mace
up of multiple series tvpe regulators.

One advantage of the sequential regulator is failure tolerance. I one cf
the series regulators that make up the svstem regulation fails, then onlv a
portion of the total array charz:ng current 1is lost.

Ampere-Hour Integrating Regulator The Ampere~Hour Integrat:ng Regulator,
shown 1o Figure 5.4, 1is very accurate in controlling the amount of chary.
entering and leaving a battery bank because it wmeasures the number of il
hours entering and leaving the battery bank. Voltage sensing regulators
(series, shunt and sequential) only measure the two bacttery
charge/discharge limits. The state of charge versus voltage of a batterwy
bank can vary depending upon tne charging or discharging current (e.z.
overcharging or undercharging could occur especially with an old battarv,.
The ampere~hour irntegrator can nore accurately limit the batterv geptn-of-
discharze (DODJ,

For example, given a battery that 15 not to be discharged more than 307 per

day, the amp-hour integrating regulator can be programmed to disconnec! the

jge)
[A]
o
2%
.9
(o
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Sequential Regulator Block Diagram
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load at exactly the 50% capacity point. When full capacity is restored the
regulator will either shunt the array (disconnect it), or, if the load is
off, turn on the load which will use up the excess array output., Of
course, this i3 only dome if the system load is discretionary such as some
water-pumping applications. The PV array output could also be connected to
an additional load. .Exactly what is done with the "excess'" array output is
up to the system designer and will vary with each application

The amp-hour integrating regulator is primarily used in high current sys-
tems because its parasitic losses are larger- than those of series or shunt
regulators. Due to the added electronic components and memory storage
inherent in this type of regulator it is perhaps somewhat less reliable
than other regulator types.

5.3. Optional Features For Voltage Regulators

There are various features which may be incorporated into each of the
voltage regulators described above. The ones discussed here are:

* Low voltage load disconnect

* Timers

* Battery temperature compensation
* Alarms and tran-sient protection

Low Voltage Load Disconnect This device disconnects the load at a preset
battery voltage level called the load disconnect threshold (1l to 12 volts
for a 12 volt system). This protects the battery bank from being dis-
charged too deeply. The load is reconnected after the battery voltage
rises to a higher level called the load reconnect threshold (between 13 V

and 13.6 V for a 12 V system). This hvsteresis prevents rapid CON/OFFT
cycling of the load (often called hunting).

Both mechanical and solid state relays can be used to disconnect the !oad,

however, the solid state relay has i1nherent limitations that cause mosc:
manufacturers to use the mechanical relay. (Solid-state relavs coasuame
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Figure 5.4
Ampere-Hou: Integrating Regulator Block Diagram

more power than mechanical relays and are limited to 5 amps at 60 Vdc or |
amp at 200 Vdc.)

Timers Timers are used to turn the load on and off at specific times of the
day or night. The most common application of a timer is for street light-
iag. In street lighting systems, a controlier turns on the light at dusk
(seen as a low airay voltage). After a spec:fied amount of time, the timer
turns the light off. 1If dawn (seen by the controller as a rise in the PV
array voltage) comes before the time is up, the timer automatically resets
and the light is turned off.

Temperature Compensation Regulators with battery temperature compensation
automatically adjust the high voltage charge termination point. This
maximizes the charge entering the battery bank with respect to the bat-
tery’s temperature. This compensation is on the order of -5mV,/°C per
battery cell for lead-acid bacrteries. The temperature sensing device can
be located either inside the regulator (the regulator must then be put
close to the battery bank) or outside (the regulator can have a remote
battery temperature probe). 4 remote probe will allow placement of the
regulator ou:side the battery enclosure.

Alarms Alarm circuitry is used to signify a condition of unusually high or
low battery voltage. When this condition vccurs a switch is turned on that
activates an alarm signal. The signal may be a light, an audible alarm or
a radio wave. Alarms are frequently used in remote, critical systems.

Transient Protection Transient protection is standard on most regulacors
and is critical because high voltage surges can be very destructive to the
electronics in the voltage regulator. A high voltage surge can result from
a nearby lightning strike or from a load that causes a rapid on/off current
flow (e.g., DC motor brushes, DC contactors or DC to AC inverters when :the
switching frequency of the inverter interferes with the electronic logic of
the voltage regulator). Lightning surges transmitted through the PV array
can also damage the load 1f care is not taken to limit these surges to a
safe level. The most common fcrm of transient protection 1s a metal oxide
varistor (MOV). Others include zener diodes, transorbs, and gas-discharge
surge arrestors.
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5.4. Selecting a Voltage Regulator

There are many parameters to consider when specifying a voltage regulator.
Some of the more important ones are:

* Reliability

* Power handling capability

* Cost

* Low voltage load disconnect

* Parasitic losses

* Totally solid-state

* GSize and ease of installation

The type of PV system will determine which of these concerns are most
important. A general overview of the concerns follows.

Reliability Some systems need to be more reliable than others (e.2. com-
munication repeaters need to be more reliable than street lighting or
residential applications). Desired system reliability is a function of the
system’s importance to the user and maintenance cost, which includes travel
cost to repair the system,

Pover handling capability This is predetermined by the array and ioad
size. It is necessary to choose a regulator which can match or surpass the
power handling requirements of the array and load.

Cost The cost of a regulator is dependent on the size of the array and
load. Other items which affect cost are enclosures, metering and regulator

type.

Low Voltage Load Disconnect This is a very useful feature as it ac-
complishes two things. First it extends the battery life by not allowing
the battery to drop bélow its rated capacity and second, it decreases the
likelihood of damage to the load in cases where the load has a minimum

input voltage requirement.

Parasitic losses The parasitic (internal) loss of any system component (in
this case, the regulator) must be considered as an additional load on the
system., In small systems (100 W or less) the parasitic loss may be a
considerable portion of the total system”s design load. In order to avoid
having to increase the array/battery size, it is best to select a regulator
that causes a negligible parasitic load.

Totally solid-state Complete solid state componentry is sometimes nec-
essary where there is danger of explosion such as in a gaseous environment
of a poorly vented battery box, or a corrosive atmosphere, such as coastal
areas or off-shore oil platforms, which could corrode mechanical relay
contacts or circuit board contacts.

Size The importance of the size of the regulator depends on its intended
location in the PV system (such as when the regulator must be placed in the
battery enclosure) and its final destination. The size of the regulator
also afircts both the installation and transportation costs.

Ease of Installation The easier it is to conmect a regulator into a system,
the less time and money spent. This is especially true if periodic re-
placement is necessary. Positive things to look for, depending on the
system, are a c¢rimp type terminal block (i.e., no lugs necessary), good
installation instructions and solid constructiom.
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5.5. Blocking and Bypass Diodes

As it was mentioned previously, a device called a blocking diode also helps
to mapnage the flow of electricity between the array and the batteries. At
night, or at times wher the PV array is generating a voltage which is less
than the battery voltage, electricitv stored in the batteries can and will
flow back out into the array and be dissipated as heat. If allowed to
occur, this reverse flow would drain down the batteries and could also
caugse pogsible damage to the array.

blucking dioden are 1ncluded in the #7 array wiring to prevent this reverse
current flow and they operate like an electrical version of a one-way check
valve in a hydronic piping system. Blocking diodes simply do what their
name implies: allow the current to flow only in one direction. 1In this
case into the batteries from the array., They are installed in series with
the main "string" connections from the array to the inverter input in a
utility-interactive system and to the battery bank in a stand-alcne system.
They are often located in a "string combiner box" which combines the posi-
tive and negative feeders from the PV array strings in parallel to prov:.de
a single pair of positive and negacive DC output feeders from the arrav.

Apother small but important device in a PV system is the bypass diode. The
purpose of bypass diodes is to provide an alternate path for electricicy
which would otherwise have been impeded by a shaded or failed cell or
string of cells within a PV module so that the failure of a singie module
will not seriously affect the entire array.

If one module in a series array string becomes shaded (or damaged) so that
the module does not produce electricity, 1t will limit the current flow in
all of the other modules in the series string (much like the old series
strings of Christmas tree bulbs - when one failed, they all went out). A

bypass diode provides an alternate path for the flow of current produced by
the remaining modules in the string.

Typically, one bypass diode is placed in parallel with each module in a
series array string, with the diode’s anode on the module’s negative term-
inal and the diode”s cathode on the module’s positive terminal. Most
commercially-available PY modules include bvpass diodes as a standard,
built-in feature from the factory.

With a bypass diode in place, the string current will remain (to the first
order) essentially unchanged when one PV module in a large series string of
modules 1is shaded; the string voltage will decrease by an amount equal to
the normal operating voltage rating of the module plus the forward voltage
drop of the diode which is typically around .7 volts.

Bypass diodes are important items to include in a PV array. In early PV
systems wnich didn’t have bypass diodes, many PV modules were destroved
when an entire string”s worth of current was "dropped" across a single
inoperative cell which, because of shadowing or damage, became an electri-
cal resistor rather than a current producer. The resultant heat from the
dissipated current created a "hot spot" condition which, over time, led to
module delamination and failure. Always make certain that each PV module
in a series array string is protected by its own bypass diode and make
every effort to install the PV array in an area where it will not be
shadowed.
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SECTION 6. INVERTERS

Electrical current comes in two basic types: direct current, (DC) and
alternating current, (AC). In a direct-current system, the polarity and
electrical pressure (voltage) remain constant whereas, with alternating
current, polarity and voltage are constantly reversing. One example of an
AC power source is a rotating generator of the type used by utility com=-
panies. During the development of the public electric utility industry,
the practicality of alternating current which could much more easily be
stepped up to high voltage and transmitted across substantial distances
than direct current was demonstrated. This led to the universal adoption
of alternating current as the medium for utility grids and, consequently,
was the type of power scurce the vast majority of electrical equipment was
designed to function with.

Direct current, of course, did not disappear from the scene. There are DC
appliances ranging from fluorescent fixtures to motors, wefrigerators,
electronics and communications equipment designed for use in marine, air-
craft and recreational vehicle applications (among others). Sources of DC
power include batteries, the DC generators used with many small wind and
hydroelectric systems, and, of course, photovoltaics.

A photovoltaic array, regardless of its size or sophistication, is capable
of generating only DC electricity. Fortunately, there are many applica-
tions for which direct current is perfectly suitable. When AC power is
required from a PV systewx i task of converting the PV system’s DC output
to AC ele.tricity can oo atiowmplished easily and efficiently through the
use of a plece of equipment called the inverter.

Inverters are nothing new. They have been around as long as there has been
a need for converting DC into AC electricity. Early models were of the
rotary type with internal moving parts, where the source of DC electricity
was used to power a DC motor which was connected to an AC alternator which
produced AC electricity for the load. Rotary inverters are still manufac-
tured, largely for use in marine and aircraft electrical syst ms. The
inverters employed in alternative home power systems are, almost without
exception, of the traosistcr -~d, solid-state type. Solid-state inverters
are preferred for their b efficiency, ease of maintenance and infre-
quency of repair.

Generally speaking, inverters designed for use in PV sysems may be divided
‘into two categories: static, or "stand-alone" and line-tie or "utility~
interactive'. The first of these is capable of functioning independently
as part of a home electrical generating system unconnected to the public
utility grid. It is activated solely by the incoming DC power from the
photovoltaic array (or batteries, or wind turbine, or hydroelectric genera-
tor). Line-tied inverters, on the other hand, are compatible only with a
ucility-interactive home power system that is tied into the central utility
grid.

In both stand-alone and utility-interactive residential photovoltaic sys-
tems, the inverter’s funcr: . ;s not only to change DC into AC electricity,
It also must perform the (.u: of "conditioning" the array output, so that
it can efficiently operate the various components of the load (appliances,
lighting, motors, etc.) and, in the case of utility-interactive inverters,
integrate smoothly with the current, voltage, and frequency characteristics
of the utility-generated power present on the distribution line.

In addition, the inverter is expected to provide a stable voltage output, 4
steady AC frequency and a waveform which departs as little as possible from
the basic sinusoidal wave shape of a 60-cycle sine-wave (50 cycles in
Europe and many other foreign countries). Inverter conversion efficiency
ls also a very important consideration. Internal losses in a DC-to-aC
inverter can consume between 5 to as much as 407 (or more at low power

levels) of the system’s DC output power.
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In stand-alone applications, sizing of the inverter is critical. The unit
must be sized large enough to handle motor-starting surge inrush currents
and the resultant peak minute/second loads if two pieces of equipment
happen to start up at the same time. However, care must be taken to avoid
oversizing the unit because it will not deliver its peak efficiency when
operated at only a portion of its rated capacity.

Utility-interactive inverters are not bound by the surge-capability
requirements of stand-alone units, (because the utility will satisfy any
load surge requirements) but sizing is very important nonetheless. The
inverter must be carefully chosen to match both the PV array output and the
utility interface parameters. Although an isolated PV system is unlikely
to cause much difficulty, a sizable aggregate of badly-designed or poorly-
functioning inverters could cause harmful variations in line voltage and
frequency on the distribution line beyond the utility’s acceptable limits.

The utility-interactive inverter differs from stand-alone units in that it
can function only when tied to the utility grid. In effect, it provides
the interface between the photovoltiac array and the utility, and makes
possible the "sell-back" of power provided for under the Public Utilities
Regulatory Policy Act (PURPA) of 1978, It is worth noting that, in many
line-tied PV systems, much if not most of the PV array output will be sold
to the utility rather than used directly on-site because of the difference
between the time of peak array output and peak load requirements that cften
exists, Becuuse of this situation, the utility rate structure should be
examined and factored in to the system planning for a utility-interactive
PV installation,

Important parameters that should be considered when choosing an inverter
are:

* Efficiency (ratio of output AC power to input DC power)
* Operating loss at less than full output
* Tare loss (energy used by the inverter in standby mode)

* Waveform harmonics and distortion (how close the output wave is to
a true sine wave)

* Power factor (how closge the current and voltage waveform are being
syncronized - the ideal power factor is 1,0 or unity)

* Surge capability (used to start motors)
* physical characteristics

* cost and reliabilicy

6.1. Utility-Interactive Inverters

From the outside, a utility-interactive PV installation looks much the same
as a stand-alone. However there are fundamental differences in the inter-
nal relationship of the components, particularly with regard to the func-
tion of the inverter. In short, a utility-interactive system is not just s
stand-alone system without batteries.

DC electrcity generated within the modules of the array flows through
lightning protection and source combining equipment directly to the inver-
ter, which along with its filtaers and controls is referred to as the POWET
conditioner in a utility-interactive system. At the power conditioner, the
raw DC output of the array is iaverted to AC electricity of the quality
required for load consumption and grid interface. At this point, depending

upon the level of ocutput and the {luctuating demand of the house loads, the
AC power from the power conditivner {lows either to the loads, or -- during
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times of excess output =- to both the loads and the utility grid.

The PV side of the system, however, cannot operate with complete indepen-
dence from the utility -- that is, with presently-designed equipment, the
utility requires that the PV system immediately disconnect from the grid
whenever the grid fails to eliminate any possibility of PV-generated power
being fed out onto a "downed” line and endangering service personnel,

The only exceptions to this technical dictum are if vou install a second
inverter capable of stand-alone operation or, one of the new, semi-
experimental, bi-modal, self-commutated inverters capable of either line-
tie or stand-alone operation. These new inverters are not likely to be
easily accepted by the utilities, though, unless it can be proven to their
satisfaction that they will not send current out onto the lines when the
grid is down.

Since there can be no PV contribution at night, and since an inverter kept
in operation by incoming grid current but doing no work can represent a
parasitic iocad in and of itself, most utility-interactive systems incor-
porate an automatic '"night-mode'" sensing circuit, which deactivates the
inverter during periods when PY generated-power is inadequate.

Much is asked of a utility-interactive inverter, both by the system itself
and, by the utility to whose grid it will feed power. Some of these
requirements will vary with the size of the installation, while others are
implicit in the nature of the demands placed upon dispersed power producers
and will apply in all cases. These latter requisites are bv now assumed tc
be fundamental by all manufacturers of quality utility-interactive inver-
ters, and should not have to be individually specified by the PV systenm
designer. Nevertheless, it“s a good 1dea to have at least a general fami-
liarity with what this piece of equipment is supposed to do, and why,

6.1.1. Selecting a UOtility-interactive Inverter

There are many different factors which affect the cost and performance of a
utility-interactive inverter. Size and efficiency are two important
variables. The utility-interactive inverter has to be sized large enough
to handle the PV array output powver including the higher-than-normal source
surges generated during certala weather conditions which produce yp to l.s
times the normal solar Insolation intensity (1400 Watts per M<) on the
array by magnification from cloud and snow reflections. All quality
utility-interactive inverters are designed to handle these occasional
periods of increased array output. If this is not clear from the manufac-
turer’s literature, you should inquire as to the capabilities ¢f a partic-
ular unit before you purchase it. Load surges such as those from moctor-
starting inrush currents are not an important issue in utility-inceractive
systems, since the utility grid itself covers the home’s peak requirements.
Of course, this is not true in stand-alone PV systems.

Most utility-interactive inverters achieve their maximum operating
efficiency at or near full power rating. Since the solar insolation inten-
sity and the angle of incidence on the array as well as temperature and
other operating parameters are constantly changing, the utility-interactive
inverter operates at its full power rating only a small portion of the
time. It is, therefore, very important to choose an inverter with a high
average efficiency or a (nearly) flat efficiency curve. Most inverter
manufacturers publish the output efficiency of their units as a function of
the percentage of rated power from 1/8 power to full load and many provide
this information in graphic form as well. If this information isn’t easil:
understood from the manufacturer”s literature, inquire about it. AD
increase of a percent or two in average inverter efficiency can mean thou-
sands of kilowatt hours of increased output over the life of vour ¥V
system.

Max-power Tracking As for the variations in PV array output characteris-
tics, many of today’s more sophisticated inverters are able to perfcram
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maximum power point tracking. This is the ability of an inverter to find
and operate at the array voltage that maximizes the output power of the PV
array at any given instance, under any set of conditioms. Throughout each
day, the output power of the array, measured as a product of current (amps)
and voltage, is constantly shifting. Changes in insolation intensity
affect current, and changes in temperature affect voltage.

Most high-quality inverters have an electronic contrcl circuit that enables
it to determine the voltage that offers the optimum power level on a
fluctuating and continuing basis, thus enabling the system to make the most
of prevailing circumstances. This is loosely analogous to the automatic
exposure setting in a camera, where either aperture or speed are automati-
cally adjusted according to the monitoring of light conditions to give the
best exposure.

Inverter efficiency and maximum-power-point-tracking are of direct concern
to the cwner of a utility-interactive PV syvstem. However, there are a
variety of other factors which are of principal concern to utility com=-
panies that the owner or designer of a line-tie PV system must be aware of.
These factors are those which have a potential effect upon the quality of
the power in their grids and consequently upon policies governing the
acceptability of utility-intercic arrangements.

Up until now, most of these concerns have remained academic, since there
are hardly enough PV, wind, or other alternate generating facilities in-
teracting with the grid to cause any real problems. However, as dispersed
power generation becomes more widespread and the sources of power signals
more numerous and diffuse, each of these influences on signal quality will
grow in importance. Thus, inverter manufacturers, PV system designers,
consumers, and the utilities themselves are wise to address these concerns
at an early stage of the technolegv’s development.

The critical issues include:
* Power factor or reactive power
* Wave shape and harmonics
* Voltage stability
* Frequency stability
* Electromagnetic interference (EMI and -RFI)
* Safe operation

Pover Factor is a qualitative measure of the in-phase relationship between
the voltage wave form and the current wave form which, together, make up
the AC signal in the utility grid. The ideal power factoer is represented
by the value 1.0, also called the "unity" power factor. Departures fron
unity power factor are indicated as fractions of that optimal number, A
low power factor results when these wave forms are out of phase and is
indicative of the amount ¢f reactive or "parasitic" power in the signal
being sent through the lines.

Inductive electric motors, such as those found in refrigerators, freezers,
other large household appliances and industrial equipment, can bring down
the power factor across the grid. Utility-interactive inverters, toc, can
have a negative effect on power factor; some of the earlier and less
satisfactory models put out a signal with a power factor rating of as low
as .3. The products currently being scld, however, often have a nower
factor rating exceeding .95 and are capable of meeting the utilities’
requirements which are now applied as a general rule even though 1t will
be a matter of many years befcre enough utility-interactive inverters are
present on the nation’s grids to significantly affect overall signal
quality,
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Wave Shape We are more accustomed to thinking of sound and radio transmis-
sions in terms of waves rather than electrical currents. The term wave
shape as used here means the shape of the waves which comprise the AC
signal in a power line. The ideal wave shape for AC household current is
the sine wave. The method by which inverters transiorm DC into AC varies
with inverter quality and manutacturer. 4s a result, the shape of the aC
wave output also varies from a basic square wave to a near-perfect sine
wave. Some equipment and appliances operate more efficientlv on a zrue
sine wave laoverter than on a square wave inverter. The closer the inverter
output 1is to a sine wave the more expensive it is likelv to be. A square-
wave inverter may be adequate for some lcads, however, sensitive elec~-
tronics such as most televis:ons will operate correctly onlv on a sine

wave,

For the operation of synchronous and induction motors as well as the smooth
ioterface with the utility grid, the sine wave is vastly preferable to the
square wave put out by less-sophisticated invercers, although the step wave
1s a somewhat less-discordant ccmpromise which can mesh with reasonable
efficiency into the sinusoidal main current, Advanced thyristors and
silicon switching tramsistors have made it possible for today’s inverters
to produce a very close approximation to a sine wave, acceptable to the
utilities and harmless to household induction motors. The figures below
illustrate the wave shapes commonly available from present invercers.

+ 4

N

FULL SINE WAVE

-
+ ]
f_'1— _"'—-‘
= ~ 4
CURRENT C . —_ - TIME
LL‘U;T 7
-1 STEP WAVE
+ |
T — —
CURRENT A ' — e TIME
: | l
+ T

MODIFIED SCUARE WAVE

Solar Design Associates, Inc * Applications of Photovoltaics * Page 43



=

CURRENT ' —w TIME

y
- | SQUARE WAVE

Harmonics are closely related to wave shape. The harmonic content of
either the voltage or current waveform is a measurement of the secondary
signals and other interference present which, when taken in total with cthe
primary sine wave signal, either adds to or subtracts from the primarty
signal resulcting in a distorted wave form. If this harmonic distortion
goes beyond 20 or 30 percent, an appreciable increase in the operating
temperatures of induction motors becomes apparent. (This is why a square-
wave signal is unacceptable, since by its very nature it represents distor-
tion of greater than 40 percent.) The better synchronous inverters on the
market are very low in current harmonic distortion, generally below 3
percent. TIn fact, developments in inverter technology have of late been
charted in terms of months rather than years, and the very best con-
temporary designs are actually capable of producing a "cleaner” aAC signal
than that which normally prevails on the utility zrid itself.

Voltage Stability Voltage harmonic distortion is the result of harmoniec
current from the inverter acting on the utility voltage. It is very un-
likely that this problem will occur with residential PV svstems espec:ally
1£ the inverter”s current harmonic distortion is kept below 5%. Voltage
regulation in a utility-interactive PV system will nearly always be deter-
mined by the utility’s generation source. This is because the utility’s
source is so many times larger than the residential PV array’s output that
the utility~interactive inverter has no choice but to work at the utility-
supplied voltage (or nmot work at all). All utility-interactive inverters
must be capable of operating within the normal operating range or "window"
of utility-supplied voltage which is required by the American National
Standards Insctitute to be between 216 and 254 volts for a typical 240 VAC
service.

Prequency Stability The frequency of an AC power signal is the measurement
of the number of cycles it makes in one second. The unit of measurement is
In cycles per second and is known as Hertz, abbreviated Hz. Frequency
stability of the AC cycle is important because all synchronous motors
respond and lock into the frequency of the power supply on which they are
drawing, and any departure from the proper cycle canm cause erratic opera-
tion of equipment such as clocks and phomograph turntables. In a utility-
interactive PV system, deviations from the appropriate 60 Hz frecuency are
very seldom a problem because the inverter 1tself is svachronized with the
grid. This 1s, of course, not the case in stand-alone BV svstems where the
inverter must generate and control the frequency of 1ts AC output.

Electromagnetic-interference EMI s the phenomenon responsible for the
czackle 1n radio or TV reception which sometimes occurs and is carried over
the lines when another nearbv appliance is switched on. Higher frequency
EMI called radio frequency interzerence (RFI) 1s actually transmitted Srom
the offending equipment through the air much like radio and TV signals,
Line~tied (and stand-alome) inverters zan themselves be a scurce of =oth
high and low frequency EZMI, not only in the homes where thev are installeg
but at other sites close by. This problem has been recognized Zor scme
time and manufacturers of quality inverters have equipped their devices
with filters capable of screening out this unwanted iGfterference. 3Such
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modifications detract slightly from efficiency and increase costs, but help
assure that the inverters will not be a source of either utility consterna-
tion or neighborhood annoyance.

Safety Now as to that matter of safety. When there is a blackout on any
portion of the power grid, the utility must be able to rely on the assump-
tion that the lines are completely dead before sending repair personnel out
to work on them. If there are no dispersed small power producers along the
grid, the utility has no problem in making this assumption. But if there
1s just ome line-tied independent electricity producer continuing to feed
power into the "down" utility lines, the consequences could be disastrous
for a lineman working on repairs -- particularly if the PV system output
were to pass through a trannformer and be stepped up to 4,000 v-olts.

If all utility-interactive PV systems were to fall completely silent upon
grid failure, the problem would solve itself, But with the parallel con-
nection of capacitors as a means of correcting the power factor of line-tie
inverters, the door is left open for the possibility of continued operation
(called run-on). When the utility signal is taken away, the output of some
of the less sophisticated units can, under certain circumstances, become a
square wave racher than a sinewave, and continue to deliver both voltage
and current capable of entering the power liues.

It is also theoretically possible if two or more utility-interactive inver-
ters are feeding power into the same utility distribution feeder that the
units would continue to operate using each other’s output for commutation
in the event of a utility outage. For a more detailed discussion of this
phenomenon and some of the solutions being developed, see the DOE report
Loss of Line Shutdown for a Line-Commutated Utility - Interactive Inverter
by E.E. Landsman,

Assuring the near-instantaneous (within milliseconds) shutdown of line-tied
inverters in the event of a utility-power outage has been a priority of
both PV-involved utility companies and inverter manufacturers alike. This
is not only due to the obvious safety concerns already mentioned but, in
addition, and of more immediate concern is the non-interferemce with Cthe
utility fault clearing process which occurs immediately after a line fault
1s detected. For these reasons, all utility-interactive inverters should
shutdown within milliseconds of a utility-power failure and remain off the
line until normal voltage and frequency have been rtestored to the line by
the utility and remain stable for at least several seconds.

This concern naturally extends to work being done on the class of new dual-
mode inverters being designed to be capable of either stand-alone or
utility-interactive operation. Photovoltaic system owners and designers
should be aware of the utilities” requirements in this crucial area, and
must be cercain they are met In their choice of inverters.

6.2, Stand-alone Inverters

We should begin the discussion on stand-alone inverters by briefly consi-
dering the general parameters of size and type of the load which determ;ne
the choice between supplying alternating or direct current to the svsten’s
loads.

AC or DC? When and where can we use direct DC current and when should we
use AC? Given the low overall wattage demand and the varied assortment of
DC equipment and appliances available; telecommunications repeater equip-
ment, a micro-irrigation water pumping installation, and a small homestead
or remote vacation retreat can all get along quite nicely using only DC to
satisfy system loads,

With a larger load more representative of the electrical demands of every-
day living, such as an average house, one invariably runs into certais
inconveniences and limitations that make a DC-only gystem design strategy
unworkable. Even after energy conservation is emploved and non-~electric-
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specific loads are satisfied with alternative fuels, the average person
will find it rather difficult to live without the benefits of AC power
without a significant adjustment in lifestyle.

To begin with, not all of the AC-powered appliances we take fer granted
have DC-powered counterparts. An even more serious problem is the fact
that most of those DC appliances available operate at 12 volts. This will
cause little problem if the overall load is going to be kept small (less
than 300 watts) but can create problems with wiring if the load is to be
much more than that. If the system”s voltage is chosen to be low, then
loads had better be light as well, because low voltages, transported at the
higher amperages required to satisfy substantial loads, are inefficient and
require wiring which is much heavier, more expensive, and harder to
install.

Wire is rated and sold according to gauges; the smaller the wire, the
higher the gauge number. Each wire gauge has a maximum power carrying
capacity which is determined by the amperage (not voltage) above which
overheating and voltage drops can occur. When designing a PV system with
moderate~to-heavy loads, good system design dictates that amperage shoula
be kept low and, thus, voltage should be high (remember watts = volts %
amps), to take advantage of lighter, less-expensive wire. In addition, all
other system”s power-handling cumponents such as disconnect switches, cir-
cult breakers, contactors and fuses can be sized smaller in a higher-
voltage system, reducing cost (and maintenance requirements).

To summarize then, a PV system should be specified to deliver only 12-volt
DC when the loads are very swmall and fixed (unlikely to grow). In
moderate~to-high dewmand systemy, the DC side of the system should be at
least 24 volts and preferablly 48 or even 120 volts. And, except under
special circumstances such as dedicated direct-coupled DC water pumps, AC
should be incorporated to service all loads with high-power (>lkW) require-
ments. In some systems, it can be desireable and practical to have both AC
and DC distribution where AC is supplied to the loads that require it and
DC is delivered to low-power dedicated (fixed) loads such as lighting in a
residence.

Input Voltage There are stand-alone inverters that will take almost any DC
voltage and boost it to standard line current. Inverter efficiency 1is
inversely proportional to the amount of "stepping up" required from the DC
input voltage to deliver AC line current. For example, if all other fac-
tors are equal, a 120 VDC inverter will deliver 120/240 AC at a higher
conversion efficiency than say a 12 or 24 volt model, In order to obtain
the maximum conversion efficiency from the inverter, its DC input voltage
should be specified as high as posiible.

Specifying a high-DC operating voltage will serve to reduce line losses cn
the input (system) side of the inverter and eliminate the need for the
more-expensive, high-current-handling switchgear. /is an example, a 5 kW
inverter obtaining its DC input from a 120-volt battery bank will draw less
than 42 amps at full load. If this same inverter is serviced from a 48~-
volt battery bank the required current draw is sver 100 amps. If{ 24-volts
is used, the figure is twice that,

Power Capacity In broadest terms, stand-alone inverters can be divided
into three general categories based on their output power capacityv. The
first, which need concern us herv only in an auxiliary capacity, comprises
the so-called "superlight" inverters with outputs between 25 and 150 watts.
These are primarily designed for use with an individual appliance on a
periodic basis, and are turned on and off along with that appliance. Thev
are a useful option for PV users who have comfortablv come to terms wicth DC
for all but one or two functions.

The second group consists of medium-duty inverters, ranging in capacity

roughly from 500 to 1000 or 1:00 watts. Like the "superlight" inverters,
these are generally used in larger and stand-alone systems to run specific
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appliances at or slightly below their wattage rating; or, they may serve
two or more small loads., When we move into this class of inverter, we
begin to find automatic on-demand switching among some of the more sophis-

ticated models.

Finally, there are the big heavy~-duty inverters, which put out power at
120/240v AC and are equipped to handle sizable surges. For any total
residential load demand exceeding 1,500w/day (1.5 kWh), a heavy-duty inver-
ter is the hardvare of choice. But the big inverters can also benefit from
on-demand switching and/or manual override, since the large appliance loads
for which they are designed are often not in continuous operation.

In fact, an argument could be made for a two-inverter system, in which the
heavy-duty unit is employed only with compatibly heavy loads, and a small-
to-medium size inverter handles small appliances. The object is to avoid
operating any inverter for too long at too low a percentage of capacity,
unless the entire system is large and complex enough to warrant steady
service from a big inverter. In such instances, the PV array will probably
be powerful enough to acccunt for unavoidable idling losses. Another
reason one might wish to have a "spare" or auxiliary inverter would be to
power one or two small loads which require a high-quality 60 hz sine wave.)

6.2.1. Selecting a Stand-alome Inverter

The freedom from the utility-interconnection requirements of fidelity to
utility-generated waveshape and power factor make the internal electronic
logic and power conversion circuitry of a stand-alone inverter different
from that of a utility-interactive unit., However, many of the same basic
output requirements are cowmon to the two inverter types. Those factors
that are most important to the PV system designer selecting a stand-alone
inverter include:

* Efficiency

* Load-demand switching

* Power and signal quality
* Surge-handling capability

Bfficiency All inverters expend a certain amount of electricity on their
own operation, independent of the current which they supply to the load.
This small percentage of system output is variously referred to as 'parasi-
tic," "internal," or "tare" losses. The most efficiently-functiorning in-
verter is one which is fully or nearly fully loaded, since at such times
its tare loss is a much smaller percentage of overall output than would be
true if the device were supplying AC power only to a few light loads. And
when the inverter is idling —— when it is functioning with no load at all

-- it is at its least efficient,

The full-load efficiency of a stand-alone will depend on its design and can
range between 60% for a small 12 Vdc unit such as that available from Radio
Shack, to 95% for a well-designed, high-quality unit. At an efficiency of
902, a 3~kW nominal inverter will require 3,333 watts of input power to
deliver its full-rated 3 kW of power output. As the load is decreased (for
example, to 1 kW) the conversion efficiency of the unit falls - perhaps tc
as low as 40%.

PV system engineers must always keep in mind that compensation for an
ineificient inverter can only be made by enlarging the PV arrayv and bat-
teries, or by scaling down lcads. The first option is expensive, and the
second, inconvenient. Just a few percent increase or decrease in inverter
efficiency can account for many thousands of kilowatt hours over the life
of the PV system. Even when the load 1s not operating the inverter will
continue to consume energy (uniess shut down). This is called the idling

loss.
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Load~demand Switching One way of minimizing internal inverter losses is to
equip the machine with an automatic load-sensing "load-demand" switch,
which causes it to activate and start converting DC to AC only when there
is an immediate load demand. Many modern stand-alone inverters are so
equipped, and respond to a minimum threshhold starting current -— that is,
the demand placed upon the inverter by switching on a load must reach a
prescribed minimum level — usually about 50 watts. Through voluntary load
management, the system user can cluster certain small loads to meet the

threshhold,

This enables the inverter to automatically switch itself on and off when
there is a load, eliminating the losses associated with idling. This is an
capecinlly dmpunrtant feature on a3 mmall inverter, which Ly 1tz aature ;3
likely to be used oaly tur briet periods of the day and consequentiy might
expend a lot of electricity idling. Of course, if the use of an appliance
or piece of machinery can be planned, the manual inverter off-on switch
will work just as well =-- if it is turned off following each use,

A disadvantage of automatic switching is the starting threshhold (usually
about 50w) to which we referred earlier. Some small appliances demand so
little current that they are not, by themselves, capable of reaching the
demand threshhold and calling the machine into service. The answer to this
problem is to either use a manual override switch, or group small loads
together -~ e.g., make coffee and listen to the radio while you are sha-
ving.

Power and Signal Quality Many of the same power and signal quality re-
quirements imposed by utility interface in a line-tie system are shared by
the loads likely to be connected to a stand-alone PV system. For instance,
excessive harmonic distortion can cause induction motors to overheat, and
a voltage variation in excess of 10% above or below 120 volts can burn such
motors out. Some appliances, most notably record turntables, tape recor-
ders, and other devices with synchronous induction motors, require a con-
stant 60 hz frequency in the power signals which they use.

So, don’t look for too much leeway in signal integrity just because a
system happens to be free from utility connections. OQur first inverter
requirement is a clean, low-distortion signal with good voltage -regulation.

Surge—handling Capability The next characteristic which we should demand
of a stand-alone inverter is the ability to handle surges adequately, in
accordance with load demands. Surging, as was mentioned, is the phenomenon
associated with the start-up of certain appliances, and is the major con-
tributing factor to high peak minute and second loads. Certain loads, such
as motors, demand a high in-rush current to start. For example, a shaded-
pole motor rated at one horsepower will normally require between 1000 W tv
1500 W of power to operate (depending on motor efficiency) but may require
up to 4 kW of in-rush current just to start.

In a utility-interactive PV system, there is always insurance against
heavy-surge, high momentary peak situations in the form of the utility grid
itself. When you are on your own, though, handling peaks and surges be-~
comes a matter of having an appropriately powerful inverter and a working
load management plan. In larger systems or critical-reliability applica-
tions, this is accomplished by using a microprocessor-based load management
device. In PV residences, it can be accomplished by practicing simple
discretion in the simultaneous operation of household equipment.

The surge capabilities of different inverters are rated by their marufac-
turers in comparison with the maximum continuous load which they are
capable of handling, and in terms of the size (in horsepower) of the
induction motors which they are capable of starting one at a time. Tvpical
comparative ratings might look like this: for inverter A, a maximum conti-
nuous load of 2,500 watts, a surge capacity of 10,000w, and ability to
start a 1 hp motor; for inverter B, a maximum continuous load of 1,300,
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surge of 6,000w, and .5 hp motor starting capacity; for inverter C, respec-
tive figures of 5,000w continuous; 20,000w surge, and 2 hp motor start.
Ratings such as these are changing as rapidly as inverter technology, and
relative prices should be expected to reflect both versatility in surge
capacity and overall efficiency.

The inverter is a very important piece of equipment in both stand-alone and
utility-interactive PV systems. It should be a high-quality piece of
equipment and must be carefully selected to suit the needs of the par-
ticular system. The PV system designer should be intimately familiar with
the manufacturer”s design and performance specifications as well as the
installation and operation procedures for every unit being considered.

A comparison of several inverters of both types follows.

UILITY-INTERACTIVE INVERTERS

Gemini Abacus DECC Am. Power
Size 4kW 4kW ) 4kW 4kyW
Overall Efficiency 852 902 90-95% 942
Current Waveform Poor Excellent Excellent Excellent
Power Factor Poor 1.0 1.0" 1.0
Max-power tracking Optional Yes Yes Yes
Transformer Isolation Optional Yes Yes Yes
EMI and R-I Poo; Fair Good Excellent
Reliability Good Fair Good Excellent
Retail Cost (§+/-) 6,000 9,000 8,000 5,000
*¥* Can be made to be leading

STAND-ALONE INVERTERS

Abacus  Best Nova
Size 2kW 2kW 2, 5kW
Input Voltage 28 28 24
Overall Efficiency 75% 82% 902
Waveform Harmonics ~ THD 20% THD 5% THD

(Good) (Poor) (Good)
Surge Capacity 150% 500% 2002
Voltage Regulation 22 52 1z
Frequency Stability .05% . 042 .15%

(Good) (Good) (Fair)
Retail Cost ($+/-) 4,000 2,200 3,200
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SECTION 7. THE SOLAR RESOURCE

This section will explain how the output of a solar module is affected by
the change in the module’s orientation and the time of vear. The output of
a module is directly proportional to the amount of light that falls on its
surface. As seasons change, so does the amount of available sunlight. As
the position of a module changes so does the amount of energy that it can
capture relative to the emergy that is available.

7.1. Availability of Sumlight

An important facror in determining the total average daily solar energv
falling on the earth’s surface for a given month of the year is the number
of hours of daylight. This is strictly a matter of the geometry of motion
of the earth spinning about its axis once each day and traveling about the
sun over the course of a year. Table 7.1 shows the number of hours from
sunrise to sunset on a horizontal surface for the 2nd of every other umont:
and as a functiono of latitude in the northern hemisphere. Also listed are
the bands of latitude considered.

LATITUDE AND LOCATIONS

20°-30° 309-40° 40°-50° 50°-60°
Tampa,Houston Phoenix Boston,Omaha London, Berlin
Mexico City Atlanta Bucre: - Juneau
January 10.6 16.0 9.1 7.8
March 12.0 12.0 12,0 12.0
May 13.5 14,0 14,8 16.0
July 13.5 14.0 14,8 16.0
September 12.0 12.0 12.0 12.0
Nevember 10.5 9.9 8.9 7.5
TABLE 7.1

Daylight Hours as Function of Latitude and Month of Year

For any given latitude, the peculiarities of climate and weather at the
specific site determine the amount of solar energy that reaches the earth’s -
surface. Phoenix, Arizona and Charleston, South Carolina are at roughly
the same latitude and so see the same number of hours of sunshine on a
clear day but Phoenix receives approximately 30X more solar energyv over the
course of the vear. This is because of the generally clearer atmosphere
and fewer clouds in Phoenix (most of us call this "good weather"), Climate
conditions differ dramatically fism the Southeast to the Southwest.

Because of this variation, statistical estimates of average daily solar
energy levels, obtained frouw records taken at, or near, a site, must be
relied on in the design of photovoltaic solar energy syvstems. Listed belcw
are sources Ior weather data for the United States and internationa.
locations.

United States Locations

Knapp, Stoffel, and Whitaker. Insolation Data Manual.
SERI/SP-755-789. Oct., 1980 .

3ues, Anderson, et al. Availabiliry of Direct, Tota!, and Diffuse So!
Radiation to Fixed and Tracking Collectors in the USA. Sandia Labor
tories. Aug., 1977,

On the Nature and Distribution of Solar Eperpv., U.S. DOE. March, 1978,
Doc. HCP/TIZS52-01.

a7
s

International Locations

Solar Radiation Input Data. Univ rsity of Wisconsin. 9%66.
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Figure 7.2

POWER VS TIME
(For actual power on a surface that tracks the sun in Phoenix in January -

atmosphere present)

examples is the product of the power and the amount of time during which
that power prevails. Thus, in our atmosphere-less Phoenix in January, the
total energy would be:

Total E = 1.35 kW/m2 * 10 hours = 13.5 kilowatt-hours/meter squared.

In the real world case, (with the atmosphere present), in order to find the
total energy, we must compute the area under the curve in Figure 7.2. Our
clear January day with an atmosphere in Phoenix shows a total of 8.5
kilowatt~-hours/meter squared. Note the reduction due to the presence of
the atmosphere.

If we did not track the sun over the course of the dav, posicioaing the
square meter such that it was perpendicular to the sun’s rays at everv
instant, but instead left the one~meter square surface lying flat ca the
ground (assumed horizontal), then the measurements change again. With cthe
sun’s rays striking the surface now on the ground, less power will strike
each square meter at any hour of the day except when the sun is directiv
overhead. In other words, to intercept the same power as would an area
perpendicular to the sun”s rays requires a larger area on the ground than
one square meter as demonstrated in Figure 7.3.

Early in the morning and late in the afternoon we expect little insolation
on a horizontal surface for the following reasons:

l. The large portion of the sun’s rays will be reflected off

2. The effective power per unit area Is reduced by not having the
surface perpendicular to the sun’s rays

3. The sun’s rays must travel through the atmosphere at ar angle the
makes the "thickness" of the atmosphere greater; more suu.,ight is
absorbed in the atmosphere. At solar noon, on the cther Land, we

expect to get the greatest amount
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7.2. Measuring the Sun’s Power and Energy

Imagine there were no atmosphere at all, If you were to measure the power
from the sun striking a one meter square flat surface held perpendicular tc
the sun’s rays at every instant over the course of a January day ia
Phoenix, Figure 7.1 below shows what vyour record of measurements woulé look
like. (Keeping the surface perpendicular to the sun’s rays throughout the
day, as the supn moves, is called "two axis tracking of the sun',)

1.35 4= ( -
POWER ARBA 13.5 kwWh
AREA
(kW/m¥)

0.0 t o

7am 12:00 Spm
TIME OF DAY
Figure 7.1

POWER VS TIME
(Theoretical power onm a surface that tracks the sun in Phoenix, in Januarv
with no atmosphere present)

The solar insolatiom, the power impinging on the one neter square surface,
measured in kilowatts per square meter, would not vary from sunrise to
sunset., It would remain at its value observed in s ace, in near earth
orbit, of 1.35 kilowatts per meter squared (1.35 kW/m2). (Since the earth
traces an elliptical orbit about the sun, this value varies somewhat frco
Season to season. We also neglect in this theoretical argument the fact
that the full sum will pot appear at the instant of suntrise nor disappear
instantaneously at sunset). '

Yow consider the actual situation with an atwosphere present. Assuce,
though, that it is a crisp clear day'and we agair track the sun. Figure
7.2 shows our new real-time measurements of solar power as it varies over
the course of the day. Note that at solar noon*, instead of 1.35 kW/m2, we
see only 1.0 kW/m2, That shows the attenuating effect of the atmosghere
(i.e., when light from cthe sun passes through our atmosphere, some of 1z -
approximately 30% at noontime - is absorbed bv the atmosphere,. Because
the sun’s rays have more atmosphere to travel through near sunrise anc
sunset, the attenuacion is more severe during early morning and late arfcer-
noon.

The peak value of solar insolation is very near to l.0 kilowatt per mecter
squared aand occurs at solar noon. This is the nomina! power of the sun
Impinging on a su:face perpendicular to its rays at solar noon oo a clear
day over a wide range of latitudes. It has become a universal refarence
and we defipe:

FULL SUN power = 1.0 Kilowatts per metur squared, often called ONE SUl.

The total energy delivered tc the one square meter area in the above
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ﬂLTED SURFACE
(1ml)
\\\\\\\\ HORRONTALSURFACE
/— {1m? canitun

AREA REQUIRED

Figure 7.3
Comparison between area required to capture equivalent solar energj as a
function of surface tilt

Figure 7.4 shows the record of solar insolation falling on a horizontal
surface again in Phoenix on a clear day in January. The difference between
this and the previous figure is due to the fizirg of our one meter square
surface to the ground.

1.0 <
POWER
AREA
(kWImt) AREA=3.9kWh
0.0 } } 4 )
74m 12:00 Spm
TIME OF DAY

Figure 7.4
Power vs time for power on a horizontal surface in Phoenix in January

7.3. Equivalent Honrs of Full Sun

Energv is the product of power and time of duration, e.g. kxW * Lours =
kilowatt-bours. In figure 7. 4, the enorgv striking the one squar? metar
of horizontal area over the hour 11:.3 am to 12:00 noon is approximately
0.9 kilowatt-hours. From 7:00 am to 8:00 am it is approximateiy 0.153
kilowatt-hours. The total energv impinging on a square meter of horizonta'
surface is given by the total arca under the curve., This figures out to be
3.9 kilowatt-hours. HNote that this is less than that cbtainec :7 cre
tracks the sun.

£ the sun shonme at FULL SUN intensitv of one kilowatt per meter squarecg,
hen 3.9 hours of FULL SUN 1nsolat:on would produce the samc¢ resuiz, We
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can speak as well then of "EQUIVALENT HOURS OF FULL SUN" as of a total
amount of solar enmergy impinging on one square meter over the course of a
day. The area below the curve shown in Figure 7.5 equals the area beicw
the curve in Figure 7.4, The energv received in each case is the same,
however, in Figure 7.5, the power level is constant at ! kW/m* and lasts
for only 3.9 hours. When EQUIVALENT HOURS OF FULL SUN is used as a measure
of energy,, it is understood that the hours are at the intensity of full sun
at 1 kW/m~,

Note that because full sun power is the nominal maximum irsolation possibie
on the earth’s surface, the number of equivalent hours of full sun is
always much less than the number of hours from sunrise to sunset. For
example in Phoenix in January, the number of hours of daylight is 10 hours
while the number of equivalent hours of full sun on a horizontal surface,
or the total energy impinging on one square meter of horizontal surface, is
3.9 equivalent full sun hours.

FULL SUN

POWER
TOTAL 3.9 FULL SUN HOURS

1.0 4=

0.0 + + : .
Tam 12:00 5pm

TIME OF DAY

Figure 7.5
Equivalent full sun power vs time on a horizontal surface in Phoenix in
January

Not every day is a clear day, even in Phoenix. Because of veather, haze,
smog, overcast, rain, etc., the average daily solar energy impinging upen a
surface - the average number of equivalent hours of full sun - will be less
than the clear day value in any month. Again, for the month of January in
Phoenix, the average daily value on a horizontal surface is

Full sun hours = 3.5 kWh/m®
7.4, Effects of Array Orientation

So far we have discussed two wavs to position the PV module; either LS 1Ng
two-axis tracking of the sun or at a fixed tile equal to the horizonzal.
it is clear that tracking zives a sTreater array output, however, the addi-
tional output rarely justifles the complexityv and expense 1lnheresnt in
tracking systems. Indeed, the maiority of the PV systems in use todav
utilize an array at a fixed tilt angle as depicted in Figure 7.6, A3 we
shall see later, the output 27 a PV module is strongly derendent on the
tzlt angle gelected.

In addiction to tilting the PV module at the most optimum tilt, we must also
position ic in the best direction. For al! locations in cthe United States,
the module should face (true solar) south. Variations from true south wii!
feduce total array output. The farther north the installation is, the =more
imporzant is true-south srientation.

The sun’s daily path changes throughout the vear. The angle between the
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30

Figure 7.6
Side View of a Module Mounted at a Fixed Tilt of 30°

horizontal and a line from our location on earth through the center of the
sun, called the sun altitude, varies by over 46° between the summer and
winter solstice. Figures 7.7 and 7.8 show the relative positions of the
sun in winter and in summer at noon.

\ ~ -
\ ~
~
e \ . -
_—"" PHOEN!X . — Pﬂoauﬁf"“*-\\\\
EARTH SARTH
Figure 7.7 Figure 7,8
Summer position of the sun Winter position of the sun
The actual change in the sun’s altitude angle for anyv given site is from
90° - latitude angle + declination where the declination varies f{rcm =-212,s%
(December 21) to +23,45 (Jure 21). Since a module will produce the great-
est energy when it is positioned perpendicular to the sun, the best ti.: to

put a module at is the latitude angle - declination. The declinat:on
changes every day so to get the abso,ure rost energy 1t would be Yes: to
change the tilt of the arrav every day. Unfortunately, tile chang:ng citen
brings up more problems for the System user than it is worth. As a resuit,
it is recommended that the til: ne c¢hanged a zmininum number of fimes
throughout the year. In fact, in svstems that are designed to tower a
conscant load throughout the vear there is no benefjt zained by chanz:ng

the tilt away from the optimum fcr winter sun. In terms of svszem’s 2ost
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and complexity, it is generally best to consider a fixed tilt throughout
the year.

For a load that remains constant throughout the year, we set the tilt angle
equal to the latitude +15° (e.g., 45° to 50° for Phoenix). This is because
we want to get the greatest output possible from the module even when there
is the least amount of sun. (In the winter there is less sun so we Cijt
the module above the latitude to take advantage of the fact that the sun is
at a low altitude angle.) As we saw before, the best tilt for 4 module in
Phoenix ramges from 109 (33.5° - 23.59) to 57° (22.5° + 23.5°) bu: these
angles are the extreme values and are seen only one day in the vear.
Hence, it turns out that the optimum "wiater tilt" is about .59 greater
than the lacitude. Even though this is about 30° away from the best
"summer tilt", the extra light available from the sun during the summer
makes up for the non-optimum setting. The result is a fairlv steadv module
output throughout the year as shown below in Figure 7.9,

9.0 o
0 8.0 1 A::—\i\\
ps P AN ~
g 7.0 4 47i:7ﬂ~\\. -~_M‘:}
- - ' >\l\
- 8.0 1 : N
z ’///// \\\\"'_' AN .:§?TKT:IGJ°
".;:, 1.0 . \ "TILT=33.5°
- 4.0 4 /// \\\
= A .
E 1.0 4 «TILT2 0
2.0
1.0 -
0.0 v
J F M A M J J A S O N 0
MONTH
Figure 7.9

Monthly daily average full sun hours vs month on a surface at various tilts
from the horizontal

The folléwing tables shfv, for three locations, the energy available (in
full sun hours) on a | m* surface at various tilts: horizontal, latitude -
15°, latitude and latitude + 159,

TABLE 7.2 LOCATION: PHOENIX, ARIZONA

MONTH ENERGY AVAILABLE (FULL SUN HOURS)
Horizontal Lat-15° Latitude Lat+15°
Jan J.6 5.0 5.8 6,2
Feb 4.5 5.7 6.3 6.5
Mar 6.0 6.9 7.2 7.1
ApT 7.5 7.8 7.7 7.1
May 8.4 8.2 7.6 5.6
Jun 8.1 7.7 7.0 5.9
Jul 7.7 7.4 6.8 5.8
Aug 6.9 6.9 6.6 5.9
Sep 6.1 6.6 6.7 6.3
Oct 4,9 5.8 6.3 6.4
Nov J.8 5.0 5.7 6.0
Dec 3.1 4.3 2.0 3.5
YEAR TOTAL: 70.6 77.3 78.7 75.2
AVG 5.9 6.4 6.6 5.3
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TABLE 7.3 LOCATION: BOSTON, MASSACHUSETTS

MONTH ENERGY AVAILABLE (FULL SUN HOURS)
Horizontal lat-15° latitude lat+]5°
Jan 1.8 2,7 3.1 3.2
Feb 2.5 3.3 3.6 3.6
Mar 3.8 4.5 4.6 4.5
Apr 4.5 4.8 4.6 4,2
May 5.6 5.5 5.2 4.6
Jun 5.9 5.7 5.2 4.5
Jul 5.7 5.5 5.1 4.5
Aug 5.2 5.3 5.0 4.5
Sep 4,2 4.7 4,7 A
Oct 2.8 3.5 3.6 3.6
Nov 1.8 2.5 2,7 2.7
Dec 1.6 2.5 2.8 3.0
YEAR TOTAL: 45.% 50.5 50. 2 47.3
AVG 3.8 4,2 4.2 3.9
TABLE 7.4 LOCATION: ALBUQUERQUE, NEW MEXICO
MONTH ENERGY AVAILABLE (FULL SUN HOURS)
Horizontal lat-15° latitude lat+15°
Jan 3.6 5.0 6.1 6.7
Feb 4.5 5.9 6.5 6.8
Mar 5.9 6.9 7.2 7.1
Apr 7.3 7.7 7.5 6.9
May 8.3 8.1 7.5 6.6
Jun 8.6 8.2 7.4 6.2
Jul 8.1 7.8 7.1 6.1
Aug 7.6 7.7 7.3 6.6
Sep 6.2 6.8 6.9 6.5
Oct 5.1 6.3 6.8 6.9
Nov 3.8 5.2 5,9 6.3
Dec 3.2 4.7 2.6 6.1
YEAR TOTAL: 72,2 80.5 81.8 78.8
AVG 6.0 6.7 6.8 6.6

From the data in these tables it can be seen that the optimum tilt angle,
for the worst case month, at any site is always latitude + 15° Very often
the designer also considers other factors for evaluating the optimum array
orientation. Examples would be micro-climatic affects specific to the site
such as early-morning fog or predominant afterncon cloudiness. Note that a
tilt equal to the . .titude will give the maximum total energy output for
the year. "Worst .- e month" signifies that the system will put out at
least that month’s putential throughout the year, The tilt angle that
gives the best in the winter (latitude + 15°), will, of course, reduce the
potential summer output.

Section 8. SYSTEM SIZING

Sizing the elements of a photovoltaic system means determining the number
of photovoltaic modules and the amount of energy storage capacity (if
storage is used) that are needed to insure that the user of the svstem has
electrical power available when desired - with an acceptable reliability,

Most methods of sizing the stand-alone system treat the photovoltaic array
and the battery storage bank independently. The array size, defined by the
nunbher of modules employed and rated at its peak power condition, is deter-
mined by requiring the averaye daily array output to match the average
daily load for the worst case month of the year. 4 safety factor 1s
introduced to account for degradation in array output due to dirt accunula-
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tion, line losses, and general uncertainties about "average" outputs and
inputs.

The amount of storage capacity is usually fixed by estimating the number ¢f
"no-sun days", the number of consecutive days during which overcast condi-
tions prevail, liable to be expericenced at the site. If a high degree of
system reliability is demanded, the usable daily battery capacity, measurecd
in ampere~hours, is fixed by the anticipated maximum daily load, again
measured in ampere-hours. The number of no-sun davs times the maximun
daily load gives the required total usable battery capacity.

8.1. Sizipg in terms of Amperc-ilours

Batteries had been used to provide power at remote sites long before anyone
developed a photovoltaic module to weep a battery charged. Those designers
experienced in the application of batteries in telecommunications, naviga-
tion, etc., still regard the batterv as the central element in a photovol-
taic system and size the PV system in terms of "ampere~hours".

Every battery is rated at a certain number of ampere-hours of which only a
certain percentage are actualiy usable. A battery’s usable ampere~hour
capacity is determined by the manuracturer’s recommended depth-of~discharge
(DOD) and can be considerably less than its raced capacity. The battery
can provide a current in amperes oqual to its usable ampere-hour capacit
for one full hour, or a current of cne-half its usable capacity for twe
hours, or etc..., before running out of charge. (Actually the battery does
not run out of charge but, 1f the recommended usable capacity is frequently
exceeded, then irreparable damage is liable to be done to the batterv and
its life may be shortened). For more detail on battery svstem dynamics,
refer to the previous section oun batteries.

This simplified example of a verv basic stand-alone system will be used to
illustrate the fundamental principles of the ampere-hour method of PV
system sizing. A PV system is required to power a light for a remote cabin
in eastern Massachusetts during the late summer and early fall (August,
September and October).

Assume:

l. A 20 watt fluorescent lamp with DC ballast will be used. Power
requirements are 1.3 amps at 12 volts DC,

2. Four hours of light per day are required (average usage 7 days
per week).

3. Availability of power for the load, which consists of only the
light, is not considered critical.

Step l. Determine the Load

Determine the average daily load (DL) by multiplying the average hours (k)
of daily usage by the load current (IL),

DL = H * IL = (4 nours/day) * (l.8 amperes)
DL = 7.2 ampere-hours/day = 7.2 Ah/day

Step 2. Determine the number of days storage.

The amount of storage required will depend on:
1) The availability of backup power (e.g. engine generator).
2) Nature of the ioad (essential vs non-essential),

3) size of the load (including duty cycle).
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If a backup source of energy is available, such as an engine gemerator set,
then only a fraction of the anticipated maximum number of no-sun days need
be covered by battery storage. With a backup power source available, two
or three days of storage are tvpically adequate for the New England region.

If backup power is not available, then values from the table below should
be used:

RECOMMENDED NO-SUN DAYS FOR BATTERY STORAGE
IN NEW ENGLAND

Reliability Number Days

Required Storage
Low 3 -4
Medium 8
High 12

The 12-daye” storage requirement for high reliability reflects the maximum
number of anticipated no-sun days for the New England region. For the
example considered, assume a low level of reliability is required and thus
select 3 days” of battery storaye.

Step 3. Determine the Usable Storage Capacity Required.

The usable battery capacity required (Total Usable Capacity or TUC) is
determined by multiplying the load (Ah/d) determined in Step 1 by the
number of days® storage determined in Step 2.

TUC = (7.2 Ah/d) * (3 days) = 21.6 Ah.
Step 4. Select an appropriate battery.

Proceed as described in the section on batteries. To determine the re-
quired rated battery capacity, the TUC must be divided by the maxipum
allowed daily depth-of-diascharge (DOD) for the batterv chosen. Since the
load is relatively swmall, a shallow-cycle battery will probably be suffi-
cient even though only J days of storage are required. The majority of
shallow-cycle batteries available are recommended to be discharged bv ne
more than 251 and many have a lower recommended daily depth-of-discharge.
Using the 251 DOD, we get the required rated battery capacity, C, as
follows: C = TUC/0.25 = 86.4 Ah.

The Delco 2000 has a 105 ampere--hour capacity rating at standard conditions
and hence would be a suitable choice for this application, Availapilicy
and cost (low) are other factors to be considered. The Delco 2000 scores
well in both categories. Another possible candidate for this applicatiorn
would be a standard l2-volt automobile battery. While it is not generally
recommended to use car batteries for photovoltaic storage, a 75 to 100
ampere~hour car battery would satisfy this small, non-critical requirement
and no other battery is so readilv available atr such a low cost.

Step 5. Determine the equivalent hours of full sunlight at the site.

From Table 6.3 we get the number of equivalent hours of full sun on a
surface tilted at an angle equal to the latitude fcr Boston during the
months of August, September, and October. Note that these are the numbar
of equivalent hours of full sun, or what is the same, the total average
daily sclar energy in kilowatt-hours per meter squared falling on a south-
facing surface set at a tilt angle equal to the latitude of the site.

August = 5 Hours

Septecber = 4.7 Hours
October = 3.6 Hours
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Remembering that this is a non-critical system we can size according to the
average number of full sun hours, which is 4.4 hours. Had this been a
critical application we would have sized for the wcrst case condition of
3.6 full-sun hours (and also provided for more battery storage capacity.)

Step 6. Determine the required array size.

The array charges the battery on sunny days when the array output exceeds
the load. When the sun is not out, on a cloudy day and certainlv at nighe,
the load exceeds the array outpur and draims the battery. The array nmust
then be sized to insure that, over the long run, the balance is positive;
the battery is more likely to be charged than discharged. Set the averzge
daily array output equal to the average daily load, including all the
internal system losses in the wire runs and through the electronics.

The average daily output of a PV arrav, in smpere-nours, 1is the product of
the number of full sun hours times the peak-power current of one of the PV
modules in the array times the number of PY modules in parallel. Or:

ARRAY OUTPUT = (Ip) * (FULL SUN HOURS) * (# MODULES IN PARALLEL)

where I 5 the peak power current of the module when the solar insolat:on
is 1 kwim?,

Figure 8.10 shows the IV curve of the Ral0 module from Mobil Solar Energy
Corporation. Several curves are given to show the dependence of the module
output current on insolation intenw,"v. For the case shown, the peak-power
current is 2.0 amperes (at the full sun condition). This module is desizn-
ed to charge a 12-volt battery. Figure 8.11 gives similar informaticn or
the 48-volt Ral80 Mobil Solar module.
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Figure 8.l
Mobil Solar Ra30 IV curve as a functiom of insolziion intensity
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Figure 8.2
Mobil Solar Ral80 IV curve as a function of insolation intensity

Then the daily ampere-hour output ¢f one module will be the daily number of
equivalent hours of full sun times the peak power current:

Ah out = 4.4 hours * 2.0 amperes
Ah out = 8.8 ampere-hours.

Step 7. Select the number and type of modules.

The average daily lsad'was determined to be 7.2 Ah in Step 1. Thus a
single module having the I~V characteristics shown in Figure 8.10 will do
the job and then some.

8.2. A Second Example of Amp-Hour Sizing

Now let”s examine a less basic and more realistic example of design 5v the
ampere-~hour method which elaborates on the fundamental principals presentecd
In the first example to include temperature correction for module outzut
and loss of battery storage capacity over time. For this second exanple,
we'll consider the sizing of a photovoltaic powered refrigerator Zor a
village in the Southwest US.

Step l. Determine the Load.

Data from the refrigerator manufacturer on the power consumed by the re-
frigerator is given in the following form:

The compressor consumes 6 amperes at 12 volts whenever it is called upon
do its job. The compressor duty cycle, defined in terms of the percernta
of hours of the day during which it is on, is a functionm of the avera
ambient temperature. The higher the temperature, the more the compressc
is required to do work,

't L L C

g
£
«
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More specifically:

REFRIGERATOR COMPRESSOR DUTY CYCLE

= ON TIME AVG. AMBIENT TEMP. °C
10. LESS THAN 15
20. 15. - 18,
30. 19. - 22,
40. 23. - 26.
50. 27. -~ 30.
60. 31, - 34,
70. 35. - 38.
80. 39. - 42,
90, 43. - 46,

Assume that, in order to keep the winter load to a minimum, the refrigera-
tor is kept in an unheated area that is always at the outside ambient
temperature. Clearly the average daily load will vary throughout the vear.
In the summer months when the ambient temperature reaches its mazimum value
the average daily ampere-hour load will also reach its maximum. To deter—
mine the month during which that occurs requires knowing the ambient tempe-
rature data at the site,

Given that the site is within 200 miles of Phoenix, we will use solar
energy and ambient temperature data for Phoenix to size the system. Con-
sulting tne appropriate reference materials, we find that the maximum
average daily ambient temperature occurs in the month of July and is 27
degrees C. From the Table above we conclude that the compressor will be con
and drawing 6.0 amps for 60% of the hours of the day. The average daily
load in July will then be:

Load = 0.60 * 24 hours * 6.0 amps
= 86.4 ampere-~hours.

Similar calculations can be done for all other months of Ehe year given the
average daily ambient temperature for each month. The results of this set
of calculations are displayed in Table 8.1 below:

- TABLE 8.1
LOAD, TEMPERATURE, & EQUIVALEN: FULL-SUN HOURS DATA FOR PHOENIX
MONTH AMBIENT TEMP LOAD EQUIVALENT FULL~SUN HOURS
degrees C ampere-~hours on horiz tilt=lac,
January 12, 14.4 3.6 5.7
February 15. 28.8 4.5 6.3
March 19. 43,2 6.0 7.1
April 21, 43.2 7.5 7.7
May 24, 57.6 8.4 7.6
June 29, 72.0 8.1 7.0
July 32, 86.4 7.7 6.8
August 31. 86.4 6.9 6.6
September 30. 72.0 0.l 6.6
October 23, 57.6 4,9 6.2
November 17. 28.8 3.8 5.6
December 12, 14,4 3.1 4,9

The equivalent number of full sun hours both on a horizontal surface and on
a south-facing surface tilted up an angle equal to the latitude of Phoenix

(= 33,3°) are also shown.

Step 2. Determine the number of days” storage required.

To size the storage we assume that a moderate degree of reliability is
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required. Here again we must not only take into account the variation of
the daily load throughout the year, but also should take advantage of a
corresponding variation in anticipated "no-sun' days. These are given
below.

Maximum Number of Mo-Sun Days - Phoenix

Month : No-Sun Days Load x No-Sun Days
January - February 6. 173. amp-hrs
March - April 4, 173.

May - June 2, 144,
July - August 3. 259,
September - October 3. 216.
November -~ December 5. 144,

The LOAD x NO-SUN DAYS column is the product of the daily average load and
the number of no-sun days. Note that the greatest value is 259 Ah which
corresponds to a storage capacity of three no-sun days during the July-
August period.

Step 3. Determimne the Usable Storage Capacity Required.

The total usable battery capacity required (TUC) is given in the above
table, Three days of July and August load require

JC = 259. ampere-hours.

Step 4. Select an appropriate battery.

Again we refer to the previous section on batteries. 1In this case, let us
assume that we are interested in using a long=-life battery in the system.
Since we require only three days storage we select a deep-discharge batte-
ry. The maximum manufacturer’s recommended depth-of-discharge (DOD) for
most deep-cycle batteries is 807 of rated capacity which gives a required
battery capacity, C, of 259 Ah/0.560, or, 324 Ah.

Ic this example, we will also account for the loss in storage capacity over
the lifetime of the battery. 1f we are considering using an Exide E series
battery, the end of useful service life is specified by the manufacturer as
being at the 80X capacity level. We therefore divide our C of 324 Ah by
0.80 to get 405 Ah. This is the battery ampere~hour rating, as rated >y
the manufacturer, that we will require. According to Table 4.2 the Exide
E120-9 has only 360 Ah. This is less capacity than what we have calculated
but will probably suffice since the number of "no-sun" days chosen 1is
somewhat conservative for the site and, the system’s availibilitv is consi-
dered non-critical.

The life of the deep-cycle battery specified is given by the manufacturer
in terms of the number of discharges to 20% capacity left. Since we have
already built three days storage into the design, we can expect that the
80% discharge will only occur in the worst case every J days. Hence, the
1800 allowed cycles should result in a battery life of nearly 15 years
which is excellent.

Step 5. Determime the equivalent hours of full sunlight at the site.

Using data obtained from Table 8.1, the table disglayed under Step | shows
both the number of full-sun days by month for 1) an area tilted up at an
angle equal to the latitude of the site, and 2) an area lying horizoctal,

Step 6. Determine the required array size.
July and August show the largest average daily load (86.4 ampere~hours),
Of the two, August has fewer full sun-hours and so becomes the determining

month., Since the greater nunber of fuil sun hours (6.9) falls on a hor:~
zontal surface during this month in Phoenix, it appears that the array
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should be placed flat. Unfortunately, this leaves the array subject to
significant accuymulatiom and buildup of dirt and dust (when flat, the rain
water will not help to wash off the array). As a result, the array shou!
not be tilted less than 15° Let us look at the data in Table 7.1 to see
how many full sun hours fall on a surface tilted at the latitude -139
(18.5°) in Phoenix in August. We find that we still zet 6.9 hours 1in
August and-so we continue the sizing using 6.9 full sun hours.

Step 6a. Drtermine the effect of temperature on module output.,

We remember from the previous section con PV modules that, as the tempera-
ture of a PV cell rises, the voltage it produces lowers by a small amount
(-0.5% per °C rise in cell temperature over a base of 259C). It is
lmportant to realize that whet a module is exposed to sunlighe it will get
hotter than the surrounding air. We assume 25°C above ambient as a Sase
value at an insolation level of 0.8 kW/m~. The average davtime ambient
temperature for the month of August averages 21°C. Thus, we estimate the
normal operatiag cell temperature (NOCT) for this site of 259C « 119¢ =

s6°cC.

With this high a cell temperature, it is necessary to check the current
voltage characteristics of the module to verify the ampere output within
the 12 volt operating range. The I-V curve for the Mobil Solar Ral0 module
as it varies with temperature is shown in Figure 8.12 helow. The reference
insolation level is the full-sun condition of 1.0 kW/m=.
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Figure 8.3
Mobil Solar Ra30 module IV curve as a function of cell temperature

From the plot at 60°C cell temperature, the current output of the module in
the twelve-volt-battery operating range is a small amount less than at the
reference condition. The ampere-hour output of omne module will then be:

Ah out = 2.0 x 6.9 full sun hours = 13.8 ampere-hours.
But the shape of the module IV curve at $0°C in the operating range is
different. So much so that we have lost the margin o0f saf ty usuallw

¢
inherent in taking the maximum-power current as the ‘actor of proportiona-
lity between amp-hours out and &% hours in.
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To correct for this we introduce a 152 safety margin and "derate" the
module output accordingly. i

Ah out = 13.8 x 0.85 = 11,7 ampere-hours

The 15% safety margin is derived from a "rule of thumb" calculation. The
module peak power decreases at a rate of 0.5%/°C rise in temperature, For
a 30°C temperature rise the peak power loss is 0.15 volts which we make the
safety margin (15%),

Step 7., Select the number and type of modules.

We have already chosen to use a Ra30 module for this example. To meet the
average daily load in August we will need:

86.4 (load Ah)/11.7 (Ah output per module) = 7.4 modules (or, rounding up,
8 modules)

8.3. Sizipng in Terms of KWH

Sometimes batteries, or any other form of energy storage, are not needed in
a photovoltaic system., This is the case with all utility-interactive
systems as well as some stand-alone systems, Pumping water to irrigate a
field is one example of a stand-alone system which may not require battery
sctorage. When the sun shines, power from the PV array drives the pump and
the water flows, When the sun is not out, the pump is off. If water is
not required at a particular time and only a total daily volume need be
delivered, then stcrage, of electrical energy from the photovoltaic array
or, of water itself, 1s not necessary.

Consider the following design problem: Water is required in the amount of
1000 cubic feet per day during the month of July at a farm in che vicinity
of Pheenix. The water is to be pumped up from a 50 foot well. No battery
storage is required. The 48-volt DC motor driving the pump will be direct~
ly coupled to the photovoltaic array. The task is to size the array. For
the sake of simplicity, in this example we will ignore any detailed speci-
fication of the type c¢cf motor-pump combination that might do the job.
Instead we assume such hardware is available and that the combination has
an overall efficiency of 50X.

Step 1. Determine the Average Daily Load.

The amount of work done in lifting 1000 cubic feet up 50 feet, given that
water weighs 62.4 pounds per cubic foot, is

Work Done = Energy Expanded = (62.4)x(1000)x(50)
= 3,12 x 10° foot-pounds.

»

From the conversion table in the appendix, we find the work to be equal to
3.12 x 10%/2.66 x 10® = 1,17 kilowatt-hours.

If the motor-pump combination is 50% efficient, then the load seen by the
PV array will be double that amount.

Average Daily Load = 2.34 kilowatt-hours,
Step 2. Size the array.

A photovoltaic module, and hence a photovoltaic array, is rated according
to its MAXIMUM POWER. The maximum power is the power the module will
produce at certain reference conditions on 1) Module temperature and 2)
Solar insolation intensity., For example, the Mobil Solar Ra30 module,
whose current voltage characteristics are shown in Figure 8.10, has a
maximum power of 30 watts at g cell temperature of 25°C and a solar in-
solation intencity of 1,0 kW/m~. The voltage and current at the maximum
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power point are: V=l4.9 volts at I=2.0 amps. The product of these two is
the power at the rated conditions.

As in the second example, the effect of temperature on the PV array must be
accounted for. The above-quoted maximum-power values were for a cell
temperature of 25°C., But in July, in Phoenix, the array will run at a
temperature of about 25 to 30°C above the 30°C ambient temperature. Hence:

normal operating cell temperature (NOCT) = 60°C.

Since, as stated above, the maximum power decreases by 5% for every 10°C
temperature rise above the rated conditions (at 25°C), “we expect Lo see a
maximum-power output of a Ral30 module under these operating conditions of:

30 x 0.85 = 25.5 watts

However, temperature is not the only loss factor. Assume that, in order to
obtain optimum system performance we include a maximum-power-point tracker
to extract the maximum power out of the PV array. This device will also
have some inefficiencies, not much, but enough to require taking into
account. Assume the max-power tracker is 95% efficient. We are then at:

0.95 x 25.5 = 24.2 watts

Finally, the maximum power poiat does not quite vary proportionally to
insolation. This means we cannot use the concept of equivalent hours of
full sun without a further correction. We subtract another 5% off the
rated output to account for this effect.

We thus expect to get out of each Ra30:
0.95 x 24.2 = 23.0 watt-hours
for every full-sun hour of energy impinging on the array.

Assuming that we mount the PV array in a horizontal position which, in
practice, we would not do, we find that the table in the Second Example
shows 7.7 full sun hours om a horizontal surface in July, in Phoenix. Thus,
each Mobil Solar Ra30 module will produce an average daily output of:

7.7 h * 23.0 W =177 Wh = 0.177 kWh

To meet the load will then require 2.34 kWh (daily l0ad)/0.177 kWh (module
output/day) = 14 Ra30 modules. We now must determine how to arrange these
modules in a series/parallel network to deliver the required power at the
desired bus voltage.

The modules chosen have a 12-volt nominal output. To deliver 48 volts to
the load will require four 12-volt modules in series. When we divide rhe
total number of modules required, which is 14, by the number cf modules
required to make up a 48-volt series string, we find that 14/4=3,5 which
results in a "theoretically~ideal" PV array configured in 3.5 parallel
strings of 4 series modules cach. Since we obviously can not specify
fractions of modules, we must increase (round up) the number of modules in
parallel to the mext whole number which resulcts in a specified PV array
configuration of 4 parallel strings of 4 series modules each,

This sizing procedure has resulted in an oversizing of the svstem over the
"theoretical ideal" by two additional modules which is a 1435 increase cver
the mathematical requirement. This is good in that it adds an additional
margin of capacity to the system and, its undesirable in that it increases
the system cost.

However, its a fact of life. Four l2-volt modules are required in series

to deliver 48 volts to the load. Thus, the string of four series modcles
becomes, (after the modules themselves), the basic building block of the PV
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array for this system (and all other 48-volt systems). The PV system
designer can specify the array size only in increments of full series
strings. The only other option open to the designer would be to use PV
modules whose internal cell configuration was wired to deliver 48-volts.

48~volt modules do exist, (such as the Mobil Solar Ral80). However, the
vast majority of PV modules available on the market today have a rated
output of 12 volts nominal and, most small systems (less than | kWp) will
be designed around modules of this voltage.

This basic principle of array desigu sizing in minimum increments of one
full series string is applicable to all systems design methods. Sizing in
terms of full-string inmcrements can be a real limitation especially when
specifying PV arrays in higher voltage applications such as utility-
interactive residential systems which often require DC input voltage to the
inverter of 220-240 volts resulting in series array strings of 18 to 20 12~
volt modules each., If the designer were using 40-watt, l12-volt modules in
such 2 system, he would have the option of sizing in even increments of a
20-module string, resulting in array sizing options of 800-watt increments
with nothing in between.

8.4. Sample Design Problems and Solutions
Design Problem #1: A simple 12-volt DC system for a mountain cabin

Given: Maximum stay in winter 3 days (long weekends)
Maximum stay in summer 3 weeks (vacation)
Elevation: 3000~ :
Solar Insolation yearly average of 4.0 hrs at 50° tiltc
Latitude = 40°

Loads Amperage Summer Winter
hours hours

1 - 40 W Fluorescents 3 A 2 6

2 - 20 W Fluorescents J.4 A 2 4

9" Color TV 2,0 A 3 8

Assume: We will leave the PV array at a 50° tilt all year to increase
winter output and accept the resulting reduction in summer output. We find
that we will have 4.5 hours peak output in the summer and 3.5 hours peak
output in the winter.

Step one: Calculate winter load in Amp-hours

Lights: 40 W, 3 x 6 = 18,0 AH
2-20W, 3.%5x & =13.6 AH
TV, 2 x 8 : = 16.0 AH

47.6 AH per day of usage

However there are only 3 days out of 7 usage or 3.7 x 47.6 or 20.4 AH
average per day usage in the winter.

Assuming an overall battery efficiency of 807 we need 20.4/.8 or 25.5 AH
per (average) day of charging.

Assuming 3.5 hours of peak sun, this will require:

25.5 amps/day = a total of 7.29 Amps
3.5 hours of full sun/day

of output from the array per average day. If we use the Mobil Solar Ra-30
which delivers an output of 2.0 amps under full sunm, we have:

7.29 Ap total = 3.64 modules,
2.0 Ap/module
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We can not specify a fraction of a module so we’ll "round up" to provide a
margin of additional capacity to account for long periods of poor winter
weather conditions, and use four Ra-30"s to satisfy the winter load in this
application.

Step two: Calculate summer load in Amp-hours

Lights: 40W 3 A x 2 nhr. = 6,0 AH
2-20W 3.4A x 2 = 6.4 AH
TV set 2,0 x 3 = 6,0 AH

18.4 AH per day of usage

We will assume continuous daily in the summertime usage and therefore use
18.4 AH per day. With battery efficiency of 807 we need 18.4/.8 = 23 AH
per day. At 4.5 hrs per day of average peak sunlight we need 23/4.5 or:
5.11 amps per (average) day of output from the PV modules or:

5.11 amps/dav = 2.56 Ra-30 modules.
2.0 amps/day/module

From these basic calculations, it can be seenm that the winter design
condition dominates and four Ra-30 modules are recommended for the system.

Sample Design Problem #2: Sizing 1 PV system to power a water pump

Given: A family of 4, with a remote PV powared house, and a small garden
plot (supplimental watering only needed during summer). They wish
to add another PV svstem to power their well pump. Their well is
4" in diameter and 200" deep. Depth to water 100" maximum. Maxi-
mum draw down = 5 at 10 gpm. Family already owns an AC submersi-
ble pump which they would like to use. It is 25% efficient and
delivers 10 gpm. There is a 150 gallon pressurized storage tank.
There are 5.0 peak hours of sunlight annually for location at a
tile of 459,

Dezermine: PV system size required to satisfy pumping requirements.

Assume: 150 gal. per day per person (600 gal. total/day) and that pressure
tank has been set to cycle between 25 and 50 psi which allows a
delta storage of 60 gallon.

Determine: HP needed by pump and daily pumping time. First calculate
total dynamic head. Total dynamic head equals:

100° depth + 5" draw down + assume 5° friction loss +

40psi average pressure = 110° + 407 = 203 ft. of total head
.43 psi/ft of head .43

Next, calculate the water Hp required.

Water Hp = (head) x GPM = 203 x 10 = ,5]
3960 3960

Assuming 25% efficiency (pump and AC motor combined), the pump’s actual
electrical load will be:

HP = .51 = 2.05 HP or 2.05 HP x 746 watts/HP = 1.53 kW load
.25

This 1.53 kW load on the inverter is the average load and does not accocunt

for the inrush current required to star: the pump. If we assume an inver-
ter efficiency of 90X, the load demand from the inverter to the system when
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the pump is rvunning is:

1.53 KW = 1.7 kW

.9

If we assume an average battery efficiency of 807 and assume further that
655 of the enmergy to run the inverter for pumping comes from the batteries
(because the pump rums at night and during bad weather) and 35% comes
directly from the array (when pumping coincides with sunshine), we have an
actual load on the array when the pump is rumnning of:

1.7 kW x .65 + 1.7 kW x .35 = 1,97 kW
.8

Next, we calculate the required running time per day:

Time of running is 600 gal per day or 60 min., (1 hr per day)
10 gal per min.

This translates into an array output requirement of approximately 2 kWh per
(average) day. The pressure tank holds about 60 gal (usable) and the pump
will run an average of about 10 times per day.

To complete the sizing in terms of Amp hours, we will assume a 5 KW power
inverter and 48-volts DC for the PV array, battery bank and inverter imput.
This would require:

2000 watt hours/dav = 4l1.6 Amp hours/day
48 volts

When we divide the (average) daily Amp Hour requirement (at 48 volts) of
41.6 by the daily average number of full sun hours for the site, we obtain
an output requirement from the array of:

41.6 A-hr = 8.33 Ap from array
5.0 hr of sun

8.33 Ap needed = 4.1 modules or 4 modules in parallel.
2.0 Ap/module

Since this is a 48-volt system, a total of 16 12-volt Mobil Solar Ra-30
modules will be required. Four in series to deliver the required 48 volts
and four in parallel to produce the daily Amp~hours of current required.

Note: If a high efficiency DC nowered pump is used, the power requirements
can be cut almost in half with an equivalent savings in modules.

Battery capacity needed:

Again, the winter design conditions dominate. Assume we have cloudy
weather for three days of usage and the battery is not to be discharged
below 505 of capacity:

3 days at 47.6 AH = 142.8
142.8 = 285,6

Therefore 300 AH capacity (at 48 volts) is required. If prolonged cloudy
weather is common 400 or 500 AH capacity would be an even better chojce.
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TYPICAL LOAD RATINGS

APPLIANCE POWER (W) CURRENT HOURS USED TOT
12 v 115 v PER MONTH KWh/MONTH

Air conditioner 1566 130 13.7 74 116
Electric blanket 177 14.5 1.5 73 13
Blender 350 29,2 3.0 1.3 0.3
Broiler 1436 120 12.5 6 8.3
Clothes dryer 4856 42 18 36
Dryer (gas) 325 27 2.8 18 6
Coffee pot 894 75 7.8 10 3
Dishwasher 1200 100 10.4 25 30
“Drill 250 20.8 2.2 - 2 3.3
Attic fan 3 370 30.8 3.2 65 24
Freezer (15 ft7) 340 28.4 3 290 100

Frost free 440 36.6 3.8 330 145
Frying pan 1196 99.6 10.4 12 15
Garbage disposal 445 36 3.9 6 3
Baseboard heat 10000 87 160 1660
Iron 1088 90.5 9.5 11 12
light bult 75 W 75 6.25 0.65 120 9
1/8 HP motor 250 20.8 2.2 64 15
Turntable 60 5 0.52 50 k!
Refrigerator/

freezer 326 27.2 2.8 290 33
Frostless 615 51.3 5.4 250 132
B&W TV 35 3 0.3 110 3.9
Color TV ' 85 7 0.7 125 10.86
Toaster 1146 95.5 10 2.6 3
Vacuum 630 52.5 5.5 6.4 4
Washing Mach. 512 42.5 4.5 17.6 ]
Water Heater 4474 39 89 {C0
Water pump 460 38.3 4 44 2



TEMPERATURE COEFFICIENTS:

SHORT CIRCUIT CURRENT  +,1%/9¢C
OPEN CIRCUIT VOLTAGE -.4%/9C
PEAK POWER -.5%2/9C

OPERATING CELL TEMPERATURE
AT = 2600 3 800 Wkl
329C @ 1000 W/M2

LIGHT INTENSITY EFFECTS
[, LINEAR WITH LIGHT INTENSITY

P> NOT LINEAR WITH LIGHT INTENSITY



ENYIRONMENTAL TESTING

TES] CYCLES CONDITIONS
THERMAL CYCLE 200 -40°C T0 90°C
HUMIDITY/FRFEZING 10 85°C/85% Ril TO -40°C
MECH, LOADING 10,000 +50 LB/FT2
TWIST TEST - 1.2° OUT OF FLAT
IATL IMPACT - 1" DIA. ICE BALL & 52 HPH
SALT FOG 7 DAYS 52 SALT/359C
U.S.C.G. PIT TEST 2,000 1) 50°C SALT WATER 5PSI 5X

2) 50C SALT WATER 5PSI 1X
ACCCLERATED U.,V, - 8X CONCENTRATION + WATER SPRAY

REAL TIME EXPOSURE -

(HOBULE FATLURE IS > 57 A Pp)



SOLAR CONVERSION FACTORS

1l sun = 1 KW per m2 = ] mw per cm2 = 92.9 watts/ft.2
1 m? = 10.764 fc.?

1 Langley = 3.689 BTU/ft.>
1 BTU/fc.? = .2711 Langley
1 Langley = 1.08 Wacts/fr.%/day

To Convert Langleys to Equivalent Peak Sun Hours (hp) per day:
Langlevs x .01166 = h,

To Convert BTU/ft:.2 to Equivalent Peak Sun Hours (hp) per day:
BTU/fc.2 x 003161 = hq

To Convert KilowaCt-hours/mzlday to Equivalent Peak Sun Hours
(hp) per day:

KWh/mZ/day x 1 Sun/KW/m2 = 1 Sun-hrs/day = hp
(KWh/mz/day is same as hp)
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Fig. 7.7, Magnetc Agonic and isogonic Lines



Z. Systen i2 YBC 24 vIC {8 zc NE{el
Wattage: < 3C0 “p 500 to 1X wp 1% o0 2.zK 2.3 wp uz

.
Use approx
;
uz

tely 100 Amp-hour of tattery capacity
mocule by

rrent from the PV array,

\»
3

. -n arid areas vater usage varies widely from 40 acre-feet per vear fzr il7alif
%0 2 acre-Teet per year fer Jojcta starting and 1 acre-Toot once it is ss-=anl
Conversicn Facsicors
acre-leet %o gallens multiply by 2,259 x lO5
Sarrels {(cil) o gallons (oil) =muliiply Ty o2
Acres 10 square feet multiply by 43,340
Acres iz square zeters multiply by 4,047
Sallenms to liters muliiply by 2,785
70/ hr + 12,3CC = Tons of Air Ccnditioning
Tens A/C x 12,000 = 27U
- ga_. of water = 8,32 pounds
1 27U = Heat 0 raise one pound of water i° 7
37U x 3.931 % 1074 = horsepower - nrs,
STU x 2.3728 x 1€ s Kilowatt - hrs.
Sallens x L1337 = cu. St
Zorsezciwer x L7457 = Xilowatis
Sorsepcwer x 745.7 = Watts
watt - acurs x 1,341 x 1070 = horsepower - =rs.
Panel and S4ruciure Loading
“ounds zer sg. S%. loading = 0.2C23&(V%)
! in (MFH)
eg. 1CC MPH = 25,8 PSF lcading
wote: Ior ncn zergpendicular lzafing, multizly by the zine oF <ns angle =0 %

- 18C°7 = ebsalite zere in Jjegrees Tahrenneis
~mal o . - N .
= &¢2 . = 3tsclule terc in degrees rfantigrice

fu

e
tn

oy
(28


http:er.endicu.ar
http:orse:v.er

' CONVERSION FACTORS

“c convert from To Muitiply by To convert from To Multiply by
wength
centimeters (em) tnches 0.394 pounds {Ib) kilograms 0.454
‘eet "4y centimeters 30.5 :ons [long) pounds 2240
.nches ind centimeters 2.54 tons {long} kilograms 1016
<ucmeters 'kmj miles 0.621 tons {metng) pounds 2205
meters |, feat 3.28 tons {metric} kilograms 10C0
meters . mj yarcs 1.094 tons (short) pounds 2000
mies mu, xilometers 1.609 tons (short) kilograms 907
millimeters .mmj inches 0.0394 Pressure
varcs (yc) meters 0.914 atmosphere bars 1013
Area atmosphere grams/saq.cm 1033
acres heciares 0.405 a'~-sphere pounds/sq.in 147
acres s¢ meters 4047 poLNES/sa.n (psi) grams/sq.cm 70.3
nectares !raj acres 247 Forcs
SC.cerumeters cm?!)  sq.inches 0.155 dynes newtons 0.00001
sC. ‘eet (f17) sg meters 0.0929 newtons (N) pounds 0.225
sC. nches ;i) sc.centimeters 6.45 oounds (Ibj newtons 4. 45
SC <icmeters ‘xm?) sQ. miles 0.386
2 meters mi SC. yards 1196 Energy
N . Britishtnermal units{ Btu) catones 252

sC. meters m: sc. ‘eet 10.76 "
sC. varcs .yc?) sQ. meters 0.836 calones (cal) Bt 0.00397

’ args jouies 1 X ‘07
Volume loot-pounds (f-ib) calories 0.324
cuRiC cen’ neters (cm?) cudic inches 0.0610 toot-pounds (#-b) joules 1.36

usic feey i cubic meters 0.0283 joules (J) Bty 9.48 ¥ 10+

cucic ingres in’? cutic centimeters 16.39 joules (J) calones 0.239
~.Cic meters {m® cuaic feet 35.3 kilowatt-hours (kWh) Bty 2410

Hc meers mi , CuoiC yaras 1.308 Kilowatt-nours (kWh}  foot-pounds 2.66 + 100
cLIic yaras ya cusic meters 0.765 Power
:?e“,:'s-,“"al) ZE:S U.S ?;gT norsepower (hp) Stu/min 42.4
Tindars . mi| ources 0.0338 horseoawer (ho) (Y’;:;srigwwer 1014
cuans. U.S. ‘et iters 0.946 horsepower (hp) klowatts 0.748
Mass xuowatts (kw) horsepower 1 341
5raTs g) ounces, avdo. 0.0353 warts (W) Btu/hour 34
<nsgrams kg, pounas 2.205 warts (W) Jjouies/sec 1
cunges avco cz! grams 28.3

SI UNIT PREFIXES

Factor Prafix Symbol
Qu era T
Mo 51Ga G
el mega M
ol X110 K
02 hecto h
0 cexa ca
10- gect a
102 cent [
C (o111} m
10 micro u
G- ~ano n
‘C-a folloe] e}
t0-n femto t
$0-n ano a

TEMPERATURE CONVERSION

QC QF SC OF OC GF
—=50 =53 40 104 120 248
—-40 40 45 113 130 238
-30 =22 € 122 14C 234
—-25 =13 £S5 131 iS¢ 322
~20 - 4 60 140 188 222
—-15 5 65 149 17T 238
-10 14 70 158 VEC 288
-5 23 75 167 19C 3T

0 32 30 176 2CC  :3:2

5 41 8 185 228 aziv
Q S0 20 194 28C 232
'8 59 85 203 ¢TE  iz7
20 €8 €0 212 3CC =72
28 7Y 105 221 328 37
3C 86 t*Q  23C 35 82
38 9s 115 229 4CC 752



http:grams/sq.cm
http:pounds,'sQ.in
http:grams/so.cm

HEAT AND SOLARXR FLUX

[-kw-m"2 mW~cm'2 cal-sec"ivcm"2 Btu-h™} ft°

{ 100 0. 0239 117.3

0. 01 { 2.39°% 3,173

41. 83 4.183° { 1.327*

3. 1574 3.15°2 7,535 g

POWER

' hp KW ft lb.s-! Bta.h™! cal.s=! . MeV.
E 0. 7457 550 2, 547 178. 2 4
D134t L 737. 6 3,415 239 6
:1.818'3 13563 ! 4.63 0.32¢ 8.
| 2. 546 t.899 1, 400 6,480 453.9 {
3,937 2.937% 0. 216 { 0.070
56170 4.1873 3. 088 14.29 { 2
{z.xs"b 1. 60718 {11813 5.47743 3, 83714
, ENERGY
| xWen Btu ft -1b cal MeV
ix 3413 2. 66° 8. 60° 2.24'9 3,
5.7 (.8 £,400. 6 453. 6 118,
b 2,924 { 778. 1 252 6.53'% 1,
13,777 {293 { 0. 324 8.16'% |,
Tl 3.9773 3. 087 { 2.611% 4,
4. 46720 152740 (o187t a3ttt L
t}.7s'14 9.437!! 7.3578 23978 5.23°

Note: Zxpcnents indicate powers of 10.




