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The following corrections are to be incorporated into the subject document: 

~-
1-5 

1-5 

1-7 

1-8 

• 

1-8 

1-8 

3-11 

Correction 

Under the subheading Electrical Attributes, in the third line after 
" ... generation efficiency, .•. "add "mismatch, ... " 

Under the subheading Mechanical Attributes, in the seventh line, 
delete the word"· .• mismatch ... " 

To Task Group No. 1 - PV Array, add "Richard Donovan, Martin 
Marietta Corp." 

To Task Group No. 2 - Power Conditioning, Controls, Storage, and 
Cabling, add "Bronwyn Brench, MIT/LL; Lane Garrett, Ecotronics, 
Inc.; Robert Harris, Underwriters Laboratories, Inc.; Stephen Hester, 
Pacific Gas and Electric Co.; Ramon Rosati, United Technologies, 
Inc.; Dana Sears, Windworks, Inc.; Hiry West, McGraw Edison.'~ 

Under Task Group No. 2, correct the spelling of the name "Frank 
Masapina, ESB/Wisco, Inc." to "Frank Malaspina." 

To Task Group No. 3- Systems, add "Donald C. Carmichael, Battelle 
Columbu~ Laboratories; Stephen K. Young, Science Applications, Inc." 

Under MO.E.3, CommentarY, the last sentence in the second para
graph should read, "Under this condition, the over-currented cells dis
sipate power equal to the product of current and the reversed voltage 
that develops across the cells. The over-currented cells can be 
heated to elevated temperatures high enough to melt solder." 
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3-15 

3-16 

3-18 

3-20 

. 3-21 

Correction 

Under MO.M.7, Commentary, the first sentence in the second para
graph should read: "Techniques that are useful in reducing stress 
levels include reducing interconnect thickness; increasing expansion 
loop height; increasing the distance (and thereby the interconnector 
length) between attachments to the cells by measuring across the 
intercell gap; selecting a material with a higher endurance limit; 
modifying the lateral dimension of the interconnection loop so that 

. maximum bending no longer concentrates at a single point on the 
loop; and preventing solder from filling (wicking) and stiffening 
expansion loop radii [7] . " 

Under MO.M.9, Commentary, correct the ninth sentence (sixteenth 
line) to read, "· •. and site dependence." Delete the remainder of 
that sentence and delete the next three sentences. 

Under MO.M.18, Evaluation, correct the first sentence to read, "Test 
TE.AR.M.8 .••. " 

Under MO.D.2, Ev.aluation, correct the last sentence to read, "· .• for 
concentrator receivers." 

Under MO.D.3, Commentary, correct the last sentence to read, 'iSuch 
cycling may cause: (1) dulling or obscuring of reflecting or tr~ns
Juilliug optics, or (2) corroding of cell metallizations or terminals." 
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PREFACE 

This document was prepared in response to legislative directives of the Photovoltaic 
Research, Development, and Demonstration Act of 1978 (P.L. 95-590). It presents 
interim results of work funded by the Division of Photovoltaic. Energy of the U.S. 
Department of Energy (DOE) to identify, develop, and promulgate performance criteria 
and test methods for photovoltaic solar energy conversion systems. This effort was man
aged by the Solar Energy Res.earch Institute's (SERI) Quality Assurance and Standards 
Branch. The report is the result of joint efforts by individuals from national and private 
laboratories, industry, government, and public interest groups. 

The study is intended to satisfy the goals of the National Photovoltaic Program by aiding 
the photovoltaic community's effort to accelerate the commercialization pf photovoltaic 
systems, thereby. creating a viable energy option for the future. This document assists in 
that acceleration by offering the performance criteria as a basis for standards develop-

. ment by voluntary consensus standards organizations. Equally important, it provides a 
common base for both manufacturers and purchasers to use in evaluating and character
izing performance traits of interest. 

Approved for 

,, SOLAR ENE~.~y R~SEARCHINSTITUTE 

\ ""·~·-.... I . - ) . ,~u.U_J{ ' .. - .I .1'~ 

on M. Veigel, Manager 
Planning Applications and 

Q 

·~ 
ie 1 

ranee and Standards Branch ' 
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SUMMARY 

This document is a response to the Photovoltaic Research, Development, and Demonstra
tion Act of 1978 (P.L. 95-590) which required the generation of performance criteria for 
photovoltaic energy systems. Since the document is evolutionary and will be updated, 
the term "interim" is used. More than 50 experts in the photovoltaic field have con
tributed to the writing and review of the 179 performance criteria listed in this docu
ment. The performance criteria address characteristics of present-day photovoltaic 
systems that are of interest to manufacturers; government agencies, purchasers, and all 
others interested in various aspects of photovoltaic system performance and safety. 

The performance criteria apply to the system as a whole and to its possible subsystems: 
array, power conditioning, monitor and control, storage, cabling, and power distribution. 
They are further categorized according to the following performance attributes: elec
trical, ·thermal, mechanical/structural, safety, durability/reliability, installation/ 

. operation/maintenance, and building/site. Each criterion contains a statement of 
·expected performance (nonprescriptive), a method of evaluation, and a commentary with 
further information or "justification. Over 50 references for background information are 
also given. 

A glossary with definitions relevant to photovoltaic systems and a section on test 
methods are presented in the appendices. Twenty test methods are included to measure 
performance characteristics of the subsystem elements. These test methods and other 
parts of the document will be expanded or revised as future experience and needs dic
tate. A subject index to the performance criteria is also included. 

v 
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SECTION 1.0 

INTRODUCTION 

INTENT OF THE DOCUMENT 

This document presents the state of the art in defining performance c'riteria for photo
voltaic (PV) systems and their components-such as the PV array, power conditioning, 
monitor and control, and storage subsystems. A performance criterion, for the purposes 
of this document, describes a performance need or expectation that represents a charac
teristic (distinguishing trait, quality, or property) of the PV system, subsystem, or com
ponent that is directly or indirectly related to performance or safety. Each performance 
criterion contained herein consists of a criterion statement, an evaluation statement that 
describes how compliance with the criterion statement is to be evaluated, and a · 
commentary statement to provide necessary supportive or background information. 

Performance criteria deal with the following seven attributes: electrical, thermal, 
mechanical/structural, safety, durability/reliability, installation, operation and mainte
nance, and building and site characteristics. They are directed not only to generic but to 
specific applications such as remote stand alone, residential, intermediate load centers, 
and central stations. 

Performance criteria are not to be confused with performance specifications. Perform
ance specifications are prescriptive; they specify the quantitative details of performance 
or design for a subject part. Performance criteria, such as are found in this document, 
are not prescriptive; they are performance oriented to allow for innovation and for a 
variety of approaches to obtain desired objectives for a PV system or subsystem. 

To the prospective user, the document is intended to be a resource that not only identi
fies performance considerations but also provides guidelines, recommendations; and 
important information applicable in the design, specification, procurement, installation, 
maintenance, and use of PV systems and subsystems. The user of this document may be 
anyone at any of the buyer-seller interfaces for PV materials and products; for example, 
a manufacturer, supplier, architect, designer, or knowledgeable user. 

A WORD OF CAUTION 

Although the collection of performance criteria is intended to provide a base for fair and 
uniform product characterizations and comparisons, a word of caution is included here 
for those who wish to use this document for the specification or procurement of PV prod
ucts. This document is meant to be comprehensive in nature and application. By no 
means will all perf<rmance criteria be applicable <r necessary for any given system or 
subsystem. These performance criteria are not intended for blanket use in regulatory or 
code documents. Furthermore, care must be exercised in selecting and applying individ
ual criteria. Inappropriate or unnecessary application of performance criteria can lead 
to needless expense and system complexity; it therefore defeats the go&l of cost compe
titiveness for PV. 

It is also important to recognize that this document, with its perform.ance criteria and 
evaluation statements, is in an evolutionary stage and is subject to modifi~ations and 
refinement as PV technology and experience grow. Few of the evaluation methods cited 

l-3 
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in the evaluation statements are consensus standards. The remainder of those identified 
are at various stages of development and maturity. Several evaluation statements lack 
an existing applicable test method. These deficiencies in the test methods for PV are to 
be expected in a young, developing technology and industry. Test development needs are 
being addressed within the Department of Energy's National Photovoltaic Program and by 
several standards-writing organizations. In the interim, the test methods cited here must 
be applied with appropriate care. The most effective use of this document will be 
achieved through familiarity with the document itself, some expertise in PV technology, 
and a thorough understanding of proposed PV applications. 

SCOPE 

This document is evolutionary in the sense that it is the product of many members of the 
PV community who a.re continuing to prepare additions and refinements for inclusion in 
subsequent editions. As the technology and the commercialization of PV continue to 
advance and as experience with PV broadens, it is expected that this document will 
change to reflect these advances. 

Performance criteria in the document are oriented primarily to PV systems using single
crystal silicon cell technology for flat-plate and concentrator array subsystems. Within 
this technology there are gaps; for example, in the tracking and control of PV arrays~ in 
concentrator optics, and in combined PV and thermal modules and arrays.· The prepara
tion of performance criteria in these areas is under way. To the extent possible, the cri
teria were prepared so as not to exclude any of the developing cell technologies. As 
these new technologies advance commercially, appropriate performance criteria will be 
prepared and introduced in future editions. 

Substantive comments on this edition and future ones are encouraged. All comments 
should be addressed to: Branch Chief, QA&S Branch, Mr. G. Nuss, SERI, 1617 Cole Blvd.,. 
Golden, CO 8040 l. 

ORGANIZATION AND FORMAT 

Performance criteria are organized according to the portion of the system to which they 
apply. This . allows a reader interested in a particular hardware element to locate all 
applicable criteria quickly. The document is divided into sections dealing with the over
all PV system and each of its major subsystems. Two sections are divided into subsec
tions dealing with major subsystem elements. 

Each performance criterion consists of three statements: a criterion, an evaluation, and 
commentary statement. The scope of each statement is described below. 

Criterion: A qualitative statement that addresses the user need or expectation for a 
given element. It is a general statement of what the element will be able to do. 
The criterion does not specify any levels of performance. Unless otherwise 
indicated, the criterion is intended for general application. 

. 
Evaluation: A statement that sets forth the test methods and other information on 
which conformance with the criterion shall be evaluated. It states the standards, 
inspection methods, analysis, review procedures, historical documentations, or test 
methods that are to be used. In some cases, the review of documentation of in-use 
performance or engineering analysis may be used as evaluative tools in lieu of 
testing. 

1-4 
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Commentary:· A statement that provides background and presents the rationale for 
the selection of the criterion, or evaluation, or both. It also may suggest or provide, 
with supporting rationale, a basis for specific levels of performance that might be 
used. A major reason for including a commentary with each performance criteria 
statement is to assure a workable process for updating criteria by establishing a 
basis for selecting performance levels and methods of evaluation. This procedure 
should aid the reader when questions arise about the basis for a particular crite
rion. When appropriate, the commentary statement will provide particulars 
regarding the use of the performance criterion for specific applications. 

The performance criteria in a given section or subsection are categorized according to 
seven attributes. Definition statements for these performance attributes are listed 
below. 

Electrical Attributes are used to describe the ability of systems and subsystems to 
produce or manage electrical energy. Performance criteria include electrical power 
generation efficiency, power conversion efficiency, sensing, switching, ripple and 
transient control, and insulation to prevent electrical breakdown and excessive 
leakage. 

Thermal Attributes are used to describe the ability of systems and subsystems to 
produce or manage thermal energy. Performance criteria include thermal. energy 
generation and transport, thermal losses, heat transfer rates, and circulation 
control. 

Mechanical/Structural Attributes are used to describe (1) the mechanical and mate
rial features of systems and subsystems that can affect their performance, or (2) the 
ability of systems and subsystems to withstand normal transport and service condi
tions that result in a mechanical stress, or (3) the ability of systems and subsystems 
to maintain their structural integrity under in-service conditions. Performance cri
teria include considerations related to: transportation; handling; mutual shadowing; 
orientation of arrays; thermal· expansion; mismatch; fluid pressure; loading due to 
wind, snow, ice, hail, or earthquake; and maintenance personnel. 

Safety Attributes are used to describe the mitigation of hazards in systems and sub
systems that could result in property damage, personal injury, or death. Perform
·ance criteria include fragile, toxic, and flammable materials; high tempet·atures; and 
electrical shock, lightning, and high light intensity. 

Durability/Reliabilit~ Attributes are used to describe the ability of systems and sub
systems to performunctions designed for a specified interval under designated use 
conditions. Performance criteria consider degradation due to exposure to moisture, 
soilants, pollutants, ultraviolet radiation, thermal shock, and temperature cycling. 

Installation, Operation, and Maintenance Attributes describe system and subsystem 
features for safe and proper installation, operation, and maintenance. Performance 
criteria consider installation instructions, operating instructions, routine scheduled 
maintenance, corrective maintenance, replacement, repairs, and access. 

Building/Site Attributes relate to integrating a system with a building and site. Per
formance criteria are concerned about shadows from adjacent structures, accessibil
ity to the building, penetration and loading of structures, and drainage. 

1-5 
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An identifying code is used for the performance criteria and also for the test methods 
(Appendix B) specified in evaluation statements. .The· code is designed to allow the 
reader to recognize the hardware element and the performance attribute addressed. The 
letter codes for hardware elements and performance attributes are listed below. 

Hardware 

PV system' 
PV system monitor and control unit 
Array susbsystem 

Cell 
Module 
Concentrator optics/receiver 
Array/array field 

Power Conditioning Subsystem 
Power Conditioning Monitor and Control Subsystem 
Storage Subsystem 
Cabling Subsystem 
Power Distribution Subsystem 

Performance Attributes 

Electrical 
Thermal 
Mechanical/Structural 
Safety 
Durability /R eli ability 
Installation, Operation and Maintenance 
Building/Site 

Code 

SY 
SM 

CE 
MO 
CR 
AR 
PC 
MC 
ST 
CA. 
PD 

E 
T 
M 
s 

·D 
I 
B, 

A performance criterion is assigned a code designation 1n the following manner: 

hardware ~l~ment.performance Rttribute.numerical order 

Examples: 

SY.E.2 
MO.S.l 
ST.D.l 

system. electrical attribute. second in the series 
module. safety attribute. first in the series 
storage. durabllity/reliability attribute. first in the series 

'l'he first criterion code appearing on a page is printed in the upper right-hand corner of 
each page to aid the reader in locating a given performance criterion. 

A test method is assigned a code designation in the following manner: 

Examples: 

TE.hnrdware element. ~~t·furmwtce attribute. numerical order 

TE.AR.M.8 
TE.PC:. E.l 

test method.array.mechanical/structural.eighth in the series 
test method.power conditioning.electrical.first in the series 

The code for the test methods appears in the upper right-hand corner of each page 
containing that test method, to aid the reader in locating it. 
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A glossary is provided in Appendix A. Many terms in the glossary have well-established 
definitions; new terms are defined according to current knowledge and usage. Test 
methods referred to in evaluation statements are located in Appendix B. Not all neces
sary evaluation (i.e., test) techniques exist; therefore, a major secondary purpose of this 
interim document is to identify test methods that need to be considered in future techni-. 
cal development. The existing (nonstandard) test methods and those yet to be developed 
will then become the basis for consensus standards deliberations and development. A 
nomenclature list follows the appendices. A subject index of performance criteria is 
provided at the end of the document to facilitate the location of performance criteria of 
specific interest to the reader. 

CONTRIBUTORS 

This document represents the involvement, knowledge, experience, and dedication of 
many members of the PV community in research and development, industry, universities, 
the consumer group, standards organizations, and government. It was developed and pre
pared for the U.S. Department of Energy (DOE) under the management of the Solar 
Energy Research Institute (SERI). Project manager for the development of this docu
ment was Richard DeBlasio. Major contributors to this document were Ron Ross, Jet 
Propulsion Laboratory (JPL); Steve Forman, MIT/Lincoln Laboratory (MIT/LL); Hal Post, 
Sandia Nation~! Laboratories; Harry Schafft, U.S. National Bureau of Standards (NBS); 
and Steve Hogan, SERI. 

The organizational structure involved in the preparation of this document is described 
below. Three task groups prepared the performance criteria. This work, as well as the 
design and review of the document itself, was coordinated by the Task Group Steering 
Committee in consultation with the Coordinating Council. The design, review, and edit
ing of the document were performed by the Technical Review and Editorial Team, with 
assistance from SERI staffpersons. 

Developing and preparing this document required a team effort. The time and talent of 
all who took part in this effort are gratefully acknowledged. They are identified below 
by their role in the groups involved. · 

TASK GROUP NO. 1 - PV ARRAY 

Henry Curtis 
Ron Diamond 
M.S. Imamura 
Steven Gasner 
Chuck Herrington 
Alan Hoffman (Deputy Chairman) 
Steve Hogan 
William Kaszeta 
Bruce Larson 
Allan Levins 
Steve Patrick 
Gene Ralph 
Ron Ross (Chairman) 
Tim Rule 
B. D. Shafer 

NASA/Lewis Research Center 
Applied Solar Energy Corp. 
Martin Marietta Corp. 
JPL 
SERT 
JPL 
SERI 
SES, Inc. 
Motorola, Inc. 
Underwriters Laboratories, Inc. 
Wyle Laboratories 
Spectrolab, Inc. 
JPL 
Arizona State University 
Sandia National Laboratories 
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Harry Schafft 
Neal Shepard 
Byard D. Wood 
Gene Zerlaut 
George Storti 

NBS 
General Electric Company 
Arizona State University 
DSET, Inc. 
Solarex Corporation 

This task group prepared the performance criteria in Section 3.0 and the test methods in 
Appendix B that have the identification code TE.AR. 

TASK GROUP NO. 2 - POWER CONDITIONING, CONTROLS, STORAGE, 
AND CABLING 

John Barghusen 
Jay Chamberlin 
Clint Cristianson 
David Curtice 
Ralph Ferraro 
Kay Firor 
Steve Forman (Chairman) 
Jack Harris 
Jack Helfrich 
David Klein 
Stanley K rautham er 
Emanual "Manny" Landsman 
Frank Masaspina 
Hans Meyer 
Alan Millner 
George O'Sullivan 
David R. Smith 
Walter Stolte 
Joseph Vi viri to 
Gordon Young 

Argonne National Laboratories 
Sandia National Laboratories 
Argonne National Laboratories 
Systems Control 
Electric Power Research Institute 
SERI 
MIT/LL . 
Texas Electric Service Co. 
MIT/LL 
MIT/LL 
JPL 
MIT/LL 
ESB/Wisco Inc. 
Windworks Inc. 
MIT/LL (furmerly) 
Abacus Controls 
Sandia National Laboratories 
Bechtel National In~. 
United Technologies 
Ford, Bacon & Davis (formerly) 

This task group prepared the performance criteria in Sections 4.0, 5.0, 6.0, and 7 .0, and 
the test methods in Appendix B having the identification codes TE.PC. and TE.ST . 

Tom Basso 
Rum:tlcl CUll 
Gary Jona8 
Hal Macomber 
Ed Mehalick 
Laxmi Mrig 
Phil Pierce 
Paul Pittman 
Hal Post (Chairman) 
Arthur Rudin 
Miles C. Russell 
Steve Sacco 
Chad Schrock 

. TASK GROUP NO. 3 - SYSTEMS 

RF.RT . 
NASA/Lewis Research Ccnt~r 
Sandia National Laboratories. 
Monegon, Ltd. (formerly with TEAM, Inc.) 
General Electric Company 
SERI 
SERI 
Westinghouse Electric Corp. 
Sandia National Laboratories 

· ARCO Solar, Inc. 
MIT/LL 
MIT/LL (formerly) 
SERI (formerly) 
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Elmer Streed 
RussellS. ·sugimura 
Paul Sutton 

·NBS 
JPL 
JPL/Lead Center (formerly) 
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INTRODUCTION 

SECTION 2.0 

PHOTOVOLTAIC SYSTEM 

A photovoltaic (PV) power system is designed to convert solar energy into electrical 
energy suitable for connection to an application load. To achieve this conversion, various 
subsystems are required. Figure 2-1 presents an interface diagram for a generalized PV 
power system that shows various required component subsystems and the different inter
faces that exist between them. Performance criteria for other than the system as a 
whole are discussed in other sections. For completeness, Fig. 2-1 includes a thermal sub
system, which may be used for applications requiring combined PV /thermal modules. 
Energy conversion for system applications can be represented by all or only some of the 
subsystems noted, which are appropriately designed for the intended application. Simi
larly, the system design should include a set of requirements for environmental condi
tions applicable to the installation area, specific constraints associated with the applica
tion, nominal design operating conditions to supply the load, and specific goals. 

The performance criteria identified in this section relate to the total system and often 
are general; however, more specific criteria will be available as additional information 
from ongoing photovoltaic system and application studies becomes available. Knowledge 
derived from experience with installation and operation of experimental facilities should 
also be included in future revisions. Many system criteria presented here (in terms of the 
total system) are related to and serve as lead-ins to the more specific subsystem per
formance criteria. The criteria pertain to the performance of a system regardless of 
application, unle$ an application dependence is noted. 

Performance criteria relating directly to loads are not included. However, system design 
must consider potential interface problems with the load as well as possible modification 
of the load to achieve cost-effectiveness or satisfactory operation. 

Performance criteria for the thermal subsystem are restricted to those characteristics 
unique to a combined PV /thermal system. As defined here, a combined collector is a sin
gle collector that provides electrical and thermal energy conversion. The basic design 
and operation of the thermal part of a combined system may be significantly different 
from those for a solar thermal system. Performance criteria for those characteristics of 
the thermal subsystem unaffected by these design and operational differences are identi
fied in interim performance (IPC) documents for solar heating and cooling systems [1, 2] 
and will not be discussed here. Criteria for the thermal subsystem, especially as it inter
faces with the array subsystem, are presently being developed for the combined 
PV /thermal system. These criteria will be included as they become available. 

For those users desiring more information on system design and application analysis, see 
Refs. 3 through 12, 16, 21, and 27. These publications may be purchased from the 
National Technical Information Service (NTIS); 5285 Port Royal Road; Springfield, VA 
22161; (703) 557-4780. 
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SY.E.l 

SYSTEM PERFORMANCE CRITERIA 

Electrical Attributes 

SY.E.l System Power Performance 

Criterion. The power produced by the PV system, with that available from auxiliary 
sources, shall be sufficient to meet the peak power needs of the application. 

Evaluation. The output power capability. of the system, with that available from auxil
iary sources, shall be determined by analysis or by experimental measurement at the 
input side to the load and compared with .the power requirements of the load to verify 
that the needs of the application are met. 

Commentary. At the time of installation, system power performance should be verified 
by experimental measurements to include array current-voltage (1-V) characteristics for 
known irradiance levels and power output through the power conditioning unit (PCU) for 
known operating conditions. During the developmental years of photovoltaic systems, 
the consumer will need to know whether the system operates as the manufacturer says it 
will. The consumer also will want to know whether or not photovoltaic modules are 
damaged in shipping, handling, or installation. A current-voltage curve trace for the 
photovoltaic array at installation will indicate whether any modules have failed electri
cally. For an array with a high degree of series-paralleling in the module interconnection 
scheme, a failed module will show up as a "stair-step" on the 1-V curve. The PV array 1-V 
characteristic for most systems would be generated upstream of any power conditioning 
equipment because of the limited input voltage or voltage range of the PCU. 

As the commercial PV industry matures and module prices decrease, the added time and 
expense of checking out a large array may not be warranted unless there is sufficient 
reason to believe modules have suffered damage. Experimental verification of complete 
system power performance before installation usually will not be practical. Therefore, 
analytical methods employing functionally defined subsystems should be used to calculate 
system power performance [13, 14, 15]. After installation, performance should be veri
fied by operating the system during certain conditions and extrapolating the results to 
expected future conditions of operation. · 

It is extremely difficult to ascertain exact total system power performance based on one 
day's system measurements because of wide variations in weather conditions. As a 
result, photovoltaic manufacturers design their power systems using solar radiation data 
that have been averaged monthly and annually over many years. 

System power rating is one method of specifying a system power output as well as a way 
of comparing various systems. The system power rating would be based on the array 
power characteristics at the Nom~nal Operating Cell Temperature (NOCT) condition and 
an irradiance level of 1000 W /m • System power rating would then be determined by 
adjusting the array power for losses associated with the cabling and power conditioning 
subsystems at the array power level noted above. In the case. of PV systems employing 
an electrical storage subsystem, the system power rating becomes more difficult to 
define. For this reason, the system power rating will include only the effects of PV 
powe~-producing or power-conversion equipment and not of electrical storage devices. 
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SY~E.2 

System power output depends on system configuration and site weather characteristics. 
The system power level can be determined at each calculation point of the simulation 
procedure described for system energy performance (see SY.E.2 commentary). A power 
duration curve shows the number of hours the system is operating at or below a specific 
power level. Similarly, a power duration curve can also show the annual system energy . 
output at or below a given power level. Figure 2-2 presents an example of this type of 
curve for a simulated residential system in the Southwest. From the figure, 10 MWh of 
annual energy output is generated at a power level of 3 kW or less. The power curve 
levels out at 9.8-kW peak power output but only 0.2 MWh of energy is generated between 
a power output of 8.1 kW and 9.8 kW. The power conditioner assumed in this simulation 
has an efficiency of 0.95 when operated at an input power level equal to the array NOCT 
peak power output. Thus, the array NOCT power output of 8.1 kW (at an irradiance level 
of 1000 W /m 2), modified by the PCU efficiency and as.<;uming zero cabling losses, yields a 
reasonable system power rating of 7.7 kW. Similar plots for system power performance 
in the Northeast and Southeast also indicate that the modified array peak power point at 
NOCT represents a reasonable system power rating. 

SY .E.2 System Energy Performance 

Criterion. The energy produced by the PV system, with that drawn from auxiliary 
sources, shall be sufficient to meet the cumulative energy needs of the application. 

Evaluation. The energy output of the PV system on a daily, monthly, seasonal, or 
annual basis shall be determined by analysis or by experimental measurement. This 
energy, with that drawn from auxiliary sources, will be compared with that required by 
the load to verify that the needs of the application are met: 

Commentary. Experimental verification of complete PV system energy performance 
prior to installation is usually not practical. Therefore, analytical methods using sub
systems represented by empirical or experimentally determined performance character
istics are used to calculate system energy performance. Hour-by-hour simulations for 
representative days in each season may be sufficient to determine average monthly and 
total annual energy supplied by the PV system, resulting in a much lower simulation cost 
than that for hourly simulations over the entire year. 

System energy performance for a utility-connected PV system can be determined analy
tically according to the following procedure: 

• specify system configuration; 

• specify load; 

• use appropriate weather data (e.g., SOL MET data [17] ); 

• specify array 1-V characteristics as functions of irradiance, ambient air temper
ature, and wind speed; 

• specify PCU performance; and 

• specify performance of any additional suhsyst~ms, as required (e.g., battery per
formance). 

From these data, PV system energy performance can be calculated using SOLCEL-11 or 
other appropriate computer simulation programs [13, 14, 15]~ Depending on the accuracy 
required, less sophisticated and less expensive simulation techniques may be used [16]. 
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SY.E.3 

System energy rating has been proposed as one concept whereby different systems serv
ing the same load at the same location can be compared based on a common uniform 
computational method. However, the specific methodology for system energy rating is 
still being developed and will be detailed in a future edition of this document. 

SY .E.3 Economic Perf<rmance 

Criterion. The economics of a PV system shall be provided in terms appropriate to 
the owner, the application, and the location. 

Evaluation. Photovoltaic system economics shall be calculated using methods and 
inputs appropriate for different .kinds of owners and different applic~tion character
istics. For utilities, levelized energy cost should be calculated based on revenue 
requirements. For other owners, net present value of the photovoltaic system is recom
mended. 

~~entary. The use of economic analyses pP.rmits comparisons among system designs 
and investment opportunities. Economic parameters characteristic of the owner should 
be used. Utilities generally employ a revenue requirements approach like the one pre
sented in Ref. 18. Other owners generally prefer an after-tax analysis (see Ref. 16 and 
20). Values for discount rate, income tax rate, loan parameters, tax credits, electricity 
escalation, and depreciation parameters specific to the consumer should be used in 
costing. Estimates are required for PV subsystem costs, installation costs, indirect costs, 
and annual operation and maintenance (O&M) costs. For grid-connected systems with 
nonutility owners, conventional electricity savings should be calculated including the 
effects of load profile/system output match, sellback rates, storage dispatch, and utility 
rate structures. 

Many of the methods now recommended assume constant average escalation rates, tax 
rates, inflation rates, discount rates, and electricity rate structures over the analysis 
period. The uncertainty associated with estimating these parameters may not justify the 
requirement of more complex, time-varying procedures. 

SY .E.4 Array Capability 

Criterion. 
system. 

The capabilities of the array subsystem shall satisfy the needs of the PV 

Evaluation. The solar energy converted by the array and the energy requirements of 
the system shall be reviewed and then compared with the design and specifications of the 
array subsystem to determine compliance. 

CommentarJ. The evaluation of the array capabilities should be based on meeting sys
tem designUnctions and performance requirements using design parametric studies for 
the climatic region, operating conditions, and load characteristics for which the array is 
intended. Array performance should be based on modUle electrical performance 
measurements and, if appropriate, thermal performance. 

The array selected depends on the design requirements. It may be selected to meet a 
peak system output or an annual system output. It may be limited to a maximum size 
because the roof area or ground area adjacent to the application site is limited. If these 
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restrictions are not imposed, the array capability is determined from the results of 
system optimization studies that include performance and cost, and that use the goals 
established by the system purchaser. 

Array orientation is an important input to system performance calculations, affecting 
system power and energy production. System design optimization calculations should be 
used to select the optimum array orientation. Arrays can be either fixed, discretely 
adjustable, or continuously adjustable. Fixed arrays may be limited by the building roof 
orientation in the case of a retrofit installation. Optimum selection of the fixed tilt 
angle depends on the load profile throughout the year. For instance, a summer peak 
demand would result in a lower optimum tilt angle than would a winter peak demand. 
Previous studies have shown, however, that on a yearly basis, deviations of + 15° from 
latitude for the tilt angle and + 20° east or west of due south may not resultin signifi
cant decreases in incident energy. 

SY .B.5 Power Conditioning capability 

Criterim. The capabilities of the power conditioning subsystem shall satisfy the 
needs of the PV system. 

Evaluation. The power conditioning requirements of the system shall be reviewed and 
then compared with the design and specifications of the power conditioning subsystem to 
determine compliance. 

Commentary. The determination of the correct size of the power conditioner will be 
based on a number of cost/performance trade-offs that depend on the requirements of 
the application. For most systems, high power conditioner efficiency is of paramount 
importance to assure maximum system energy output. Because PCU efficiency increases 
with loading, the smallest power conditioner able to perform the required function should 
be used so that it operates at a high percentage of full-load rating most of the time. 

For systems without storage, which sell back excess energy to the utility grid, the power 
conditioner is usually selected to have a full-load rating equal to or slightly less than the 
peak power rating of the array. In systems that include storage, the power conditioner 
size depends primarily on the application load. For example, in the case of a remote, 
stand-alone system, the power conditioner can be selected to have a full-load rating con
siderably lower than the peak array capability. On the other hand, for a PV system used 
for peaking service, the PCU size may be considerably greater than that of the array 
peak power. 

Power conditioner performance requirements are based on the needs of the application. 
A grid-connected system may require high quality waveform and low harmonic injection 
current. Alternatively, a stand-alone system may have considerably less stringent 
requirements. These requirements and certain economic considerations should be used to 
select an appropriate power conditioning unit or units. 

SY .E.& Storage Capability_ 

Criterion. The capabilities of the electrical storage subsystem, if it is included, shall 
satisfy the needs of the PV system. 
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Evaluation. The electrical storage requirements of the system shall be reviewed and 
then compared with the design and specifications of the electrical storage subsystem to 
determine compliance. 

Commentary. For most stand-alone PV systems, battery storage is included to provide 
power to the load for periods when the PV array power output is insufficient to meet the 
load demand. For applications in which auxiliary power is provided, the question of 
whether electrical storage is appropriate is determined according to which designs are 
most effective and suitable, and how they compare economically. When auxiliary power 
comes from a utility grid, a cost/performance trade-off analysis determines the amount. 
of storage, amount of power to be obtained from the grid, and amount of power to be fed 
back into the grid (if permitted). With battery storage, the initial capital cost, the 
round-trip efficiency loss, and the battery maintenance and replacement costs are signif
icant parameters. With utility interconnection, the significant parameters are the utility 
cost for incoming power and the credit given or value paid by the utility for outgoing 
power. 

SY.E.7 Auxiliary Energy 

Criterion. The capabilities of the auxiliary energy subsystem, if it is included, shall 
satisfy the needs of the PV system. 

Evaluation. The auxiliary energy requirements of the system shall be reviewed and 
then compared with the design and specifications of the auxiliary energy subsystem to 
determine compliance. 

Commentary. In general, optimum systems designed for nonremote applications include 
no more than one day's electrical storage and two to three days' thermal storage of the 
energy needed to satisfy the loads. Therefore, an auxiliary source of energy must be 
available to satisfy the loads during several days of bad weather. In most cases, the util
ity serves as such a source, but a small self-contained electrical generator can also be 
used. The choice becomes one of performance, economics, and availability. For systems 
providing thermal energy, the combined solar and auxiliary energy source must meet the 
system thermal design requirements. 

SY .E.8 Lightning Protection 

Criterion. PV systems shall be able to sustain induced current surges generated by 
nearby lightning strikes without excessive damage or significant performance 
degradation. 

Evaluation. Documentation of satist"actory long-term performance under in-use condi
tions is considered to be the best verification of the protection scheme. When adequate 
information is not available, appropriate engineering analysis and tests should be consid
ered to check or verify that lightning discharge current has a low impedance path to 
ground in preference to all high impedance paths. 

Commentary. The purpose here is to control the level of damage to minimize system 
degradation and to prevent premature system failure. The criterion also addresses opti
cal flash and the energy coupled into the system by the array structure and system wir
ing. However, electromagnetic interference (EMI) is not addressed. 
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PV systems are often installed on mountaintops and in other locations where the risk of 
lightning can be severe. It is the responsibility of the designer to determine the level of 
risk from lightning and the economic considerations appropriate for protection 
[23, 24, 25]. Primary protection for all system elements is afforded by good grounding 
practices and protection devices to shunt unwanted transients to ground. 

PV arrays often have large surfaces, are fully exposed to lightning, and are difficult to 
protect by standard methods without affecting system performance. Photovoltaic mod
ules probably will not be designed to withstand direct lightning strikeS. However, the 
field wiring of a large system should be protected so that a lightning strike to a field 
cable would cause only local damage. Since one method of reducing damage is to mini
mize ~he probability of a direct strike, lightning rods or other protective devices should 
be specified as part of the system where they are warranted. 

Array field support structures and collectors should be grounded appropriately. System 
grounding should be evaluated as part of the system· design to assure adequate ground
ing. Additional information is needed on the response of arrays to lightning, and on 
optimum means of array protection. 

Photovoltaic system power conditioning equipment is especially susceptible to damage 
from induced surges. Protection of these components does not appear to present prob
lems substantially different from those of conventional electric power systems and struc
tures and, therefore, is covered by present codes and standards. Surge protectors should 
be specified where required for protection against induced surges, with particular atten
tion to isolating system controls from surge currents. Filters, cable shielding, and surge 
suppression devices should be used to minimize transient effects and keep those induced 
on long cable runs from damaging solar cells or other electronics. 

These considerations make it necessary to evaluate lightning risks and include protection 
as an integral part of system design. This ensures that lightning protection devices do 
not adversely affect other aspects of system performance; e.g., array shadowing by 
lightning rods adjacent to the array hampers the performance of the system. 

In combined PV /thermal systems, designers should always consider the possibility of 
lightning-induced insulation breakdown resulting in electrical voltages and currents in the 
thermal subsystem. 

The safety of operating personnel should also be considered in the design of lightning pro
tection and is dealt with in SY .S.l. 

Mechanical/Structural Attributes 

SY .M.l Shipping 

Criterion. Packaging of PV system components for shipping shall permit these 
components to withstand normal hazards incurred during transport without physical 
damage or loss of functional performance. 

Evaluation. Documentation of satisfactory performance using equivalent packaging 
procedures for shipping PV components shall be used. When adequate information is 
unavailable, engineering analysis and review of carrier requirements may be used to 
demonstrate that the shipping container/package can withstand any dropping, loading, 
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vibration, and environmental stresses. Appropriate tests may be developed and used for 
evaluation compliance. · 

Commentary. Breakage and damage resulting from shipment is a major problem. Proper 
package deSign must consider the properties (ruggedness) of the equipment being 
shipped. Standards exist that apply to different modes of transportation as well as dif
ferent uses; i.e., domestic or export, governmental or commercial. However, in all 
cases, the burden for safe packaging and shipment lies primarily with the manufacturer, 
not with the carrier. · 

In general, common carriers require only that the shipping container be made, of mate
rials that afford safe handling, reasonable and proper protection of contents, and protec
tion against damage to other freight equipment~ It should be noted that the degree to 
which shipping and packaging do not conform to the carriers' stated and published pack
aging requirements can result in the carrier levying special rales Will chuq,~t:s. 

Commercial equipment has several levels of packaging. The first or "commercial stan
dard" is cardboard and strapping. The next level is reinforced cardboard with strapping 
connected through a pallet. The next level is termed export boxing and is designed to 
survive shipboard handling and above-deck storage. The package is typically made from 
marine-grade plywood into a single, palletized shipping box lined with polyethylene with 
glued seams. The top (also marine-grade plywood) is sealed with water-resistant glue and 
then nailed. In this last case, the product inside must be wrapped and protected. Dessi
cant is not used because in a sealed environment it quickly absorbs water. After reach
ing its limit, it creates rather than eliminates a moisture problem. 

Photovoltaic modules are particularly vulnerable to physical damage and should be ade
quately protected within the shipping container by liners, partitions, wrappers, excelsior, 
or other packing material. Specific stresses that occur during shipment include dropping 
(shock), loading (containers stacked on top of it), vibration, and environmental elements. 

Standardized tests for the above can be fuu11d in the literature (3CCt e.g., :Federal Test 
Method STU No. 101 B). 

SY .M.2 Handling 

Criterion. Components of PV systems shall withsl~mll, without physical dnmngc or 
Joss of functional performance, the stresses that accompany handling in accordance with 
the manufacturer's prescribed handling procedures and precautions. 

~uation. Documentation of satisfactory performance is needed after i~use hHnd~ 
ling and installation of equivl:tltmt components. When ndcquult~ information i3 unnvnil
able, engineering analysis and review of the mechanical design, specifications, and manu
facturer's procedures relative to appropriate handling, storage, and installation of the ap
plication shall indicate conformance. 

Commentary. Handling of equipment by nontechnical personnel before will during instal
lation must be considered during the mechanical design phase. Except for components 
directly exposed to the outside environment, physical stresses induced during transport 
and handling are generally substantially greater than will be applied during system opera-
ti~ . 

; 
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Equipment hardware items (components, elements of subsystems~ and subsystems) must 
be built to meet installation stresses as well as those from shipping and handling. Rug
gedness needs to be designed into the equipment. Components installed in large systems 
may be exposed to less stress than those installed in small systems because of higher 
levels of skill of installers for the former. On the other hand, equipment familiar to 
solar installers might be treated with less care than equipment with which they are less 
familiar. 

Safety Attributes 

SY .S.l System Safety 

Criterim. The design, construction, operation, and maintenance of the PV system 
shall be in accordance with applicable safety codes and standards and regulatory 
requirements. 

Evaluation. Review the design, the construction schedule and procedures, and the 
operational procedures along with system design criteria to show conformance with 
applicable safety codes and standards and with regulatory requirements. 

Commentary. Safety reviews of system design, construction, and operating procedures is 
an ongoing activity. It is .wise to start this practice early in the design phase so that con
stant review will ensure a safe system with minimal, if any, construction or operational 
safety problems. If the application is large enough and the construction schedule tight, it 
may be advisable to hire a safety consultant to independently review the safety aspects 
of the design, installation, and operation. 

Designed-in safety involves following code requirements, using "code-approved" (by inde
pendent testing laboratories) equipment, and having "inspected" installations. The 
National Electrical Code is a prime example, although other National Fire Protection 
Association (NFPA) codes are important, particularly when considering insurance 
requirements and related concerns of equipment flammability and toxic gas production. 
Standards exist for testing building materials-UL 263 (ANSI 2.1), "Fire Tests of Building 
Construction and Materials," and UL 790, "Tests for Fire Resistance of Roof Covering 
Materials." 

Personnel safety is largely dictated by the Occupational Safety and Health Administra
tion (OSHA) regulations. These regulations apply to any construction site-residential 
through central station-although only commercial-industrial facilities fall under the 
operating personnel safety requirements; residences are exempt. 

SY .8.2 System Grounding 

Criterion.· The maximum cell string voltage above earth ground of the PV system 
shall be within the voltage isolation capabilities of the PV module and other subsystem 
components during installation, operation, and maintenance. 

Evaluation. Wiring plans, drawings, specifications, and calculations must be reviewed 
to determine proper placement and sizing of grounding conductors to: 

• limit the voltage to ground; 
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• prevent excessive voltages due to lightning, line surges, unintentional contact 
with higher voltage lines, or induced voltages from adjacent circuits or static 
charges; and 

• facilitate the clearing of ground faults by circuit protective equipment. 

This review shall indicate conformance to this criterion. The sizing of a grounding con
ductor shall be sufficient to carry the expected fault current indefinitely or until the cir
cuit interrupting devices (if present) act to clear the circuit. 

Commentary. System grounding stabilizes voltages and thereby prevents excessive stres
sing of insulation and facilitates the clearing of protective devices. Because of the many 
possible configurations of a photovoltaic system, one cannot simply require a grounded 
subsystem, such as the array, without complete knowledge of the grounding details asso
P-iRt.P.d with the other subsystems and their components, such as the diesel generator, the 
utility interface, or battery storage. -

Since having more than one system ground may have detrimental effects on overall sys
tem performance and personnel safety, conformance to this criterion must begin at tho 
system level and encompass all subsystem components. The grounding method must be 
compatible with durability and reliability t•equirements. 

SY .8.3 Equipment Grotmding 

Criterion. Electrical equipment structures shall be electrically connected to earth by 
a permanent and continuous path. 

Evaluo.tion. A review of wiring plRns, c'lrRwings, SI;>ecifications, and calculations 
(beginning at the system level and continuing to the equipment level) to determine proper 
placement and sizing of grounding conductors shan· Indicate conformance to this crite-. 
rion. T~e siz~n~ of a grou~ding co!ldu~t~r shall be sufficient ~o carry the expected fault 
current mdefmitely or until the circUit Interrupting devices (tf ptesent) act to clear the 
circuit. 

Commentary. Grounding of electrical equipment structures, which includes all non-cur
rent-carrying metal frames, supports, and enclosures for circuit conductors and equip
ment~ contributes to reliable ground fault protection by providing adequate conductors 
for the flow of ground fault current duting line-to-ground faults. The equiptut:tnt f{l'Ound
ing conductor is separate from the system ground (return) conductor. Equipment ground
ing systems, consisting of interconnected networks of equipment grounding conductors, 
perform two basic 'funct~ons: 

• they limit the shock voltage on non-current-carrying metal parts ttnd enclosures 
for conductors, equipment, and devices to a safe value when ground faults occur; 
and 

• they prevent damage to the installation by conducting ground fault currents of 
adequate magnitude to assure fast operation of circuit protective equipment. 

To ensure the continuous performance of these basic functions, each equipment ground
ing conductor and all connections in every ground fault current path must meet all of the 
following requirements: 
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• Conductors and connections must have sufficiently low impedance to (l) limit the 
shock voltage on non-current-carrying metal parts and enclosures to a safe value 
during ground fault and (2) conduct adequate ground fault curr·ent to assure fast 
operation of circuit protective equipment. 

• ConductorS and connections must have adequate short-time current capacity to 
conduct fault currents likely to be imposed on them for the time required to open 
circuit protective equipment without being damaged by overheating. 

• Conductors and connections must have adequate mechanical strength (or protec
tion) to survive without becoming loose or breaking. 

• Conductor and connector materials must not deteriorate by corrosion. 

• Conductor connections must be tight and remain tight to ensure the integrity of 
equipment grounding networks throughout the life of the electrical system. 

Equipment grounding connectors and connections must be arranged so that current will 
only flow through them during ground faults. If grounded circuit conductors are incor

. rectly grounded or bonded to equipment grounding conductors, there may be an excessive 
flow of normal load current in the equipment grounding system that could lead to unwar
ranted interruptions in the operation of the PV system. 

SY .8.4 IDeetrical Interrupts 

Criterion. The system shall be provided with a means to interrupt current between 
the subsystems. 

Evaluation. Review electrical connection drawings and equipment specifications to1 
determine compliance with electrical code requirements. 

Commentary. The electrical subsystems must be safe when personnel check and service 
them. The safety scheme must be able to isolate and/or interrupt the current between 
the subsystems in case of a fault. The National Electric Code (NEC) provides require
ments for electrical systems but does not address PV systems. Since the insulation sys
tem of the PV array is considered part of the overall insulation system, it requires fur-
ther evaluation and study. · 

SY.S.5 Fire Safety 

Criterion. The materials used in electrical subsystems shall comply with applicable 
codes concerning flammability, flame spread, and release of excessive levels of smoke or 
toxic gases. 

EvaluatiOI). Review equipment specifications or test results to determine compliance 
with applicable codes concerning flammability, flame spread, and release of excessive 
smoke or toxic gases. 

Commentary. Fire safety requirements and tests, such as those developed by Under
writers Laboratories (UL) and the American Society of Testing Materials (ASTM) may 
verify fire-safe performance. The company underwriting the insurance coverage may 
provide valuable assistance in ensuring that all safety requirements are met. 
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SY .S.6 Installation Plan 

Criterion. 
sonnel. 

The system installation shall minimize safety hazards to installation per-

Evaluation. The installation plan shall include clear and complete specified installa
tion procedures that identify any unusual hazards. OSHA regulations should be observed 
in determining acceptable procedures. · 

Commen_tary. Because most· installers are unfamiliar with PV systems, the system 
designer has a greater responsibility to provide adequate instructions. Si~ce the system 
may present hazards when only partially assembled, the designer must plan the installa
tion activities to ensure that hazardous conditions do not exist at any time; e.g., by 
scheduling the installation of fault protection components as soon as possihle. Specifi
cally, the designer should remember that photovoltaic modules are energized when 
illuminated whether or not they are connected into the system, which may be easily 
forgotten by installers. Instructions should detail safe handling procedures for PV 
modules during installation, ·and modules should be designed with nonhazardous open
circuit voltage, or with integral protection, such as short-circuiting jumpers to hP. 
removed only when installation is complete. 

Structural hazards may exist if not all structural elements are in place before array 
modules are mounted. If the array module is a structural element, the designer should 
consider whether the array design will meet structural criteria at all assembly stages. 

Lightning and other fault protection elements of the system design should be installed as 
early as possible, so that the other elements are fully protected when installed. 

Particular hazards exist with the installation of storage batteries, because of their high 
, fault current capability and the possibility of chemical burns from the electrolyte that 

may leak from cells damaged in shipping. Existing codes and standardS for large storage 
battery installations include provisions for protecting installers against these hazards. 
These provisions should be incorporated into system installation planning and instruc
tions. 

On-site work should be planned so that simultaneously occurring activities do not inter
fere with each other and create safety hazards. Installers' skill level requirements sho11ld 
be specified as a part of the installation plan. 

SY .S. 7 Bum Hazards 

Crit~rion. The casing of the system, individual subsystems, and all other exposed 
parts shall not become so hot as to present a burn hazard tu personnel working neat• the 
unit. 

Evaluation. A review of design drawings to verify that adequate surface cooling has 
been provided will indicate conformance with the criterion. 

Commentary. If required, the subsystems should be provided with internal cooling fans 
and proper cooling air flow paths in order to maintain safe surface temperatures for · 
maintenance personnel and other workers. Where cooling may be impractical, burn 
hazard areas should be indicated. 
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ID;tallation, Operation, and Mamtenancr, Attributes 

SY .1.1 lmtallation, Operation, and Maintenance Manual 

Criterion. Guidance for the safe and successful installation, operation, and mainte
nance of a PV system and its associated subsystems shall be provided in one or more 
manuals. 

Evaluatim. A review of the manual(s) to assure that information necessary to install, 
operate, and maintain the system, or subsystem, in a safe and reliable manner is provided 
shall indicate conformance to this criterion. The following issues should be addressed: 

Unpacking Procedure 
Site Preparation or Spe~ial Considerations 
Safe Installation Practices 
Specifications Sheet 
Theory of Operation 
Operating Procedures 
Safe Operating Practices 
Start-Up, Check-Out, and Shut-Down Procedures 
Maintenance Inspections 
Inspection Intervals 
Maintenance/Servicing Procedures 
Parts List Identification 
Replacement Considerations 
Warranty Information 

Commentar1. (See SY.S.6.) Optimum system performance and safe operation depend on 
the proper Installation of the system. Thus, installation information is of prime.impor
tance. Installation instructions should detail safe handling and assembly procedures for 
system components. Since the system may pres~nt hazards when only partially assem
bled, installation instructions should caution against possible hazards. 

In most cases, the daily operation of the photovoltaic system will be fully automat.ic and 
require no special attention. However, start-up and shut-down procedure instructions are 
required for user service. Start-up and shut-down procedures should be indicated on a 
simple label. Indicators of correct system operation (i.e., indicator lights and operation 
test points) should be mentioned. Additional specification of anticipated system operat
ing conditions at system access monitoring points are required to facilitate operational 
checks and troubleshooting. 

Larger equipment, such as that used for intermediate load center or central power appli
cations, shall include a minimum of two copies of current installation, operation, and 
maintenance manuals. Manufacturers of commercial or consumer equipment suitable for 
residential use shall make current operation and maintenance manuals available to quali-

. fled repair personnel. · 

A block diagram that indicates how the entire system functions shall be constructed with 
a schematic diagram of each block highlighting the main power or electrical flow. If any 
part of the circuit is unusual, a partial, simplified schematic should be provided to clarify 
the operation. Inputs, outputs, and test points should be clearly specified. 
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Comprehensive maintenance instructions shall be. provided to the system owner that 
include plans for maintaining the system for its service life. Warnings against hazards 
that can arise during the maintenance of the system should be highlighted along with a 
description of precautions to take to avoid these hazards. 

The manual shall list all parts of the system by subsystem according to shape, dimension, 
material, weight, function, and performance characteristics. The manual shall include 
sequence of operation and flow and wiring diagrams. It shall include a tabulation of 
those performance requirements that are dependent upon specific maintenance proce
dures. The maintenance procedures, including ordinary, preventive, and minor repairs, 
shall be cross-referenced for all subsystems and organized into a maintenance schedule. 
The manual shall describe operation procedures for all parts of the system. Similarly, it 
should include an outline of troubleshooting procedures if system failure or degraded per
formance occur. The outline should list system failure symptoms and pro!Jable causes, 
along with a concise description of the troubleshooting procedure. Equipment and the 
number of people required for the troubleshooting should be described. How and where 
electrical readings are to be taken should be clearly indicated by text, photographs, and 
drawings. Once the failed system/component is isolated, procedures for repair or 
replacement should be described. 

The manual shall include all ordinary maintenance, preventive maintenance and minor: 
repair work, and projections for equipment replacement. It should also include a format .. 
for keeping maintenance records-type of maintenance, time required to perform the 
maintenance, and other pertinent data. 

Field inspections and maintenance operations require handling electrically active ele
ments during daylight hours. A manual explaining special safety rules and regulations for 
cleaning, replacing, and inspecting equipment shall be written. It is important that field 
personnel understand these procedures. 

The manufacturer shall state the equipment warranty pel'ioll and specify which costs are 
covered, such as parts, labor; and travel ann per· rliem for service personnel. Service 
availability flho.ll be stated. 

The above comments apply for all portions of the photovoltaic system and subsystems. 
Special considerations for each subsystem shall be detailed in their respective installa
tion/operation/maintenance sections. 

SY .1.2 System Maintainability 

Criterion. A maintenance mwiultl containing :mfc and easy methons of servicine- sys
tem and subsystems using a minimum of speoial equipment should be provided. Hazard 
warning labels should be included on those i terns or areas where potential problems exist. 

Evaluation. A review of the maintenance manual and applicable documents and draw
ings should be made. Attention should be given to maintenance intervals and procedures 
as well as service procedures. It also is important to verify that appropriate sensors or 
access for sensors have been provided for inspecting and monitoring essential parame-
ters. ., 

Commentary. Maintenance and servicing of the PV system is required to provide for 
optimum and safe system operation. Some systems contain toxic or combustible materi-
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als (e.g., lead-acid batteries), or both, that could poison or burn maintenance personnel or 
cause fires or explosions when repairs involve soldering or welding. Electrical isolation 
of the system is mandatory to.minimize electrical shock to maintenance personnel. 

Parts, components, and equipment required for service, repair, or replacement shall be 
commercially available through the manufacturer or supplier. Parts replacement may 
vary from discrete components to plug-in circuit boards. In many instances, modular cir
cuit boards are offered as replacements because of the proprietary nature of circuit 
design, and often cost less .than removing the module and replacing individual compo
nents. The industry does not now have a specified time period during which replacement 
parts are offered and, thus, should adopt a time period that will provide for system oper
ation over its design life. 

Adequately located test sensors will permit system monitoring and expedite maintenance 
and repair. Typical test sensors include voltage, current, power, and temperature trans
ducers and watt-hour meters. Specific measurements include array temperatures, DC 
input voltage and current, DC input power, AC output voltage, inverter output in watt
hours and VAR-hours and transformer output in watt-hours and VAR-hours. In addition, 
reference cell temperature and short-circuit cell current could be measured from either 
an in-place reference cell or portable test instrument. A digital voltmeter and X-Y plot
ter combination may· also be used to measure and plot the 1-V characteristic of the 
array. The amount and requirement for system monitoring sensors and the necessity for 
recording equipment vary with the system size and the maturity of system design. 
Larger systems and initial system installations require more monitoring capability. 

For ease in service, problems must be diagnosed quickly, defective parts replaced easily, 
and operation verified accurately. A proper manual is essential. In residential equip
ment, a manual should be available to qualified service personnel. In larger installations, 
such as intermediate load center and central station applications, a manual should be 
available with the equipment. It should include simplified block diagrams, complete 
schematic designs, and significant signal flow field test procedures. 

Where possible, the unit should use plug-in modules that can be replaced without exten
sive readjustment. Each subassembly should be documented, test points identified and 
service checks defined. Substitution of parts or components should not be difficult. 
Repair time can be reduced if substitute boards or modules are stocked by the mainte
nance contractor with the number of functional boards or modules kept to a minimum, 
consistent with cost requirements. In cases of PV modules or batteries, it is particularly 
appropriate to ensure both safety and rapid interchange of the replacement parts 
involved. Accessibility is also an important part of maintainability and is dealt with in 
SY .1.3. 

These comments apply for all portions of the photovoltaic system and subsystems. Spe
cial considerations for each subsystem are detailed in their respective installation/opera
tion/maintenance sections. 

SY.I.3 Access for System Maintenance 

Criterion. All items of equipment and system components that may require periodic 
exammatlon for adjustment, servicing, and maintenance should be accessible for inspec
tion, service, repair, removal, and replacement. 
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Evaluation. Drawings and specifications shall be reviewed and analyzed to determine 
if the system design will facilitate effective maintenance. The clear working space shall 
be checked against NEC requirements. · 

Commentary.· Accessibility for system maintenance and servicing is required for each of 
the different PV subsystems. The degree of accessibility may vary from subsystem to 
subsystem. 

For photovoitaic modules, concentrator receivers, optics, tracking controls, arrays, and. 
their appurtenances, maintenance entails routine periodic inspection, servicing, washing, 
and removal or replacement. Maintenance should be performed without dismantling any 
adjoining major pieces of equipment or structural elements. Individual modules or panels 
should be replaceable· or repairable with minimal disturbance of modules or panels in the 
array. Modules, concentrator optics, panels, u:ud arrays should be designed to facilitatP
easy cleaning of optical surfaces. (See Sec. 3, criteria MO.M.9 (Optical Surfaces Soiling) 
and MO.M.lO (Cleaning Tolerance).) Some equipment might be designed so that sequen.:. 
tial installation is necessary, which could make it very difficult to replace an individual 
panel without disturbing the entire array. 

Access roads may be needed for the array field. The type of road needed will depend on 
the way in which maintenance will be performed. 

For electronic components where "live" parts are exposed for servicing, inspection, 
removal, and replacement within the array field, the minimum clear working space shall 
not be less than in Table 2-1. 

Table 2-1. MINIMUM CLEAR WORKING SPACEa 

DC Voltage to Groundb 
(Volts) 

More Than 

0 
30 

150 
600 

aFrom NEC. 

Up to and InchnJing 

30 
150 
600 

2500 

Minim urn Horizontal Spacing 

meters (feet) 

Not specified 
0.91 (3) 
1.22 (4) 
1.52 (5) 

bFor circuits isolated from ground, this represents the maximum volt
age possible with any other part of the circuit connected to ground. 

The information in Table 2-1 may not be applicable to central station use. In an array 
where the contacts of the plug and receptacle are not accessible to contact, the working 

· spacings in the table generally will not be required. 

Test access should include connectors for auxiliary test equipment if the level of mainte
nance warrants them. In simple cases, a VOM or more complex equipment may be used 
to facilitate rapid service with minimal cost. 

The safety of service personnel should also be considered. The use of warning labels and 
panel interlocks should mitigate or eliminate any dangerous conditions. See SY.S.l (Sys-

'- tern Safety) for general system safety considerations. 
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SY .i..4 Insurability 

Criterion. The design, construction, and operation of the PV system shall be in 
accordance with applicable insurance requirements. 

Evaluation. Review of the applicable insurances and the system design, construction 
plans and procedures, and operating procedures, shall indicate conformance to this cri
terion. 

Commentary. Various insurance companies place requirements on system design, con
struction, and operation [21]. These requirements come from the individual insurance 
companies' risk assessment and field data. The type of insurances involved are typically 
construction insurance, design or "trade-off" insurance, and owner's insurance. 

Construction insurance typically specifies, based on the size and type of installation, the 
precautions and equipment that must be provided before and during installation. Such 
precautions are usually access control requirements (fencing to keep out intruders but 
allow fire equipment in), and work control requirements (safety helmets, the buddy sys
tem, etc.). OSHA requirements also affect work control requirements. 

Design or "trade-off" insurance is an option where the cost of modifying equipment to 
make it more rugged is traded for the cost of insuring it against the possibility of a dam
aging situation occurring. For example, if a photovoltaic module were.designed to sur
vive 31 mm (1.25 in.) hail and the module were to be installed in a region where 50 mm (2 
in.) hail was prevalent, the cost of redesigning the module for 50 mm hail would be 
traded off against the present worth of insurance covering damages to the array should 
50 mm hail occur in that region. The lower cost option would then be used in the system 
design. 

Finally, owner's insurance covers the owner's responsibilities with the operation of the 
system. Installation design requirements included are particularly for a large installa
tion. Examples of this are fire coverage, protection, access control, maintenance facil
ity fire requirements, and operational policies. 

SY .1.5 Regulatory Requirements 

Criterion. The PV system and all its components and subsystems shall meet all appli-
cable local regulatory requirements for construction, installation, and operation. 

Evaluatim. Review of applicable regulations and system design, construction plans 
and procedures, and operating procedures shall indicate conformance to this criterion. 

Commentary. The major regulatory constraints on PV systems are the building codes 
adopted by each jurisdiction in the United States [21]. 

A building code is a legal document which sets forth requirements to protect the public 
health, safety, and general welfare as they relate to the construction and occupancy of 
buildings and structures. The building code development process in the United States is 
quite complex. Building codes are normally enacted· into law by local governments exer
cising the authority delegated to them for this purpose by the individual states. There 
are about 14,000 jurisdictions that issue building permits in the United States. Thus, 
there is a considerable diversity of substantive provisions among the thousands of locally 
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enacted codes, even though three-quarters of these codes are based on one of the four 
model codes. 

Except in some of the larger cities, drafting of building codes in the United States is 
generally accomplished by the Model Code Association and allied groups. Three of the· 
model code organizations are regionally located and their membership is controlled by 
local government code officials: 

• BOCA - Building Officials and Cod~ Administrators International, Inc. (Basic 
Building Code) 

• ICBO -International Conference -of Building Officials (Uniform Building Code) 
. . 

• SBCC - Southern Building Code Congress International, Inc. (Standard Building 
Code). 

The responsibility for the fourth model code, the National Building Code, lies with the 
National Conference on Building Codes and Standards (NCSBCS) for revision and update 
using the American National Standards Institute (ANSI) consensus procedures. 

A recommended model code [22] for the use of solar heating, cooling, and hot water sys
tems has been drafted and is currently under review. This document covers new solar
related aspects of existing provisions pertaining primarily to structural, electrical, and 
fire codes. 

Building and Site Attributes 

SY .B.l Shading of the Array Field 

Criteri()ll. The location and orientation of the array field shall be such that the out
put energy loss resulting fro~ ~hading-by trees, external structures or appendages, or 
other arrays within the field-does not exceed the amount allowed t'or in tfie system 
design. 

Evaluation. Calculations and array installation drawings shall be reviewed to deter
mine areas of shading by objects such as mechanical. equipment, chimneys, vents, trees, 
buildings, or other portions of the array field. The design provisions for counteracting 
the. effects of array shadowing should be reviewed and analyzed to determine their abil
ity to limit localized "hot-spot" heating and optimize the annual electrical energy output. 

Comment~y. Data are available for calculating sol~r azimuth and elevation angle as a 
function of site latitude, longitude, and time of day Ll9, 26]. ln some cases, the analysis 
of complex shadowing patterns may require a photographic investigation of the shading 
through the use of a scale model of the installation and a collimated light beam. Sophis
ticated computer codes are also available to analyze complex shadowing geometries. 

Consideration shall be given to the site latitude, the height of nearby objects above the 
collector, the azimuth angle of the objects relative to the collector, and the cut-off 
angles at which solar energy can no longer be efficiently collected. 
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Where shadowing occurs, efforts should be made to m1mm1ze this factor on the array 
annual energy output. The effects of localized "hot-spot" heating .due to shadowing 
should be considered in the design. 

When arrays are mounted on structures that move to track the sun, complicated array
to-array shadowing patterns can occur that vary throughout the year. In general, de
tailed analyses are required to determine the shape that the shadows produce on the af
fected arrays, and the overall effect of the shadowing on annual system output. 

SY.B.2 Environmental Impact 

·Criterion. The construction and operation of a PV power system shall not produce an 
unacceptable environmental effect on the immediate natural environment. 

Evaluation. Plans and specifications shall be reviewed to ensure conformance with 
appropriate environmental regulations. 

Commentary. Each PV power facility construction project requires its own set of per
mits, approvals, and certifications to satisfy environmental regulations [21]. Variations 
in these requirements occur according to differences in the types and locations of the 
projects. The National Environmental Policy Act (NEPA) may require that an environ
mental impact statement (EIS) be filed by the responsible federal agency for any project 
requiring a federal license, permit, or certification and for all controversial projects. 
Under NEPA, only federal agencies are required to file an EIS. However, laws similar to 
NEPA have been enacted in many states, so that many state, county, and city agencies 
have similar requirements. 

The environmental assessment report, prepared by the applicant or a contractor, should 
address potential environmental effects that might result during the construction and 
operation of the facility. The report should include a discussion of the unavoidable 
effects as well as mitigation of impacts and should consider potential impacts on each of 
the following: geology and soils, surface and ground water, climate and air quality, 
noise, biology, land use, socioeconomics, traffic, aesthetics, cultural resources, and pub
lic acceptability. 

SY.B.3 Siting 

Criterion. The PV system shall be compatible with the site characteristics. 

Evaluation. The PV system design, layout, and installation schedule and procedures 
shall be reviewed to determine conformance with the system's design criteria and envi
ronmental impRct statement, assessmentt or report. 

Commentary. Proper design integration, considering $ite preparation and system 
requirements, can save time and money and reduce frustration through a smooth instal-
lation schedule. · 

Many factors affect site preparation. The first is the site (geological) survey. This sur
vey establishes the soil conditions which, in turn, dictate the foundation design. Expan
sive soil, if not discovered early, could cause problems with array settling and upheaval. 
If a site has mineral springs, a dewatering system of pumps and drains may be required to 
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control erosion or array settling. In conjunction with site selection, an environmental 
survey is also made. Depending on the application size as well as other considerations, 
an environmental impact report may be required (see SY.B.2). This may be a statement 
(if a small application), an assessment (if an environmental problem exists), or a· report 
(if a large application and/or many problems exist). 

Once the site is selected, environmental concerns established, and the system configured, 
the effect of site preparations on the construction schedule must be considered. This is 
especially true as the application sizes get bigger and require more construction labor as 
well as better field coordination. 

One important aspect of the construction planning phase is insurance (see SY.I.4). Con
struction insurance and owner's insurance specify certain site requirements before con
struction begins (e.g., fire protection tanks, hydrants, extinguishers, etc., and access con
trol) and after the system begins operation (e.g., additional fire protection equipment and 
operator emergency procedural controls). The system location and safety concerns for 
passersby and observers will dictate the level of site isolation and protection required; 
e.g., 2.4-m (8-ft) chain-link fence, guards, electronic surveillance, etc. An additional 
aspect of construction planning, especially for larger Hpplieations, involves the question 
of whether to use temporary buildings for construction or erect permanent buildings 
using them for construction purposes first and later converting them to their final use. 
Similarly, matters concerning services such as water, sewers, etc., must also be consid
ered. 

SYSTEM MONITOR AND CONTROL PERFORMANCE CRITERIA 

Electrical Attributes 

SM.B.l System Monitor and Control capability 

Criterim. The capabilities of the system monitor and control shall satisfy the needs 
of the PV system. 

Evaluatim. The monitor and control requirements of the system shall be reviewed and 
then compared with the design and specifications of the system monitor and control to 
determine compliance. · 

Commentary. A PV power system can satisfy the system loads in a number of different 
ways. Energy collected by the solar arrays can be sent to satisfy loads directly. Loads 
can also be satisfied by energy supplied by a battery, or from an auxiliary energy source 
(utility, diesel generator, etc.). If the system includes a battery, it can be charged either 
hy diverting some of the array energy from the loads, or it can be charged directly from 
the auxiliary energy source. If the system has no storage, then excess arrHy euergy can 
be sent to the utility for its use. When the system is designed, the optimum use of all 
subsystems must be considered relative to the goals set forth for overall system per
formance, and the system control must be designed to implement this strategy. 

SM.B.2 Power Flow. Control 

Criterion. The system monitor and control shall determine and effect the flow of 
power through the system to implement the strategy required by the system design. 
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Evaluation. The required control strategy shall be compared with the drawings and 
specifications for the monitor and control circuitry to determine compliance. 

Commentary. The energy produced at the array must be used optimally to maximize sys
tem efficiency and make the greatest use of the energy produced. Most solar energy sys
tems include a number of options with regard to energy and power flow because of the 
potential interactions between energy produced at the array, energy stored, energy 
required by the on-site loads, and auxiliary energy available at the utility. In general, 
computer simulations of annual system operation-are used to compare the many possible 
strategies and to choose the one best for the application. The system hardware-in 
particular, the monitor and control circuitry-must implement the strategy selected. 

SM.E.3 Load Management 

Criterion. If load management is used, the system monitor and control shall coordi
nate the level of system output and the magnitude of the loads in accordance with the 
system strategy chosen. 

Evaluatim. The system operating strategy shall be compared with the schematic 
drawings and specifications for the system monitor and control circuitry to determine 
compliance. 

Commentary. For some applications, the control of on-site loads by the PV system is 
permissible and provides a means to effect an optimum match between system output 
and on-site loading on a real-time basis, minimizing the need for auxiliary energy. Where 
such a strategy is used, the monitor and control circuitry must sense the output capabil
ity of the system and exert control over the load so that an optimum match is main
tained. When the on-site load comprises a number of diverse loads, the monitor and con
trol circuitry must be provided with a strategy of priorities so that loads are shed and 
picked up in the proper order of priority as system output varies. · 

SM.E.4 System Monitor 

Criterion. The system monitor and control shall determine the operating character
istics of the system and initiate necessary protective actions in case abnormal conditions 
occur. 

Evaluation. Drawings and specifications for monitor and control circuitry shall be 
reviewed to determine that instrumentation has been provided. for the measurement, 
indication, and recording of all system characteristics deemed necessary to monitor sys
tem operation and effect protective action under abnormal conditions. 

· Commentary. The PV system should be self-operating. During conditions of normal 
operation, the monitor and control subsystem should monitor appropriate parameters for 
inputs to the control circuits and display and record parameters, as necessary, to facili
tate normal system operation, maintenance, and repair. The system monitor should also 
sense abnormal conditions and, when necessary, initiate appropriate corrective or protec
tive actions and indicate the nee9 for servicing. 
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SM.E.5 System Disconnects 

Criterion. The system monitor and control shall effect a visible (positive) disconnect 
between the system and its on-site loads and utility interconnection. 

Evaluatioo. Schematic drawings and specifications shall be reviewed to verify that a 
positive disconnect is located at the system output and that the monitor and control cir
cuitry can open the disconnect when necessary. 

Commentary. Conditions may exist within the system, the on-site loads, or the utiiity 
grid where the PV system must be disconnected from the utility and loads. In some 
cases, this may be done for the protection of the system, or for the protection of the 
on-site loads, the utility, or its personnel. When repair or maintenance work must be 
done on the system, a visible (positive) disconnect must be effected to prevent utility 
line voltage from being present in the system. Additional disconnects may be necessary 
to protect personnel from electrical hazards within the PV system (see SY .8.4). Code 
requirements will vary throughout the country, and some may I't!4Uire the exi3tcnce of a 
visible (positive) disconnect between the PV system and the on-site load and utility tie. 
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SECTION 3.0 

ARRAY SUBSYSTEM 

INTRODUCTION 

This section provides performance criteria for elements of the array subsystem hierarchy 
illustrated in Fig. 3-1. This hierarchy is addressed in four subsections: for cells, mod
uies, concentrator optics/receivers, and array/array fields. Performance criteria for 
component elements, such as tracking and control, are subsumed in appropriate subsec
tions. There are other elements that are not given separate performance criteria 
because they do not have unique performance attributes. For example, there are no per
formance criteria for panels because their performance requirements are not sufficiently 
different from those for moduies or arrays. 

Essentially all field and laboratory experience to date has beel) with PV systems using 
single-crystal silicon wafer technology. This section is based on the history of that tech
nology and, in many cases, the attributes described were chosen to minimize or remove 
the effect of specific failure modes of single-crystal silicon on system performance. As 
other photovoltaic systems become commercially available, they will either be judged by 
these criteria or other criteria will have to be developed. Some criteria developed for 
single-crystal silicon wafer technology will have to be modified before they can be 
applied to devices of other technologies and additional performance criteria may be 
needed to properly evaluate the new systems. Users of this section will have to deter
mine whether the present criteria apply to systems or devices using other technologies or 
advances within the single-crystal silicon technology. 

The emphasis here has been to prepare criteria and test methods that would prove useful 
to the photovoltaic community in the near term. A few aspects of silicon technology 
have ·not been included because of the insufficiency of present knowledge in a particuiar 
area. These include criteria and test methods for photovoltaic arrays with thermal heat 
output, some aspects of concentrating arrays, tracking, and control. Criteria and test 
methods are now being developed in these and other areas and will be incorporated into 
later drafts of this document as they become available. The test methods referred to in 
this section with the code designation TE.AR. are located in Appendix B. 

SOLAR CELL PERFORMANCE CRITERIA 

Electrical Attributes 

CE.E.l Flat-Plate Solar Cell Electrical Output 

Criterion. A flat-plate solar cell shall have an electrical output under illumination that 
satisfies specifications. 

Evaluation. The electrical output of a flat-plate solar cell is characterized by certain 
electrical output parameters determined from the current-voltage (I-V) characteristic 
curve of the cell. Test TE.AR.E.l (Electrical Performance Test-Flat-Plate Cells, Mod
ules, and Arrays) shall be used to determine either the entire curve or some portion of it. 

Commentary. The 1-V curve determines a great number of cell electrical parameters. 
These include the short circuit current (Isc>' the open circuit voltage (V oc>, the maximum 
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power (P m), the voltage and current at maximum power (V m' lm), the cell _electrical 
conversion efficiency ( TJ c>, the curve fill factor (FF) and, for some purposes, the output 
current at a specified voltage (1'\l). The entire front area of the cell, including grids and 
contacts, is used in efficiency calculations. 

This method may be used for determining either the encapsulated or .unencapsulated cell 
efficiency. Encapsulated cell efficiency (TJEc)is often used to get a measure of the cell's 
performance when combined with the anticipated encapsulant. It may be measured by 
contacting a single cell in a module that is illuminated as per Test TE.AR.E.l. 

Various considerations determine whether the entire curve or som_e portion of it is speci
fied. For example, in a research environment it may be desirable to specify the entire 
curve and associated output parameters; while in the manufacturing process environment 
it is common to sort cells on the assembly line by examining the current output at a 
single voltage level. The parameters measured also may be used in the sale or purchase 
of cells, the matching of cells for assembly into modules (see MO.E.4), solar cell 
research, and the detection of cell degradation. 

Cell output parameters vary with temperature and the level and spectral content of the 
irradiance. For compar~on purposes these are normalized to and reported at a tempera
ture of 28° C, 1000 W /m irradiahce, and air mass 1.5 spectrum. 

CE.E.2 Concentrator Solar Cell mectrieal Output 

Criterion. A concentrator solar cell shall have an electrical output under illumination 
that satisfies specifications. 

Evaluation. The electrical output parameters of a concentrator solar cell are character
ized by certain electrical output parameters that are determined from the current-volt
age (I-V) characteristic curve of the cell. Test TE.AR.E.2 (Electrical Performance 
Test-Concentrator Solar Cells) shall be used to determine either the entire curve or 
some portion of it. 

Commentary. The 1-V curve determines a large number of cell electrical and perfor
mance parameters. These include the short circuit current (1

3
c), the open circuit voltage 

(V oc>, the maximum power (Pm), the voltage and current at maximum power (V m' Im), 
the cell electrical conversion efficiency ( TJ ), the curve fill factor (FF) and, for some 
purposes, the output current at a specified v&itage (Iv). The active area of a concentra:.... 
tor cell for computation of efficiency is the area designed to be illuminated. This area 
includes interior grids and contacts. The active area may exclude the area of the cell 
that is covered by contacts at the outer edge of the cell provided the optical system 
avoids illuminating this area. Both the active area and total area of the cell should be 
included in the report. If deviations from these are applicable, the method of area and 
irradiance determination must be completely described. 

Various considerations determine whether the entire curve or some portion of it is speci
fied. For example, in a research environment it may be desirable to specify the entire 
curve and associated output parameters, while in the manufacturing process environment 
it is common to sort cells on the assembly line by examining the current output at a 
single voltage level. The parameters measured also may be used in the sale or purchase· 
of cells, the matching of cells for assembly into modules, solar cell research, and the 
detection of cell degradation. 
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Cell output parameters vary with temperature and the level and spectral content of the 
irradiance. For comparison purpo8es, the ~utput parameters are adjusted to and reported 
at a temperature of 28°C and. 1000 W/m with the reference irradlance spectrum (see 
glossary). Tables or plots of efficiency and fill factor as a function of incident irradiance 
(air mass 1.5 spectrum) should be reported for 28°C and for a design operating te·mpera
ture and irradiance. 

Mechanica.IJStructural Attributes 

CE.M.l Antireflection Coating Integrity 

Criterion. The antireflection (AR) coatings of solar cells to be used in either flat-plate 
or concentrator modules shall be capable of withstanding handling and exposure to water. 
vapor without delamination during subsequent fabrication and assembly steps. 

Evaluation. The acceptability of AR coatings on solar cells shall be evaluated using Test 
TE.AR.M.9 (Antireflection Coating Adhesion Test-Solar Cells). Changes in the color or 
delamination of the AR coating will be evaluated. 

COmmentary. AR coatings on solar cells must be able to withstand the cleaning and 
handling encountered during module manufacturing and be stable even in the presence of 
moisture throughout the life of the cell. Poor adhering AR coatings often are destroyed 
even on encapsulated cells because of moisture. The loss of an AR coating on a silicon 
solar cell can cause as much as 30%-40% degradation in output power. 

Certain cells are constructed of materials that are not intended for any exposure to air 
and, therefore, are packaged to prevent such exposure. These cells are considered an 
integral part of the completed module and are tested on the module level. 

CE.M.2 Structural Loading Capability 

Criterion. Flat-plate and concentrator solar cells shall be able to withstand steady-state 
and transient structural loading stresses applied during normal service for their design 
life. 

Evaluation. Satisfactory long-term performance shall be documented under in-use condi
tions. When adequate information is unavailable, fracture mechanics analysis or struc
tural loading tests (see Ref. 1) may be used to evaluate cell structural loading capability. 

Commentarl. Cells can encounter various steady-state and transient stru~turR.l loaning 
stresses during cell manufacture, module fabrication, shipping, handling, installation, and 
field use. During cell fabrication, wafers or cells with low fracture strength distribution 
are likely to be fractured during subsequent cell processing and handling, or in field ser
vice. To ensure the adequate strength of cells and provide a margin of safety against 
cracking under rapid and sustained loading, it is common practice to perform a proof test 
at a level somewhat higher than the expected condition. An assessment of several mech
anical strength tests for silicon solar cells is given in Ref. 1. 
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CE.M.3 Contact Metallizatim Integrity 

Criterim. Solar cell contact metallization· for flat-plate or concentrator modules shall 
be capable of withstanding the stresses imposed by the attachment and subsequent han
dling of interconnects during manufacture and service use. 

Evaluation. Contact metallization integrity shall be evaluated by using Test TE.AR.M.7 
(Contact Pull Strength [Wire Pull Test]-Solar Cells). 

Commentar~. Solar cells use.d in flat-plate or concentrator modules must be basically 
capable of being linked with an interconnector without loss of integrity of cell contacts. 
Various interconnector attachment techniques and designs are likely to be used by the 
module manufacturer, but in all cases the basic integrity of the cell contact metalliza
tion is required. Since Test T.E.AR.M.7 is a destructive test, it is used as a qualification 
or in-process acceptance test on a sampling basis. 

Certain cells are constructed of materials that are not intended to be exposed to air and 
are therefore pa-ckaged to prevent such exposure. The contact metallization integrity 
may best be determined by applying environmental stress to the completed module. In 
most cases, Test TE.AR.M. 7, used for discrete silicon cells, will be suitable to evaluate 
the integrity of the provisions made for external contact (terminals). 

Durability/Reliability Attributes 

CE.D.l Temperature Cycling 

Critet'im. Solar .cells shall be capable of effectively withstanding the stresses induced by 
temperature cycling for their design life .. 

Evaluation. Satisfactory long-term performance shall be documented under in-use condi
tions in the field configuration; i.e., a component of a module or concentrator receiver. 
When adequate documentation is unavailable, the Solar Cell Temperature Cycling Test 
(in preparation) may be used to evaluate thermal cycling degradation. 

The characteristics to be evaluated for determining temperature cycling withstanding 
capability include output power degradation and altered physical appearance. 

·commentary. Array subsystem elements encounter temperature cycling stresses as a 
result of diurnal and climatic excursions. For various silicon cell types (fabricated with 
different metallization processes) sensitivity to temperature cycling stresses has varied 
widely. Some insight into the mechanisms responsible for existing results has been 
obtained [2]. 

CE.D.2 Humidity 

Criterim. Solar cells used in either flat-plate or concentrator modules shall be capable 
of withstanding the effects of humidity. 

Evaluation. To determine the acceptability of solar cell materials (i.e., contact metals 
and AR coatings) with ·respect to their stability in the presence of humidity, Test 
TE.AR.D.3 (Humidity Test-Solar Cells) shall be used, except for those cells packaged to 
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prevent exposure to air and moisture. For the latter encapsulated cells, the entire 
encapsulated assembly shall be tested at the module level with Test TE.AR.D.4 (Humid
ity Test-Array Elements). 

Commentary. Solar cells used .in flat-plate or concentrator modules must be able to 
withstand exposure to humidity. No matter what the encapsulation technique, short of 
complete hermetic sealing, moisture will be present at the solar cell surfaces and con
tacts. To ensure long-life operation of the module, the solar cell component must be 
fabricated using moisture-resistant materials and processes. Therefore, the humidity 
resistance requirement is placed on cells to be sealed in nonhermetic packages before 
encapsulation. 

Certain cells are constructed of materials that should not be exposed to air and, there
f nrP., RrP. pAckaged to prevent such exposure. These cellc; are considered an integral part 
of the completed module and are tested on the module level. 

MODULE PERFORMANCE CRITERIA 

Electrical Attributes 

MO.E.l Module Electrical Output 

Criterion. A module shall have an electrical output under illumination that satisfies 
specifications. 

Evaluation. The electrical output parameters of a module are those parameters deter
mined from the current-voltage (I-V) t!hara~tP.ri~tiP. P.urve of the module. Test 
TE.AR.E.l (Electrical Performance Test- Flat-Plate Cells, Modules, and Arrays) shall be 
used to determine either the entire curve, or some portion of it, for flat-plate modules. 
The test method for concentrator modules is in preparation. 

Commentary. The 1-V curve is used to ~etermine a ll:trge number of module electrical 
parameters. These include the short circuit current (lsc>' the open circuit voltage (V oc>' 
the maximum power (P m>, the voltage and current at maximum power (V , Im), tne 
module electrical conversion efficiency ( T) ), the -curve fill factor (FF) anW, for some 
pur~;>~es, ~he output .current at a specified v~~age (Iv). The. area used in e~ficiency cal
culations IS the entire front, normally Ulummateu area of the module, Inclu~tng the 
frame. 

Various considerations determine whether the entire curve or some portion of it is speci
fied. For example, in a research environment, it may be desirable to specify the entire 
curve and associated output parameters, while in the manufacturing process environ
ment, it is common to sort modules on the assembly line by examining the short-circuit 
current and the current output at a single V'oltage level. The parameters measured may 
also be used in the sale or purchase of modules, the matching of modules for assembly 
into Arrays, and the detection of module degradation. 

Module output parameters vary with temperature and the level and spectral content of 
the irradiance. For comparing flat-plate modules the output parameters are given at the 
electrical performance reporting conditions specified in Table B-1 of Test TE.AR.E.l. 
Reporting conditions are being developed for concentrator modules. 
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MO.E.2 Electrical Terminals 

Criterion. Electrical terminals for modules and receivers shall be designed and sized to 
facilitate field servicing and withstand the environmental and service stresses applied 
during normal service for their design life. 

Evaluation. Satisfactory performance shall be documented under in-use conditions. 
When adequate information is unavailable, drawings, specifications, test data, and engi
neering analysis shall be reviewed and anhlyzed to verify compliance with the criterion. 

Commentary. The primary requirements for electrical terminals consist of adequate 
current and voltage capacity, low ohmic contact resistance, and adequate environmental 
qualification consistent with low cost •. Selection of a specific terminal depends on both 
site and application. Remote applications will have lower voltage and current require
ments than large industrial applications. Environmental qualification consists of the 
ability to withstand temperature cycling, ultraviolet exposure, humidity, corrosive 
atmosphere, fungus, and pull loads. More definitive performance criteria for electrical 
terminals will be included in subsequent revisions of this report. The information pre
sented has been included for completeness. 

MO.E.3 Module and Receiver Fault Tolerance 

Criterion. Modules and receivers shall endure commonly occurring circuit faults such as 
cracked or mismatched cells, Single-point open-circuit failures, and nonuniform illumina
tion (partial shadowing) without catastrophic effects, such as major power loss, encapsu-
lant deterioration, or safety hazards. · 

Evaluation. Drawings, specifications, testing, and engineering analysis shall be used to 
evaluate the fault tolerance of the module circuit [3, 4]. Experimental evaluation with 
artificially introduced fault conditions can also be carried out. Experimental simulation 
is particularly effective in evaluating module resistance to hot-spot heating. 

Commentary. Field experience indicates that periodic circuit faults, such as partial 
shadowing, cracking of cells, and interconnect open circuits, occur even in highly reliable 
arrays. Under these fault conditions it is desirable to limit the degree of power loss and 
to assure that possible hot-spot heating due to reverse biasing does not propagate the 
fault by such mechanisms as solder melting, encapsulant deterioration, or dielectric 
degradation. 

Hot-spot heating is caused when operating. current levels exceed the rec!uced short-cir
cuit current capability of an individual cell or group of cells in an array circuit. The 
reduced short-circuit current fault condition can be caused by nonuniform illumination 
(local shadowing), individual cell degradation due to cracking or soiling, or loss of a por
tion of a series-parallel circuit due to individual interconnect open circuits. Under this 
condition, the over-currented cells dissipate power equal to the product of the current; 
the reversed voltage that develops across the cells can heat them to elevated tempera
tures high enough to melt solder. 

These problems can be alleviated by designing redundancy and over:-current carrying cap
ability into the cell circuit. Redundant cell contact attachment points and interconnects 
are useful in reducing the probability of a single-point circuit failure causing an open
circuit or a reduced short-circuit current condition. By-pass diodes, extensive cell 
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paralleling, and a low cell shunt resistance are effective in minimizing hot-spot heating 
by providing over-current carrying ability [3, 41. Good cell heat sinking. and heat resis
tant encapsulant materials and processes are useful in controlling the effects of hot-spot 
heating such as gas generation and encapsulant deterioration. 

MO.E.4 Mismatch La;ses in Modules and Arrays 

Criterion. Electrical mismatch losses caused by combining cells into modules and mod
ules into arrays shall not exceed acceptable levels. 

Evaluation. Engineering analysis or experimental measurement shall be used to evaluate 
the extent of mismatch losses .[5]. Mismatch losses shall be evaluated by determining the 
difference between the power output of a cell or module network and the sum of the 
power output of the individual elements making up the network. 

Commentary. · Because of manufacturing process tolerances, cells and modules of the 
same design generally have a distribution of electrical performance current-voltage (I-V) 
characteristics. When a number of cells and modules are combined in series or parallel 
electrical circuits or both, mismatch losses occur that reduce the overall electrical effi
ciency of the module/array and may lead to reverse-biasing and hot-spot heating. These 
mismatch losses can be oontrqlled by limiting the variation in cell/module performance, 
by sorting and matching the performance of individual elements, or by using fault toler
ant circuit design practices. Fault tolerant circuit design practices (performance cri
teria in preparation) are also desirable to control subsequent mismatch due to differen
tial aging and other similar processes. 

Mechimical/Struetural Attributes 

MO.M.l Plat-Plate Module Structural Adequacy 

Criterioo •. Flat-plate PV modules shall support all loads expected during the design life 
of the module without structural failure or significant performance degradation. 

Evaluatim. The structural adequacy of flat-plate PV modules shall be demonstrated by 
analysis. Documentation of satisfactory long-term performance under In-use conditions 
shall be considered contributory evidence of structural adequacy. Additional contribu
tory evidence of structural adequacy for modules may be obtained from the following 
Tests: TE.AR.M.l (Structural Loading Test-Flat-Plate Modules [Cyclic Pressure Load 
Test]), TE,AR.M.2 (Temperature Cycling Test-Flat-Plate Modules), and Warped Mount
ing Surface (in preparation). 

Commentary. The structural design of frames and structural substrates for modules 
depends primarily on the wind loading. Wind pressure loads on individual modules will be 
higher than the net average pressure acting on arrays. The structural design of glass 
superstrates for flat-plate modules, in many cases, will be dictated by minimum hail
withstanding requirements. For larger annealed glass superstrate modules, normal pres
sure loads (primarily wind) will control the structural design. Brittle materials, like 
glass, require design considerations because their strength is a function of surface condi
tion (flaws and scratches), surface area of part, and time duration of loading. Some 
guidelines for designing glass superstrate PV modules are provided in Ref. 6. 
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MO.M.2 Concentrator Module Structural Adequacy 

Criterion. In any sun-tracking operating mode, the concentrator module shall support 
design loads (dead weight, wind, earthquake, and constraint loads) without structural 
failure or performance degradation. In a nonoperating mode or position, the concentra
tor module shall support all loads expected during the design life of the system without 
structural failure or subsequent significant performance degradation when the system is 
returned to an operating condition. 

Evaluation. The structural adequacy of concentrator modules shall be demonstrated by 
structural analysis. Documentation of satisfactory long-term performance under in-use 
conditions shall be considered contributory evidence of structural adequacy. 

Commentary. Wind loading is recognized as a primary structural cost driver for concen
trator modules. In some applications it may be cost effective to take advantage of the 
reduced win~ loading resulting from boundary layer effects near the ground (shielding 
from adjacent rows of arrays or wind shielding devices) provided that the increased cost 
of supporting analysis and documentation is defrayed by decreased structural costs. In 
connection with concentrator modules it is appropriate to distinguish between operating 
and nonoperating loads. The operating loads occur while the array is in a sun-tracking 
mode. Operating wind loads, for example, may be less than nonoperating wind loads, 
because studies have shown that virtually all of the sun's irradiance occurs during periods 
when relatively low wind speeds exist. The operating loads (dead weight-thermal and 
wind) will significantly influence the structural design of the receiver and concentrator 
module because the optical quality and alignment of the concentrator module will be 
affected by these loads. Nonoperating loads occur at any time during the design life of 
the array. Concentrator modules must withstand these loads without structural failure, 
and permanent deformations of the concentrator module should not excessively reduce 
its ability to collect solar energy. 

MO.M.3 Shipping (see SY.M.l) 

MO.M.4 Handling (see SY .M.2) 

MO.M.5 Attachment Provisions fer Flat-Plate Modules 

Criterion. Attachment of flat-plate modules to their intended supporting structure shall 
not result in deflections, stress points, or mechanical interferences of component parts 
that degrade the performance of the module over its design life. 

Evaluatim. Engineering analysis and drawings shall be reviewed to determine confor
mance with standardized codes and recommended practices for strengths of materials, 
flatness of surfaces, location, and clearances associated with mounting hardware (e.g., 
see ANSI - Y 14.5 ). 

Commentary. Module mounting on support structures may use a variety of techniques 
ranging from aligned through-holes fasteners to adhesive bonding. To minimize problems 
in attaching modules to the supporting structure, the following factors affecting attach
ment should be reviewed: flatness of the mating interfaces of structure and modules, 
spacing allowances ·to adjacent modules, tolerances on sizes and locations of .fAsteners, 
and load-carrying capability of the fastening or attachment device. These factors should 
guarantee that no unacceptable deflections, stress points, or mechanical interference of 
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component parts be experienced by the modules upon attachment to the intended sup
porting structure. An example of a standard design practice from ANSI - Y 14.5 that 
may be applicable is drilling holes for mounting materials. This standard practice calls 
for the hole to be drilled at least 1.5 diameters from the edge of the material. This 
practice is for single-piece materials (modules without frames) and is intended to mini
mize shear stress loads. For modules with metal frames around the edges (that provide 
more rigidity), holes can be closer to the edge. 

MO.M.6 Twist Capability of Flat-Plate Modules 

Criterion. Flat-plate PV modules shall be capable of withstanding small twists caused by 
mounting on a nonplanar surface. 

Evaluation. Satisfactory performance shall be documented during normal field installa
tion. When adequate information is unavailable, engineering analysis or the Warped 
Mounting Surface Test (Twist Test) (in preparation) may be used. 

Commentary. The intent of this criterion is to preclude damage to a module caused by 
the possible twisting of the module substrate when installed on a primary structure that 
is not entirely planar. An alternate approach would be to specify a stringent planar 
requirement for the primary structure. However, when module costs are reduced, struc
tural costs with such a requirement would be unreasonably high. Current modules show 
no difficulty in tolerating small amounts of twist ( L 1.25°) when the twist test is 
performed. 

MO.M. '1 Interconnect Stress Relief 

Criterion. Electrical interconnects between cells in modules and in receivers shall be 
capable of withstanding environmentally induced stresses applied tjurine; normal service 
for their design lifP.. 

Evaluation. Satisfactory long-term performance shall be documented under in-use condi-. 
tlons. Module drawings and specifications shall be reviewed to check that materials will 
be thermally compatible and those us~u for interconnections will J~st the desien life. 
When adequate information is unavailable, Tests TE.AR.M.l (Structural Loading 
Test-Flat-Plate Module (Cyclic. Pressure Load Test)), TE.AR.M.2 (Ternperature Cycling 
Test-Flat-Plate Modules) or TE.AR.M.3 (Temperature Cycling Test-Concentrator 
Modules) shall be used to evaluate the effect of cyclic loading on interconnects. 

Comfli(tlltary. H~cciver and flat-pJ~te module interconnections can encounter various 
loading stresses depending on the construction of the array in which lhey are instllllcd. 
The primary sources of movement due to structural deflection of the array are caused by 
pooitional changes during. tracking; environmental loading due to wind, hail, and ice; and 
relative positional changes between the array structure and the supporting foundation. 
Induced fatigue is not immediate but will occur over a long period of time. Differences 
in thermal expansion coefficients of the solar cell, interconnects, encapsulants, and 
receiver supporting structure will also cause stress. Fatigue often occurs at the solder 
connection between the interconnect and the cell. Concentrator receiver interconnects 
differ from flat-plate interconnects in that the former are typically longer and wider for 
carrying higher currents. 
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·Techniques that are useful in improving stress include reducing interconnect thickness; 
·increasing expansion loop height; increasing the distance (and thereby the interconnectqr 
length) between attachments to the cells by measuring across the intercell gap; selecting 
a material with a higher endurance limit; modifying the lateral dimension of the inter
connector loop so that maximum bending no longer concentrates at a single point on the 
loop; and preventing solder from filling (wicking) and stiffening expansion loop radii [7]. 

MO.M.8 Hail 

Criterim. Modules and their exposed elements shall resist the impact of hailstones 
expected at the site without significant damage or major impairment of the functioning 
of the module or its optical elements~ 

Evaluatim. Engineering analysis, based on an assessment of the environmental condi
tions at the specific site of interest, a comparison with test results from proven designs, 
or the Tests TE.AR.M.4 (Hail Test-Flat-Plate Modules) and TE.AR.M.5 (Hail Test-Con
centrator Modules) may be used to evaluate the ability of modules and concentrator 
optics to withstand specified levels of hailstone impact. 

Commentary. The intent is to preclude damage that would result in curtailment of mod
ule electrical performance or result in premature failure. Susceptible points on a flat
plate module include corners and e~es, cell edges, and substrate supports; on a concen
trator module, susceptible points are corners and edges of glass reflective surfaces and 
cover plates on receivers. The optical elements of concentrator systems may be frac
tured or dented by hailstones and functionally degraded. 

Hailstone size depends to a great extent on site. Therefore, environmental conditions at 
. a specific site should be assessed before the design. The methodology given in Ref. 8 can 
aid in that assessment. In lieu of site-:-determined hailstone size, Ref. 8 or 9 may be used 
as a guide in establishing the hailstone size for a particular application. For assessing 
risks to solar collectors, the U.S. Department of Housing and Urban Development (HUD) 
[9] has recommended using a hailstone diameter equal to 8 mm (0.3 in.) times the average 
nu~ber of hail days per year at the specific site. 

Vulnerability to this environment may be reduced by appropriate material selection and 
structural design. Reference .1 0 may be useful in determining the dam age potential of 
various hailstone sizes on glass sheet. 

MO.M.9 Optical Surface Soiling 

Criterion. Optical elements of modules, including receivers and optics, shall not retain 
d1rt to an extent that would significantly impair the function of the photovoltaic 
equipment during its design life. · 

Evaluatim. Satisfactory long-term performance shall be documented under in-use condi
tions. When adequate documentation is unavailable, engineering analysis or. an outdoor 
soiling test may be used to evaluate optical surface soiling degradation. The characteris
tics to be evaluated for determining soiling withstand capability include output power 
degradation (specifically, changes in short-circuit current) and optical.obscureness. 
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Commentary. The effect of retained dirt on optical surfaces of photovoltaic equipment 
is significant; e.g., flat-plate modUles have experienced up to 60% power degradation 
after outdoor exposure. The op~ical loss results from absorption and ·scattering by par
ticulates that (!ollect on and may even become embedded in the surface. Particulates 
impinge on an optical surface through complex fluid mechanical interactions between the 
dust-laden atmosphere and the photovoltaic equipment. Initial particle adhesion is dom
inated by surface energetics. However, condensed water vapor at the particle-surface 
interface provides a vehicle for soluble components and dirt to form very strong chem
ical and physical bonds between the dirt and the surface. To keep the surface of the 
module free from dirt, the illuminated optical surface(s) should be smooth and generally 
free of projections that could promote entrapment of dust and other debris. Particular 
attention should be given to the selection of materials that will minimize the accumula
tion of nonremovable contaminants, particulates, and stains on the optical surface. Also, 
materials should be used that will promote self-cleaning by natural processes like wind 
and rain. Ffeld experiments with modules and top cover materials in different ge<r 
graphical locations indicate significant time and site dependence and site of soiling char
acteristics. Removal mechanics (such as rain and snow melt) are the key to long-term 
selection of materials that will minimize the accumulation of nonremovable contam
inants, particulates, and stains on the optical surface. Also, materials should be used 
that will promote self-cleaning by natural processes like wind and rain. Field experi
ments with modules and top cover materials in different geographical locations indicate 
significant time and site dependence and site of soiling characteristics. Removal me
chanics (such as rain and snow melt) are the key to long-term soiling differences [11]. 
While an acceptable laboratory test method is desirable, research work to date indicates 
soiling to be a very complex problem and development of a testing method in the near 
term is not envisioned. Side-by-side outdoor exposure testing for long periods of time at 
a variety of sites is currently the most effective way to evaluate soiling differences. 

MO.M.lO Cleaning Tolerance 

Criterion. Surfaces of modules, including receivers and concentrator optics, shall be 
capable of withstanding periodic cleaning during normal service for their design life. 

Evaluation. Satisfactory performance under in-use conditions shall be documented. 
When adequate information is unavailable, drawings, specifications, engineering analyses, 
and the manufacturer's recommended practice shall be reviewed and analyzed. 

Commentary. Cleaning of optical surfaces can cause marring and scratching of those 
surfaces to the extent that the electrical performance of the module is significantly 
affected. Optical surface materials should be selected that tolerate physical and chem
ical (e.g., solvents and detergents) cleaning techniques. Generally, manufacturers are 
expected to supply cleaning instructions for the optical surfaces of their products. Along 
with the cleaning instructions, the manufacturer should indicate any precautions neces
sary to take with either cleaning fluids or cleaning procedures. 

MO.M.ll Off-Axis Survival of Concentrator Module and Receiver 

Criterion. The concentrator module and receiver shall not be damaged due to concen
trated sunlight traversing off the normally illuminated receiver during normal operating 
conditions (e.g., sun acquisition or desteering operations) or abnormal operating condi
tions (e.g., tracking motor power failure). 
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Evaluatim. Documentation of satisfactory long-term performance under in-use condi
tions or engineering analysis shall be used to evaluate potential degradation. The charac-. 
teristics to be evaluated are the use of materials that may be combustible and ignite, or 
soften or melt, thus impairing the mechanical integrity of the module. 

Commentary. Concentrator modules and receivers can encounter complex steady-state 
and transient thermal loading during off:-axis pointing. Depending on the specific con
centrator optics chosen, the energy distribution can be highly nonuniform and may reach 
very high levels of concentration in localized areas. Depending on the nature of the 
off-axis condition (i.e., whether the array is moving or stopped) the. module may be 
exposed to intense energy concentrations for extended periods of time. · 

MO.M.l2 Materials Compatibility 

Criterim. Materials used in modules, receivers, and concentrator optics and the building 
elements· with which they interact shall have sufficient chemical compatibility to pre
vent corrosive wear and deterioration that would significantly shorten their intended ser
vice life. 

Evaluatim. Documentation of satisfactory long-term performance under in-use condi
tions or engineering analysis shall be used. When adequate information is unavailable, 
tests shall be performed. 

Commentary. Dissimilar materials used in modules, concentrator receivers and optics 
can be incompatible when exposed to thermal extremes and the humidity of the environ
ment, or when they come in contact with corrosive chemicals such as heat transfer and 
other fluids. When several different materials come in contact in an outside environ
ment, a corrosive electrochemical couple can destroy the components quite rapidly if the 
proper selection of materials is not made. When dissimilar materials are used in contact 
with heat transfer or other fluids, testing to evaluate compatibility is suggested. 

The use of protective finishes, corrosion inhibitors, or dielectric fittings that electrically 
isolate dissimilar materials ·may be desirable. For plastics, plasticizer migration may be 
a concern. The presence of pinholes in protective coatings may drastically accelerate 
corrosive action. In considering the compatibility of dissimilar materials, all elements of 
a. solar system should be evaluated-including the energy transport system, structural 
support and connections, fabricated parts, and roofing ·materials. 

MO.M.l3 Physieal Deterioration of Gaskets, Sealants, and Polymeric Coupling Bases 
(See CR.M.4) 

MO.M.l4 Compatibility of Materials with Heat Transfer Fluids (See CR.M.5) 

MO.M.l5 Deterioration of Fluids or Phase-Change -Materials (See CR.M. '1) 

MO.M.l6 Effects of DecompOsition Products (See CR.M.8) 

MO.M.l '1 Corrosim by Leachable Substances (See CR.M.6) 

3-17 



$5~~~--,;~, --------------------------~=-=T~R"""::-6~54 
MO.M.l8 

MO.M.l8 Cell Temperature Control for Flat-Plate Modules 

Criterion. Modules shall be capable of controlling electrical power loss and accelerated 
encapsulant aging caused by high cell operating temperatures. 

Evaluation. Test TE.AR.M.l (Nominal Operating Cell Temperature Determination-Flat
Plate) shall be used to measure the NOCT of a flat-plate module. Module drawings and 
specifications shall be reviewed to check that encapsulant materials used will perform 
for the expected design life. (See Durability/Reliability Attribute MO.D.2, Solar Weath
ering). 

Commentary. Electrical power output of solar cell modules decreases as temperatures 
increase (e.g., silicon at a rate of approximately 0.5% per ° C). Also, higher tempera
tures will accelerate physical and chemical degradation of the module (e.g., corrosion). 
These power reductions can be minimized by controlling the cell operating temperature 
using techniques such as a substrate with high infrared emission, high thermal conduc
tance, and low solar absorption; front cover/encapsulants with thin transparent materials 
and relatively high thermal conductivity; and avoiding an air gap between the front 
cover I encapsulant and the cells (i.e., avoid a greenhouse effect) [12-141. 

Fins give a slight advantage (less than 5°C temperature reduction), but generally are not 
cost-effective. The effectiveness of fins for roof mounting applications depends strongly 
on the backside air infiltration level. Transparent substrates offer a negligible advantage 
in open-frame mounting and can be a definite handicap for roof applications due to 
greenhouse effects. Water cooling offers significant improvement in module perfor
mance. However, it is not expected to be cost-effective unless the application already 
involves heating or pumping water, or unless a gravity water system is feasible. At pres
ent, care in thermal design and cost considerations result in a NOCT of' 43° C to 48° C for 
open back flat-plate modules. 

Safety A!.trJ!?!!!es 

MO.S.l mectrical Voltage Isolation 

Criterion. PV modules shall provide an electrical insulation system to isolate live circuit 
elements and protect against human injury or performance degradation due to electrical 
shock or short circuits to the module mounting structure. 

Evaluation. Review of model drawings and specifications shall indicate conformance 
w1th the system voltage level and with the electrical safety protection system of the 
intended class or range of applications. To verify adequacy of the insUlation systems, 
Test TE.AR.M.lO (Dielectric Voltage Withstand Test), leakage current tests (in prepara
tion), and insulation resistance tests (in preparation) shall be conducted on representative 
samples both before and after environmental exposures. 

Commentary. The insulation system shall be compatible with the intended class or range 
of applications of the module (including system safety provisions such as array grounding, 
lightning protection, and ground fault detection/interrupters) and with its installation, 
operation, and maintenance procedures. A fundamental requirement of the encapsulation 
and insulation system of photovoltaic devices is that it withstand the voltage imposed on 
it in service throughout its design life. To ensure the adequacy of the insulation system 
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and provide a margin for degradation from aging, it is common practice to select a test 
voltage level for the Dielectric Voltage Withstand Test that is somewhat higher than the 
expected service condition. Test levels commonly used by institutions such as Under
writers Laboratories (UL) are: 

• 1000 V plus twice the maximum rated voltage of the insulation system for sys
tems with rated voltage levels above 50 V; and 

• 500 V for insulation systems with rated voltage levels below 50 V. 

As a measure of the extent to which the Dielectric Voltage Withstand Test has stressed 
the insulation system, a maximum allowable leakage current of 50 p. A during the test is 
usually specified. 

Insulation resist~nce tests are typically conducted with the module insulation system sub
. jected to a test voltage equivalent to the system operating voltage. The required mini
mum insulation resistance of 50 k n is consistent with UL recommendations for keeping 
shock sensation below "let-go" current levels. 

MO.S.2 Flammability 

Criterim. Modules and arrays forming or attached to roofs shall not reduce the required 
fire resistance of roof covering materials. . _ 

Evaluation. UL Standard 790, Tests for Fire Resistance of Roof Covering Materials, 
shall form the basic test procedure. 

Commentary. UL 790 does not specifically detail the testing of a photovoltaic array a/:, 
part of the roof covering, although the types and methods of fire exposure and the condi
tions of acceptance for classification may be applied to a particular PV assembly. lA 
proposed UL Standard 1279, Standard for Solar Collectors, will contain information on 
testing solar collectors that may be applicable to photovoltaic arrays. 

Durability/Reliability Attributes 

MO.D.l Temperature Cycling 

· Criterion. Modules shall be capable of withstanding the stresses induced by temperature 
cycling for their design life without significant degradation of module performance. 

Evaluation. Satisfac_tory long-term pP.rformance under in-use conditions shall be docu
mented. ·when adequate information is unavailable, engineering analysis or the Tests 
TE.AR.M.2 (Temperature Cycling Test-Flat-Plate Modules) or TE.AR.M.3 (Temperature 
Cycling Test-Concentrator Modules) shall be used to evaluate thermal cycling degrada
tion. The characteristics to be evaluated for determining temperature cycling withstand 
capability include output power degradation and altered physical appearance. 

Commentary. Modules encounter temperature cycling stresses as a result of diurnal and 
climatic excursions. Susceptible parts of the module inclurle the encapsulant system, 
cells, interconnects, ~md bonding materials. 
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MO.D.2 Solar Weathering 

Criterion. Modules, receivers, concentrator optics, their components and materials shall 
not be affected by exposure to solar irradiance in service to an extent that will signifi
cantly impair their function during their design life. 

Evaluation. Documentation of satisfactory long-term performance under in-use condi
tions, acceptable test results, or engineering analysis shall be required. Where adequate 
documentation is unavailable, .Tests TE.AR.D.l (Solar Radiation Weathering Tests-Mate
rials and Components), and TE.AR.D.2 (Solar Radiation Weathering Tests-Modules and 
Minimodules) may be used. The characteristics to be evaluated for determining solar 
weathering capability include output power degradation and physical appearance altera
tion. A test m etholl is being developed for conf!entrator receivers and optics. 

Commentary. Conformal polymeric encapsulants, organic potting materials, adhesives, 
and organic adhesion-promoting treated materials are particularly susceptible to solar 
ultraviolet-induced weathering under prolonged exposure. Field observations have shown 
the occurrence of delamination of cell-encapsulants substrate-superstrate, encapsulant
substrate and encapsulant-cover interfaces, carbonation, cell-cracking, encapsulant dis-
coloration, and contact corrosion. · 

Moisture (dust, rain, dew, high humidity, condensation), in combination with solar ultra
violet radiation, is a principal agent in producing adverse synergistic degrading effects in 
materials. This has led· to the inclusion of water spray and moisture cycles in acceler
ated and simulated exposure test methods. 

The use of diagnostic tests; including baseline photographs, transmittance data of cover 
\ materials, and electrical performance characteristics (lsc' V oc' I-V curves, P m' etc.), are 

usually required to estimate the effects of exposure-induced degradation m reducing 
\ moclule efficiency and operating characteristics. 

MO.D.3 Humidity 

Criterion. Modules, receivers, concentrator optics, arid tracking controls shall be cap
able of withstan·ding the stresses induced by humidity for their design life without signif
icant performAnce degradation. · · 

Evaluation. Documentation of satisfactory long-term performance under in-use condi
tions shall be required. When adequate documentation is unavailable, engineering analy
sis or Test TE.AR.D.5 (Humidity Test-Array Elements) shall be used to evaluate humid
ity degradation. The characteristics to be evaluated for determining humidity withstand 
capability include output power degratlation and physiual appearAnce alteration for mod
ules and receivers, optics obscureness or altered alignment for concentrator optics, and 
functional performance degradation for tracking control. 

Commentary. Humidity, which is one form of atmospheric water vapor, can significantly 
degrade the performance of photovoltaic equipment as a result of moisture migration and 

· penetration. High relative humidity at elevated temperature can be especially stressful. 
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Corrosion cari be acceler~ted by humidity. Hygroscopic materials are sensitive to mois
ture and may deteriorate rapidly under humid conditions. Absorption of moisture by 
many materials results in swelling that destroys their function and causes lo~ of physical 
strength and changes in other important mechanical properties. Insulating materials that 
absorb moisture may suffer degradation of their electrical and thermal properties. 
Cycling temperature and humidity may cause condensation of moisture inside the equip
ment that could cause malfunctions resulting from electrical shorts. Such cycling may 
cause dulling or obscuring of reflecting or transmitting optics, terminal corrosion, and · 
cell metallization. 

MO.D.4 Rain 

Criterim. Modules, receivers, and concentrator optics shall be capable of withstanding 
exposure to rain for their design life without significant performance degradation. 

Evaluatim. Documentation of satisfactory long-term performance under in-use condi
tions shall be required. When adequate documentation is unavailable, engineering ·analy
sis or the Rain Test (in preparation) shall be used to evaluate rain tolerance. The charac
teristics to be evaluated for determining rain withstand capability include output power 
degradation and altered physical appearance. 

Commentary. Rain can degrade the performance of modules and receivers because of. 
moisture penetration. Absorption by many materials results in swelling, which may 
degrade performance, cause lo~ of physical strength, and affect other important me
chanical properties. Insul~ting materials that absorb moisture may suffer degradation of 
their electrical and thermal properties. 

MO.D.5 Electrical Terminals (See MO.E.2) 

Installation, Opera tim, and Maintenance Attributes 

MO.I.l Physieal Interchangeability 

Criterim. Modules of the same model by the same manufacturer shall be physically 
interchangeable. 

Evaluation. Drawings and specifications of the module shall be reviewed to see that 
modUles are interchangeable. 

Commentary. The intent of this criterion is to provide reasonable assurance that mod
ules placed in the field can be installed, replaced, and operated with a minimum amount 
of handling by field personnel. · Tolerance on all external module dimensions shall be 
maintained at a level consistent with module interchangeability. Surfaces, mounting 
holes, and any attachment interfaces shall be maintained within the tolerance specified 
in the interface control drawings. 

MOJ.2 Access fer Maintenance (See SY.I.3) 
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MOJ.3 Field Monitoring (See ARJ.6 and SY .1.2) 

CONCENTRATOR OPTICS/RECEIVER PERFORMANCE CRITERIA 

Electrical Attributes 
~ 

CR.E.l Receiver Electrical Output 

Criterim. A receiver shall have an electrical output under illumination that satisfies 
specifications. 

Evaluatim. The electrical output of a receiver Is characterized by certain electrical 
output parameters determined from the current-voltage (I-V) characteristic curve of the 
receiver. Test TE.AR.E.2 (Electrical Performance Test-Concentrator Solar Cells) shall 
be used to determine either the entire curve or some portion thereof. 

Commentarf.. The electrical output parameters of a receiver include the short-circuit 
current (I c, the open-circuit voltage (V 

0 
), the maximum power (P ), the voltage and 

current a~ maximum power (V m' Im), the 8ell electrical conversion eWiciency ( T) c>, the 
curve fill factor (FF) and, for some purposes, the output current at a specified voltage 
(IV). 

The active area of a receiver for computation of efficiency is the area designed to be 
illuminated. This includes interior grids and contacts and gaps between cells. The active 
area may exclude the area of the cells that are covered by contacts at the outer edges of 
the receiver, provided that it Is reasonable to expect the optical system to avoid illumin
ating these areas. Both the active area and the total area of the receiver should be 
included in the report. 

Receiver output parameters vary with temperature and with the intensity and the spec
trum of the irradiance. Receiver electrical performance reporting conditions nrc being 
developed. · · 

CR.E.2 Electrical Terminals (See MO.E.2) 

CR~.3 Module and Receiver Fault Tolerance (See MO.E.3) 

MechanicalJStructural Attributes 

CR.M.l Attachment Provisims 

Criterim. The provisions for attaching a replaceable receiver to the support structure 
shall not cause significant out-of-focus distortions of the re(!eiver when it is subjected to 
the operating mode structural load. 

Evaluatim. Documentati.on of satisfactory long-term experience under in-use conditions 
shall serve as the primary evaluation method. When adequate information is unavailable, 
design drawings, specifications, and engineering analyses shall be used to evaluate the 
receiver attachment provisions with respect to the aforementioned criteria~ 
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Commentary. Receiver attachment provisions must accommodate the various structural 
specified loading conditions. In particular, these attachment provisions shall minimize 
the constraint forces acting on the receiver because of temperature changes and any 
other differential movement between the receiver and the support structure. Since the 
field removal and replacement of a defective receiver can be anticipated at some time 
during the life of the system, these attachment provisions shall be designed to permit 
expeditious replacements, without disturbing the operation of other modules in the field. 

CR.M.2 Off-Axis Survival of Concentrator Module and Receiver (See MO.M.ll) 

CR.M.3 Materials Compatibility (See MO.M.l2) 

CR.M.4 Physical Deterioratim of Gaskets, Sealants, and Polymeric Coupling Hoses 

Criterim. Gaskets, sealants, and polymeric coupling hoses, whether dry or in direct con
tact with heat transfer fluids, shall not have their physical properties adversely affected 
by contact with these fluids to the extent that their functioning is significantly impaired 
during their design life. 

Evaluatim. Documentation of satisfactory long-term· performance under in-use condi
tions or engineering analysis shall be required. Acceptability of gaskets and sealants 
shall be determined by the methods outlined in ASTM D 3667-78 and in Appendices Band 
C of NBSffi 77-1437. Where adequate information is unavailable, coupling hoses may be 
tested using methods that meet the criterion. 

Commentary. Gaskets, sealants, polymeric coupling hoses, and similar organic materials 
frequently swell when e}cposed to liquids and, thus, may lose their ability to function. 

The joints near coupling hoses are a potential source of leakage; therefore, the selection 
of coupling hoses and clamps· is quite critical. Many failures have been noted with 
clamping hoses having screw or spring-type clamps. The hose tends to harden beneath 
the clamp when the hose is exposed to high temperatures, causing it to lose resiliency 
and leak. Further tightening of the clamps temporarily stops leakage but aggravates 
hardening. This result;s in a hard, nonresilient ring under the clamp that can no longer be 
tightened. Silicone t•ubi.Je•· ltuses and EPDMs (Ethylene-Propylene-Diene Monomers), if 
properly vulcanized, tend to maintain their resiliency. The silicone rubber hoses, how
ever, tend to be so pliable that if screw-type clamps with perforated bands are used the 
material is extruded through the perforations in the band. If this material is used, 
smooth band clamps also should be used. 

CR.M.5 CompatibWty of MaterialS with Heat Transfer Fluids 

Criterion. Materials designed to be used in contact with heat transfer fluids shall not be 
corroded or otherwise adversely affected by these fluids to the extent that their function 
will be. significantly impaired under in-use conditions during their design life. 

Evaluation. Documentation of satisfactory long-term performance under in-use condi
tions or engineering analysis shall be required. Acceptability of gaskets and sealants 
shall be determined by the methods outlined in Appendix B of N~IR 77-1437. Where 
adequate information is unavailable, materials may be tested using methods that meet 
the criterion. 
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Commentary. Corrosion of metals by heat transfer fluids could be a serious problem in 
solar energy systems. ·The Society of Automotive Engineers (SAE) Standard J447, "Pre
vention of Corrosion of Metals," provides guidance in preventing corrosion. Experience 
indicates that tight closed-loop systems help. 

Any use of inhibitors shouid be keyed to the characteristics of all elements of the energy 
transport system to which it is exposed, including collectors, piping, connectors, tanks, 
pumps, valves, and heat exchangers. With nontoxic heat transfer fluids, any inhibitors 
should be selected to maintain.desired fluid properties. (See CR.M.S.) · 

CR.M.6 Corrosim by Leachable Substances 

Criterion. · Chemical substances that can be leached by moisture from any of the materi
als Withm· the system shall not cause corrosive deterioration of solar components or 
building elements that would significantly impair their function over their design life. 

Evalt.Ultion. Documentation of satisfactory long-term performance under in-use condi
tions or engineering analysis shall be required. Where adequate information is unavail
able, testing methods that meet the criterion shall be used. 

Commentary. Salts that can be leached by moisture from some types of glass fiber and 
mineral wool insulation or from organic components may cause corrosion of nearby sys
tem components. Chlorides or sulfates are of particular concern in regard to metallic 
corrosion. Corrosion of solar components can also be caused by substances leached from 
roofing materials. · 

CR.M. 'I Deterioratim of Fluids or Phase-Change Materials 

Criterion. Fluids or phase change materials shall not freeze, give rise to excessive pre
Cipitation, lose their homogeneity, boil, change absorptivity, or change pH or viscosity 
beyond design ranges when exposed to their maximum and minimum service temperatures 
and pressures during design life. 

Evaluation. Documentation of satisfactory long-term performance under in-use condi
tions or engineering analysis shall be required. Where adequate information is unavail
able, testing methods that meet the criterion shall be used. 

Commentary. Although boiling can be prevented by pressurization, excessive tempera
ture can break down some constituents of the fluid to form organic acids. Buffers can 
counter the pH balance but only until they are exhausted. Some changes in pH are 
acceptable, but when the allowable ra.nge is exceeded, the transfer fluid or the buffe1·s 
must be renewed. This can be an acceptable maintenance requirement. 

Thermal cycling may cause precipitation to occur that may lead to a buildup of solids in 
pump seals and valve seats and cause a malfunction. 

If they are taken into consideration in the design, viscosity changes may lead to pumping 
problems (such as excessive pumping power requirements or overheating). 
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CRJ\1.8 Effects of Decomposition Products 

Criterion. Chemical decomposition products that are expelled from solar components or 
buildmg elements under in-use conditions shall not cause the degradation of solar com
ponents or .building elements to an extent that would significantly impair their function 
over their design life. 

Evaluation. Documentation of satisfactory long-term performance under in-use condi
tions shall be required. Where adequate information is unavailable, engineering analysis 
or testing methods that meet the criterion .shall be used. 

Commentary. Although components and materials, such as gaskets, sealants, and coat
ings, may yield degradation products during their service life without impairing their 
function or aesthetic properties, these degradation products could significantly impai.r · 
the per"formance of other components in the system. 

Heat transfer ·fluids, including inhibited water, may decompose and cause scale buildup 
that may cause deterioration. This is particularly true of hot water heaters where supply 
water is heated directly in the collector and dissolved solids (calcium salts) precipitate. 

CR.M.9 Interconnect Stress Relief (See MO.M.7) 

Durability/Reliability Attributes 

CR.D.l Temperat~Humidity Cycling Stresses 

, Criterion. Receivers shill be capable of withstanding the stresses induced by tempera
ture-humidity cycli,ng for their design life without significant performance degradation. 

Evaluation. Documentation of satisfactory long-term performance under in-use condi
tions shall be required. When such documentation is unavailable, the Test TE.AR.M.6 
(Temperature/Humidity Cy~ling Test-Concentrator Receiver) shall be used to evaluate 
receivers. The characteristics to be evaluated shall include output power degradation· 
and altered physi"cal appearance. 

Commentary. Receivers will encounter the combined effects of temperature-humidity 
·cycling stresses as a result of diurnal and climatic excursions.· Temperature and humidity 
may combine to produce effects that could not be caused by either one alone. These 
include temperature- and moisture-induced expansion of plastics and freeze-thaw 
effects. Susceptible parts of the receivers include cells, interconnects, encapsulant sys
tems, and bonding materials. To determine satisfactory long-term performance under in
use conditions, a five-year minimum of actual environmental evaluation is suggested. 

CR.D.2 . Electrical Terminals (See MO.H.2) 

CR.D.3 Solar Weathering (See MO.D.2) 

CR.D.4 Humidity (See MO.D.3) 

CR.D.5 Rain (See MO.D.4) 
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CR.D.6 Temperature Cycling (See MO.D.l) 

lmtallatim, Operation, and Maintenance Attributes 

CRJ.l Field Monitoring (See ARJ.6) 

ARRAY/ARRAY PIHLD PERFORMANCE CRITERIA 

Electrical Attributes 

Criterion. An array shall have an electrical output under illumination that satisfies spe
cificatons. 

Evaluatim. The electrical output of an array is characterized by certain electrical out
put parameters that are determined from the current-voltage (I-V) characteristic curve 
of the array. Test TE.AR.E.l (Electrical Performance Test-Flat-Plat~ Cells, Modules, 
and Arrays) shall be used to determine either the entire curve or some portion thereof. 

Commentary. The I-V curve is used to determine a large number of array electrical par
ameters. These include the short-circuit current (I ), the open-circuit voltage (V oc), the 
maximum power (P m), the voltage and current af<fnaximum power (V m' Im), the array 
electrical conversion efficiency ( TJ c>, the curve fill factor (FF) and,, for some purposes, 
the output current at a specified voltage (Iv>·. The entire front area of the array, 
including the frame, is used in efficiency calcUlations. . 

The parameters measured also may be used in the sale or purchase of arrays, the match
ing of arrays for assembly into array fields, and the detection ofarray degradation. The 
array may represent a source of high power output, and, as such, it may be impractical to 
measure a complete I-V curve. To interconnect arrays and match them to a given load it 
is often desirable to determine the current at a single voltage level. 

The values of the array output parameters vary with the temperature and irradia.nce con
ditions. For comparison of flat-plate arrays output parameter values are normalized to 
and reported at the electrical performance reporting conditions specified in Table B-1 of 
Test TE.AR.E.l. Reporting conditions are being developed for concentrator arrays. The 
physical size of many arrays precludes indoor measurement of the output parameters 
and, hence, these parameters are often determined under outdoor illumination. 

AR.E.2 Array Field Electrical Output 

Cr:,it~rion. An array field shall have an electricAl output under illumination that satisfies 
specifications. 

Evaluatim. The electrical output of an array field is characterized by certain electrical 
output parameters that are determined from the current-voltage (I-V) characteristic 
curve of the array field. This curve, or some portion of it, may be determined from a 
direct measurement of the array field according to Test TE.AR.E.l (Electrical Perfor-
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mance Test-Flat-Plate Cells, Modules, and Arrays) or from engineering analyses of the 
1-V curves of measurable portions of the array field. The test method for determining 
current-voltage characteristics of concentrators is in preparation. 

Commentary. The electrical output parameters of an array field include the short-cir-
. cuit current (lsc), the open-circuit voltage (V oc), the output current at a specified volt
age (lv,) the maximum power (P ), the voltage and current at maximum power (I , Vm), 
and the electrical conversion e/Piciency ( 11 c)· The area used in conversion eflPciency 
calculations, to reflect land utilization, is defined by the line connecting the outer 
bounds of the arrays in the array field projected on the horizontal. 

These electrical output parameters may be used to monitor performance, detect any 
degradation of the array field, and compare performance with other array fields. 
Because the array field represents a source of high power output, it may be impractical 
to measure a complete 1-V curve. In this case, an 1-V curve may be determined from 
measurements or data from individual branch circuits or other measurable parts of the 
array field •. 

The values of the electrical output parameters of an array field vary with temperature 
and irradiance. For comparison of flat-plate arrays, output parameter values may be 
normalized to and reported at the electrical performance reporting conditions specified 
in Table B-1 of Test TE.AR.E.l. The physical size of the array field requires the electri
cal parameters to be measured outdoors. The methods presently available to normalize 
the measured or determined parameters to the standard reporting conditions are such 
that they may not be accurate. 

AR.E.3 Lightning Protection (See SY .E.8) 

AR.E.4 Array Capability (See SY .E.4) 

AR.E.5 Mismatch Losses in Modules and Arrays (See MO.E.4) 

Mechanical/Structural Attributes 

AR.M.l Flat-Plate Array Structural Adequacy 

Criterion. Flat-plate arrays shall support all loads expected during the design life of the 
system without structural failure or significant performance degradation. 

Evaluation. The structural adequacy of the array structure for a given application shall 
be demonstrated by structural analysis. Documentation of satisfactory long-term per
formance under in-use conditions shall be considered contributory evidence of structural 
adequacy. 

Commentary. The loading criteria to be used in evaluating the array structure are pri
marily dependent on geography, use, and construction. Wind loading is recognized as a 
primary structure cost driver for photovoltaic arrays. In some applications it may be 
cost-effective to take advantage of the reduced wind loading due to boundary layer 
effects near the ground, shielding from adjacent rows or. arrays, or wind shielding 
devices, provided that the increased· cost of supporting analysis and documentation is 
defrayed by decreased structural costs. 
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AR.M.2 Concentrator Array Structural Adequacy 

Criterion. In any sun-tracking operating mode, the PV concentrator array shall safely 
support operating design loads (dead weight, wind, and constraint loads) without struc
tural failure or performance degradation beyond that accounted for in the energy loss 
budget for the system. When in a nonoperating mode or position, the concentrator array 
shall support all loads expected during the design life of the system without structural 
failure or subsequent performance degradation when the system is returned to an operat
ing condition. 

Evaluation. The structural adequacy of the array structure for a given application shall 
be demonstrated by structural analysis. Documentation of satisfactory long-term per
formance under in-use conditions shall be considered contributory evidence of structural 
adequacy. 

Commentary. The loading criteria to be used in evaluating the array structure are pri
marily dependent on geography, use, and construction. Wind loading is recognized as a 
primary structural cost driver for photovoltaic arrays. In some applications it may be 
cost-effective to take advantage of the reduced wind loading caused by boundary layer 
effects near the ground, shielding from adjacent rows of arrays, or wind shielding de
vices, provided that the increased cost of supporting analysis and documentation is 
defrayed by decreased structural costs. In connection with concentrator arrays, it is 
appropriate to distinguish between operating and nonoperating loads. The operating loads 
are those that occur while the array is in a sun-tracking operating mode. Operating loads 
cause structural deformations which affect the ability of the concentrator array to 
accurately track the sun. Operating wind loads might be significantly lower. than non
operating wind loads because studies have shown that virtually all of the sun's insolation 
occurs at relatively low wind speeds. Nonoperating loads occur at any time during the 
design life of the _array. In addition to withstanding these loads without structural fail
ure, permanent deformations of concentrator array structures should not reduce exces
sively the ability of the array to collect solar energy. 

AR.M.3 Off-Axis Survival of Field Components (See AR.S.l) 

Safety Attributes 

AR.S.l Off-Axis Survival of Field Components 

Criterion. Field components shall be capable of tolerating concentrated sunlight travers
ing off tfie normally illuminated area during normal Operating COnditions (e.g., SWI Hcqui
Sition or steering operations) or abnormal operating conditions (e.g., power failure of 
tracking motors) without significant degradation. 

Evaluation. Off-axis survival shall be demonstrated by engineering and safety analyses 
during field layout and design. The characteristics to be evaluated are adequate spacing 
of components and use of shields or barriers, any redundancy in cornponent design, use of 
noncombustible material~, and use of materials that will not soften or melt. 

Commentary. Concentrators can impose complex steady-state and transient thermal· 
loads on adjacent structures during off-axis pointing. Depending on the specific concen
trator, optics ·chosen, and the field layout, the energy distribution on adjacent structures 
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can be highly nonuniform and may reach very high levels of concentration in localized 
areas. The nature of the off-axis condition-that is, whether the array is moving or 
stopped-determines the extent to which adjacent structures may be exposed to intense 
energy concentrations for extended periods of time. · 

Linear focusing concentrators inherently concentrate light off the receiver at the ends of 
the trough during normal operation while tracking and the effect of this concentrated 
light must be accounted for in field layout. 

AR.S.2 Safety Proee_dures (See SY .S.l) 

AR.S.3 Flammability (See MO.S.5) 

Durability/Reliability Attributes 

AR.D.l Humidity (See MO.D.3) 

Installatim, Operation;, and Maintenance Attributes 

AR.I.l Access for Maintenance (See SY .1.3) 

AR.I.2 Array Spacing for Shadowing ·(See SY .B. I) 

ARJ.3 lnstallatim, Operatim, and Maintenance Manual (See SY j.2) 

ARJ.4 Installation Plan (See SY .S.6) 

AR.I.5 System Maintainability (See SY .1.2) 

ARJ.6 Field Monitoring 

Criterion. Modules, receivers, tracking and control apparatus, and arrays shall provide 
monitoring capability for evaluating electrical and therinal performance. 

Evaluation. Drawings, specifications, and the operating/maintenance manuals shall be 
reviewed to determine that appropriate accessible and monitoring points (e.g., electrical 
terminals) have been incorporated. _ 

Commentary. The location of accessible and appropriate sensors will permit array
related parameter· monitoring and expedite the maintenance. and repair of equipment. 
Periodic monitoring of modules (arrays, concentrators, etc.) is sometimes necessary to 
check for hot-spot heating, power degradation, etc. Test points at the appropriate ele
ment are useful for monitoring the above conditions. 

3-29 



S5~1'*' ______________________ .=._:TR=----=6...:....::.54 

REFERENCES 

l. Chen, C. P. Fracture Strength of Silicon Solar Cells. DOE/JPL-1012-32~ Pasadena, 
CA: Jet Propulsion Laboratory; October 1979. 

2. 

3. Ross, R. G., Jr. Interface Design Considerations for Terrestrial Solar Cell Modules. 
Proceedings of the 12th IEEE Photovoltaics Specialists Conference, Baton Rouge, 
Louisiana; December 1976; pp. 801-806. 

4. Gonzalez, C.; Weaver, R. Circuit Design Considerations for Photovoltaic Modules 
and Systems. Presented at the 14th IEEE Photovoltaics Specialists Conference, San 
Diego, California, 7-10 January 1980. 

5. Bucciarelli, L. I., Jr. "Power Loss in Photovoltaic Arrays Due to Mismatch in Cell 
Characteristics." Solar Energy. Vol. 23; 1979; pp. 277-288. 

6. Moore, D. Proposed Method for Determinin the Thickness of Rectangular Glass 
Solar Collector Panels. DOE JPL 1012-41. Pasadena, CA: Jet Propulsion Labora
tory; March 1980. 

7. Jet Propulsion Laboratory. "Solar Cell Interconnector Design Problems." Solar Cell 
Array Design Handbook. Pasadena, CA: JPL; October 1976. 

8. Gonzalez, C. Environmental Hail Model for Assessin Risk to Solar Collectors. LSA · 
Project Task Report 5101-45 JPL Internal Document. Pasadena, CA: Jet Propul
sion Laboratory; December 1977. 

9. U.S. Department of Housing and Urban Development. HUD Intermediate Minimum 
Property Standard Supplement for Solar Heating and Domestic Hot Water Systems. 
Document 4930.2, Vol. 5. Washington, DC.; 1977. 

10. Moore, D.; Wilson, A. Photovoltaic Solar Panel Resistance to Simulated Hail. 
DOE/JPL 1012-78/6. Pasadena, CA: Jet Propulsion Laboratory; October 1978. 

ll. Hoffman, A.; Maag, C. Airborne Particulates Soiling of Terrestrial Photovoltaic 
Modules and Cover Materials. Presented at the Institute of Environmental Sciences 
Annual Meeting, Philadelphia, PA. 11-11 May 1980. 

12. Stultz, J.; Wen, L. C. Thermal Performance Testing and Anal1sis of Photovoltaic 
Modules in Nat_ural Sunlight. LSSA Project Task Report 5101-31 JPL Internal Docu-
ment). Pasadena, CA: Jet Propulsion Laboratory; July 1977. · 

13. Stultz, J. Thermal and Other Tests of Pho'tovoltaic Modules Performed in Natural 
Sunlight. DOE/JPL 1012-78/9. Pasadena, CA: Jet Propulsion Laboratory; July 
1978. 

14. Stultz, J. "Thermal and Other Tests of Photovoltaic Modules Performed in Natural 
Sunlight." Journal of Energy. Vol. 3 (No. 6): November-Decemberl979; pp. 363~ 
372. 

3-30 



$5~1'*' ______________________ T_R_-_65_4 

4.0 POWER CONDmONING SUBSYSTEM 

Introduction ••••.•.••••••••••...•.•...•••..•.•.•• , •.•.•.•.•...•••••••.•...• 

Perform8ll.ce Criteria ••..•.•.••.....•••••.•....•..•.••..••...•.•.•. ~ .....••• 

Electrical Attributes •.••.. · ..•.•...•.•••.•.•••..••.•..•.....•...•••••• 
PC.E.l 
PC.E.2 
PC.E.3 
PC.E.4. 
PC.E.5 

Input Voltage Specification ••••••••...•.••..••.•••.•.•..••• 
Input Ripple Current Ratio •..•..•..•. • ••. • •....••••....•...• 
Input Current-Voltage Characteristics ..•.•...•..••..••.•••• 
Output Voltage for Stand-Alone Inverter •..•.•..••••.••...•. 
Output Characteristics for Utility-Interactive 

4-3 

4-4 

4-4 
4-4 
4-4 
4-5 
4-5 

Inverter. . . . . . • • • . . . • • • • • • • • • . . • . . • . . . • . . . • . . . • . . . • . . . • • • 4-6 
PC.E.6 Unbalanced Load for Stand-Alone Inverter................... 4-6 
PC.E.7 Intermittent (Inrush) Capability of a Stand-Alone 

Inverter. . • . . . . • • . • . . . . • • . . • . . . . • • . • . • • . . • • • . . • . . • • . . • . • . 4-6 
PC.E.8 Load Power Factor for Stand-Alone Inverters . • . . • • . • • . • • . . • • 4-7 
PC.E.9 Output Power Factor or VARS for Utility-lnteractive 

Inverter .••••.•.• _. . . . • • . • • . • • . • • . • . . . • • • . . . . . . • • • . • • • • • . • 4-7 
PC.E.lO Output Voltage Harmonic Content for Stand-Alone 

Inverter. • • . • • . . • • • . . . • . . . • • • . • • • • • . . • • . . • • . . • • • • • • . • • • . • 4-8 
PC.E.ll Output Current Harmonic Content for Utility-

PC.E.l2 
PC.E.l3 
PC.E.l4 
PC.E.l5 

· PC.E.l6 
PC.E.l7 

Interactive Inverter ....•••.•.•••••.•.•.••..•••.•.••.•..•• 
Output Frequency of Stand-Alone Inverter •••• ~ ••..••.•..•.•• 
Turn-on Characteristics •••.•••.•••.•••••..•.•.••.•....•... 
Efficiency ••••......•.••.•...••..••.•.•••.•. ~ •.••..••.•••• 
Input Undervoltage/Overvoltage Survival Capability ••..•.•.•. 
Output Undervoltage/Overvoltage •...•....•..••.•.•......•• 
Output Underfrequency/Overfrequency .••.•••..••...•.......• 

Thermal Attributes ••••....•••....••.......•••.••....••.•.••..•..••... 
PC.T.l Overtemperature ..••••••...•.••..••..........•...•..•.•.• 

4-8 
4-9 
4-9 

4-10 . 
4-10 
4-11 
4-12 

4-12 
4-12 

Mechanical/Structural Attributes....................................... 4-12 
· PC.M.l Operational Temperature, Pressure, and Humidity •..•..•.•••• 4-12 

Safety Attributes .••..•..•••.•.•....••...•..••..•.••.•....••.....•.••• · 4-13 
PC.S.l Safety ••...........•.......•••....... ~.................. 4-13 
PC.S.2 Burn Hazard. . . . • . • • . . . • • . • • • . • . . . . . • • . . . . • • . . • • • • . • . . • • • 4-14 
PC.S.3 Fire Safety ............ "' .......•••••• ,., .~................. 4-14 
PC.S.4 Electrical Isolation and Insulation • . . • • . • • . . . • . . • • • • • . • • • . • . 4-14 

Installation, Operation, and Maintenance Attributes. . • . • • . • • . . • • • . • . • • • • • • 4-16 
PC.I.l Installation, Operation,· and Maintenance Manual •••••.•..•• ~ • 4-16 
PC.I.2 Maintainability ........••••...•...•••.....••..•.• ~ ..•••.•. 4-16 
PC.I.3 Accessibility • • • • . . . • • . • • • . • . . • . • • . • • • . . • . • . • • . • . • • • •. • . . • 4-16 
PC.I.4 Local Monitoring. . • • • • . • • . • • . • • • . . • • • . . . . .. • . • • . . • . • • • . . • • 4-16 
PC.I.5 Local/Remote Controls • . • • . . • • • • • • . • • • . • . • • • . • • . . • • • • • • . . 4-17 
PC.I.6 Local/Remote Monitoring ......•••..•••••.••..•••.••..•••• 4-17 

4-1 



THIS PAGE ·.·· : .. : . 

WAS INTENTIONALLY 
LEFT BLANK 

'. 

I 



$5~~~-~ _____________________ T ....... Ru....-_....6"""'54 

INTRODUCTION 

SECTION 4.0 

POWER.CONDITIONING SUBSYSTEM 

The power conditioning subsystem comprises the power conditioning units (PCU) and 
power routing switches required to link one or more power sources to one or more loads. 
It also provides necessary subsystem supervisory functions and signal wiring. The power 
conditioning subsystem may be controlled by the system monitor and control unit through 
the power conditioning monitor and control subsystem, which responds to both internal 
and external signals for supervision of PCU operation. To avoid conflicts, all signals to 
and from P_CUs and power routing switches should be routed through the power condition~ 
ing monitor and control subsystem. The system monitor and control unit is described in 
Section 2.0; the power conditioning monitor and control subsystem is described in Sec
tion 5.0. 

An inverter is a PCU which changes a DC input to an AC output, and may be used in two 
types of systems: stand-alone (SA) and utility interactive (UI) systems. 

An SA system is one in which the inverter operates independently of a utility line; it 
never operates in parallel with the utility line. The output voltage of an SA inverter is 
fixed; the output current drawn is determined by the loads. Generally, all load require
ments (real, reactive, transient) must be supplied by the inverter. It is possible to draw 
supplementary power, if needed, by disconnecting the load from the inverter and con
necting the load to the utility (if available) by electronic or mechanical switching. A DC 
power supply can be used to provide supplementary power to the DC input of the 
inverter. A diesel generator or other supplementary energy source can be used in a 
stand-alone system. 

A UI system is one in which the inverter or system operates in parallel with a utility line 
to supply a common load and may supply power to that line. The output voltage of the UI 
inverter is set by the utility line; the inverter controls the output current. Contrast this 
capability with that of the SA inverter described previously. The power supplied by or to 
the utility is the difference between that supplied by the PV system and that used by the 
load. Transient overloads, such as those reqUired for starting a motor, would normally be 
supplied by the utility. Proper function of the inverter may or may not be dependent on 
the connection to the utility line. 

A UI system could be designed so that power is never delivered to the utility. In this 
case, the PV power system must operate in a load-following mode whenever array capa
bility is greater than the load, thus not using all available energy. Alternatively, another 
discretionary load (battery charger/battery or water heater, for instance) may accept 
excess PV power available. A UI system may also employ equipment to operate the array 
at the maximum power point (see glossary). In this case, a sufficient load must always be 
available to absorb all available array power. 

Both stand-alone and UI systems may include an energy storage device to store PV and/or 
off-peak utility energy for use at night or when load demand exceeds available PV power. 

Performance criteria in this section are applicable to both SA and UI applications unless 
otherwise indicated. In some cases, specific comments relative to one or the other 
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application are made in the commentary statements, as appropriate. Later editions of 
this document will include performance criteria for other types of power conditioning 
unitS, as described in the glossary. Test methods referred to in this section with the code 
designation TE.PC. are located in Appendix B. 

PERFORMANCE CRITERIA 

m.eetrieal Attributes 

PC.E.l Input Voltage Specifieatim 

Criterion. The PCU shall perform as specified for any applied DC input voltage within 
the input voltage and environment operating range specified. 

Evaluatim. Test TE.PC.E.l (Power Conditioning Unified Test Procedure for Solid-State 
Inverters). · · 

Commentary. It is recommended that PV array voltage ranges be .standardized so that 
PCUs need not be custom designed for each application. For SA and transformer-iso
lated UI units, 100 V to 300 V have been used for up to 50-kW ratings in both single and 
three-phase systems. Other voltages may become desirable as new power switching 
devices are developed. Recently, UI inverters for up to 10 kW have been designed for the 
160 V to 240 V input voltage range. If line-commutated UI inverters are to be used with
out transformer isolation, the input voltage range should be consistent with r.estrictions 
on maximum DC input voltage; e.g., 90% of the RMS AC utility voltage for single-phase 
units and 135% (6 pulse) and 141% (12 pulse) of the RMS AC line-to-line utility voltage 
for three-phase units. Similar restrictions apply to self-commutated inverters without 
transformer isolation. 

P .C.E.2 Input Ripple Current Ratio 

Criterim. The input ripple current ratio for the PCU shall be less than that value speci
fied for the unit for a specified range of input impedances. 

Evaluatim. Test TE.PC.E.l (Power Conditioning Unified Test Procedure for Solid-State 
Inverters). 

. . 

Commeittar~. Measurement system bandwidth is restricted so that switching transients 
that have 1i Ue practical et't"ect on loads (other than EMl considerations) Will not produce 
·misleading measurements. 

Ripple superimposed on the average current drawn from the PV array can reduce average 
array output power and, if excessive, can cause the inverter to malfunction. At the max
imum power point the PV array impedance (for small changes) can be approximated by a 
resistor numerically equal to the voltage divided by the current. Generally this incre
mental resistance is minimum when the array maximum power point voltage is lowest 
(either by design or because of high-temperature operation), leading to the worst ripple 
currents for a given PCU. The effects on a PV array of ripple current drawn by a con
nected load is discussed in Ref. 1. In syst~ms with storage, the effects of ripple current 
are still under investigation. ) 
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An analysis of how the inverter input ripple current is affected by the instantaneous 
power balance and the input filter circuitry is shown in Ref. 2. As described in this ref
erence, the input filter strongly affects the amount of ripple fed back to the source. 
Array nonlinearity can also introduce additional harmonics. Filters, if required, should 
be placed at the input to the PCU to prevent conduction of internally generated signals 
to the PV array, from which they could be radiated to cause electromagnetic interfer
ence (EMI). 

PC.E.3 Input Current-Voltage Characteristics 

Criterion. The input current drawn by the inverter as a function of applied input voltage 
shall satisfy the input current-voltage characteristics as specified for a given set of out
put load and voltage conditions. 

Evaluation. Test TE.PC.E.l (Power Conditioning Unified Test Procedure for Solid-State 
Inverters). 

Commentary. The current-voltage input characteristics of the inverter are important 
because they provide insight into system performance under variable conditions of PV 
array output and system load. 

If a closed-loop maximum power point tracker is included in the PCU package, it must 
temporarily be overridden in order to measure input characteristics. 

PC.E.4 Output Voltage for Stand-Alone Inverter 

Criterion. The output voltage of an SA inverter shall satisfy specifications for amplituie 
adjustment range and response speed. { 

Evaluation. T9 be prepared for a future edition. 

Commentary. Inverters designed for SA systems applications should provide a nominal 
AC output voltage at one of the electric utility standards, such as 120/240 V single-phase 
or 120/208 V three-phase. It will usually not be necessary or desirable to adjust the out
put voltage by means of. front panel controls, because most loads are able to operate 
within nominal utility tolerances. An internal adjustment range of ± 10% of nominal is · 
common. 

Since most loads that would be connected to the inverter can operate with utility power, 
they will tolerate the normal fluctuations found on a utility line. This level of regulation 
should, therefore, be sufficient except for special cases. Voltage regulation aspects are 
the static and dynamic response characteristics of the inverter. 

If the inverter can handle momentary overloads, such· as motor starts, the manufacturer 
should specify its regulation characteristics under such conditions, if they differ from 
normal operations. Some inverters, such as those used for variable-speed AC motor 
drives will require additional specifications. 
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PC.E.5 

PC.E.5 Output Characteristics for Utility-Interactive Inverter 

Criterion. The UI inverter shall be capable of operating with specified output character
istics when connected to a utility line of specified characteristics which constrains the 
inverter -output voltage and frequency and presents a specified impedance to the 
inverter. 

Evaluatim. Test TE.PC.E.l (Power Conditioning Unified Test Procedure for Solid-State 
Inverters). · 

Commentary. In a UI system, the output of the inverter is connected directly to the util
ity line; therefore, output voltage and frequency are fixed. The inverter should be cap
able of operating over a range of output voltages and frequencies that are compatible 
with the utility line characteristics. The nominal output voltage, frequency, and opera
tional range, expressed as a percentage of nominal, shall be specified.· 

For UI inverters operating in parallel with utility sources of comparable capacity, as in 
small diesel-powered systems, protective measures and a description of adjustments (if 
applicable) should be provided to prevent the voltage or frequency of the combined power 
system from exceeding safe levels. 

For inverters using a three-phase utility connection, the manufacturer should state the 
allowable phase voltage imbalance and phase deviation from nominal. 

A standard U.S. test line impedance for single-phase residential UI inverters will be 
determined. Line impedances substantially different from the standard test impedance 
may affect inverter specifications, such as harmonic current injection and device stabil
ity. A range of line impedances should be considered in the design of the equipment. 
Line commutated inverters rely on the utility line to supply commutation energy for 
proper circuit operation, if no filter is present. 

PC.E.6 Unbalanced Load for Stand-Alone Inverter 

Criterim. The inverter shall be able to sustain an unbalanced load equal to a maximum 
stated level. 

Evaluation. Test TE.PC.E.l (Power Conditioning Unified Test Procedure for Solid-State 
Inverters). 

Commentary. In a three-phase system, modern utility-supplied loads usually exhibit 
some imbaiance among phase loads. The same is true for two sides of a 240-V single
ph83e center tap system. A I'CU should be capable of operation in these unbalanced 
loads and should protect itself and the load if the limits of load imbalance are exceeded. 

PC.E.7 Intermittent (Inrush) Capability of a Stand-Alone Inverter 

Crite.rion. The inverter shall be capable of providing reactive and real power output in 
excess of its rated output power consistent with its overload specification. 

Evaluation. Test TE.PC.E.l (Power Conditioning Unified Test Procedure for Solid-State 
Inverters). 
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Commentary. Overload capability is the ability of the PCU to provide output in excess 
of specified ratings. This may be .required in order to put high inrush current loads into 
operation. Overload capability may be a necessary performance requirement. Applica
tion of a load. within the specified overload rating of the PCU shall not activate protec
tive devices, turn off the PCU, or damage internal components. 

Where necessary, SA systems should be specified to supply sufficient rated or overload . 
capacity (including reactive currents) to provide inrush currents to start equipment such 
as compressors, motors, and tungsten-type loads. If the power system does not include 
storage, then the real (nonreactive) portion of the overload capability may be limited by 
the PV array. If storage is provided, then real power will likely be limited by the over
load rating of the PCU. These overload ratings may permit high inrush currents for short 
times and a longer time for overload capability (e.g., for motor starting and inertial 
loads). Note that higher-than-necessary overload capability may unnecessarily decrease 
efficiency and increase the cost of the PCU. Oyerload capability is part of a complex 
trade-off against such things as efficiency· and cost; therefore, increased overload capa
bility is not necessarily a benefit. 

PC.E.8 Load Power Factor f<r Stand-Alone Inverters 

Criterion. All inverter output specifications shall be met when the load displacement 
power factor is withi.n its specified maximum allowable limit • 

. Evaluation. Test TE.PC.E.l (Power Conditioning Unified Test Procedure for Solid-State 
Inverters). 

Commentary. Displacement or fundamental power factor has traditionally been the 
loading used to specify inverter capability. As the use of nonlinear loads increases, such 
as AC-powered switching power supplies, the effects of harmonic currents drawn from 
inverters have become more important. The effects of nonlinear loads and limitations on 
them shall be stated. 

A power transfer map (as defined in the glossary) may be used to specify the allowable 
load power factor. 

PC.E.9 Output Power Factor or VARs for Utility-Interactive Inverter 

Criterion. Output total power factor or VARs shall be within specifications over the full· 
rated range of operation of the inverter. 

Evaluation. Test TE.PC.E.l (Power Conditioning Unified Test Procedure for Solid-State 
Inverters). 

Commentary. When an inductive load is connected to a utility line, the current (defined 
into the load) lags the voltage. This condition is a lagging power factor or a consumer of 
reactive volt-amps as defined in utility terminology. 

Conversely, a ca·pacitive load presents a leading power factor which supplies reactive 
volt-amps. To prevent confusion, the UI inverter should be treated as any other utility 
load and the direction of the current reference should be toward the inverter. If the 
power factor is adjustable, its range should be specified. 
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PC.E.lO Output Voltage Harmonic Content for Stand-Alone Inverter 

Criterim~ The output voltage harmonic content shall be equal to or less than that speci
fied over the full rated range of operation of the inverter. 

Evaluation. Test TE.PC.E.l (Power Conditioning Unified Test Procedure for Solid-State 
Inverters). 

Commentary. The amount of voltage distortion that can be tolerated depends on the 
equipment connected to the inverter and the susceptibility of this equipment to nonsinu
soidal waveshapes. Most loads have been designed to operate from utility lines that have 
a low harmonic content. Some loads are sensitive to waveform distortion. The total 
harmonic voltage distortion accepted for powering critical computer loads is 5%; no 
more than 3% is in any one harmonic. · 

Allowance of higher distortion may permit the design of higher efficiency or lower cost 
equipment or both. The PCU output waveform may be purposely nonsinusoidal (such as a 
square wave) in some specialized applications. See Ref. 3 for additional information. 

PC.E.ll Output Current Harmonic Content for Utility-Interactive Inverter 

Criterion. Output current harmonic content shall be equal to or less than that specified. 
over the full range of operation of the inverter while operated into a utility line of speci
fied characteristics. 

Evaluation. Test TE.PC.E.l (Power Conditioning Unified Test Procedure for Solid-State 
Inverters). 

Commentary. The amount of voltage distortion that eRn be tolerated on the utility lines 
depends on the susceptibility of the equipment connected to it. ThP. mP.AsllrPmP.nt and 
specification of voltage harmonic content is therefore preferred at the utility system 
level. The UI inverter can be modeled as a generator of harmonic currents. Measure
ments of these harmonic currents are required to calculate the effects of the inverter on 
the distribution system. Measurements of the individual harmonics are desirable to help 
select suppression techniques,- because the amplitudes actually generated frequently dif
fer from those indicated by simplified theory. The resultant voltage harmonics at the 
point of equipment connection, and at other points in the utility distribution system, will 
depend on system impedances at harmonics and inverter harmonic currP.nt content. Care 
should be taken to avoid resonances. The ability of the utility to absorb these harmonic 
currents without damage and with acceptable resultant voltage harmonics may be speci
fic to the site. Adequate information about the line impedances at harmonics at residen
tia.l R.nd other locations on low voltage distribution lines is not yet available, but rela
tively large amounts of harmonic current may be acceptable for the near term. As the 
number of UI inverters in a particular residential distribution area increases, a more 
restrictive inverter specification (or distribution systems modification) could· become 
necessary, consistent with utility standards which may be developed. A standard u.s. 
test line impedance for single-phase residential UI inverters will be determined. 

Intermediate PV power systems may be large enough to make custom filters economi
cally feasible. Measurements made on an individual installation will determine the filter 
required. Similar comments apply to central power applications, which use custom 
designed filters. 

4-8 



S5~11tll ------------------------;;":T~R";:;-6.:....;5:-;:;4 
- PC.E.l2 

PC.B.l2 Output Frequeney of a Stand-Alone Inverter 

Criterion. The output frequeney of an SA inverter shall satisfy specifications for nomi
nal value and stability. 

Evaluation. A frequency measuring instrument with an accuracy and readability of. 
0.1 Hz shall be used. The frequency adjustment range (if adjustable) shall be checked at 
nominal input voltage and full rated load. The frequency shall then be set at the nominal 
operating frequency and the unit allowed to temperature stabilize. 

Any frequency change shall be noted and then the frequency shall again be set to its 
nominal value. The input voltage and load shall be varied over the full specified operat
ing range and the frequency shall be recorded. If require.d, the frequency shall be mea
sured at environmental extremes. If it can be shown that the frequency is independent of 
output load, testing may be confined to the individual circuit or card that contains the 
elements determining frequency. · 

If the inverter contains provisions for phase lock to an external reference, phase error 
shall be recorded as the external reference frequency is varied between specified 
limits. The locking range is defined as the range of reference frequencies within which 
the inverter can achieve phase lock. 

If the specification includes a requirement for a maximum rate of phase change, this 
shall be measured by using instrumentation which provides an abrupt change of phase into 
the reference frequency terminals. · · 

Commentary. Most loads to be used with an SA inverter have been designed for opera
tion at either 50, 60, or 400 Hz. A majority of these loads can tolerate at least a 5% 
deviation from nominal, but some loads, such as clocks, require long-term frequency 
accuracy. 

PC.E.l3 Tum-on Charaeteristies 

Criterion. The inverter shall be capable of satisfying the specified turn-on characteris
tics of input or output voltage, current, or power, after input power has been applied to 
the inverter, or when the inverter is recovering from a load or source fault condition. 

Evaluation. The turn-on input or output transients shall be recorded by an oscilloscope 
equipped with a camera or a suitable chart recorder. Turn-on shall be.checked at several 
combinations of low and high input voltage and no load to full load as specified in Test 
TE.PC.E.l (Power Conditioning Unified Test Procedure for Solid-State Inverters). If· 
applicable, short circuits (or overloads) shall be applied to the inverter and photographs 
taken of the recovery transient. 

Commentary. ·Power system equipment is usually designed to turn on gradually, or "walk 
in." This is done to minimize transients in the AC or DC side of the power system by 
allowing power flow to change slowly. This walk-in capability should also operate in 
remote-controlled units when switching from the standby mode to the operate mode. 
Walk-in capabilities are especially important in UI PV applications because of the limited 
power available during morning turn-on procedures. 
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If an inverter requires a power surge when it is ·turned on, or when it is connected to the 
utility, then this transient power requirement limits the system's useful power range. 

PC.E.l4 Efficiency 

Criterion. The conversion efficiency shall be no lower than the values specified over the 
stated range of electrical and environmental conditions. 

Evaluation. Test TE.PC.E.i (Power Conditioning Unified Test Procedure for Solid-State 
Inverters). 

Commentary. Efficiency is the fraction of input power converted into useful output 
power. Two efficiency definitions have been established by the Institute of Electrical 
and Electronics Engineers (IEEE) Industrial Application Society (I~S) and are as follows: 

• P428-Dl 2.3.U Total Efficiency. The ratio of the total output power to the total 
input power including the contributjon of all harmonics. 

• P428-Dl 2.3.12 Fundamental Efficiency. The ratio of the fundament~! output 
power to the fundamental input power. 

Generally, harmonics of the fundamental frequency do not contribute useful power to a 
load and may cause undesirable heating effects in load equipment such as motors and 
transformers. However, for loads such as incandescent lights and resistance heating 
elements, harmonics can contribute useful power. 

Electrodynamometer power meters will measure total power to at least l kHz. The same 
measurement can be made with Hall effect multipliers or electronic analog multipliers. 
The derivation of the fundamental component of voltage and current prior to multiplica
tion would unnecessarily complicate efficiency measurements. It is therefore recom
mended that the total efficiency shall be measured since suitable equipment is generally 
available. If total harmonic distortion is low, the differences are negligible. 

The system designer should bear in mind that, in general, the inverter will not operate at 
maximum rated output. If an oversized inverter was chosen to accommodate transient 
loads, but it will normally operate at partial load, then the specification should cover the 
partial load efficiency and not the full load efficiency. 

PC.E.l5 Input Undervoltage/Overvoltage Survival Capability 

Criterion. The PCU shall survive specified overvolta.ge ann unciP.rvoltAgP. conditions at 
its mput without damage. 

Evaluation. Satisfactory performance of a reference unit shall be determined in a quali
fication test which subjects the unit to. undervoltage and overvoltage. The unit shall 
automatically disconnect from the input source, or otherwise take p~otective action, 
when input voltage falls outside the design range. Restart of the inverter shall provide 
operation within specifications. 

Commentary. When a PCU is operated directly from a PV array, an undervoltage condi
tion will occur when more power is demanded from- the array than is available at the 
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maximum power point. An overvoltage may occur in ·cold weather when insufficient 
power is drawn from the PV array. 

Input overvoltage may damage an inverter; thus, a disconnection or short-circuit (crow;.. 
bar) between the PV sour<re and the inverter may be necessary. With an undervoltage 
condition present, the inverter may not provide the specifi"ed output power quality and 
the inverter must be safely turned off or the load disconnected. The inverter shoul~ be 
capable of surviving any input undervoltage condition without damage to itself or the 
load. · · 

The input voltage design range requires a complex trade-off against such items as effi
ciency and cost. Inverters of various designs will have different short- and long-term 
capabilitie~ regarding input under- and overvoltage. The manufacturer should supply 
applicable information. 

If the under/overvoltage circuitry acts to trip an input circuit breaker, and if such cir
cuitry senses input voltage after the circuit breaker, some additional circuitry (such as 
time delays) must be p~ovided to permit reliable turn-on of the unit. 

For unattended operation, an inverter in a system without energy storage should be cap
able of automatic turn-on or turn-off at sunrise and sunset. In addition, large power 
fluctuations, such as those caused by transient cloud cover, should not cause system mal-
fUnction. I 

PC.E.l6 Output Undervoltage/Overvoltage 

Criterion. An SA inverter shall disconnect, or otherwise protect the inverter or load, or 
activate an alarm (or both) when the output voltage is beyond specified limits. 

A UI inverter must disconnect from the utility line as specified when the utility voltage 
is beyond specified limits. 

Evaluation. A recommended test procedure will be prepared for a future edition. 

Commentary. This performance ~riterion may not be required for all SA applications. 
Output undervoltage could be caused by inverter malfunction or output overload. Output 
overvoltage in SA inverters is usually the result of inverter malfunction. 

Since overvoltage to the load is potentially harmful to that load, some protection may be 
afforded by an automatic load disconnect. While failure in the overvoltage mode is 
common in DC power supplies, it is uncommon for AC inverters; therefore, the need for 
protection must be weighed for each type of inverter design and application. 

For UI inverters, the output voltage of the inverter when it is connected to the utility 
line is determined solely by the utility since the utility power capability will usually far 
exceed that of the inverter. An undervoltage or overvoltage condition from the utility 
indicates a serious utility problem. A UI inverter must be disconnected from the utility 
to protect the inverter and utility personnel when an out-of-specification condition 
exists. The undervoltage/overvoltage sensing may also be an inherent part of an inver
ter's protective design in sensing that the utility voltage has disappeared. System 
restart, after shutdown due to utility removal, can be manual, or if restart is automatic, 
the utility power first must be restored and stable. 
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Many options exist for residential and intermediate load center power systems. The sys
tem could be designed so that, should utility failure occur, the system disconnects from 
the utility and reverts to SA operation to supply local loads as much as possible. Loss 9f 
utility in central 'power applications precludes further operation, and manual restart will 
probably be required. 

PC.E.l7 Output Underfrequeney /Overfrequeney 

Criterim. The inverter shall provide an ala~m or automatically disconnect to protect the 
load or inverter in the_ event of output under- or overfrequency. 

Evaluation. An evaluation procedure shall be performed if the invertel' contains an out
of-frequency alarm/shutdown circuit. Inverter frequency may be varied or an eXternal 
variable signal may be applied to the frequency detecting circuitry (whichever is appro
priate). Trip/alarm frequencies shall be compared to specifications. 

Commentary. In a SA application, an under- or overfrequency output indicates failure 
within the inverter. Such failure, if severe, can cause damage to the inverter or the con
nected load. In most inverter designs, failure in frequency regulation is unlikely; there
fore, this protection may not be required. 

For UI applications, the output frequency (when the inverter is connected to the utility) 
is determined solely by the utility since the utility power capability will far exceed that 
of the inverter. Any under- or overfrequency condition indicates a serious utility prolr 
lem. 

Thermal Attributes 

P~ .. T.l Overtempemture 

Criterion. If the equipment is provided with such protective devices, automatic shut
down shall occur or remote alarms shall become operative when the unit operating tem
perature is beyond its specified ran~ e. 

-Evaluation. The temperature sensors shall be heated or cooled with a suitable source and 
monitored-while temperature and shutdown/alarm signAls are monitored. 

CommentarJ;· Electronic equipment is designed to operate within specified temperature 
ranges. Critical components, usually semiconductors, are provided with minimum cooling 
consistent with long-term reliability- and economic considerations. An overtemperature 

_ condition may be the result of blockage of air passages or loss of forced air. 

· Meehanical/Structural Attributes 

· PC.M.l Operational Temperature~ Pressure, and Humidity 

Criterion. PV inverters shall be capable of operating over the specified range of ambient 
temperatures, pressures, and humidity conditions. · 
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Bvaluatioo. Satisfactory thermal performance of a representative complete l.Ulit shall be 
determined in a qualification test capable of producing the range of specified tempera
tures for the l.Ulit. Pressure and humidity specification conformance shall be determined 
by test or experience and design analysis. 

Commentary. Like any piece of electrical equipment, the inverter must perform satis
factorily over the ranges of temperature, humidity, and pressure to which it will be sub
jected in operation. The pressure range should include the barometric pressures at all 
locations at which the l.Ulit might be installed. 

Special consideration is necessary if l.Ulit operation below 0° C is required, because com
ponents may be affected by these temperatures. 

Although the l.Ulit may be installed in a temperature- and humidity-controlled room, l.Ulit 
failure should be avoided if the building HVAC system should fail. One possible set of 
operating conditions might be: 

• Ambient temperature 0°C to 40°C 

• Relative humidity: up to 96%, noncondensing 

• Barometric pressure: 69.3 kPa to 101.3 kPa (520 to 760 mm Hg) 

If required, the inverter should be provided with internal cooling fans and proper cooling 
air flow paths to maintain satisfactory performance over the specified temperature, 
pressure, and humidity ranges. 

Safety Attributes 

PC.S.l Safety 

Refer to performance criterion SY.S.l. See below for additional commentary warranting 
particular attention. 

Commentary, In addit~on to the issues mentioned in SY~S.l, the following characteristic 
should be considered. . · 

Charged capacitors represent a safety hazard to service personnel. Permanently con
nected bleeder resistors will discharge the capacitors, but they lower system efficiency; 
therefore, a trade-off must be made, balancing safety against· efficiency. Another 
method of discharging capacitors is by using a discharge button and a voltage indicator, 
nr R safety interlock system •. These methods, although somewhat more costly, optimize 
both safety and efficiency. 

The system generally should be designed so that the voltage across the input capacitors 
falls to below 30 VDC within one minute after power is removed from the inverter, or 
upon access to the inverter for servicing. 

See also SY.I.l, Installation, Operation, and Maintenance Manual, for futher information. 
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PC.S.2 Bum Hazard (see SY.S.7) 

PC.S.3 Fire Safety (see SY.S.5) 

PC.S.4 Electrical Isolation and Insulation 

Criterion. Input and output power connections shall meet the specifications for electri
cal isolation from equipment ground. If the input and output power leads are stated to be 
electrically isolated from each other, the isolation shall meet its specifications. 

Evaluation. The dielectric withstand voltage shall be tested. in accordance with Method· 
30 l of MIL-STD-202. 

• The magnitude of the test voltage should be as specified in Table 4-1. The peak 
voltage that may be present between conductors shall be considered when com
puting test voltages. Test voltages greater than 1000 V RMS shall be applied 
gradually at a rate not exceeding 500 V RMS/s. 

Table 4-1. DIELECTRIC WITHSTAND VOLTAGES AT ATMos
PHERIC PRI'lJSURE 

Working Voltagea (V) 

Less than 25 
Greater than 25-50 incl. 
Greater than 50-100 incl. 
Greater than 100-175 incl. 
r.rf;'Rter than 175-700 incl. 
Greater than 700 

R MS Test Voltage (V) 
94.8-108 kPa (711-813 mm Hg) 

50 
100 

'300 
1000 

2.8 x working voitage 
1.4 x working voltage + 1000 

~he working voltage is defined as the maximum instantaneous volt
age stress that may appear under normal rated operation across the 
insulation hP.ing considel'tn.l. This trumlation may be between con-
ductors or between a conductor and case. · 

• The natw·e of the potential is AC. 

• The duration of the application of the test voltage is a minimum of 5 s. 

• The points of application of the test voltage is as stipulated below:· 

(a) The DC input leads are tied to chassis, and the test voltage should be applied 
between the AC output leads and the chassis. The transformer core should 
be connected to chassis and all means of disconnection activated. 

(b) The Aq output leads are tied to the chassis, and the test voltage should be 
applied between the DC input leads and the chassis. 
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(c) If it is proposed to apply the test voltage between the DC input leads and 
the AC output leads, these tests need not be made if the test voltages in (a) 
and (b) are greater than that proposed for (c). Two sources of test voltage 
shall be used, proportioned and phased so that the input-to-output test volt
age satisfies Table 4-1, .but the input-and-output-to-chassis voltage does not 
exceed that Used in (a) and (b). 

• The high voltage source shall have a minim urn of 0.5 kV A for v.ol tages over 1 kV. 

• Examination during and after the test shall determine evidence of arcing, flash
over, breakdown of insulation, and other damage. 

The insulation resistance of the inverters shall be tested in accordance with Method 302 
of MIL-STD-202. 

• The test condition Letter B, 500 V. 

• The points of measurement shall be as in the withstand voltage test described 
above. 

• The electrification time shall be 1 min. 

Note: The measurements may be made at any temperature above 20°C and at 
ambient room humidity, but rejections shall be based on measurements made at 
25° C, (+ 10° C, -5° C) and at a re~ative humidity not greater than 80%. The insulation 
resistance shall be a minimum of 10 Mn. 

Commentar7. Ungrounded power systems can be a safety ha~ard, and for that reason it 
may be desirable to provide both AC and DC grounds. A decision must be made as to 
whether to ground the electrical system, and if the decision is positive, then the inverter 
AC and DC connections must be electrically isolated froni each other, usually by a trans
former, which may increase costs and power losses. If the input and output are not elec
trically isolate,d from each other, then either the DC or the AC side must be ungrounded. 

Equipment grounding, in contrast with system grounding, relates to the manner in which 
nonelectrical conductive material, which encloses electrical equipment, ·is to be inter
connected and grounded. The inverter should have no connection between the power 
connections and the equipment chassis or case (see NEC). 

The dielectric withstand and insulation resistance tests are used to prove the integrity of 
the insulation on all transformers that interface the DC and AC circuits, as well as the 
insulation of heatsinks and other components. 

The withstand voltage test is a go/no-go type of test. Successful completion of the test 
gives some assurance that no gross defect is present in the insulation structure. The 
ability of a withstand test to expose incipient faults is less certain, therefore this test is 
often supplemented by the measurement of insulation characteristics such as insulation 
resistance. 

This test was written with reference to MIL-STD-202 because it was available, not 
because of a requirement for a highly reliable military type of construction. 

IEEE STD 62-1978 provides a good discussion of the subject. It refers to the following 
standards, which may be more suitable for these criteria. Refer also to 
Test TE.AR.M.l 0. 

4-15 



s=~~~---}1 --------------------T-=::R:;:---::-=:-654 PC.I.l 

• IEEE STD 4-1978, Standard for High Voltage Testing Techniques. 

• ANSI/lEE STD 43-1974, Recommended Practice for Testing Insulation Resistance 
of Rotating Machinery. 

• ANSI/IEEE STD 95-1977, Recommended Practice for Insulation Testing of Large 
AC Rotating Machinery with High Direct Voltage. 

Whenever ungrounded lines are connected to an exterior element, such as a solar array, a 
voltage limiting device should be connected from each line to ground to prevent possible 
static charge buildup or lightning-induced voltages in excess of the capabilities of the 
insulation. In addition, refer to SY .S.l, SY .S.2, and SY .S.3. 

A good discussion of these subjects can be found in IEEE Std. 142-1972, Recommended 
Practice for Grounding of Industrial and Commercial Power Systems. 

lnstallaticn, Operation, and Maintenance Attributes _ 

PC.I.l Installation, Operation, and Maintenance Manual 

Refer to performance criteria SY.I.l. See below for additional commentary warranting 
particular attention. 

Commentary. The service manual shall provide detailed directions for discharging 
capacitors, and applicable warning notices shall be displayed on the equipment chassis. · 

PC.I.2 Maintainability (see SY .1.2) 

PC.I.3 AecesslbWty (see SY .1.3) 

PC.I.4 Local Monitoring· 

Criterim. Malfunction and alarm conditions shall be suitably displayed as specified. 
Indicators or test points shall be available as specifie9 to enable maintenance personnel 
to verify equipment operation and facilitate corrective procedures. · 

Evaluatim. Review of drawings and equipment to determine conformance with criterion. 

Commentary. Proper equipment operation can be displayed with the· use of status lights 
or meters that display input and output voltage, current, and power. Alarm display lights 
can indicate impending failure and failure display lights can indicate the cause of equip
ment shutdown/disconnect. As equipment reliability is demonstrated in the field or as 
installation circumstances warrant, local monitoring devices may be removed for eco
nomic reasons in small installations. Lar.ger systems may retain extensive instrumenta~ 
tion where operating personnel are on duty. · 
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· PC.I.5 Local/Remote Controls 

Criterioo. Adjustments and controls located on or inside the equipment shall be mark~d 
as to their function as specified. If remote control can be exercised, then switches and 
indicators shall be available to disable such remote operations. 

Evaluatioo. Local controls and adjustments shall be exercised to verify their operation. 
The remote control operation shall be similarly exercised and it shall be verified thatthe 
disable function removes the remote control capability. Repeat the procedures after the 
equipment is installed. · 

Commentary. Some examples of functions which may be remotely controlled are UNIT 
ON/OFF, OUTPUT VOLTAGE, and OUTPUT POWER. Even though normal system opera
tion includes the capability for remote control, it is desirable to provide means for local 
control to facilitate troubleshooting and service. To protect service personnel, the 
remote control function must be locked out or otherwise disabled. 

The remote control interface should be standardized as soon as possible. A suggested 
interface is an external contact closure in Class 2 control circuits. Optoisolated digital 
inputs may also be used. 

PC.I.6 Local/Remote Monitoring 

Criterion. Local and remote status monitoring shall be as specified. 

Evaluation. Review of drawings and equipment. Remote indicators that are compatible 
with the specified interface shall be connected; operation, including alarms, shall be ver- . 
ified. Repeat the procedures after the equipment is installed. 

Commentary. The remote monitor interface should be ·standardized as early as possible. 
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SECTION 5.0 

POWER CONDmONING MONITOR AND CONTROL SUBSYSTEM 

INTRODUCTION 

The power conditioning monitor and control subsystem supervises proper power 
conditioning subsystem operation in response to internal and external signals. Such a 
subsystem may be described by levels, types, and functions. Because of the large number 
of possible combinations of monitor and control configurations, the scope of this section 
encompasses designs ranging from simple switch-operated subsystems to highly complex 
minicomputer-operated subsyste!TIS. The following paragraphs describe several facets of 
control systems including levels, types, and functions of control, and other considera
tions. 

There are two monitor and control levels in a typical PV power system. The highest level 
is the photovoltaic. power system monitor and control unit, which receives information 
from and sends information to the thermal and power conditioning subsystems through 
their monitor and control units; typically, the operator interacts with this unit. Per
formance criter:ia for this unit are located in Section 2.0. · 

At the next lower level is the power conditioning monitor and control subsystem. This 
subsystem monitors the operation of the power conditioning subsystem, controls the sub
system directly, receives and carries out commands from the system monitor and contr.ol 
unit (if there is one), and ensures the safe operation of the subsystem. The subsystem 
elements may be distributed among various PV components instead of being a discrete 
unit. 

Types of control may be categorized as switch-activated, electromechanical, and ele<t
tronic. A switch-activated control, typically manual, is the most basic type. It connects 
various components within the power conditioning subsystem or connects subsystems, 
such as battery storage, to the power conditioning subsystem. Electromechanical control 
is typified by relays-electrical and mechanical couplings-that open or close. Electronic 
control includes microprocessors or equivalents that use analog or digital signals for use 
in startup, shutdown, and optimization of the power conditioning subsystem. 

Control functions can be divided into three broad categories: operating mode selection, 
startup, and shutdown~ The control signals from the monitor and control system to the 
equipment and devices controlled indicate the type of control action to be taken. The 
signals may be either digital or analog; analog outputs may be provided for continuous 
control. Voltage, current, and bandwidth ratings of the control elements must be com-
patible with signal ann tP.rmination requirements. · 

To operRtP. the monitor and control subsystem properly, interface signalling must provide 
accurate and reliable transfer of information. Consideration should be given to the oper
ator interface, to ensure effective communication between operator and subsystem. An 
acceptable interface must perform satisfactorily in the presence of electrical noise and 
other adverse environmental conditions. Default operation created by interface failure 
should be recognized and defined. Standardization of control interfaces is important for 
compatibility. 
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Electrical interference may be a problem wherever there is close coupling between 
power conditioning and control systems. Electrical interference is any spurious voltage 
or current arising from external or internal sources that appears in a circuit. When these 
voltages or currents become too large, the system is adversely affected and malfunc
tions. Circuits can be separately characterized by their susceptibility to such interfer
ence and by their generation of such interference. 

Software is a very important part of any design utilizing processor control. With availa
bility of low-cost microprocessors increasing, the inclusion of software control can be 
expected to increase correspondingly. Just as any system is only as good as its weakest 
link, so any monitor and control system is as weak as its algorithm. It is important to 
outline the crucial interaction between hardware and soft.ware considerations in a sys
tem. Much effort should be spent in selection of a systemt its components, and analysis 
of system algorithms to ensure that the system operates effiC!iP.ntly, safely, and with only 
the amount of operator involvement intended. 

Computers, including microprocessor-based systems, are normally susceptible to "crash
ing" where electrical transients, lightning, induced surges, or RF noise can force an 
addre$ or instruction error that will cause the program to falsely jump into an unallowed 
and often repetitive routine. Under such a condition anything can happen, and is usually 
manifested in a hard or soft system failure. Until the system is reset (reinitialized) or 
the program is reloaded, malfunctioning will continue. Adequate safeguards (usually both 
hardware and software) must be included to ensure maximum "up time" on the system. 
Crash-proof systems are usually designed for a §pecific application with a fixed amount 
of code. 

Testing residential PV equipment is important because it must often be maintained by 
\ persons with backgrounds in heating, ventilation, and air conditioning or by electricians 

who work with conventional systems. 

\ A prospective manufacturer should evaluate the cost of appropriate test equipment ver
su:s lhe amount of time saved by service personnel in ease of repair 11nc1 the increased 
need for set•vice. Hecause of the cost of service to thP. residential customer, service test 
procedures should be streamlined to eliminate field repairs as much as possible. Test 
procedures should be comprehensive to ensure safety. 

Monitor and control provide a central means for running special tP.sts on other parts of 
the power conditioning and associated subsystems, such as the electrical storage element 
and the array. Such tests could be used to vary operating conditions to reveal problems 
not otherwise apparent, and could be undertaken in conjunction with direct access to 
appropriate parts of the subsystem (or self-testing capabilities could be included). 

PERFORMANCE CRITERIA 

Electrical A ttribtites 

MC.B.l Pre-Start~ Conditims 

Criterim. The monitor and control subsystem should provide for proper startup of the 
system after all pre-startup conditions have been met. 
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Evaluation.. Monitoring of signals to and from the monitor and control unit should dem
onstrate the sequence and type of signals to be consistent with the designed startup pro
cedure. 

Commentary. There exist circumstances (failure of a component, overheating of part of 
the system, no voltage being supplied by the array, etc.) under which startup should not 
be initiated because of system and personnel safety considerations. In a manually oper- · 
ated system, the operator may have a checklist to go through before operating the switch 
that turns on the system. In an· automated system, the monitor and control unit may 
have built-in precautions that prevent initiation of startup until all necessary conditions 
are met. Once the necessary conditions are met, either manual or automatic startup ini
tiation should result in a sequence of events that results in a properly functioning system. 

MC.E.2 Start"{) (Automatic or Manual) 

Criterion. When startup is properly initiated, the electrical parameter levels between 
subsystems should fall within the specified limits. · 

Evaluation. A check for compatibility of equipment specifications should be done. Any
where a transient signal caused by startup might interfere with the operation of a com
ponent or subsystem, monitoring of electrical levels may also be a necessary test. 

COmmentary. All startup modes should satisfy voltage and current constraints imp~ed 
by the components involved. Startup is a control action that allows energy to flow in the 
power conditioning unit(s). All configurations of any power conditioning unit should be 
tested for the following: 

• Possible failure of each component and whether startup is inhibited; 

• Compliance with specified electrical constraints for each component involved in 
startup; and 

• Possible effect~ on other interconnected components or subsystems to determine 
safe operation. 

MC.B.3 Manual Shutdown 

Criterion. Manual shutdown shall be possible. 

Evaluation. System shall be inactivated when manual shutdown procedure is followed. 

Commentary. Some means of manually shutting down the monitor and control subsystem 
is important for all systems. This may extend from simple switch shutdown or other 
power disconnection for small systems to more elaborate master shutdown provisions in 
large systems. 

MC.B.4 Automatic Shutdown 

Criterim. If automatic shutdown is included, it shall occur if operation is attempted 
outside specified l~vels on either the system or the subsystem level. 
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Evaluation. Analysis of possible failure modes of each component shall demonstrate that 
any abnormal operating mode can safely achieve shutdown. Failure-free analysis and 
operational testing are applicable. · 

Commentary. Protective control actions operate to shut down the unit automatically 
upon detection of abnormal operating conditions, such as high temperature, unbalanced 
operation (for three-phase systems), overvoltage or undervoltage, overcurrent, and loss, 
of synchronism. 

This criterion may not be required on small systems. Many control configurations are 
possible for specific modes of operation. Failure of any one or more of the components 

· may result in safe shutdown of the unit, or an appropriate part of it. 

Failure of systems interconnected with the unit shall result in shutdown of the unit if 
unsafe operation is possible. If shutdown is not required for transients, such as voltage 
dips on the utility line, it shall be shown to cause no damage to equipment or operators. 
If automatic restarting is included, then it must pass the same tests applied to the 
startup function. · 

MC.E.5 Power Supply Voltage Level and Range 

Criterion. The monitor and control subsystem shall operate in the manner specified when 
connected to a power source whose supply voltage is within the specified range of input 
voltages for the subsystem. 

Evaluation. The subsystem must operate properly at maximum and minimum power sup
ply output voltages and frequencies. 

Commentary. Power supply inputs should be compatible with available sources. Stan
dard input voltages are dictated by the location of the system. In the United States, the 
commonly available residential voltages are 120 V AC or 240 VAC single-phase, or 
208 VAC three-phase. 60 Hz. It is also ciP.sirRhlP. thRt outputs of oontrol system power 
supplies be compatible with present industrial practice, (e.g., ±5 VDC, ±12 VDC, 
±15 VDC, and ±24 to +28 VDC). In some cases (e.g., stand-alone applications)~ power 
supplies may not be required if the appropriate DC levels are available for logic and 
controls. 

MC.E.6 Power Consumptim 

Criterion. Power consumption of the monitor and control subsystem shall not exceed its 
specified limit. 

Ev&luation. Power consumption should be measured over the full specified operating 
range. 

Commentary. The supply's power consumption should be specified so that it can be prop
erly wired into the system and its effect on system efficiency can be determined. The 
consumption of this power supply should be minimized to keep overall system efficiency 
high. Many DC supplies operate most efficiently at full load; therefore, if the supply 
rating is not much greater than the system requirement, the power supply losses will be 
minimal. However, reliability considerations might dictate a specification of a power 
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supply with a considerably higher rating, causing a trade-off between conflicting reliabil
ity and efficiency requirements. Because the monitor and control power supply require
ments are likely to be relatively small compared to the system output power, the supply 
efficiency will probably be a minor concern. 

MC.E. 7 Interference Susceptibility 

. Criterion. Within the interference levels specified, the monitor and control operation 
shall not be affected adversely by electrical interference. 

Evaluation. The monitor and control subsystem shall be subjected to electrical interfer
ence to ascertain proper operation under the influence of the specified limits of interfer
ence. 

Commentary. For interference to affect performance, its source must be electrically 
coupled to the instruments' circuits magnetically, capacitively, conductively, or by a 
combination of these. 

Unwanted voltages enter an electrical signal transmission system by: 

e inductive pickup for AC fields electromagnetic coupling; 

• electrostatic or capacitive coupling with other circuits; 

• direct coupling with other circuits by ground current loops, a common return lead 
c. for more than one circuit, or leakage c~rrent paths; or 

• thermoelectric and corrosion voltages generated by dissimilar material combina-
tiOfls. . 

These conditions should be considered in the design (refer to IEEE or FCC standards for 
futher information). 

Safety Attributes 

MC.S.l Safety Control 

Criterim. Control equipment shall allow for manual and/or automatic shutdown in the 
event of an emergency. 

Evaluation. System plans and schematics should show conformance with this provision. 

Commentary. One of the prim~ reasons ·for having control equipment is safety; this 
equipment should be capable of shutting down the system to avoid damage to equipment 
and injury to personnel Where applicable, indications of unsafe operation should be pro
vided. A safety control can be implemented directly from a central unit or in a distrib
uted manner by interlocks and disconnects. As the size of the system increases, it is 
desirable to increase the number of emergency shutdown locations. In some cases, the 
safety control equipment can provide additional hazards that would not exist if it were 
omitted. For example, lowet· voltage ranges are desirable in safety control lines and are 
less hazardous. Therefore, the safety control equipment and control algorithms should be 
designed carefully for both adequate performance and reduced risk. 
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Durability/Reliability Attributes 

MC.D.l cabling and Connectors (see CA.D.l) 

Installatim, Operation and Maintenance Attributes 

MC.I.l Installatim, Operation and Maintenance Manual 

Refer to performance criterion SY.I.l. See below for additional commentary warranting 
particular attention. 

Commentary. The following additional items should be included in the manual where 
applicable: 

• Software program instructions should be listed in tabular form and be complete, 
accurate, and clear. 

• All programs should be represented diagrammatically in standard flow-chart 
symbology to depict sequential program operation. 

• Software should be divided into functional elements or modules. Programs gen
erally can be modularized into functional elements useful in both their develop
ment and usage. Proper modularization is an asset in troubleshooting and modi
fication and a very important consideration in large programming structures. 

• Programs should be written in an acceptable programming language. 

• Calibration requirements should be identified and minimized as much as pos
sible. The stability of equipment should ensure that system calibration is seldom 
(and preferably never) required under normal conditions and operations. Ideally, 
customer service organizations should not be required to maintain special cali
bration facilities (except those of a minimal nature) to check test instrument 
calibration. However, where calibration is necessary, facilities should be pro
vided for such calibration. 

M.C.L2 Manual Control Panels 

Criterim. Control panels included in the system should present information explicitly 
and provide control in a manner easily comprehended by the operator. 

Evaluatim. Design review and visual inspection. 

Commentary. Since the control panel of any photovoltaic system is the interface 
between the machine and .the operator, it is important that in all control panels (includ
ing master coritrol panels and subsystem control panels such as monitor and control) dis
play and control functions be legible. A control panel should also provide explicit indica-
tion of both nor.mal operating and emergency or failure conditions and present system 
operating information in a manner easily comprehensible to the operator. An entire body 
of design informa~ion on human factors has been developed over a period of many years, 
and all control panels and other human-machine interfaces should be developed by per
sonnel whose knowledge of human-factor design criteria is sufficient to provide a control 
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panel easily read by persons.with minimum training. Tliis is particularly crucial in resi
dential and small~cale operations. Proper attention should be paid to the use of stan
dard colors for standard functions, such as red for danger, etc. It is desirable that all 
control panels appropriately announce failure or impending failure, both visually and 
audibly (signaling), a~d wam of dangerous situations such as equipment overheating, fire, 
and other conditions that may jeopardize system integrity. To keep· costs of residential 
units low, attention should be given to using standard enclosures; the importance of ease 
in servicing cannot be oversta~ed. 

MC.I.3 Maintainability 

Refer to performance criteria SY.I.2. See below for additional commentary warranting 
particular attention. 

Commentary. The following items should also be considered for .ease of maintenance: 

• Built-In Test Equipment (BITE) may be used wherever justified by cost, ease of 
service, or other conditions. · 

• The level of technical analysis required by service personnel should be identified 
as a significant part of test procedures. BITE equipment should be used wherever 
justified since extensive on~ite analysis requirements can be experisive. The 
manufacturer may provide service personnel with test boxes to locate failures. 
Use of these test boxes should provide positive results, eliminating any ambigu
ities in equipment servicing. It is often less costly to replace a more expensive 
module ~han to analyze and locate ambiguous problems. A well-designed control 
system for some applications may include an internal microprocessor to perform 
continual analysis, provide normal control functions, and indicate any problems 
that may arise. 

• If desired, an internal test by manual initiation may provide system operation 
information. 

MC.I.4 Accessibility (see SY.I.3) 

MC.I.5 Environment 

Criterim. All equipment must operate in and withstand expected environmental condi.:.. 
tions. 

Evaluatim. Appropriate test procedures shall confirm operation and tolerance to speci
fied environmental conditions. 

Commentar~. For each application, a corresponding set of environmental requirements 
must be sat fled to assure reliable operation. £ven where installations are made in rela
tively benign environments, tolerance must· be provided for vibration and shock encoun
tered in shipping and handling. Operation must tolerate temperature ranges which may 
be broadened by installations away from human habitation or in enclosed, nonventilated 
areas where unexpectedly high temperature~ can occur. For monitor and control sys
tems, humidity is primarily pertinent with respect to corrosion and can cause premature 
system failure if not given adequate consideration •. Cellar installations ~ould be particu
larly vulnerable. Salt-air coastal environments also could increase vulnerability. 
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Elevation is a factor primarily related to air·cooling. Equipment designed for sea level 
operation is generally designed for operation to 1500 m, and higher environmental condi
tions must be accounted for acc~rdingly or excessive heating may result. For low power 

· control systems, this should be less significant than for associated power conditioning_ 
equipment. Conversely, clean.liness ·may be a more important factor with regard to mon
itor and control systems where low-level, high-impedance signaling is involved, and they 
may depend on many plug-in, low-current contacts that cannot tolerate dirt. 

'· 
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INTRODUCTION 

SEC'nON 6.0 

STORAGE SUBSYSTEM 

Without storage, solar energy must be used when it is received. However, many power 
requirements are not coincidental with available sunlight. To satisfy such loads, solar 
energy must be stored. With storage, solar energy can provide power to system loads, 
regardless of time and weather. 

The wide range of solar photovoltaic (PV) energy applications for energy storage requires 
that different types and amounts of energy be stored for varying lengths of time. Energy. 
storage reqUirements are associated with basic differences in energy storage subsystem 
sizes, applications, regional variations, and time frames for implementation of such sub
systems. At present, commercially available batteries, such as lead-acid and nickel
cadmium, are used to provide storage in PV applications. Programs are being conducted 
to develop other storage devices; e.g., advanced batteries and electrochemical systems, 
chemical and thermal systems, and magnetic and mechanical systems (flywheels). For 
further information on long-term development programs, see Refs. 1, 2, and 5. 

The typical storage battery is an electrochemical apparatus comprising one or more con
nected cells that convert chemical energy into electrical energy. The cell is the smallest 
unit of a battery system. Cells are connected in series and/or parallel to obtain a desired 
battery voltage, power, and capacity. The essential parts of a cell are two dissimilar 
electrodes (anode and cathode) immersed in an ionic conductor called an electrolyte. 
The cells are enclosed in a leak-proof jar, or container, provided with binding posts to 
which electrical connections are made. Detailed information on the specific chemistry 
and chemical action of the storage battery can be found in Refs. 3, 4, 5 and 7. 

The battery energy storage subsystem is used to store electrical energy collected by the 
PV array and to supply energy to the load during periods when the PV array is not produc
ing enough power. In certain system designs, the battery storage subsystem may also be 
used to store energy supplied by an electric utility or other supplemental energy systems, 
such as a diesel generator. Two recent works (Refs. 5 and 6) should be useful in selecting 
the appropriate battery. 

Battery characteristics are governed by the type of cell selected (e.g., lead-acid, nickel
cadmium). However, many design variations are commercially available for each battery 
type. This must be considered in selecting an appropriate battery. For example, a 
charge-retaining lead-acid battery designed for low-rate discharge would be destroyed by 
the duty cycle typical of residential systems. Thus, it is essential that the system 
designer be familiar with battery characteristics or solicit the aid of a battery manufac
turer in specifying the optimum bo.ttery for a given PV system design. 

Key characteristics useful in gauging battery performance include capacity, efficiency, 
and expected (or warranted) life. However, these characteristics are functions of 
operating parameters such as temperature, voltage range, and charge and discharge 
rate. Meaningful specification of key battery characteristics must include a delineation 
of operating or test conditions. 
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Battery characteristics such as physical size (dimensions) and weight can be specified and 
checkErl by conventional methods. Certain other characteristics (e.g., gas emission) 
require equipment that is available but generally not used except by the battery manu
facturer in its design process. At this time, there ·are oo tests for battery life except 
destructive testing of the cell. Ttus, type qualifying or random testing may be used 
where cell life is. to be verified. 

The performance criteria in this section are intended to point out information that must 
be providErl to allow proper battery selection and utilization. Included in some of the 
commentaries are applications to remote-site, intermediate load centers and central 
generating stations. Battery design for PV applications is a unique branch within battery 
development programs, and many design criteria are yet to be developed. While the per
fornumce criteria addressed in this section refer, for the most part, to lead-acid and 
nickel-cadmium batteries for residential PV systems, it is not intended that development 
and use of new cell types in PV systems be constrRint:!d, Te5t methods referred to in this 
section with the code designation TE.ST. are located in Appendix B. 

PERFORMANCE CRITERIA 

IDec1rical Attributes 

ST .E. I Battery Capacity 

Criterion. After complete formation cycles, the capacity of the battery storage subsys
tem shall be equal to or greater than the capacity specified for given test conditions. 

Evaluation. FOr motive power, lead-acid batteries, NEMA STDs Pub. No. IB 2-1974, 
Sec. 1.03-1.04, may be used when Appropriate. · 

For large, lead-acid storage batteries, as used in generating stations and substations, 
IEEE STD 450-1975, Sec. 5.1-5.5 may be used when appropriate. 

Test TE.ST.E.l (Test Procedlre for Measuring Battery Capacity and Round-Trip Effi
ciency) may be used for deter.mining the capacity of lead-11cin nr nickel-cadmium butter
ies. 

In cases where the above circumstances do not apply, refer to the manufacturer's 
instructi.om. · 

Commentary. The capacity of a battery storage subsystem can be expressed in ampere
hours (coulombic capacity), or watt-hours (energy capacity), or both, at a specific dis-
charge rate. · · 

· A test of capacity may be made prior to installation in the form of an acceptance test 
and after installation in the form of a service or performance test. Tests may then be 
periodically repeated according to the requirements of the user. When the battery begins 

. to deteriorate, testing will indicate whether the battery has failed. Usually, the industry 
defines batter.y failure as a capacity below 80% of the rated capacity value. Implicit in 
this is a need to'be absolutely sure that all parties concerned are referring to the same 
capacity; i.e., new or end-of-life. 
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A new battery may require several charge/discharge cycles to attain its full capacity 
(cycling up) if formation is incomplete. 

The capacity of any battery is a function of discharge rate, final discharge voltage, and 
temperature. Capacity decreases with increasing final discharge voltage and discharge 
rate, and increases with temperature. Thus, these operating parameters must be 
included in capacity specifications. 

Tests may be conducted under standard operating conditions, under conditions typical of 
the application, under expected extreme operating conditions, or all of these. The essen
tial element is that there be agreement between the vendor, the purchaser, and the end 

·user about the appropriate test method and operating conditions. 

Tests of capacity do not relate to safety; therefore, they generally should be conducted 
at the discretion of the purchaser or end user to verify specified performance, as 
desired. Questions of warranty may also require battery capacity tests. At present· 
many capacity tests are conducted as part of experimental or demonstration projects to 
provide data for future designs. This latter situation is different from a purely commer
cial installation and generally warrants more testing in all areas. 

ST.E.2 Battery Efficiency 

Criterim. The efficiency of a new battery storage subsystem shall be equal to or greater 
than the efficiency specified for given test conditions. 

Evaluatim. For round-trip efficiency, use TE.ST.E.l (Test Procedure for Measuring Bat
tery Capacity and Round-Trip Efficiency). For total in/out efficiency, use TE.ST.E.2 
(Test Procedure for Measuring Total Battery In/Out Efficiency). 

Commentary. Efficiency may be measured in terms of ampere-hour (coulombic) effi
ciency, watt-hour (energy) efficiency, or voltage ·efficiency. Generally, the watt-hour 
efficiency is more useful for purposes of system design, whereas the ampere-hour effi
ciency is more common in battery design terminology. Voltage efficiency is rarely used. 

As with capacity, efficiency is a function of the battery operating parameters. Thus, 
specification of efficiency should include the operating parameters under which the test 
is conducted. The energy efficiency is lower at high rates of discharge. It is also a func
tion of cell temperature, which must be considered during the design of the battery stor
age subsystem. Efficiency may decrease as the cell ages. Generally, efficiency is speci
fied only for new cells. 

Note the difference between round-trip and total in/out efficiency. The round-trip or 
cycle efficiency is useful for comparisons among batteries, and the total in/out effi
ciency is useful when examining a battery's performance within a PV system. The in/out 
efficiency will most likely not be measured once commercialization begins; however, for 
designer evaluating purposes, this test e·valuation has been included. 

From a system point of view, it is often desirable to have a battery efficiency that 
reflects the fraction of input energy available to the load over long periods of time. 
Parasitic losses within a PV system would not necessarily show up in a simple round-trip 
efficiency test. Parasitic losses can include the energy used to operate a battery venti
lating system and air-lift pumps, the energy lost through self-discharge, or through 
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equalization. The in/out efficiency test method takes into account these parasitic losses 
by calculating the efficiency over numerous battery discharge/charge cycles. 

ST .E.3 Voltage W'mdow 

Criterim. The battery shall provide the specified capacity when operated within the 
specified PV: system's voltage window. 

Evaluatim. Compliance of this criteria with specifications can be evaluated by use of 
Test TE.ST .E.l (Test Procedure for Measuring Battery Capacity and Round-Trip Effi
ciency). 

Commentary. The voltage window is the range of voltages over which the battery is to 
be operated within the PV system. This window will usually be limited by the system's 
inverter; therefore, the battery manufacturer must be aware of the limitations so that 
the most suitable voltage window may be determined. The decision should be made only 
after consultations are completed between the battery and inverter manufacturers and 
the PV syst_em designer. 

The battery voltage is affected by the state-of-charge, charge/discharge rate, and tem
perature. The PV system designer must make certain that the battery will perform as 
desired, within the specified voltage window, under the full range of operating condi
tions. The PV system's voltage window should be chosen such that at low discharge rates, 
the battery will not be overdischarged, and at high discharge rates, a usable capacity 
(amount of energy) can be supplied to the loads. 

ST .E.4 DiScharge Rates 

Criterim. The· battery shall perform as specified. when operated over the specified range 
of dischar.ge rates. 

Evaluatim. This criterion's compliance with specifications can be evaluated by use of 
TE.ST.E.l (Test Procedure for Measuring Battery Capacity and Round-Trip Efficiency). 
This test may be repeated at both the highest and the lowest discharge_rates. 

Commentatt. If the PV system is to be used over a wide range of discharge rates {i.e., 
the application has a wide range of loads), a. capacity test may be desirable at both the 
high and the low rate to cover both "worst case" conditions. 

Normally, the high discharge rate is used to determine the final discharge voltRgP.. How
ever, if the lead-acid battery is operated at very low discharge rates, it is possible to 
over-discharge the battery to the extent that the specific gravity of the electrolyte is 
converted to a level well below the recommended limit, making it extremely difficult to 
recharge. Therefore, the discharge rate must not be overlooked when designing the PV 

-system. 

ST .E.5 Equalizing Charge 

Criterim. The capacity of the battery shall be restored to its specified value after .com
pletion of the specified equalizing charge procedures. 
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Evaluation. The battery shall be equalized as specified by- the manufacturer. Battery 
current and terminal voltage shall be recorded throughout the equalizing charge. In the 
last hour of the equalizing period, each cell voltage shall be taken and recorded. At the 
end of the equalizing charge, each cell's specific gravity and cell temperature shall be 
read and recorded. Readings shall be checked for any large variations in specifi~ gravi
ties and voltages; i.e., if the specific gravity variation is greater than 0.020 g/cm · or the 
voltage variation is greater than 0.100 V /cell, then the battery manufacturer should be· 
notified, further checks or tests should be made on the suspect cell, and the equalizing 
period might have to be performed more often or for longer periods of time. 

Commentary. Individual cells in a lead-acid battery often exhibit different self-dis
charge rates, capacities, and efficiencies. The purpose of the equalizing charge is per
iodically to bring all cells to a common state of charge and thereby minimize deteriora-

. tion of certain cells. This is most important at the beginning of battery life in order to 
fully form the ,cells. 

A second purpose of equalization in lead-acid batteries is to mix the electrolyte in the 
cells by generating gas bubbles. This eliminates stratification, which otherwise occurs 
during charging. Batteries with other mixing methods (such as mechanical stirring or air
lift) do not need this aspect of equalization. 

The lead-acid battery manufacturer normally specifies a voltage, higher than that used '·· 
for normal charging, of 2.60-2.75 V/cell for 5-10 V/cell hours. The equalizing charge · · 
may be carried out weekly, biweekly, or less often depending upon the particular applica-
tion and use of the battery. · 

Not all batteries require an equalizing charge. For example, those that are on a float 
charge rarely need to be equalized. Nickel-cadmium batteries also rarely need to be 
equalized. If the battery's cells have a wide variation of capacities, then a normaliza
tion* may be desirable. This can be accomplished by a complete discharge to 1.0 V/cell 
followed by an overcharge, returning to the battery approximately 140% of its capacity. 

Thermal Attributes 

ST.T.l Battery Operating Temperature 

Criterion. The battery shall provide the specified capacity when operated within the 
specified cell temperature range. 

Evaluation. This criterion's compliance with specifications cari be evaluated by the use 
of TE.ST.E.l· (Test Procedure for Measuring Battery Capacity and Round-Trip Effi
ciency). This test should be performed at the expected temperature extremes with the 
manufacturer's recommended cell modifications (larger case, modified specific gravity, 
etc.). A table of "Cell Size Correction Factors for~ Temperature" can be found in 
ANSI/IEEE STD 485-1978, Table 1. 

*Normalization is the tei"fli generally used by the nickel-cadmium industry for equaliza
tion. 
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Commentary~ The charge/discharge characteristics as well as efficiency, capacity, life
time, .and final discharge voltage are ftmctions of battery <r cell temperature. Thermal 
management of the battery storage subsystem in the form of adequate heating and cool
ing must be provided to avoid excessively low and high temperatures, respectively (see 
also IEEE srn 484-1975, Sec. 4.1.1(4)). The battery electrolyte can be tailored to suit 
the temperature environment; however, lifetime and capacity are often reduced. 

As the electrolyte temperature decreases, the battery's capacity falls off. Below 0°C 
(32°F) the reduction in capacity is somewhat greater per degree than that between 25°C 
and 0° C. At very low temperatures, a lead-acid battery is susceptible to damage by 
freezing electrolyte, especially at low states of charge. Nickel-cadmium batteries are 
not affected by freezing. · 

As the electrolyte temperature increases above 25° C, the battery's capacity increases, 
within certain limits. High temperatut•es also increase the feneral rate of deterioration 
in a battery. Electrolyte temperatures up to 52° C (125 F) can be compensated by 
decreasing the cell's specific gravity without serious reduction in the useful life of the 
battery. 

Mechanical/Structural Attributes 

sr~M.l Battery Strmtural Adequacy 

Criterion. The batteries shall be s~ported throughout the design life of the system 
without structural failure (including those subsystems subject to seismic disturbances). 

Evaluatim. The structural adequacy of the battery supports shall be demonstrated by 
structural analysis. 

_Commentary. Battery supports are generally found in the form of "racks" ot• "feet" by 
which the batteries are slightly elevated to provide insulation, to allow access· for the 
forks of a lift truck or lifting device, or to provide air circulation for ventilation and 
cooling. In s:>me cases, the battery may be designed to sit directly on the floor. 

Refer also to IEEE sr:r:> 484-1975, Sees. 4.1.3 and 4.2.1. 

Safety Attributes 

sr .S.l Battery mectrolyte 

Criterion. Provisions for personnel safety in the event of an electrolyte spill shall be 
located in or next to the battery area. 

Evaluation. Review of the batt~ry design and batte.ry equipment list or matntemmce 
manual. 

Commentary. Exposure to the sulfuric acid electrolyte of a lead-acid battery or the 
potassium hydroxide in a nickel-cadmium battery must be considered in the design. 
Standard techniques for protection of personnel and administrative procedures must be 
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followed to comply with the minimum requirements of OSHA. This is not required for 
residential applications. For lead-acid batteries, these are outlined in Title 29, 
Part 1910, Subpart 1: Personal Protective Equipment and in Subpart G: Occupational · . 
Health and Environment Control.· · 

Recommended protective measures include respiratory and eye and face protection as 
primary measures, and electrolyte handling gloves (rubber) and other clothing for protec
tion of the body. The installation of electrolyte-resistant flooring in the vicinity of the. 
batteries might be considered. To augment these protective measures, see. also ST.B.l. 

Burns caused by lead-acid battery electrolyte should be treated as per N A VSHIPS Manual 
9623-907. Safety precautions to be followed while designing and installing lead-acid bat
tery facilities are described in IEEE STD 484-1975, Sec. 3.0 and 4.1.1. 

Residential systems must be constructed . to keep children and unauthorized personnel· 
safely away" from electrolyte and high-voltage areas. 

ST.S.2 Battery Voltage and Current 

Criterion. The battery shall be provided with adequate protection against high battery 
voltage and current. 

Evaluation. Review of the battery design and el~ctrical connections for adequate provi
sions of insulation, current interrupting devices, and grounding. (See also SY .S.3 and 
SY .S.4). ' 

Commentary. IEEE STD 484-1975 provides information on protective equipment and pr~ 
cedures for safe handling of the battery (Sec. 3.0), mounting of the battery and grounding 
the racks (Sec. 4.1.2), and alarms recommended for generating stations (Sec. 4.1.5). 1 

All terminals and intercell connectors in PV battery systems over 60 V should be covered 
with a nonconducting material to. avoid accidental contact (dead top). For residential 
systems, it may be prudent to configure designs that permit minimal contact by the 
homeowner with any electrical portions of these systems. For large systems, access is 
likely to be restricted to knowledgeable technicians. However, this does not reduce the 
need to design a safe system. 

Further protective measures include: 

• Maintenance on batteries should be performed with the batteries open-circuited 
and isolated from ground. Such isolation should be tested before any mainte
nance is performed that requires electrical contact with a battery terminal. 
Personnel may be insulated from ground by using protective clothing, or a rubber 
sheet over parts of the floor and walls with which contact might be made, or 
both. 

• Battery terminal covers not interfering with the work immediately in progress 
should be in place. Care should be taken to avoid dangling conductive test items 
or other material which could cause a short circuit. · 

• Electrical shock hazard may be reduced by arranging the cell layout so that volt
age differences between adjacent cells or rows of cells are minimal. Also, the 
battery may be separated into individual groups by disconnect switches (National 
Electric Code, Article 480-6). 
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• Only qualified personnel should be allowed into the battery room, and the battery 
terminals should be designed for safety or to prevent contact by personnel. 

• Only insulated tools and nonmetallic flashlights should be used near a battery or 
bus system. Extreme care should be taken never to short circuit any part of the 
battery since there are no circuit breakers in the cells to open a short, and no 
switches that can be thrown to deenergize the battery terminals. 

• Rings, metallic watch bands, etc., should be removed when working near bus bars 
or batteries. 

• Conductive support structures (racks) shall be insulated from cell and battery 
terminals with insulators rated for the full system voltage. Such structures shall 
be electrically grounded, as should conductive battery cases, for systems above 
60 v. 

ST .8.3 Hazardous Gas Concentration 

Criterion. The battery area shall be provided with adequate protection against hazardous 
concentrations of flammable or toxic gases of any kind. 

Evaluatim. Analysis of the battery chemistry, system ventilation, and nearby environ
ment. 

The concentration· of hydrogen in the battery. area shall not· exceed the flammability 
point of hydrogen (4% by volume). The minimum ventilation required is obtained by 

Q = 0.027 (l)(n) , . c 

where: Q is the ventilation rate .required in cfm; 
Cis the rnaximum allowable hydrogen concentration expreBSed as a peroentage; 
I is that portion of"the charging current passing through the cells which gener
ates free hydrogen; and 
n is the number of cells in the battery. 

Generally, the concentration used in that calculation iS taken to be 2% to provide a mar
gin of safety. See IEEE STD 484-1975, Sec. 4.1.4. 

Commentary. The battery area must be designed to preclude any build-up of flammable 
or toxic gases. This is accomplished mainly by ventilation, either natw·al or forced. Bat
teries designed for low gassing levels over the operating voltage range often need not 
have active ventilation provisions where normal room air infiltration is adequate, while 
those designed for other criteria !'~lay require forced ventilation. 

The possible effect that additional air circulation may have on the thermal management 
of the batteries should also be carefully reviewed. Where this could inipede the battery's 
performance, it may be necessary to precondition the air, or to limit the ventilation to 
only the charging cycle. 

Another consideration to be made is the possibility of a gas build-up .in a dead air space 
(such as a false ceiling). Although it is nearly impossible to contain hydrogen, it may be 
possible for a temporary accumulation to occur that would exceed its flammability level, 
especially during a heavy gassing period. 
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Where practical, hydrogen recombiners can be used to reQuce hydrogen build-up. They 
also help reduce the need for watering since . most of the electrolyzed water is 
reclaimed. However, they do add to the cost of a system. Lead antimony batteries can
not use. recombiners economically as they become poisoned by the antimony's gases. 
Progress is being made on filters for these batteries. · 

Flame arresters should also be considered as an additional safety feature on any battery. 
system. These devices prevent any flames that might exist outside of the battery from 
getting inside the battery, causing it to explode. However, a wise safety precaution is to 
never permit smoking, arcing, or open flames near the batteries or the battery area. 
(Refer t() IEEE STD 484-1975, Sees. 3.2(4) and 4.1.1(8).) 

The use of antimony in the plates of a lead-antimony battery increases the hydrogen evo
lution because of higher charging currents. They also produce trace quantities of the 
toxic gases arsine and stibine, the levels of which are set by OSHA. However, these 
gases should easily be within acceptable limits if sufficient ventilation for hydrogen is 
provided and prolonged high charging rates are avoided. The battery manufacturer 
should be consulted regarding gassing rates ·and optimum charging voltages for specific 
cell designs. · · 

ST .S.4 Fire Proteetim 

Refer to performance criterion SY.S.5. See below for additional commentary warranting 
particular attention. · 

Commentary. Establish firefighting procedures and use extinguishers suitable for elec
trical fires. Pouring water on a battery fire may cause currents to flow •. Hydrogen and 
oxygen may be released, which could lead to an explosion. · 

Ensure unobstructed aisles for quick exit from battery area in emergencies. 

ST .S.5 Battery Shelter 

Criterim. Adequate shelter shall be provided to p~tect the battery from harmful 
environments. 

Evaluatim. Review of the battery shelter (building) and location. The shelter shall con
form with state and local building codes. 

Commentary. Battery shelters shall protect the battery from the environment to con
form with the operating environment specified by the manufacturers. This includes lim
iting the battery's ambient temperature to a specified range while maintaining adequate 
vP.ntilRtion. · · 

A residential battery enclosure might be indoors in a harsh climate, perhaps in a dry 
garage or basement area with suitable ventilation and thermal provisions. It might be a 
simple rain shelter or enclosure in a mild climate. Battery racks are optional and gener
ally are used only to minimize space requirements. Many batteries are designed to sit 
directly on the floor in insulated cases. · 
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Durability/Reliability Attributes 

ST.D.l Battery Life 

Criterion. The battery capacity shall remain above the specified value for the stated life 
when it IS operated within its specified operating conditions. 

Evaluation. Battery life cannot be evaluated without destroying the battery. Therefore, 
it is only practical to perform accelerated testing of the particular battery types and 
lots, and to evaluate in-field usage experiences. There is no agreed-on manQer or pro-
cedure for life testing. · 

Commentary. The life of a battery is determinP.c'l hy its ~nnstr11Ption and its operating 
conditions. The dominant effects and predicted change in battery capacity should be 
specified by the vendor for an appropriate range of operating conditions. 

Lead-acid batteries often show a small initial increase in capacity with cycling, followed 
by a long period of nearly constant capacity, followed by a final decrease. Different 
mechanisms operate in the cell to affect its life. Some forms of battery abuse and mis
use are listed: 

• Undercharging lead-acid cyclic batteries over a considerable period is one of the 
most common and most destructive forms of misuse. Owing to the formation of 
excessive amounts of lead sulfate, the positive plates tend to expand and break 
up, and the negative active material hardens and loses capacity. 

• Overcharging lead-acid cyclic batteries is another form of abuse that can have a 
serious effect on battery iife; however, its effects are not as immediately 
obvious as those of undercharging. 

• Overdischarging degrades battery life, and, if combined with undercharging, the 
effects are intensified. Strictly spea:king;a battery is not overdischarged at any 
particular rate unless more than its capacity at that rate (the total charge in 
coulombs) has been taken out. For example, with deep discharge lead-acid bat
teries, it is highly undesirable and uneconomical to take out more than 80% of its 
rated capacity as a daily routine. 

• A lead-acid battery left for a considerable period at a low state of charge will 
also have a reduced lifetime. The causes are the same as those that cause 
undercharging. 

• High-temperature operation will increase the general rate of deterioration in a 
cell because of higher rates of t,mdesirable chemical actions. This is due to an 
intensified interaction between the electrolyte and the active material. 

Installation, 0peratim and Maintenance Attributes 

STJ.l Installatim, Operatim, and Maintenance Manual 

Refer to performance criterion SY.I.l. See below for additional commentary warranting 
particular attention. 
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Commentary. In addition to the issues mentioned in performance criterion SY.I.l, the 
following procedures specifically pertaining to storage should be included in the manual: 

(1) Installation: Although specifically directed toward large lead storage batteries, IEEE 
STD 484-1975, Sees. 5.1 and 5.2 provide a wide coverage of receiving, storage, and 
assembly procedures that can be applied to any battery. The battery manufacturer 
should be consulted if there is doubt about the applicability of any parts. 

(2) Maintenance: Although specifically directed toward large lead storage batteries, 
ANSI/IEEE STD 450-1975 covers a wide range of maintenance, testing, and replacement 
procedures that can be applied to most batteries. The battery manufacturer should be 
.consulted if there is doubt about the app~cability of any parts. Additional comments on 
maintenance procedures are listed below: 

• Access to battery areas should be restricted either by room enclosure or elec
trical package enclosures. Normal maintenance procedures should not be dan
gerous if carried out by the appropriate personnel using specified procedures for 
the intended application. The design of the facility should reflect the expected 
levels of training of maintenance personnel. Installation ·qualifications shall be 
specified by the vendor in accordance with local building codes. 

• Always exercise care when working around open cells to keep foreign material of 
any nature from falling into the cells. 

• When frequent ·performance inspections are made, it is common practice to use 
pilot cells. Pilot cells are randomly selected (usually one in six); their perfor
mance is assumed to be representative of the battery's performance. If this 
technique is used, complete inspections should still be performed occasionally. 
(If any adverse conditions are found, a complete inspection should be considered 
prudent.) . · 

• Normal usage of most batteries requires periodic addition of water to replace 
losses due to gassing and evaporation. Permanently sealed cells are exempt from 
this requirement. Water addition is necessary to maintain proper electrolyte 
specific gravity and to ensure that all plates are completely immersed. The 
interval for water addition depends on duty cycle, site environment, and battery 
type. The water added should meet or exceed purity requirements specified by 
the battery manufacturer (otherwise the battery may be damaged, have its life 
short~ned, or the warranty may be voided). Low humidity may require more fre
quent watering and hence increase the maintenance requirements. This could be 
significant in increasing the life-cycle costs at remote sites. 

(3) Disposal, Refund, and Return: Disposal of batteries represents a logistics and envi- · 
ronmental problem unless properly done. Since battery metal has significant salvage 
value, return to the metal scrap salvage dealer is a reasonable alternative. Refund poll-· 
cies (if any) must then be stated, and a return method described. 

(4) Warranty: To establish that a warranteed battery fails to perform, it may be neces
sary to measur~ its capacity. Refer to Sec. ST.E.l. 

ST .1.2 Maintainability 

Refer to performance criterion SY.I.2. See below for additional commentary warranting 
particular attention. 
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Commentary. In addition to the issues mentioned in performance criterion SY .1.2, the 
following storage-specific comments should be considered. 

• Batteries can be both heavy and filled with corrosive electrolytes; therefore, 
they require appropriate equipment for installation and maintenance. Before 
installation, the handling equipment shall be inspected for its handling capacity. 
Repair and/or replacement of deficient equipment is mandatory to assure hand
ling safety. 

• In any installation where the weight of a battery exceeds that which an installer 
can easily lift, 23 kg (50 lb), slings and lifting equipment are required. The slings 
(as well as the lifting equipment) shall be sufficient in size and capacity so that 
the procedure can be safely undertaken. Sling spreaders may also be necessary. 

• There shall be sufficient operating space around the battery supports (racks, 
trays or platforms) to permit safe movement of the lifting equipment land the 
person~el necessary to operate it) without worry of damaging other batteries. 
The personnel involved in the installation shall be protected from possible elec
trolyte spills by goggles, gloves, aprons, etc., as appropriate to the facility. See 
manufacturers' recommendations and existing standards (IEEE 484-1975, for 
example)., 

Building/Site Attributes 

ST .8.1 Plumbing 

Criterion. Appropriate plumbing and drainage for personnel safety shall be located in the 
battery area. · 

Evaluation. Review of the building design and installation drawings. 

Commentary; Special safety showers and/or eyewash fountains may· be provided in the 
battery room for use by personnel in the event of .an electrolyte spill. Portable units may 
be preferable in small installations. If a shower is provided, care must be taken so the 
water from the shower does not splash onto the batteries. 

A floor drain in the battery ar~ may be provided, especially if the area contains a 
shower (in case of an electrolyte spill). The drain must not be connected to the normal 
plum bing but have a separate flow and containment. 

An amount of neutralizing chemical sufficient to deal with any· electrolyte spillage 
should be provided. In addition, electrolyte-resistant flooring in the battery area shoUld 
be installed. 
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INTRODUCTION 

SECTION 7.0 

CABLING 

Photovoltaic applications pose no different selection requirements on cabling than any 
other power source. Technical requirements such as voltage, current to be carried, 
external thermal conditions, voltage regulation, and other special requirements need to 
be considered. A study of the conditions that the cable will have to meet, and a study of 
·cable types available and their recommended applications, may determine a sole candi
date. If several types are suitable, however, then usually the most economical one is 
chosen. · · 

After the appropriate type of cable is chosen, the conductor size can be determined. The 
information needed to determine proper size includes four criteria: 

• the current required by the intended load; 

• the maximum ambient air temperature;' 

• the distance from the source of supply to the intended load; and 

• the voltage drop desired. 

Because of the wealth of information that already exists on cabling practices for other 
power system types, which will not have to be amended for PV installations, this section 
is relatively brief, but further information may be obtained from Refs. ·1 and 2 • 

._,ERPORMANCE CRITERIA 

mectrical Attributes 

CA.E.l. cable Conduetor Sizing 

Criterim. The cable conductor size shall be such that electrical losses resulting from 
cabling shall be within the specified energy loss budget of the ·system. 

Evaluatim. Cabling design shall· be analyzed to determine that wire sizing satisfies the 
energy budget of the system. This procedure generally will satisfy any National Electri- • 
cal Code (NEC) requirements that consider wire heating rather than efficiency. Never
theless, compliance with the provisions of Article 310 of the NEC shall be assured. Max-
imum current of modules for this analysis shall be short-circuit current. · 

Commentg. Wires have a finite resistance corresponding to the length, size (radius), 
and material of the wire. Power losses may be expected because of this resistance, and 
these losses should be kept within the system energy budget. (It may be necessary to 
balance the economics of wire size costs against the gains in power output of larger 
cables.) In. addition, the NEC has defined acceptable current-carrying capacities for 
wires of different sizes and materials. These rept•esent a safety feature and should be 
examined to ensure operation within acceptable limits, including short-circuit conditions 
if no overcurrent protective devices are provided. In no case shall the wires be continu-
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ously loaded under normal or fault conditions beyond NEC stipulations that describe 
acceptable current loading as a function of wire size, ambient temperature, and temper
ature rating of the wire for three conductors. in a raceway, or cable, direct-earth burial. 

In choosing a cable for an intended load, its environment should not cause it to exceed its 
temperature-to-voltage limits as specified by the Insulated Power Cable Engineers 
Association (IPCEA). Tables of current-carrying .capacities based on heating for various 
sizes and types of cable have been issued by IPCEA and the NEC. · 

Safety Attributes 

CA.S.l. CAJ_ble Flammability 

Criterion. The cabling used in photovoltaic systems shall not propagate flames beyond 
their area of original occurrence. 

Rvalua.tion. Th~ cttbllhg used shall be rated VW-1 per UL 44 Rubber Insulated Wire, et al. 

Commentary. If flaming of a segment of a photovoltaic array does occur, all attempts 
should be made to confine it to the area of original occurrence. The use of wiring rated 

-as described above will help accomplish that result. 

CA.S.2. Clearances 

Criterion. Clearances between overhead supply cables A.nd all other cttbles and struc-
tures should conform to Sec. 23 of ANSl C2. -

Evaluatim. Conformity to instructions contained in ANSl C2. Review of installation 
drawings and specifications. 

Commentary. It is important to maintain safe distances between operating cables. 

CA.S.3. Fire Codes and Standarm, 

Criterim. Cable assemblies and their installations shall comr;>ly with locnl_and nl:ltion8lly 
recognized codes and stAnnards for fire safety. · 

Evaluation. Drawings and specifications shtill be reviewed for conformity to local and 
natwuully recognized codes and stAndards for firt:~ tiafety, including but not limited to 
appliP.able ~:;cctions uf NFPA 89M, FFPA 90A and 90B, NFPA 211, NFPA 54, NFPA 30, 
NFPA 31, NFPA 256, the NEC and HUD standards. In cases where sufficient engineering 
information is not available, testing to show compliance may be required. Potential 
heat, rate of heat release, ease of ignition, and smoke generation will be considered in 
assessing potential fire hazards. . · 
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Durability/Reliability Attributes 

CA.D.l. Cabling and Connectors 

Criterim. Cabling and connectors shall be sufficiently rugged and long-lived to with
stand all system operating conditions for the expected life of the system. 

Evaluation. Specifications review, visual inspection, and high potential (hi-pot) testing, 
where applicable, shall verify conformance tothis criter,ion. 

Commentary. Cables must provide: adequate electrical isolation under all expected 
environmental conditions, long-term insulation integrity, and sufficient physical strength 
to. allow installation under difficult· conditions of bending and flexing. Attention must 
also be given to providing freedom from cable cross talk within cable wiring, and preven
tion of excessive electromagnetic interference radiating from the cable system. Cables 
should be protected from damage by animals or vermin. Appropriate NEMA or IEEE 
standards should be consulted. 

CA.D.2. Cable Loading Requirements 

Criterion. The cabling shall not be damaged by expected in-field ice and wind loading. 

Evaluatim. Drawings and specifications shall be reviewed in conjunction with weather 
data for. the intended application site to determine adequate load capabilities. 

Commentary. ANSI C2 governs the approved criteria for assuring that cable systems. 
maintain their structured integrity under in-service conditions. The strength require
ments of cable support structures (if any) should be calculated using the data provided in 
Sec. 26 of the National Electric Safety Code, ANSI C2 •. 

CA.D.3. Solar Degradatim 

Criterion. Cable components or materials shall not be adversely affected by in-service 
exposure to sunlight to an extent that their life-cycle function is impaired significantly. 

Evaluation. Evaluation includes documentation of satisfactory long-term performance 
under certain use conditions, or engineering analysis. 

Commentary. Some organic materials used in cabling may be particularly susceptible to 
solar degradation under prolonged exposure. When cable components or materials are 
exposed to UV radiation with or without an intermittent water spray at their maximum 
service temperature, there should be no signs of excessive deterioration such as cracking, 
crazing, embrittlement, loss in flexural strength, or any other changes that would signifi
cantly affect performance. 

CA.D.4. Moisture Resistance 

Criterim. Cable chosen for a specific t:tpplication shall not be adversely affected by 
exposure to moisture to an extent that its function during its lifetime is impaired signifi
cantly. 
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Evaluatim. This includes documentation of satisfactory long-term performance tmder 
usage conditions, or engineering analysis. Where adequate information is tmavailable, 
methods that demonstrably meet the intent of the cr!terion should be used. 

Commentary. Moisture is exhibited in several forms; e.g., rainfall, melting snow and ice, 
or condensation. The intent of this criterion is to ensure adequate performance of cable 
components or materials that probably will be exposed to moisture. 

IDstaD.atim, Operatim, and Maintenance Attributes 

CA.Ll. Instanatim, Operatim, and Maintenance Manual (see SY.I.l) 

CA.L2. Cabling Installatim 

Criterim. Cable shall be installed according to accepted cabling inst9:llation practices, 
consistent with the level of complexity of the photovoltaic system. 

Evaluatim. Installation shall be evaluated by determining conformity to plans and speci
fications developed from accepted industrial practices. 

Commentary. Because of the diverse applications for cable installation, it is not possible 
to specify every contingency. One excellent overall source, especially applicable to 
intermediate load center and central station applications, is provided in Ref. 1. (See par
ticularly Chapter 8, Cable Installation, and Chapter 9, Cable Joints and Terminations). 

The complexity of any kind of cable installation and the way it is done depend on its par
ticular application. Remote applications might require a solitary cable buried in a shal
low ditch, while central station applieations would involve many diverse installation 
practices. As the flize Md l.."<.Hnplexity of the intended application increase, so do estab
lished standards and practices. For central station applications, the utility will issue 
standards to guide the installer, operator, or maintenance person in each specific task. 

In utility interactiv~ solar applications, the architect and engineer should discuss the 
primary needs of voltage and capacity with utility representatives, and fr·orn that discus
sion the utility will determine what type of cabling it needs to fumish to the work site. 
Also, depending on power requirements, it will speoify to the architect and engineer the 
type of metel'ing nlleded and whether a vault would be needed as well. The utility will 
furnish its cabling and ancillary equipment-without the meter in residential applications, 
and without the utilization transformer or vault in intermediate 1 oad ut!ntcr applicH
tions. The utility will ah>o be available to advise the architect and engineer on matters 
pertaining to cabling and concomitant equipment that connect to the utility lines, within 
the confines of the intended application. In stand-alone solar applications, the architect 
and engineer should devise installation procedlres according to the complexity of the 
intended application. Various standards and standRrd operating procedures exist, and 
help is available from the distribution division of the nearest utility. Another source of 
assistance is the field service personnel of the cable manufacturer. 
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CA.I.3. Cable Maintenance 

Criterim. The maintenance manual for the system shall specify inspection intervals for· 
system cabling. (See also·S.Y~I.l.) J • 

Evaluatim. Evaluation will determine confqrmity to inspection and maintenance proce-
dures developed from accepted industrilu practices. · · · · .. 

Commentary. The frequency of inspections and maintenance varies according to the 
complexity of the intended application, and is usually determined locally from operating 
experience. Refer to Ref. 1, Chapter 11, Cable Testing, Fault Location and Cable Iden
tification, and Chapter 12, Records, Repairs and Maintenance. 

Cables are tested at the factory, but many things can happen to damage the cable before 
it is put in service, and many things can happen in service that will shorten its life expec
tan~y. Cables interconnect various apparatus that are often great distances apart, which 

· subjects them to many hazards~ Cables may be installed in hard-to-reach locations such 
as underground, under ·floors, under water, on poles, or in conduits; therefore, they are 
not readily accessible for periodic inspection. They are frequently installed and forgot
ten until something goes wrong. 
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SECTION 8.0 

POWER DISTRIBUTION SUBSYSTEM 

INTRODUCTION 

The power distr~bution ·subsystem is the electrical ·and physical interface between a 
power conditioning subsystem and electrical loads. If also contains the interface 
between a utility power source and the electrical loads and power conditioning subsys
tem. The function of this interface junction is. to provide: 

• the electrical connection between a power source and loads; 

• system overload and short-circuit protection; and 

• manual circuit disconnect capabil.ity. 

Power in the subsystem may be of three types: AC, regulated DC, and tmregulated DC. 
Unregulated DC power is power delivered to a load at a variable voltage; for example, 
the poWer supplied directly from a bank of batteries. Regulated DC power is power 
delivered at a fixed voltage. 

A power distribution subsystem consists of a protective cabinet containing breakers or 
relays for each separate load circuit and a main breaker for input conductor overcurrent 
protection. Manual disconnect capability is essential to provide safe conditions for ser
vicing system components. The power distribution subsystem may be designed to contain 
electronic relays that accept .control signals from a system monitor and control unit. 

A residential power distribution subsystem may simply be the "fuse box" that currently 
exists in a residence. Additional control relays will be used in those systems utilizing 

·load shedding or load switching as dictated by a system monitor and control unit. For all 
systems, the power distribution subsystem provides the access location for the physical 
interconnection to and control of the various load circuits. The power distribution sub
system may be designed to contain electronic· relays that accept control signals from a 
system monitor and control unit. 

PERFORMANCE CRITERIA 

meetrical Attributes 

PD.E.l. Power Distribution Power and Voltage Capability 

Criterion. The electrical components of the power distribution subsystem shall be appro
priate for the power type and load voltage level requirements. 

Evaluatim. Satisfactory review of electrical system drawings and component specifica
tions shall indicate conformance. 
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PD.E.2. Utility Interface Design 

Criterion. The power distribution subsystem to utility power interface .shall be designed 
to conform with applicable codes and practices regarding safety and design considera
tions. 

Evaluatim. Review of the electrical connection drawingS shall indicate conformity to 
the applicable portions of the National Electrical Code (NEC) and applicable practices of 
the local utility. 

Commen~. The NEC contains the requirements for designing and installing the elec
tricafTnterace between the utility and the appllcatlon. These requiremeuls, ltuwt:!vei', 
apply to receiving energy from, rather than sending it to, the utility (as would occur in a 
utility sell-back arrangement). 

The portions of the NEC that apply to receiving energy from the utility are: 

• Article 220 -

• Article 230 -

• Article 240 -

• Article 250 -

sizing for the feeder (load) of the application; 

requirements for the electrical service (utility) connection and 
equipment for control and protection of the electrical service 
and installation requirements; 

overcurrent (circuit breaker) protection; and 

grounding. 

If the application is a residence, NFPA No. 701A, an excerpted version of the electrical 
code, is available. 

While it may be desirable to sell back the energy generated by the photovoltaic energy 
source to ttie utility, NEC requirements for that interface do not presently exist. If the 
existing service conductors are used, the current returned to the utility cannot exceed 
their capacity. Until national guidelines and requirements are established, users desiring 
to feed energy back to the utility should consult their local utility for an acceptable 
m~~d · · 

&dety Attributes 

PD.S.l. Power Distribution Safety. 

Criterion. Power distribution shall comply with existing codes or established procedures 
govermng the installation, operation, and maintenance safety requirements of junction 
boxes, circuit breakers, and DC and AC circuits. 

Evaluatim. Code conformity shall be verified by review of drawings and component 
speCihcatfons. · 

Commentary. The power distribution subsystem typically consists of a corrosion-proof 
met81 cabinet housing the circuit breakers, and/or relay switches, load busbars, and asso
ciated wiring. All wiring must be accessible for inspection. The cabinet must be covered 
and so placed as to prevent moisture or water accumulation. There should be no com
bustible material immediately adjacent to the distribution panel. 
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The circuit breaker status (on/off) should be clearly marked for both switch positions and 
the current and voltage rating should be indicated. Once a trip point has been set, the 
breakers should be tamperproof. 

The distribution panel must be sized according to the number of electrical connections it 
will house, and breakers sized in accordance with the .current capacity of the, conductors. 

National Electrical Code requirements that may be applicable to the power distribution 
subsystem are contained in Articles 370, 240, and 250. Similarly, Underwriters Lat:>ora
tories Standard for Molded Case Circuit Breakers and Circuit Breaker Enclosures, 

. UL 489-1972, may also be applicable. Because of the possibility of reverse power flow, 
the circuit breaker may need to be suitable for use with a reversed line-load connection. 

PD.S.2. Load Disconnect Capability . 

Criterim. The power distribution shall have the capability of manually disconnecting the 
power source from the load. 

Evaluatim. Satisfactory review of electrical system drawings and component specifica-
tions shall indicate conformance. · · 

Commentary. Manual disconnect capability is essential to provide safe conditions for· 
servicing system components. The power distribution center may be designed to contain 
electronic relays that accept control signals from the system monitor and control. 

PD.S.3. Utility lnterfaee Design (See PD.E.2) 
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GLOSSARY 

INTRODUCTION 

This glossary is a collection of some terms and. nomenclature used in this document and 
defined by the task groups who developed the performance criteria. In some· instances, 
definitions rieed to be reviewed and many accepted definitions may not apply to photo-. 
voltaic applications; hence, some new definitions have been derived thatapply to current 
technology. 

Algorithm _ 
A prescribed set ·of well-defined rules or process~s for the solution of a problem in 
a finite number of steps; for example, a full statement of an arithmetic procedure 
for evaluating sin x to a stated precision. 

Array 
A mechanically integrated assembly of modules or panels with a support structure 
and foundation, tracking, thermal control, and other components, as required, to 
form a DC power producing unit. 

Array Field 
The aggregate of all solar photovoltaic arrays generating power within a given sys
tem. 

Array Subfield 
A group of solar photovoltaic arrays associated by a distinguishing feature such as 
field geometry, electrical int~rconnection, or power conditioning. 

Battery 
A battery consists of two or more cells electrically connected for producing elec
trical energy. Common usage permits this designation to be applied also to a single 
cell used independently. 

Battery Capacity 
Generally, the total number of ampere-hours that can be withdrawn from a fully 
charged cell or battery. . 

Ampere-Hour Capacity (Coulombic}-The ampere-hour capacity of a storage bat
tery is the number of ampere hours which can be delivered under specified condi
tions as to temperature, rate of discharge, and final voltage. 

Available Capacity-The total number of ampere-hours that can be withdrawn from 
a cell or battery for a specific set of operating conditions including discharge rate, 
temperature, initial state of charge, age, and cutoff voltage. 
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Installed Capacity-The total number of ampere-hours that can be withdrawn from 
a new cell or battery when discharged to the system specified cutoff voltage at the 
system design rate and temperature (i.e., discharge to the system design specified 
maximum depth of discharge). 

Rated Capacity-The rated capacity of a storage battery is the number of ampere-
. hours and/or watt-hours which it is capable of delivering when fully charged and · 
under specified conditions of temperature, rate of discharge, final voltage, and 
specific gravity. 

Watt-Hour: (Energy) Capacity-The total number of ·watt-hours. (kilowatt-hours) 
that can be withdrawn from a fully-charged cell or battery. The energy capacity of 
a given cell varies with temperature, rate, age, and cutoff voltage. This term is 
more common to system designers than it is to the battery industry where capacity 
usually refers to ampere-hours. · 

Capacity Tests-

Battery Cell 

Acceptance Test (lead storage batteries): A capacity test made on a new 
battery to determine that it meets specifications or manufacturer. ratings. -
Performance Test (lead storage batteries): A capacity test made on a bat
tery, as found, after being in service to deteet any change in the capacity 
determined by the acceptance test. 
Service Test (lead storage batteries): A special capacity test made to dem
onstrate the capability of the battery to meet the design requirements of 
the system to which it is connected. 

A storage cell is a galvanic cell for th~ generation of electrical energy in which the 
cell, after being discharged, may be restored to a fully charged condition by an 
electric current flowing in a direction opposite the flow of current when the cell 
discharges. 

Battery Cycle Life 
The number of cycles, to a specified depth of discharge, that a ·cell or battery can 
undergo before failing to meet its specified capacity or efficiency performance cri
teria. 

For example, with lead-acid batteries, end-of-life is generally taken as the 
point in time when a fully charged cell can deliver only 80% of 1 ts rated capac
ity. Beyond this state of aging, deterioration and loss of capacity begin to 
accelerate rapidly. Life may be measured in cycles and/or years, depending on 
the type of service for which the cell or battery is intended. 

Battery Final Cutoff Voltage 
The final (cutoff) voltage of a battery is the prescribed voltage at which the dis
charge is considered complete. 

The cutoff or final voltage is usually chosen so that the useful capacity of the 
battery is realized. The cutoff voltage varies with the type of battery, the rate 
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of discharge, the temperature, and the kind of service. The term "cutoff volt-:
ag~" is applied more particularly to primary batteries, and the term "final volt
age" to storage batteries. 

Battery Efficiency 
The efficiency of a storage battery is the ratio of the output of the cell or battery 
to the input required to restore the initial state of charge under specified condi
tions of temperature, current rate, and final voltage. 

Amp~re-Hour (Coulombic) Efficiency ( TJ Ah)-The ampere-hour efficiency of a 
·storage battery is the electrochemical· efficiency expressed as the ratio of the 
ampere:-hours output to the ampere-hours input required. for the recharge. 

_ arrpere~hours 
TJ Ah - arrpere-hours 

. (t d i ddt 
discharged _} 0 
of charge -/t~o ,...t _c_i_c_d_t_ 

·where id and ic are the discharging and charging c1:1rrents, respectively, and td and 
tc are the discharging and charging times, respectively.· 

Voltage Efficiency ( T) v)-The voltage efficiency of a storage battery is the ratio of 
the average voltage during the discharge to the average voltage ·during the 
recharge. 

T)v 
= avg. 

avg. 

1 (td 
discharge voltage _ td J 0. Vddt 
charging voltage ~ r- rt . 

. tc }o cVcdt 

where V d and V care the discharging and charging currents, respectively, and td and 
tc are the discharging and charging times, respectively. · 

Watt-Hour Energy Efficiency ( TJ w)-The watt-:-hour efficiency of a storage battery 
is the energy efficiency expressed as the ratio of the watt-hours output to the 

· watt-hours of the recharge. 

where id and ic are the discharging and charging currents, respectively; V d and V c 
are the corresponding voltages, and td and tc are the discharging and charging 
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time, respectively. The watt-hour efficiency is approximately equal to the product 
of the voltage and ampere-hour efficiencies. 

Battery Self-Discharge (Local Action) 
Self-discharge is the loss of otherwise useable chemical energy· by spontaneous cur
rents within the cell or battery regardless of its connections to an external circuit. 

'' 

Branch Circuit 
A number of modules or paralleled modules connected in series to provide DC 
power at the system voltage. 

gell Efficienc·y (at peak electrical performance operating conditions, tl c). 
The ratio of solar cell peak power at 28°C junction temperature to total irra.diant 
power of RIS spectrum incident on the illuminated cell area. Flat-plate cells are 

r norm.ally referenced to 1000 W/m 2 RIS irradiance.level; cells designed for concen
trated sunlight applications are normally referenced to the RIS irradiance level 
expected in service. 

· Charge Rate 
The current applied to a: cellor battery to restore its available capacity. 

The charge rate can be expressed in amperes (or watts if a constant power is 
applied) but is commonly normalized with respect to the rated capacity of the 
battery. ·For example, giveri the rated ampere-hour capacity, C, and the actual 
charging current, Ic, the charging rate is expressed as: 

c c 
ClT~;:;. TN. 

where TN is a nominal unit of time in hours. 

Therefore, given a 500-ampere-hour battery being charged by a 50-ampere current, 
the charge rate becomes ~· 

c 
5oo75u 

or, 

the C/10 rate. 

It must be noted that TN cannot be taken as th~ charging time. That is, the charge 
current cannot always be calculated by dividing C by TN except when the recharge 
is started from approximately a 90% discharged status and the battery is then fully 
recharged. Ninety percent is commonly the ampere-hour efficiency of a lead-acid 
storage battery, and a full charge wot.ild therefore restore the battery to 100% of 
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its rated capacity. For example, if less than 90% of the rated capacity were 
removed from a battery, then the time required to completely recharge would be 
less than what was indicated by TN. Similarly, if greater than 90% were removed, 
the actual recharge time would be greater than TN. 

Collector Efficiency ( TJ CL) 
Ratio of the total WRIS irradiant power incident on the receiver area divided by , 
the total WRIS irradiant power incident on the module active aperture area. 

In practice, the WRIS irradiant power is usually measured using a RIS spectrum 
and a measurement device with the same spectral sensitivity as the encapsulated 
cell to be used in service. 

Commutation 
The action of transferring current from one switching device to another in a power 
conditioning unit. 

Stand-alone inverters must be self-commutated but utility interactive inverters 
may make use of line commutation where the circuit operation depends on the 
utility line connection. Utility interactive inverters may also be self
commutated. Other types of commutation have been used, such as natural and 
load commutation, but generally in special applications. 

Concentrator Optics 
The optical concentrating portion of a module designed to operate with concen
trated sunlight on the receiver. 

Concentrator Cell Assembly 
The smallest complete assembly of solar cell(s) (which may be environmentally pro
tected) designed to generate DC power under concentrated terrestrial sunlight. 

Control Functions 
Control functions can be divided into three broad categori~: permissive; protec
tive; and optimization. St9.r.tup and automatic shutdown are permissive and protec
tive functions, respectively. 

Depth of Discharge (DOD) 
The ampere-hours removed from a fully charged cell or battery, expressed as a 
percentage of rated capacity. 

For example, the removal of 25 ampere-hours from a fully charged 100 ampere
hours rated cell results in a 25% depth of dischat;'ge. Under certain conditions, 
such as discharge rates lower than that used to rate the cell, depth· of discharge 
can exceed 100%. 

Discharge Rate 
The current removed over a specific period of time from a cell or battery. 

The rate can be expressed in amperes (or watts if the load is of constant power) 
but is sometimes normalized with respect to the rated capacity of the battery to 

I 

comply with the charge rate terminology. For example, given the rated ampere-
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hour capacity, C, and the actual discharging current, Id, the discharge rate can 
be expressed as: 

where TN is a nominal unit of time in hours (see Charge Rate). Again, it must be 
noted that T is not the discharge time. It is only equal to the discharge time 
when 100% of the rated ampere-hour capacity is removed from the battery. How
ever, the final (end) voltage can interfere with the ampere-hour removal, hence an 
alternative expression to describe the rate is more commonly used. This rate is 
expressed as: 

Actual number of hours taken to I 
=hour rate. 

reach the rated end voltage • 

. For example, given that a battery's rated capacity is 500 Ah at the 5-h rate to an 
end voltage of 1.75 V/cell, the 3-h rate would be equal to the current (in amperes) 
necessary to discharge the battery to 1.75 V/cell in three hours. The 10-h rate 
would be the current necessary to discharge the battery to 1. 75 V /cell in ten 
hours. UnfortWtately, the battery's available capacity is not constant with dis
charge rate. Therefore, the discharge current cannot be calculated by dividing the 
rated capacity by the hour rate, except at the manufacturer's rating. Tn othP.r 
words, for the above case, the current necessary to fully discharge the 500 Ah bat
tery to 1. 75 V /cell in 5 h would be 500/5 = 100 amperes. But the current at the 3-h 
rate might only be 145 A rather than 167 A, duP. to the fact that le&<; than 500 Ah 
would be removed at the faster rate to the given end voltage of 1. 75 V /cell. Simi
larly, at a slower rate, more than 500 Ah would be removed by the time the voltage 
reached 1. 75 V /cell. 

Electrolyte 
An eleetrolyte is a conducting medium in which the flow of electric cut·t•ent takes 
place by the migrations of ions. 

The electrolyte for a lead-acid storage cell is an aqueous solution of sulfuric 
·acid. (See Specific Gravity of Electrolyte.) 

Encapsulated Solar Cell Efficiency ( Tl EC) 
Solar cell efficiency measured with protective encapsulation in place. 

End-of-charge-Voltage 
The cell or battery voltage at which the finishing charge is normally terminated by 
the charging source. 
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Equalization 
The process of restoring all cells in a battery to an equal state-of-charge. 

For lead-acid batteries, this is a charging process designed to bring all cells to 
100% state-of-charge. Some battery types may require a complete discharge as 
a part of the equalization process. 

Equalizing Charge 
A continuation of normal battery charging, at a voltage level slightly greater th.an 
the normal end-of-charge voltage and at the finishing rate or less, in order to pro
vide cell equalization of voltage and specific gravity within a battery. 

Finishing Rate 
The finishing rate for a storage battery is the rate of charge expressed in amperes 
to which the charging current for some types of lead batteries is reduced near the 
end of charge to prevent excessive gassing and increases in temperature. 

Formation 
The process, during manufacture or installation, by which the electrode materials 
are transformed into the compositions required for cell operation. 

Gassing 

A battery upon installation is not necessarily fully formed and could require sev
eral cycles before complete formation. The battery will be able to give its 
usable capacity, but not its rated capacity. 

The evolution of gas from one or more of the electrodes in a cell. 
Gassing commonly results .from local action (self-discharge) or. from the electrol
ysis of water in the electrolyte during charging. 

Geometric Concentration Ratio (R) 
Module active aperture area divided by receiver area. 

Illuminated Cell Area (Ac) 
The total surface area of the cell designed for illumination. 

For flat-plate cells, it is the total cell area; for concentrator cells, bus areas not 
designed for illumination are excluded. 

Illumination Mismatch Efficiency ( TJ IM) 
Ratio of cell efficiency under specified nonuniform illumination conditions to cell 
efficiency under ideal uniform illumination conditions. 

Inverter 
A unit which changes a DC input to ail AC output. 

Levelized Energy Cost 
The cost of a PV sy~tem expressed as an equivalent uniform (levelized) annual 
amount, taking into account the time yalue of money divided by the an.nual energy 
generated by the PV system. 
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Maximum Power Point (P m) 
The operating point on a PV array I-V characteristic at which maximum power is · 
delivered. 

Maximum Power Point Tracker 
A control strategy whereby system operation is always at or sufficiently close to 
toe PV array maximum power point. ·· 

Maximum power point ·tracking requires the presence of a load that can accept a 
variable power; for example, a storage battery or a utility line connection. 

Mis-match Effi~iency ( 1JMIS) 
The ratio of the efficiency of a serieR/pRrRllP.l ASSP.mhly of c~;>lls or modulgs mea~ 
sured under uniform illumination conditions to the averaa-e efficiency of thP. inrti.;.. 
vidual elements (includes interconnect series resistance losses). 

Module 
The smallest complete, environmentally protected assembly of solar cells, optics, 

. and other components (exclusive of tracking), designed to generate DC power under 
unconcentrated terrestrial sunlight. 

Module Active Aperture Area (A A) 
That portion of the total aperture area of a concentrator module designed to con
tribute receiver illumination when the sun is on the optical axis. 

Module Aperture Area Efficiency (f) AA) 
Ratio of the active aperture area to the total aperture area, for a concentrator 
module. 

Module Packing Efficiency ( '1 P) 

The ratio of the total active solar cell area to the total aperture area for a flat
pia te module. 

Module Total Aperture Area (ATA) 
Total module projected area normal to the optical axis .. 

Motive Puw~1· (Traclion) Battery 
A cell or battery that is intended to power electrically operated ntobile equipment 
and is designed to be operated in a daily deep-cycle regime at moderate (C/6) dis
charge rates. 

Net Present Value 
The present value of all savings resulting from the PV system minus the present 
value of all costs associated with the PV system, including initial investment, 
replacements, and operation and maintenance (less salvage value). 

Present value denotes the equivalent value at the present time of future cash 
flows; it is found by discounting future cash flows to the present to account for 
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the time· value (earningS potential) of money. The time value of money is indi
cated by a discount rate (interest· rate) for which the value of a dollar received 
at some future time is equivalent to the value of a dollar received at the present 
time. 

Nominal Operating Cell Temperature (NOCT) 
The e.quilibrium solar cell junction temperature corresponding to nominal module 
service operating conditions in a standard reference environment. of 800 W /m 2 

irradiance, 20° C ambient air temperature, 1 m/s wind, and electrically open cir
cuit. 

Optical Axis 
A reference axis for a module or concentrator generally chosen as the module/illu
mination-source line which maximizes power output (often an axis of symmetry). 

Overcharge (Overch·arging) 

Panel 

To put into a storage cell or battery a charge in excess of that needed to return full 
capacity to the cell. Such overcharging can result in "gassing" or decomposition of 
the water in the electrolyte into hydrogen and oxygen gases.· 

A collection of moduies fastened together, pre-assembled and wired, and designed 
to provide a field-installable unit. 

Permissive Control Functions 
Permissive control facilitates operation of the power conditioning unit, as well as 
the operation of the subsystems connected to it. In addition, permissive control · 
determines the interconnections of the internal components within the power con'
ditioning unit. 

Permissive control actions allow the power conditioning unit to start up, syn
chronize, and interact with other systems, such as the utility. Closing a switch is 
a permissive control action since it allows interaction between connected com
ponents separated by the open circuit. Since permissive control actions allow 
specific components to interact, it is necessary, to ensure safe operation, that all 
possible control actions do not violate electrical/mechanical constraints speci
fied by the manufacturer. Simple control actions such as closing a switch could 
cause damage to equipment, decrease the life of the system, and harm the opera
tors. Transients caused by control actions shall be within the manufacturer's 
specifications. Relays, like the under-voltage relay, initiate specific actions; 
these actions must not endanger other components, subsystems connected to the 
power conditioning subsystem, or the operator by creating electrical mismatches 
between components. 

Photovoltaic Power System Monitor and Control Unit 
The highest level of control that receives information from and sends signals to the 
thermal and electrical power conditionirig subsystems through their monitor and 
control units. 

Typically, the operator interacts with this functional unit. 
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Photovol taic (PV) System 
The total components and subsystems that combine to convert solar energy into 
electrical energy suitable for connection to an application load. 

The major subsystems and their interfaces are the array, power conditioning, 
monitor and control, storage, cabling, and power distribution units. The auxiliary 
energy subsystem is not part of the PV system but is included in the total energy 
system. 

Power Conditioning Subsystem Monitor and Control Unit 
Second highest level of control that monitors and controls the components within, 
and the subsystems connected to, the power conditioning subsystem. 

-~.~~~!'_.Qt:)J}~.~!J~I.!.!~g~·~ni~. (PCU) 
Equipment that pertains to a specific power conversion factor.· A PCU is used to 
change input voltage level or waveform (or both) into a desired output voltage level 
or waveform. 

It can be specified and tested indepmdently of the PVPS and generally includes 
all auxiliary functions required to control individual power handling devices, such 
as internal power supplies, error amplifiers, and self-protection features. A PCU 
will normally fall in one of the following general categories based on whether the 
input and output are primarily AC or DC: 

DC-DC-Both input and output are DC. Power conversion may take place inter
nally at high frequencies. Sometimes referred to as a regulator. 

Dc-AC-The output is usually a single frequency sinusoid while the input is DC. 
Usually referred to as an inverter. 

Ac-DC--The input is AC, usually sinusoidal and the output is DC. Usually refer
red to as a rectifier, a DC power supply, oc battery charger. 

DC-AC/ Ac-DC--A bidirectional inverter that combines the above two functions 
(rectifier and inverter) in a single unit. 

AC- Ac--The input is AC and the output is AC, usually sinusoidal, of a frequency 
different from that of the input. Usually called a frequency converter. One 
circuit that has been used to perform this function is a cycloconverter. 

Power Factor 
The ratio of real power (watts) to apparent power (volt-amps) in an AC circuit. 

Displacement power factor i3 the ratio of fundamental wnttfl to fundllmontal 
RMS volts times RMS amps, excluding the effects of ll.ll harmonic components; it 
could be called fundamental power factor. 

Power Transfer Map 
A graphical · means of presenting complex load characteristics which can be 
accommodated by a PCU (see next page). 
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Rectifier -- -- -)lo-lnverter 

Power Transfer Map 

Rated Module Electrical Efficiency (Flat-Plate, TJ FPM) 

Pure 
'Real 

Power 

The amount of _electrical ~ower (watts) generated by a module at its maximum 
power point and 1000 W /m , AM 1.5, NOCT divided by the product of 1000 W /m 2 

and the gross module area (m 2). · 

Receiver 
The component designed to operate under concentrated sunlight, incorporating the 
concentrator cell assembly, and providing thermal energy removal. 

Receiver Active Cell Area (ARc> 
Total active solar cell surface area within the receiver area. 

Receiver Area (AR) 
Total receiver surface area (not projected area) designed for illumination when the 
sun is on the optical axis and measured in the intended plane(s) of the solar cell 
outer surfaces. 

Receiver Packing Efficiency ( TJ RP) 
The ratio of the receiver active cell area to receiver area. 

Reference Irradiance Spectrum (RIS) 
Air mass 1.5 reference solar spectrum as defined in NASA TM-73702, "Terrestrial 
Photovoltaic Measurement Procedures," June 1977. 

Ripple Current Ratio 
The ratio of the AC component to the DC component (average) of the current at a 
PCU interface, either input or output. 

Ripple Factor 
Ripple factor is an expression of an AC ripple superimposed on a DC average 
value. IEC Standard 411-1, Power Converters for Electric Traction Part 1, Sec. 4.2 
defines it as: 
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X X. 
R.F. = max - rru n x 1 OOCK> , 

xma.x + xmin 

where Xmax and Xmin' respectively, represent the maximum and minimum values 
of the variable X. This is equivalent to 

R F _ X (peak-to-peak) 
• • - . 2X (average) • 

Solar Cell 
The basic photovoltaic device, which generates electricity when exposed to sun
light. 

Solar Cell Efficiency ( TJ c> (See Cell Efficiency.) 

Specific Gravity 
The specific gravity of an electrolyte is the ratio of the weight of a given volume 
of electrolyte to the weight of an equal volume of water at a specified tempera
ture. 

Stand-Alone (SA) 
A PCU or system that operates· independently of the utility lines. It may draw sup
plementary power from the utility but is not capable of providing power to the util
ity. 

StfltP.-of...r.hRrge (SOC) . 
The available capacity in a cell or battery expressed as a percentage of rated ca
pacity. 

For example, if 25 ampere-hours have been removed from a fully charged 
100-ampere-hours cell, the new state of charge is 75%. 

Subsystem Monitor and Control Unit 
This unit supervises the subsystem energy flow and storage state and controls the 
subsystem in a safe and timely manner in response to internal signals and external 
signals' from other subsystems. 

Ea~h m~jnr suhsystP.m typically will contain a Monitor and Control Unit. This 
may or may not exist as a separate unit. This unit will inform the external con
troller of imponding unsafe oonditions and a('t in.nP.pP.nc'IP.ntly if system control 
nocf.i not respond or if it commands an unsafe ~:iP-tion. Refer to the Monitor and 
Control section of this document for details. 

System Power Rating 
The rated power of the PV array at NOCT and an irradiance level of 1000 W/m 2 

modified by cabling and power conditioning subsystem losses at this array power 
level. 
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Uninterruptible Power System (UPS) 
A power system that has sufficient redundant power sources and backup configu
rationS so that output power can be continuously supplied (uninterrupted) even 
though th~ primary source of power has failed (interrupted) or the equipment has 
fu~~ . 

Unlimited Interactive Source/Sink 
An element that can act as a source or a sink and has unlimited capacity. An 
example of this type of element is a 1,1tility line connection. · 

Utility Interactive (UI) 
A PCU system capable of operating in parallel with and supplying power to the util
ity line. 

Voltage Window 
The range of voltages over which the array, power conditioning unit, or battery is 
to be opera ted. 

Weighted Reference Irradiance Spectrum (WRIS) 
Convolution of reference irradiance spectrum and the short-circuit current spectral. 
response of the particular solar cell. 
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INTRODUCTION 

A secondary yet critically important purpose of this document is to establish a unified 
body of test ·procedures for the evaluation of PV subsystem performance criteria. In sev-

. eral isolated cases (primarily for established areas such as storage and power condition
ing) accepted concensus standard test methods exist. Because PV technology has 
matured only recently, the majority of performance criteria in this document cannot be 
evaluated using established standard test methods because none exist.· Test methods in 
this section have been developed from past experience gathered from and reviewed by 
experts in the PV field. They are recommended evaluation procedures; however, these 
methods are not consensus .standards tests. 

The test methods contained herein· are, therefore, "best knowledge" techniques and 
should be viewed as such. They will no doubt serve as a starting basis for consensus 
standards . development in the area of PV measurement and testing techniques. 
Developed primarily from the single-crystal silicon experience base, they may, 
nonetheless, apply to a wide range of technologies. However, just as users must carefully 
select the performance criteria in this document, so these test procedures must also be 
used with care. Some are applicable for qualification testing (e.g., destructive 
Reliability/Durability Tests) whereas others lend themselves to usage on all components 
(e.g., Electrical Performance testing). Under no presently foreseeable circumstance is it 
appropriate to make a blanket requirement that all test methods be carried out for a 
particular applicatim. Just as the main body of this document is an evolutionary entity, 

. these test methods will be revised and expanded as further information and data are 
obtained. / . ·' /" 

The test methods in this section are coded to the particular subsystem performance 
attributes of interest. Hence, TE.MO.E.l indicates a Test Method (TE) for testing a 
module (MO) for some electrical (E) attribute, and it is the first in the sequence (1) of 
such test methods listed here. Generally, the test methods are further subdivided to con
tain, where appropriate, the following topics (in order): Purpose, Commentary, Appara
tus, Preparation, Procedure, Evaluation, and References. 

B-5 



$5~1 ('-1, --------------------=~------........-r:r-;rT"'[lRr-61':'5-r-4 ,-.,-/ 'l'E.AR.E.I 

PURPOSE 

TEST TE.AR.E.l 

ELECTRICAL PERFORMANCE TEST- FLAT-PLATE 
CELLS, MODULES, AND ARRAYS* 

This electrical performance test is used indoors or outdoors to measure the I-V curve~ or 
a portion of it, of a photovoltaic cell, module, panel, array, or array field to determine 
the electrical output parameters at specified reporting conditions of temperature and 
irradiance level. 

COMMENTARY 

The 1-V curve is the primary electrical performance measurement of a photovoltaic 
device. Important electrical performance characteristics can be derived from I-V 
performance curves. Cell temperature and incident irradiance both have a -great effect 
_on .the I-V curve. Hence, a set of specified reporting conditions have been developed to 
facilitate comparison. See Table B-1 for these conditions. 

Table B-1. ELECTIUCAL PERFORMANCE REPORTING 
CONDmONS: FLAT-PLATE CELLS, MODULES, 
PANELS, AND ARRAYS 

Reference Nominal 
Design Operating 

Peak Conditions Conditions 

Cells 1000 W/m2, 28°C N/A N/A 
AM 1.5 spectruma 

Modules, 1000 W/m2 ~ 28°C 1000 W/m 2 tiOCTb 800 W/m 2, NOCTb 
Panels, 

AM 1.5 spectruma AM 1.5 spectrum a AM 1.5 spectruma Arrays 

aAM 1.5 spectrum is specified in Ref. l. 

bNOCT (Nominal Operating Cell Temperature) is determined by employing 
Test TE.AR.M.8. 

The output of a solar cell is also a function of "the spec~um of the incident irradiance. A 
cell may have very different outputs under two different spectral distributions of irradi
ance, even when the total inteHSities, measured by a blackbody detector, are the same. 
To reduce spectral mismatch errors, two restrictions are made on the measurement 
procedures: 

*ASTM Committee E44 on Solar Energy Conversion is developing a relevant recommended 
prS:ctice. 
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(l) A calibrated reference cell, which is used to transform the I-V data from the 
measured spectral irradiance distribution to the standard spectrum, shall be used to 
monitor the incident irradiance. · 

(2) The choice of a light source for solar simulation shall be limited to those that give a 
good spectral match to terrestrial sunlight. 

The calibrated reference cell is a solar cell with a spectral response that matches that of 
the test device. Currently, there is no accepted procedure for matching spectral 
response curves, and until one is developed, matching such curves will continue to be 
based on a subjective judgment of their shape or choosing a reference cell which is known 
to be typical of the cells in a module or panel. The reference cells are calibrated by 
measuring their output under terrestrial sunlight of a known standard spectral 
distribution. 

This standard spectrum is a calculated direct-beam spectrum using air mass 1.5, 2 em of 
precipitable water vapor and an atmospheric turbidity of 0.12 (see Ref. 1). Currently, 
there is no commercial source for primary reference cells; thus, they must be made and 
calibrated for the application, generally using similar cells. 

APPARATUS 

The apparatus consists of: 

• Reference cell-a calibrated reference cell, whose spectral response matches 
that of the test device, used to measure incident irradiance. 

• A test bed-a temperature-controlled cell holder if an individual cell is being 
measured; or suitable mounting gear if modules or panels are being measured. 

• Temperature measurement equipment-to measure the cell temperature of 
modules, panels, etc., to within 1° c. 

• Current and voltage mea,surement equipment-to measure current and voltage of 
the test device and current of the reference cell to within 0.5%. 

• Variable load-to take the test device from or;>en-circuit voltage to short-circuit 
current. The load may be a set of resistors, an electronic load, a plus/minus 
power supply, etc. 

• Data recording equipment-the response times and scale ranges shall be 
compatible with the transducers being ~ed. 

• Solar simulator-measurements are taken indoors of either the steady-state or 
pulsed type. 

The choice of a steady-state solAr simulator is restricted to those meeting the 
following requirements: 

- Light source-restricted to those having a good spectral match to terrestrial 
sunlight. The following are acceptable: Xenon arc and dichoric filtered 
tungsten (such as ELH lamps). 

- Total irradiance-between 700 and 1050 W/m2 measured with the reference 
cell. 
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- Uniformity-the irradiance must be uniform over the test plane to within± 2% 
during the average irradiance. 

- Temporal stability-the irradiance must be constant· within ± l% during the 
time of measurement. 

- Solar beam subtense angle-the angle subtended by the apparent source of the 
simulator on a point on the test device must be less than 30°. 

The choice of a pulsed solar simulato~ is restricted to those meeting the 
specifications of the steady-state simulator with two exceptions: 

- The light source must be a Xenon arc. 
- Tho temporal otnbility requirement is relaxed to ! 10% with ll!l;;! ttc.luillvua.l. 

requirem-ent that flash irradiance be measured at each data point. 

A pulsed simulator usually takes all data for an I-V curve within a few milliseconds. 
The user of a pulsed simulator must determine that the response time of the device 
he is testing is fast enough to be tested in such a short time interval. 

PREPARATION 

Three separate methods of preparation are described that pertain to tests performed 
with a steady-state simulator, tests performed with a pulsed solar simulator, and tests 
performed outdoors. · 

Steady-state Solar Simulator 

Step 1- The simulator is turned on and ·stabilized. The irradiance is adjusted to 
the test intensity as measured by the calibrated reference cell, which is 
normHl to tltt! ut:!HHt. 

Step 2- Attach separate current and voltage leads to the test device. 

Step 3- For individual cell measurements, the cell is mounted on a temperature
controlled mount normal to the simulator beam and in the same plane as 
the reference cell in Step 1. If the uniform area of the beam is large 
enough, both test sample and reference cell can be coplanar in the same 
beam. If not, the reference cell is replaced by the test sample. 

Pulsed Solar Simulator 

Step 1- Attach separate current and voltage leads to the test d~vice. 

Step 2- Mount the reference cell and test device coplanar with and normal to the 
test beam. 

Step 3- Adjust the test plane to an irradiance level of 1000 W/m2. 

B-8 



S5~1~t~_,. Jl -------------------------::::-=-T-7-'R=---=6::::c57-4 
TE.AR.E.l 

Note: Because the puised simulator normally takes data only within the power 
quadrant, complete transformations of the I-V curve from below standard 
irradiance levels cannot be made. It is ther~fore advisable to have the 
test plane irradiance no lower than 1000 W /m • . 

Outdoor Tests in Natural Sunlight 

Step 1- Determine that suitable measurement conditions exist before conducting 
the test. Outdoor measurements should be made only under stable, s~y 
conditions with an incident irradiance intensity of at least 700 W/m as 
measured by the reference cell. Variations of intensity over the time 
span required to take I-V data must be less than 1%. The solar incident 
angle (direct-beam) must be less than 40°. 

Step 2__: Attach separate current and voltage leads to the test device. 

Step 3- The test cell and reference cell are mounted coplanar, in temperature
controlled holders. If the reference cell cannot be maintained at the 
reference temperature, the temperature coefficient of calibration is 
used to correct to 28° C. If temperature control is not possible with 
arrays, modules, or panels, then the temperature is measured and 
corrections made to NOCT. 

PROCEDURE 

Three separate test procedures are described, pertaining to tests performed with ~ 
steady-state simulator, tests performed with a pulsed simulator, and tests performe,d 
outdoors. 

Steady-state Simulator 

Step 1- Adjust the cell temperatUre to 28° ± 2° C. For larger area panels, it may 
not be possible ·to temperature control the panel. This could result in 
nonuniform cell temperatures throughout the panel and lack of 
temperature equilibrium, making I-V curve transformations to electrical 
performance reporting conditions extremely difficult. In this case, shade 
the panel until just before I-V measurement. The panel will be at, or. 
very near, ambient temperature. The panel temperature must ·be 
measured and corrections made to NOCT. 

Step 2~ Measure the I-V curve or appropriate discrete points on it. ·All 
temperature and irradiance should be monitored to ensure that they are 
at the desired level during the test. 

Pulsed Simulator 

Step 1- Adjust test device temperature to 28° ± 2°C. 
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Step 2..,_ Measure the I-V curve or appropriate discrete points on it. Cell 
temperature and irradiance should be monitored to ensure that they are 
at the desired level during the test. 

Outdoors-Natural Sunlight 

Step 1- Adjust test device temperature to 28° ± 2° C. For larger area panels 
where temperature control is difficult, the panel- may be shaded prior to 
testing as described in the section on-the Steady-State Simulator. 

' 
Step 2- Measure the T-V curve or appropriate discrete points on it. Cell 

temperature and irradiance should be moni~ored to ensure that they are 
at the desired level during the test. 

EVALUATION 

I-V Curve Adjustment: Data is reported at the ~onditions noted in Table B-1. Data 
should be measured at, or close to,. these conditions because of the difficulty of 

. transformations. If this is not feasible, a transformation of the I-V curve to the 
reporting conditions may be made using the following equations: 

L\I = I · (J 2 -1) + a (T - T ) A 
s:::;l J 1 2 1 

(1) 

I 2 = I 1 + ~I (2) 

(3) 

where I2, v2, J 2, and T2 are current, voltage, irradiance, and temperature at the desired 
conditions; I 1, V 1, J 1, and T 1 are the measured values, respectively; a and fJ are the 
temperatu~e coeffiCients for current and voltage, respectively ( fJ is negative); Rs is 
series resistance; K is a curve correction factor; and A is area. · A method for 
deter~ining Ri is given in. Re~. 2. _ The K va~ue r:nust be dete~mined b~ -~xperimental 

,means; a and fJ are defmed as the change m either short-circUit current or open
- circuit voltage per one-degree temperature change. The above transformations were 
. originally intended for single cells. It is unclear how tney behave tn the case of mwtlcell 
modules, panelS, etc. 

Output Parameters from I-V Curve: A typical I-V curve is shown in Fig. B-1. Current is 
the y-axis while voltage is the x-axis. The electrical parameters that may be derived 
from the I-V curve are as follows: 

• Short-Circuit Current (Isc)-the current value where the I-V curve crosses the 
voltage axis at V = 0 (point A). 

• Open-Circuit Voltai;e'(V oc)-the voltage value where the I-V curve crosses the 
current axis at I= 0 (point B). 
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Figure B-1. Typical Current-Voltage Curve 
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• Maximum Power (P m)-the point on the 1-V curve wt~ere the product of current· . 
. and vol~age IS ~aximum •. These current and voltage values are called Im and V m 
respectively (pomt C). · 

• Fill Factor (FF)-defined as the ratio of Pm to the product of Isc and V oc= 

Pm 
FF = I V 

sc oc 

• Efficiency (T))-defined as the ratio of P m to the product of area (A) and incident 
irradiance (J). · 

The area 1s aefined slightly differently t"or cells, modules, panels, etc. See the 
individual criteria for details. 

REFERENCES 

l. "Terrestrial Photovoltaic Measurement Procedures." ERDA/NASA/1022-77/161; 
NASA TM 73702; June 1977. 

2. Wolf, M. and Rauschenbach, H. "Series Resistance Effects in Solar Cell 
Measurements." Advanced Energy Conversion (Vol. 3); Apr./June 1963. 
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TEST 'J'E.AR.E.2 

ELECTRICAL PERFORMANCE TEST- CONCENTRATOR SOLAR CELLS 

PURPOSE 

The electrical performance test for concentrator solar cells is used indoors or outdoors 
to measure the I-V curve, or a portion of it, of a concentrator solar cell to determine the 
electrical output parameters at specified reporting conditions. 

COMMENTARY 

The test used to measure the I·:.Y curve for concentrator solar cells is similar to the 
·method used for flat-plate cells, Test TE.AR.E.l. The following aspects of establishing 
and measuring test conditions require special consideration in testing concentrator cells: 

• As levels of irradiance increase, establishing a uniform temperature across the 
cell becomes .more difficult. A nonuniform thermal bond between the cell and 
the cell holder can cause a portion of the cell to have a significantly· higher 
temperature than that measured by the temperature sensor. 

• It is difficult to establish uniform illumination when optical systems are used. It 
may be necessary to use some type of neutral density filter,· a mask, or other 
modification of the optical system to establish a more uniform illumination. 

• It is difficult to measure the incident irradiance when testing concentrator solar 
cells. The procedure described here assumes that the short-circuit current of the 
cell is equal to the light-generated current and proportional to incident 

· irradiance. This assumption is valid, but to a limited lev~l of irradiance which 
may vary from cell to cell. 

The use of a calibrated, matched reference cell is an accepted method of referencing 
solar cell measurements made under different light sources to the reference irradiance 
spectrum. Because at present such reference cells are not always easily and quickly 
obtainable7 a pyrheliometer is included in this method as an alternative reference 
irradiance instrument. If a pyrheliometer is used for irradiance measurement, the 
spectrum of sunlight present during the test is unknown. This factor reduces the 
comparability of data based on reference irradiances. Tests performed using a 
pyrheliometer should be performed only on days with very clear, stable, sunny conditions. 

APPARATUS 

The apparatus consists of: 

• Reference cell-a calibrated reference cell, whose spectral response matches 
that of the test device, is used to measure irradiance. 

• Pyrheliometer-if a properly matched reference cell is not available, a 
pyrheliometer may be used to measure irradiance. 

• Collimating tube-an appropriate collimating tube is used if the test is conducted 
using sunlight with a pyrheliometer as the reference intensity instrument (see 
Ref. 1). 
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• Test bed-a temperature-controlled cell holder. For outdoor tests, the cell 
holder must be mounted in a two-axis tracking device with a tracking accuracy 
of 0.1°-. · · · · 

• Temperature measurement equipment-equipment to measure the cell 
temperature to within 1° C. 

• Current and voltage measurement equipment-equipment to measure current and 
voltage of the test device and current of the reference cell to within 0.5% • 

• ·· Variable load-a load to take the test device from open-circuit voltage to short
circuit current. The load may be a set of resistors, an electronic load, a 
plus/minus power supply, etc. 

• Data recording equipment-response times arid scale ranges shall be compatible 
with the transducers used. 

• Optics-a solar simulator for indoor tests or suitable lenses or ·reflectors for 
sunlight tests. 

Uniform irradiance is desired across the cell in the test bed. Experience to date 
indicates that variations of ±20% have only a small effect on electrical performance. If 
the nonuniformity present during the test is greater than ±20%, it is recommended that 
indications of uniformity (e.g., irradiance profiles) be reported with test results. 

PREPARATION 

Step 1-

Step 2-

Step 3-

PROCEDURE 

Prepare the cell holder with a temperature sensor located at the cell 
:holdericell interface in a position corresponding to the center of the 
back of the test cell. Additional temperature s·ensors may be inst8ll.ed at 
other locations on the cell holder or cell to monitor temperature 
uniformity or provide temperature measurement redundancy or both. 

Mount the cell to the cell holder in a manner that yields good thermal 
contact between the cell ~d cell holder. A good thermal bond may not 
be needed if a flash simulator is used and the test can be conducted fast 
enough so that the cell temperature does not change. Note: One 
technique. that has been used to bond silicon solar cells to copper cell 
holders is to solder the cell with pu1·e indium l!'OliiP.r. Indium is desirable 

. be~ause of i~ melting temperature (about 160° C) and high ductility. 

Attach separate current imd voltage leads (Kelvin probe) to the cell. 
Care should be taken to prevent errors ln cell voltage measurement 
because of voltage drops along the cell busbar or in lead connections. 

Two separate procedures are described, pertaining to indoor testing and outdoor sunlight 
testing, respectiv.ely. ' 
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Indoor Testing 

Step 1- Measure the one-sun electrical performance of the cell following the 
appropriate procedures in Test TE.AR.E.l. Establish the ratio of short
circuit current to incident irradiance. 

Step 2- Place the cell in the concentrated light at the desired level of 
irradiance. The level of irradiance may be determined by dividing the 
short-circuit current of the cell under concentration by its ratio of short
circuit current to incident ·irradiance as determined by the one-sun test. 
A matched reference cell may also ·be used for this irradiance 
measurement~ Note: Appropriate testing may be necessary in order to 
establish that the short-circuit current is equal to the light-generated 
current. 

Step 3- Adjust the cell temperature to the desired level, preferably. within 2° C. 

Step 4- Measure the I-V curve or appropriate discrete points on it. Cell 
temperature and irradiance should be monitored to ensure that they are 
at the desired level during the test. 

Outdoor SwiliSf!t Testing 

Step 1- If a pyrheliometer is used as the irradiance reference instrument, verify 
that the sunlight con?tions are stable with a direct normal irradiance 
greater than 800 W /m • · 

Step 2- Measure the one-sun electrical performance of the cell following the 
appropriate procedure in Test TE.AR.E.l. The test cell and reference 
cell must have· the same field of view. If a properly matched reference 
cell is not available, . a pyrheliometer may be used· to measure 
irradiance. The test cell must be under a collimating tube with aperture 
and slope angles that match those of the pyrheliometer. The use of a 
pyrheliometer provides no correction for differences between the 
sunlight spectrum during the test and the reference irradiance spectrum. 

Step 3- Place the cell in the concentrated light · at the desired level of 
irradiance. The level of irradiance may be determined by dividing the 
short-circuit current of the cell under concentration by its ratio of short
circuit current to incident irradiance as determined by the one-sun test. 
Note: Appropriate testing may be necessary in order to establish that 
the short-circuit current is equal to the light-generated current. 

Step 4- Adjust the cell temperature to the desired level, preferably within 2° C. 

Step 5- Measure the I-V curve or appropriate discrete points on it. Cell 
temperature and irradiance should be monitored to ensure that they are 
at the desired level (i.e., ±1 %) during· the test. 
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EVALUATION 

The electrical performance parameters for concentrator solar cells are determfned as 
described in Test TE.AR.E.l. Reporting conditions include condition 1 and either 
condition 2 or 3 as follows: 

(1) One-sun, 28° C, short-circuit current to irradianc.e ratio at reference irradiance 
spectrum. 

(2) Fixed 28° C temperature, and various specified irradiance levels. 

(3) Design operating temperature and irradiance. 

If the measured data must be corrected to a reporting temperature other than the test 
temperature, the approach outlined in Test TE.AR.E.l may be used. The correction will 
be more complex because the related coefficients are a function of the irradiance level. 
A plot of open-circuit voltage versus toe natural logarithm of short-circuit current at a 
constant temperature may be prepared in order to verify adequate temperature control 
during the test (see, for example, Fig. B-2). 1 If the slope of the curve falls below kT/q, . 
cell temperature, temperature uniformity, or illumination uniformity may not be ade-

. quately controlled. If this is the case, X-ray, liquid crystal, or ultrasonic techniques may 
be applied to examine the quality of the thermal bond between the cell and its substrate. 

REFERENCES 

1. Chai, An-Ti. "Some Basic Considerations of Measurements Involving Collimated 
Direct Sunlight." Terrestrial Photovoltaic Measurements II. ERDA/NASA-
1022/76/10. Baton Rouge, LA; Nov. 10-12, 1976; pp. 233-246. 
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PURPQSE 

TEST TE.AR.M.l 

STRUCTURAL LOADING TEST-FLAT-PLATE MODULES 
(CYCUC PRESSURE LOAD TEST) 

The cyclic pressure load test is used to determine the ability of a photovoltaic module 
design to withstand specific levels of positive and negative normal pressure loads applied 
cyclically. 

COMMENTARY 

The test is generally perfomed on a sample lot of photovoltaic modules of a given design 
to verify this aspect of the structural integrity of the design. Further discussion of the 
required apparatus and test methodology may be found in LSSA Project Task Report No. 
5101-19, "Cyclic Pressure Load Developmental Testing of Solar Panels," February 28, 
1977. 

When tested against specific levels, a certain percentage of properly designed 
photovoltaic modules will probably show. evidence of failure of solar cells and other 
brittle materials (glass superstrates, for example) employed in their construction. This is 
because the failure of brittle materials is probabilistic. It may be prohibitively expensive 
to test enough modules to show that the probability of failure is acceptably low in these 
cases. 

The cyclic pressure load test is intended to uncover design weaknesses of cell 
interconnects, encapsulant systems, and cells. Broken interconnects, a common field 
failure in early photovoltaic modules, were attribute~ by some people to mechanical 
fatigue from long-term response to wind gusting, although subsequent studies have shown 
that interconnect fatigue is more likely to result t·rom thermal cycling. 

APPARATUS 

The apparatus consists of cyclic pressure load equipment that induces uniform peak. 
pressure loads across the surface of the module; load sensors and m<?nitoring equipment; 
electrical continuity and short circuit equipment; and a test frame. 

The cyclic pressure load equipment includes the following features: 

• Inflatable air bags and reaction frame or other means to automatically apply a 
uniform normal pressure load alternately to the front and back surfaces of the 
module until the specificed number of cycles is attained. · 

• Pressure gauges or other instrumentation suitably located tu verify that the 
specified loading is applied to only one side of the module at any given time. 

• Automatic ·means of applying pressure to front and back surfaces of the module 
alternately, one side at a time, cyclically, until a specified minimum number of 
cycles is reached. 
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• A means to count the number of complete cycles applied to the module. 

• An automatic means to stop application of pressure and stop the cycle counter if 
an open circuit or short is detected. 

A schematic diagram. of the overall cyclic pressure load equipment is. shown in Fig. B-3. 

PREPARATION 

Step 1- Verify that pretest electrical performance and visual inspection data are 
available for the module being tested. 

Step 2- Check out and adjust the automatic pressure cycling system to verify that 
it applies the required p~essure at a rate not to exceed 20 cycles/minute. 

Step 3- Install the module into a mounting frame that properly simulates the 
mounting method intended by the ·manufacturer. 
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PROCEDURE 

Step 1- Install the module in the test fixture and connect the open circuit and 
short-detection .circuitry. 

Step 2- Zero the pressure cycle counter. 

Step 3- Turn on all test equipment and begin application of cyclic pressure loading 
and counting. 

Step 4- The open-/short-circuit detection system may detect a problem and shut 
down the pressure cycling apparatus before attaining the 10,000 cycle 
minimum requirement. In this case, record the number of cycles attained, 
remove the module, and proceed to the Evaluation. -

Step 5- In the event that a minimum of 10,000 pressure cycles are attained
without module circuit malfunction, remove the module and proceed to 
the Evaluation. 

EVALUATION 

There shall be no occurrence of open- or short-circuit conditions during this test. 

Modules malfunctioning at less than 10,000 cycles. These modules are considered to have 
failed the criteria that there shall be no occurrences of open-circuit or short-circuit 
conditions during tests in which the module circuitry is instrumented. Attempt to 
pinpoint the source of the open or short circuit. Record the findings of this 
investigation. Note that this· type of circuit malfunction may be intermittent and may· 
depend on whether or not the module is flexed because of pressure loading. 

All modules. All moqules shall receive a thorough visual examination, and any 
irregularities (including crac~ed cells) shall be noted. The allowable level of observable 
mechanical degradation (such as cracks, delamination of coatings, etc.) shall be 
determined by the manufacturer's approved module acceptance testing plan. Modules 
shall pass the Dielectric Voltage Withstand Test (TE.AR.M.lO) when retested at the com
pletion of this test. The module electrical performance shall be measured at the 
completion of this test. Power degradation shall not exceed 5% of baseline performance, 
previously determined per Test TE.AR.E.l. 
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TEST TE.AR.M.2 

TEMPERATURE CYCLING TEST-FLAT-PLATE MODULES 

PURPOSE 

The temperature cycling test is conducted to determine the effects of thermal stresses 
that could appear on modules during use. 

APPARATUS 

Temperature chamber with temperature rate controller; auxiliary thermal sensors with 
associated recording devices; electrical continuity and short-circuit monitoring 
equipment; test frame. 

PREPARATION 

Step 1- Verify that pretest electrical performance data for the module is avail
able. 

Step 2- Inspect modul~s to detect evidence of physical degradation (e.g., 
delamination or broken cells). 

Step 3- Prepare and provide programming devices to perform the temperature 
cycling program of Fig. B-4. 

Step 4- Install one thermocouple behind a solar cell on the back of the module at a 
point approximately one-third of the module width and one-third of the 
module length. 

Step 5- Mount modules in a tPst frAme in accordant:~ with manufacturer's instal
lation instructions and recommended mounting hardware. The test frame 
shall be designed to simulate the support rigidity and differential thermal 
expansion likely to occur in service between the module and its supporting 
structure. 

B-22 



6 
!!-
Q) ..... 
:J -al ..... 
Q) 
a. 
E 
Q) 

1--

a:; 
(.) 

TR-654 

TE.AR.M.2 

I· !+-----Maximum Cycle Time-------+~•1 

1 

100°C/h 

2 3 4 

Time (h)· 

1\ 

Continued for 
50 Cycles 

1\ I 
I \ I 
I \ · I : \__ ____ ./ 
I 
I 
I 

Figure B-4. Temperature Cycling Test 

Flat-Plate Modules 

B-23 



55~1 1*1 ______________________ -----L...Lio-.J......a= 

TE.AR.M.2 

PROCEDURE 

Step 1-

Step 2-

Step 3-

Step 4-

Step 5-

Step 6-

Install modules into temperature chamber. If there are more than one, 
install them so that all are exposed equally to air supply; that is, parallel 
to the air flow. Connect the electrical leads from the thermocouples to 
the temperature recording device. Connect the electrical leads from the 
module terminals to the electrical continuity and short-circuit monitoring 
equipment. Note: Concurrent testing of several modules in the same 
chamber is permitted provided the test requirements for each module are 
identical. 

Verify that each module has electrical continuity and no short circuits. 

Subject the modules to 50 temperature cycles in accordance willt 
.Fig, H-4. A temi,H;~n~~U.rt! cycle eonsi3t3 of t::tlll'tin~ from ambiPnt, 
approximately 1.6 h at -40° C ± ?.0 c: module cell temperature, and 
appromixately 1.6 h at +90° C ± 2° C module cell temperature and return 
to ambient with a maXimum t•yc.!le time of G h. During transition periods, 
the temperature shall vary approximately linearly with time at a rate not 
to exceed 100° C/h. Note: The cycle time can be shortened by reducing 
the. dwell time at +90° C and -40° C, providing the modules' cell 
temperatures reach +90u C ± 2° C ·and -40° C ± 2<> C, respectively. Thus, 
programming the chamber to reach +93° C and -43° C may result in the 
module temperatureS reaching the proper temperatures in 20-40 min; 
however, the maximum temperature change rate of 100° C/h shall not be 
exceeded. 

Verify that no open circuits or short circuits occur during the exposure. 

Inspect modules to detect evidence of physical degrHc.ltttion (such as 
delamination, terminal .corrosion, broken interconnects, and broken cells) 
after 25 cycles (optional). 

Following removal of modules from test chamber, obtain pust~test elec
trical performance data for each module. 

Step 7- Inspect modules to detect evidence of physical degradation .(such as 
delamination, terminal corrosion, broken interconnects, and broken cells). 

EVALUATION 

Upon completion of the temperature cycling test each module shall be inspected to 
detect evidence of physical degradation (such ws c.I~lttmination, terminal corrosion, brokE-n 
interconnects, and broken c~ll:s). In addition, the poot-test electrical pE-rfnrmRnce of 
each module shall be measured using Test TE.AR.E.l. Excessive physicB.l deterioration, 
electrical degradation below design levels, the presence of intermittent open circuits, or 
the occurrence of short circuits to ground shall be cause to classify the module as having 
failed. · 
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TEST TE.AR.M.3 

TEMPERATURE CYCUNG TEST-cONCENTRATOR MODULES 

PURPOSE 

The temperature cycling test is conducted to determine the effects of thermal stresses 
on modules that could occur during service use. 

APPARATUS 

Temperature-humidity chamber with temperature rate controller; electrical continuity 
and short-circuit monitoring equipment; test frame. 

PREPARATION 

Step 1- Verify that pretest electrical performance data for the module is avail
able. 

Step 2- Inspect modules to detect evidence of physical degradation (e.g., delamin
ation or broken cells). 

Step 3- Prepare and provide programming devices to perform the temperature 
cycling program of Fig. B-5. -

Step 4- Mount modules in a test frame in accordance with manufacturer's instal7 
lation instructions and recommended mounting hardware. The test frame 
shall be designed to simulate the support of the module in the actual u'e 
environment. , 
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PROCEDURE 

Step 1- Install modules into the chamber. If there is more than one, install them 
so that all are exposed equally to air supply; that is, parallel to the air 
flow. Connect the electrical leads from the module terminals to the elec
trical continuity and short circuit monitoring equipm·ent. Note: Concur
rent testing of several modules in the same chamber is permitted provided 
the test requirements for each module are identical. 

Step 2- Verify that each module has electrical continuity and no short circuits. 

Step 3- Subject the modules to 50 temperature cycles in accordance with 
Fig. B-4. A temperature cycle consists of 1 h at -30° C; followed by 1 h 
at +60° C. The transition periods between these extremes shall be of 1 h 
duration, yielding a cycle time of 4 h. During transition periods, the 
temperature shall have a rate of change of not more than 200° C/h. The 
relative humidity shall be 85% at 60° C for each cycle. 

Step 4- Verify that no open circuits or short circuits occurred during-the expo~ure. 

Step 5- Inspect modules to detect evidence of physical degradation (such as 
delamination, terminal corrosion, broken interconnects, broken cells, and 
broken, cracked, or delaminated optical components) after 25 cycles 
(optional). · 

Step 6- Following removal of modules and test chamber, obtain post-test electri
cal performance data for each module. 

Step 7- . Inspect modules to detect evidence of physical degradation (such as 
delamination, terminal corrosion~ broken interconnects, broken cells, and 
broken, cracked, or delaminated optical compone.nts). 

EVALUATION 

Upon completion o{ the· t~mperature cycling test each module shall be inspected to 
detect evidence of physical degradation (such as delamination, terminal corrosion, broken 
interconnects, broken' cells and broken, cracked or delaminated optical components). In 
addition, the post-test electrical performance of each module shall be measured using a 
test method to be developed. Excessive physical deterioration, electrical degradation 
below design le,vels, the pres'ence of intermittent open circuits, or the occurrence of 
short circuits to ground shall be cause to classify the module as having failed. 
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TEST TE.AR.M.4 

HAIL TEST-FLAT-PLATE MODULES 

PURPOSE 

The hail test is used to demonstrate the ability of a photovoltaic module :design to wit~ 
stand specified levels of hailstone impact likely to be encountered at a specific site. . 

COMMENTARY 

The test is an application-dependent test performed on a sample lot of modules of a 
given design intended for use in a hail-prone geographic area. The test consists of pro
pelling ice balls of the required hailstone diameter at terminal velocity at the three most 
sensitive points on the test specimen. The selection of lmil diameter is determined by 
the user, based on an assessment of the hailstorm likelihood at a particular application. 
Typical hailstone characteristics are provided in Table B-2. For solar collectors, HUD 
recommends using a hailstone diameter equal to 8 mm (0.3 in~) times the average number 
of hail-days per year at the application site. 

Ice balls are the only acceptable hailstone simulation. Dropped steel balls shall not be 
used. 

Table B-2. TYPICAL HAIL CHARACTERISTICSa 

Diameter 
em (in.) 

1.27 (0.50) 
1.90 (0.75) 
2.54 (1.00) 
3.18 (1.25) 
3.81 (1.60) 
5.08 (2.00) 
6.35 (2.50) 
7.62 (3) 

aDensity of ice taken as 0.9 g/cm3• 

APPARATUS 

Terminal Velocity 
m/s {mph) 

16.1 (36.0). 
20.1 (45.0) 
23.2 (52.0) 
25.9 (58.0) 
28.1 (63.0) 
32.6 (73.0) 
36.2 (81.0) 
39.8 (89.0) 

Pneumatic or spring-actuated guns for projecting ice balls, velocity monitoring equip
ment, a mold for forming spherical ice balls, a cold storage compartment. 
Representative acceptable hail test equipment is shown in Figs. B-6, and B-7, and·in a 
schematic set-up in Fig. B-8. 
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Figure B-8. Schematic Hail Test Set-Up 
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PREPARATION 

Step 1- Prepare ice balls of the required diameter. After forming, place the ice 
balls in a freezer at -8°C ± 2°C for a minimum of 8 h before use. Ice 
balls shall be generally spherical in shape with a maximum deviation in 
diameter of ±3 mm (±1/8 in.). 

Step 2- Calibrate the gun by measuring the velocity of the required diameter ice 
ball as it approaches the target. If it can be demonstrated that ice ball 
velocity can be repeated +5%, it will not be necessary to measure the 
velocity of each shot. If the speed cannot be so controlled by setting 
pressure or spring force, each shot shall be electronically timed. Note: 
Calibration can best be done by electronically measuring the time it 
takes the ice ball to interrupt two photo cells. It may be necessary to 
add some coloring to the water before freezing it to increase the opacity 
of the ice ball. 

Step 3- Verify that pretest electrical performance data are available for the 
module being tested. 

Step 4- Inspect module being tested to detect evidence of physical degradation 
(broken cell or damaged outer cover). 

( 

The next three steps are to be performed if a precursor destructive test of a sample 
module is desired. 

Step 5-

Step 6-

Verify that the sample module intended for destructive testing is of iden-
tical design to the test specimen module. · 

Test the sample panel destructively to determine the most sensitive 
exposed point on a test specimen experimentally. Ice balls of the 
required diameter shall be fired at candidate sensitive points with 

. increasing velocity until the panel is broken. Several different points on 
the panel should be broken, and the points broken at the lowest velocities 
should be used for subsequent testing. · 

The candidate points selected should include the following (where appli
cable): 

o corners and edges of the module; 
o edges of cells, especially around electrical contacts; 
o points of minimum spacing between cells; 
o points of support for any superstrate materialrand 
o points of maximum distance from points of support. 

Step 7- Identify at least 10 different points of impact from the destructive test 
results to be struck during the regular test. 
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PROCEDURE 

Step 1- Mount the module normal to the path of the ice ball. The module shall 
be instal}ed in a test figure using mounting hardware that simulates the 
support rigidity of the intended field installation. 

The following steps are applied if a precursor destructive test is to be performed. 

Step 2- After removing an ice ball from the freezer and inserting it in the gun, 
shoot the ice ball at the module at the required terminal velocity and at 
one of the ten most sensitive exposed points as determined during the 
destructive test. Note: The time between freezer removal and shooting 
shall be less than 1 min and all gun surfaces shan be 20° C ± 5° C. Some 
scatter is expected in hitting a location on the module •. Error up to 15 
mm in the location hit is acceptable. 

Step 3:-

Step 4-

Inspect the module in the area of impact for signs of cell cracking or top 
surface damage. · 

Repeat steps 2-4 for at least nine additional sites on the module as 
determined during the destructive test. 

The following steps are applied when there is no precursor destructive test. 

Step 2'- After removing an ice ball from the freezer and inserting it in the gun, 
shoot the ice ball at the module at the required terminal velocity and at 
a location given in Table B-3. Note: The time between freezer removal 
and shooting shall be le...~ than 1 min and all gun surfaces shall be 20° C ± 
5° C. Some scatter is expected in hitting a location on the module. Error 

Step 3'-

Step 4'-

Shot 

1, 2, :l . 
4, 5, 6 

7, 8, 9 
1 o, 11, 12 

13, 14, 15 

up to 15 mm in the location hit is acceptable. · 

rn·spect the module in the area of impact for signs of cell cracking or top 
surface damage. 

Repeat steps 2' and 3' two more times at different sites of the same 
generic type (e.g., corners and edges). 

Repeat steps 21-41 for the four additional. generic types of sit~s on the 
module. 

Table B-3 .. LOCATIONS FOR ICE BALL IMPACT 

Location 
on 

_, Location Sketch 

(1) Corncm Ann edgo!s of tht:t i'fiuc.lulc. A 
(2) Edges of cells, especially around 

electrical contacts. B 
(3) Points of minimum spacing between cells. c 
(4) Points of support for any superstrate 

material. D 
(5) Points of maximUm distance from points 

Ea of support in (4). 

a(E) represents a channel bridge or other area deemed to be particularly vulnerable. 
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Sketch for Table B-3, ·Locations for Ice Ball Impact 

D 
Design 

.Dependent 
(Frame, etc.) 

Step 5,6'- Obtain post-test electrical performance data for each module. 

Step 6,7'- Inspect module to detect evidence ·of physical degradation (broken 
cells or damaged outer cover). 

EVALUATION 

Upon completion of the hail test, each module shall be inspected to detect evidence of 
physical degradation (such as broken interconnects, broken cells, .and damaged outer 
cover). In addition, the post-test electrical performance of each module shall be mea
sured using Test TE.AR.E.l. Excessive physical deterioration, electrical degradation 
below design levels, the presence of intermittent open circuits, or the occurrence of 
short circuits to ground shall be cause to classify the module as having failed. 

B-33 



55~1 1*1 -------------------------.L.D.:::J.l.i.ll!:t 
TE.AR.M.5 

TEST TE.AR.M.5 

HAIL TEST-cONCENTRATOR MODULES 

PURPOSE 

The hail test is used to demonstrate the ability of a photovoltaic module design to with
stand specified levels of hailstone impact that are likely to be encountered at a specific 
site. 

COMMENTARY 

The test is an application-dependent test performed on a sample of modules of a given 
design intended to be used in a hail-prone area. The test consists of propelling ice balls 
of specific hailstone diameters at terminal velocity toward the three most sensitive 
points on the test specimen. The hailstone diameter is determined by the user based on 
his assessment of hailstorms at the particular application. Typical hailstone characteris
tics are provided in Table B-4. For solar collectors, HUD recommends a hailstone diame
ter equal to 8 mm (0.3 in) times the average number of hail-days per year at the applica
tion site. Ice balls are the only acceptable hailstone simulation. Dropped steel balls 
should not be used. 

APPARATUS 

Table B-4. TYPICAL HAIL CHARACTERISTICSa 

Diameter 
em (in.) 

1.27 (0.50) 
1.90 (0.75) 
2.54 (1.00) 
3.18 (1.25) 
3.81 (1.50) 
5.08 (2.00) 
6.35 (2.50) 
7.62 (3.00) 

Terminal Velocity 
m/s (mph) 

16.1 (36.0) 
20.1 (45.0) 
23.2 (52.0) 
25.9 (58.0) 
28.2 (63.0) 
32.6 (73.0) 
36.2 (81.0) 
39.8 (89.0) 

aDensity of ice taken as 0.9 g/cm3• 

Apparatus consists of pneumatic or spring-actuated guns for projecting ice balls, velocity 
monitoring equipment, a mold for forming spherical ice balls, and a cold storage com
partrnent. 

PREPARATION 

Step 1- Prepare ice balls of the required diameter. After forming them, place 
the ice balls in a freezer at -8°C ± 2°C for a minimum of 8 h before 
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use. Ice balls shall be generally spherical in shape with a maximum 
deviation in diameter of ±3 mm (±1/8 in.}. 

Step 2- Calibrate the gun by measuring the velocity of the required diameter 
ice ball as it approaches the target. If it can be demonstrated that ice 
ball velocity can be repeated ±5%, it_ will not be necessary to measure 
the velocity of each shot. Note: Calibration can best be done by elec
tronically measuring the time it takes the ice ball to interrupt two 
photo cells. It may be necessary to add some coloring to the water 
before freezing it to increase the opacity of the ice ball. 

Step 3- Vt:'!rify tnat pretest electrical performance data are available for the· 
module being tested. 

Step 4- Inspect module being tested to detect evidence of physical degradation 
(broken cell or damage to outer cover). 

PROCEDURE 

Step 1-

Step 2-

Step 3-

Step 4-

l::itep ~-

Step 6-

Step 7-

Step 8-
Step 9-

Mount the module so that the ice ball will achieve impact on a path 
parallel with the optical axis of the module. The module shall be 
installed. in a test fixture using mounting hardware that simulates the 
support rigidity of the intended field installation. 

After removing an ice ball from the freezer and inserting it in the gun, 
shoot the ice ball at the module at the required terminal velocity and at 
a location given in Table B-5. Note: The time between freezer removal 
and shooting shall be less than 1 min and all gun surfaces shall be 20° C 
± 5° C. Some scatter is expected in hitting a location on the module. 
Errors up to 15 mm in the location hit are acceptable. 

Inspect the module in the area of impact for signs of damage to the 
optical surfaces, including cracking, denting, or crazing. 

Repeat steps 2 and 3 two more times. Three impacts are required to 
determine if a sensitive point has been struck. 

Repeat step.c:; 2-4 at four additional sites on the module. 

Mount the module so that the ice balls impact on the surface of the 
cells on the receiver. The module configuration will determine the win
dow through which hailstones can impact the receiver. The direction 
from which the hail comes shall be approximately the middle of this 
"window." If the design of the module precludes direct hail impact, this 
step can be omitted. 

Implement step 2 for various points along the receiver, including the 
cells nnd interfaces between adjacent cells or cover glasses. At least 
three impacts are required for each generic area of thP. receiver. 

Inspect the receiver for signs of cell or cover glass crack~ng. 

Obtain post-test electrical performance data for each module. 

Step 10- Inspect module to detect evidence of physical degradation. 
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EVALUATION 

Table B-5. LOCATIONS FOR ICE BALL IMPACT 

Shot 

1, 2, 3 
3, 4, 5 

6, 7, 8 

Location 

(l) Corners and edges of the module 
(3) Points of support for any 

stiperstrate material 
-(4) .Points of maximum distance from 

points of support in (4) 

Upon completion of the hail test,. each module shall be inspected to detect evidence of 
physical degradation (such as cracked, dented, or crazed optical surfaces, broken inter
connects, broken cells). In addition, the post-test electrical performance of each module 
shall be measured using a test method to be developed. Excessive physical deterioration, · 
cracking of surfaces such that moisture will be admitted (directly or through capillary 
action) in such a way that latter degradation of the module is likely shall cause the 
module to fail. Dents in the optical surfaces should be considered in regard to their 
effect on the performance of the module. If they cause more than 5% loss in perfor
mance, the module will be determined to have failed. 
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TEST TE.AR.M.6 

TEMPERATURE CYCUNG TEST-cONCENTRATOR RECEIVER 

.PURPOSE 

The temper~ture cycling test is conducted to determine the effects of thermal stresses 
that could occur on receivers during use. 

APPARATUS 

Apparatus consists of a temperature-humidity chamber with temperature rate controller;. 
electrical continuity and short-circuit monitoring equipment; and a test frame. 

PREPARATION 

Step 1- Verify that pretest electrical performance data for the module is avail
able. 

Step 2- Inspect receiver to detect evidence of physical degradation (e.g., delam
ination or broken cells). 

Step 3- Prepare and provide programming devices to perform the temperature 
cycling program of Fig. B-9. · 

Step 4- Mount receiver in a test frame in accordance with manufacturer's instal
lation instructions and recommended mounting hardware. 

PROCEDURE 

Step 1-

Step 2-

Step 3-

Step 4~ 

Step 5-

Install receiver into temperature chamber. If there are more thari one, 
install them so that all are exposed equally to air supply; that is, parallel 
to the air flow. Connect the electricalleaqs from the receiver terminals 
to the electrical continuity and short-circuit monitoring equipment. 
Note: Concurrent testing of several· receivers in the same. chamber is 
permitted provided the test requirements for each receiver are identical. 

Verify that each receiver has electrical continuity and no short circuits. 

Subject the receiver to 50 temperature cycles in accordance with 
Fig. B-1 0. A tern perature cycle consists of 1 h at -30° C, followed by 1 h 
at 100° C. The transition period between these extremes should be of 1 h 
duration yielding a cycle time of 4 h. During transition periods, the 
temperature shall change at a rate of not more than 200°C/h. The 
relative humidity shall be 85% at 100° C for each cycle. 

Verify that no open circuits or short circuits occur during the exposure. 

Inspect receivers to detect evidence of physical degradation (such as 
delamination, terminal corrosion, broken interconnects, and broken cells) 
after 25 cycles (optional). · 

. \ 
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EVALUATION 

Upon completion of the temperature cycling test, each receiver shall be inspected to 
detect evidence of physical degradation (such as delamination, terminal corrosion, broken 
interconnects, and broken cells). In addition, the post-test electrical performance of 
each receiver shall be measured using Test TE.AR.E.2 (Method for Measuring the Elec
trical Performance of Concentrater Cells and Receivers). Excessive physical deteriora
tion, electrical degradation below design levels, the presence of intermittent open cir
cuits, or the occurrence of short circuits to ground shall be cause to classify the receiver 
as having failed. 
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TEST TE.AR.M.7 

CONTACT PULL STRENGTH (WIRE PULL TF.ST)-SOLAR CELLS 

PURPOSE 

The solar cell contact pull strength test is used to determine how well a contact is adher
ing to the cell surface and thus to evaluate the integrity of interconnections to these 
contacts. 

APPARATUS 

Pull tester equipped with a dynamometer for meAsuring pull force and a clamp for hold
ing cell and the attached wire (Unitek Micropull Model 6-092-03 or equivalent); No. 26 
gauge wire (Fed. Spec. QQ-W-343D or equivalent); soldering iron and solder. 

PREPARATION 

Step 1-

Step 2-

Step 3-

Cut piece of No. 26 gauge wire (Fed. Spec. QQ-W-343D or equivalent) of 
sufficient length for clamping in tester. 

Bend wire at 0.89 ± 0.13 mm (0.035 ± 0.005 in.) from end into a 90° ± 3° 
bend with a 0.25 mm (0.010 in.) radius~ 

Solder the bent wire tab onto the "N" contact (or "P" depending on the 
contact of test) of the cell so that the whole .089 mm (0.035 in.) dimen
sion of the wire has a smooth uniform solder fillet. Position tab at 90° 
from cell surface according to Fig. B-10. 
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Figure B-10. Contact Pull Strength Test 
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PROCEDURE 

Step 1-

Step 2-

Step 3-

EVALUATION 

Clamp cell with attached wire into pull tester. 

Pull wire t.ab with increasing force until a predetermined acceptable con
tact strength level is reached (typically about 5 newtons) or until a 
mechanical failure in the contact or the cell itself is experienced. 

Record the maximum force achieved and the observed mode of failure. 

If the solar cell contacts are able to withstand the predetermined minimum acceptable 
strength criteria, then the contact design and processes are acceptable and should be 
highly reliable. If failure occurs below the acceptable minimum and the mode of failure 
is contact peeling, then that manufacturing batch (or possibly that contact design) should 
be disqualified. 
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NOMINAL OPERATING CELL TEMPERATURE DETERMINATION-PLAT PLATE 

PURPOSE 

The purpose of this test is to acquire sufficient data to permit an accurate determination 
of the nominal operating cell temperature (NOCT) of the solar cells of a flat-plate ter- ' 
restrial solar array module. 

COMMENTARY 

NOCT is defined as the temperature of a cell at the following operating conditions: 

Irradiance = 
Air Temperature = 
Wind Average Velocity= 
Mounting-

Electrical Load -

800 W/m 2 
20°C 
1 m/s 
Oriented normal to solar noon either open or 
closed back 
Open circuit 

The temperature of a solar cell (T cell) is primarily a function of the air temperature (T 
air), the average wind velocity (v), configuration of the module (e.g., open back, closed 
back), and the total solar insolation (L) impinging on the active side of the solar array 
module.· The approach for determining NOCT is based on the fact that the temperature 
difference (T cell-T air) is largely independent of air temperature and is essentially lin
early proportional to the insolation level. 

The NOCT test procedure is based on gathering actual measured cell temperatures via 
temperature sensor leads attached directly to the cells of interest, for a range of envi
ronmental conditions similar to Nominal Terrestrial Environment (NTE).* The data is 
then presented in a way that permits accurate and repeatable interpolation of NOCT 
temperature. 

If the modules are for residential use, then they shall be tested in a rack so as to simu
late the residential environment. Residential roof application comes under two categor
ies: modules suspended from the roof and those with a hard mounting to the roof. The 
NOCT test shall be conducted according to the end-use application. · 

The plot of (T cell-T air) vs. insolation shall be determined by conducting a minimum of 
two field tests in which the module being characterized is tested under terrestrial envi
ronmental conditions approximating the NTE in accordance with the testing procedure 
that follows. 

*The air temperature and wjnc1 velocity defined above are known as the. Nominal 
Terrestrial Environment (NTE). 
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APPARATUS 

Pyranometer: 

Wind Transducer: 

Temperature 
Sensors: 

Racks: 

Data Recording 
Equipment: 

PREPARATION 

An Eppley PSP or an equivalent Class 1 pyranometer as defined 
by the World Meteorological Organization. 

Both the wind. direction and wind speed shall be measured. 

Measurements shall be accurate to ± 1° C. (Note: an average 
local air temperature is desired. If a thermocouple is used, this 
is obtained satisfactorily by increasing the thermal mass of the 
thermocouple by. imbedding it -in a solder sphere of apprmci
mately 6.4 mm (0.25 in.). For· measurement of ambient air 
temperature, sensors must be il!:-'l,li'ul:-'i'ittl~ly :shi~ll1~l1 wu:l 
vented. If a thermocouple is used to measure cell temperature, 
the thermocouples shall be 36 gauge. 

The module shall be. located in a rack similar to the application 
to be used. For a roof-mounted application, the simulated rack 
shall consist of a 1.2 m x 1.2 m panel enclosed by a triangular 
box. 

The response time and scale ranges shall be compatible with the 
transducers used. 

Step 1- The module shall be located in the interior of the 1.2 m x 1.2 m sub
array. Black aluminum panels or other modules of the same design shall 
be used to fill in any remaining open area of the subarray structure. The 
plane of the module shall be positioned so that it is normal to the sun 
(± 5°) at solar noon. For open field application, the back of the subarray 
shall be exposed. The bottom edge of the module shall be located 61 em 
or more above the horizontal plane or ground level. For residential roof 
application, where the module is suspended from the roof, the module 
shall be located 7.6 em from the simulated roof. For hard mounting roof 
applications, the modules shall be located directly on the simulated roof. 

Step 2- Mount the pyranometer on the plane of the module within 0.3 m of the 
array. 

Step 3- Locate the wind tran3duccr at the approximate height of the module and 
as near to one of the sides of the module as feasible. 

Step 4- For ambient air temperature measurement, the temperature sensor shall 
be located at the approximate height of the module. The measurement 
shall be made in the shadow of the module. 

Step 5- For cell temperature measurement, the sensor probes shall be directly 
attached to the monitored cells. If thermocouples are used, they shall be 
soft soldered to the backs of the cells. At least two cells shall be 
measured. 
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Step 6-

·Step.7-

Step 8-

Step 9-

There shall be no obstructions to prevent full irradiance of the module 
beginning a minimum of 4 h before solar noon and up to 4 h after solar 
noon. The ground surrounding the module shall not have a high solar 
reflectance and shall be flat and/or sloping away from the test fixture. 
Grass and various types of ground covers, blacktop, and dirt are 
recommended for the local surrounding area. Buildings having a large 
solar reflective finish shall not be in the immediate vicinity. Good engi
neering judgment shall be exercised to assure that the module, front and 
back, is receiving a minimum of reflected solar energy from the sur
rounding area. 

The wind shall be predominantly either northerly or southerly; wind flow 
parallel to the plane of the array is not acceptable and can result in a 
lower than typical operating cell temperature. · 

Data shall be obtained for a module open-circuit condition corresponding 
to zero electrical power output. 

The active side of the solar cell module and the pyranometer bulb shall 
be ~eaned before the start of each test. Dirt shall not be allowed to 
build up. Cleaning with mild soap followed by a rinse with distilled water 
is effective. 

Step 10- A calibration check shall be made of an the equipment ·before the start 
of the test. 

PROCEDURE 

Step 1- Acquire a semicontinuous record of (T cell-T air) over a one- or two-day 
period, together with insolation and other measurements as required to 
characterize the terrestrial environment during the testing period. All 
data shall be printed out approximately every 5 min. In addition, solar 
intensity, wind speed, wind direction, and air temperature shall be 
continuously recorded. Acceptable data shall consist of measurements 
made when the average wind velocity is 1 m/s ± 0.75 m/s and with gusts 
less than 4 m/s for a period of 5 min prior to and up to the time of mea
surement. Local air temperature during thE! test period shall be 20° C ± 
l5°C. The two sets of measurements can be combined into a single set 
provided the average air temperature of the two sets does not differ by 
more than approximately 5° C. 

Step 2- Using only acceptable data as so defined, a plot shall be constructed,· 
from a set of measurements made either before or after solar noon, that 
defines the relationship jetween (T cell-T air) and the solar irradiance 
level (J) for J = 800 W /m . -

Step 3- Using the plot of (T cell-T air) versus J, the value of (T cell-T air) at 
NTE is deterrined by interpolating the average value of (T cell-T air) for 
J = 800 W/m • 

Step 4- A correction factor to the preliminary NOCT for average air tempera
ture and wind velocity is determined from Fig. B-11. This value is added 
to the preliminary NOCT and corrects the data to 20° C and 1 m/s. 
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Figure B-11. NOCT Correction Factor 

B-46 



55~1'*' --------------------------..1-..n.:=;~ 
TE.AR.M.9 

TEST TE.AR.M.9 

ANTIREFLECTION COATING ADHESION TEST-SOLAR CELLS 

PURPOSE 

The AR coating adhesion test is used to determine the ability of solar cells with AR 
coatings, either flat-plate or concentrator, to withstand handling and exposure to water 
vapor without delamination of the coating. · 

APPARATUS 

The test equipment consists of a container of boiling water; a fixture for dipping the 
cells into the boiling water; and an eraser rubbing fixture (a Pink Pearl No. 101 or 
equivalent) that can be applied with the proper pressure. 

PREPARATION · 

Step 1-

Step 2-

Step 3-

Step 4-

PROCEDURE 

. Inspect cells ·visually to detercmine AR coating color and identify any 
nonunif ormi ties. 

Put fresh deionized water in container. 

Heat water to boiling temperature. 

Load cells into dipping fixture. 

Step 1- Immerse fixture with cells into boiling water for 15 min. 

Step 2- Raise fixture above boiling water so that cells are still exposed to water 
vapors for 15 min. 

Step 3- Remove cells from water vapor and air dry. 

Step 4- Subject cells to rubbing with eraser. The eraser is pressed against the 
cell's AR:·coated s1,.ll'face with a pressure of from 120 to 147 kPa (17 .4 to 
21.3 psi) and is rubbed across the surface on the same path for 20 com
plete cycles. 

EVALUATION 

Upon completion of· the test each cell is visually inspected for evidence of removal or 
delamination of the AR coating using the unaided eye. Excessive color change or delam
ination of the AR coating shall be cause to disqualify cells. 
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TFSl' TE.AR.M.IO 

DIELECTRIC VOLTAGE WITHSTAND TEST 

PURPOSE 

The dielectric voltage withstand test is used to determine the ability of electrical insula
tion systems to withstand specific levels of voltage stress without breakdown or exces
sive leakage current. The test is written for use in evaluating the voltage isolation 
between the active solar cell circuit and external conductive surfaces of photovoltaic 
assemblies such as solar cell modules and concentrator receivers. The test is often used 
as a product quality verification test during product development and as an acceptance 
test procedure used for 100% inspection of the manufactured product. 

APPARATUS 

Dielectric withstanding voltage test equipment shall consist of a variable output DC 
power supply of 500 VA minimum capacity equipped with suitable display of test voltage 
and current. The equipment shall be capable of detecting dielectric breakdown by limi
tation of current and interruption of voltage application at a leakage current of 50 1J. A. 

PREPARATION 

Step 1- Verify that pretest electrical performance and visual inspection data are 
available. 

Step 2- Short the solar cell circuit of the test article by connecting a suitable 
jumper between the positive and negative terminals of the solar cell cir
cuit. .Ensure that the jumper is well isolated from the remainder of the 
test article. 

PROCEDURE 

l:;tep 1- Turn on. the test equipment and allow adequate time for warmup per 
manufacturer's recommendation. 

Step 2- Adjust the current limit to 50 p. A and the initial output voltage to zero. 

Step 3- Connect the test equipment high-voltage DC positive output to the test 
article's short-circuited output terminations. Connect the test equip
merit ground (negative) to the test article ground terminal, or, if no 
ground terminal exists, directly to the exposed conductive .external sur
face of interest. If the test article has no·exposed conductive surfaces, 
use the mounting hardware as a test ground. 

Step 4- Switch on the output voltage and quickly increase the applied potential 
from zero to the required test level at an approximately constant rate 
not to exceed 500 V /s. In no case shall a voltage ramp rate be chosen 
that would result in exceeding the leakage current limit strictly because 
of capacitive charging effects related to test article configUration. Hold 
the applied potential at the test level for a period of one minute. 
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Step 5-

Step 6-

EVALUATION 

During the high voltage application, the sample should be observed for 
signs of flashover, arcing, and excessive leaking current. 

Switch off the applied voltage and discharge any stored charge in the 
test article before disconn~cting it. 

During the high-voltage application there shall be no visually observable evidence. of 
flashover, arcing; or corona phenomena, or current leakage in excess of 50 J.l.A as evi
denced by the test equipment leakage current detection circuitry. An insulation resis
tance test (in preparation) may be employed after completion of the high voltage appli
cation to verify that the insulation resistance has not degraded to less than 50 J.1. A as 
evidenced by the test equipment leakage current detection circuitry. An insulation 
resistance test (in preparation) may be employed after completion of the high voltage 
application to verify that the insulation resistance has not degraded to less than 50 k Q • 
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PURPOSE 

TEST TE.AR.M.ll 

STRUCTURAL STRESS TEST-SOLAR CELLS 

A thermal cycle procedure is an effective method of determi~ing if surface imperfec
tions on solar cells are cracks or simply benign marks. 

COMMENTARY 

This procedure has been particularly useful in resolving questions involving edge chips 
and the imperfections often found within and surrounding the chips. Rather than being a 
100% inspection procedure, this method is intended primarily to verify product quality 
and resolve inspection questions. 

APPARATUS 

Testing equipment includes an inspection microscope; heated metal plate; temperature 
sensor; .and indicator for hotplate. 

PROCEDURE 

Step 1- Inspect cell and map any suspect imperfections. 

Step 2- Bring hotplate to temperature (hotplate temperature should be as high as 
possible without damaging or degrading cell metallization system). 

Step 3- Place cell on hotplate for 2 to 3 min. 

Step 4- Remove cell from hotplate and allow cell to cool. 

Step 5- Inspect cell and note any changes in suspect imperfections mapped in 
step 1. 

EVALUATION 

The absence of any change in an imperfection is a strong indication that it is not a crack 
or fracture. 
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TEST TE:.AR.;D.l 

SOLAR RADIATION WEATHERING TESTS-MATERIALS AND COMPONENTS 

PURPOSE 

Solar radiation weathering tests for photovoltaic materials and components (excluding 
cell studies) are conducted to determine the effects ·of extended outdoor exposure
induced stress that occurs during service life. These tests are intended as materials and 
components qualification tests prior to their utilization in the construction of modules. 

COMMENTARY 
' 

These tests are applicable to transparent covers, transparent superstrates, full-sized mir-
rors and lenses, encapsulants, adhesives, substrate materials, and any frontal surface 
component of a module that will be illuminated by the sun during its service life. 
Expected -effects are stress-induced deterioration of the structural (physical) and optical 
(transparency) characteristics of materials and components employed in module con
struction. Structural deterioration of concern includes cracking and loss in tensile, 
impact, flexual, or adhesive strength. Optical deterioration includes the development of 
haze and coloration-both of which may significantly reduce transmittance or specular 
reflectance. 

These tests are intended as materials screening and qualification tests and are not 
required where experience or verifiable exposure durability tests have been previously 
done by either the module manufacturer, the materials supplier, or by third parties. 

Provision is made in this test method for use of both natural and artificial weathering 
tests. Both real-time and accelerated natural solar irradiance test procedures are 
included; the artificial weathering test procedures here are considered to be accelerated 
exposure test methods. The rationale for choosing one or the other is presented in the 
section on Test Procedures. 

APPARATUS 

Solar Irradiance Measurements 

Suitable solar irradiance measuring detectors shall be employed to determine the irradi
ance level (exposure amount) of materials and components to the natural and simulated 
solar irradiance sources represented by the three test procedures used to satisfy the 
requirements of this test method. All solar irradiance measuring detectors continuously 
exposed shall, for purposes of this requirement, be calibrated and traceable to a nation
ally recognized reference no less frequently than every 6 months. 
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Pyr&nometer: A WlVIO* Class 1 pyranometer shall be mourited either coplanar with, or at 
the same tilt as, specimens being exposed to natural weathering. 

~eliometer: A WMO Class 1 pyrheliometer. with a field of view of approximately 
6 ± 1° shall be employed to assess the total irradiance level deposited by the acceler
ated weathering machines described in. the Test Procedure, Accelerated Natural Expo-:. 
sure Testing. A suitable instrument is an Eppley model NIP pyrheliometer.: 

Total Ultraviolet Radiometer: A total ultraviolet pyranometer filtered to exclude all 
1rrad1ance above 385-nm wavelength may be employed to assess the ultraviolet irradi
ance level of specimens exposed to real-time natural weHthering. It shall be mounted . 
either coplanar with or at the same tilt as the test spe~imens. A suitable ultraviolet: 
radiometer is the Eppley Model TUVR. 

Total Ultraviolet Radiometer for Concentrated Ultraviolet: A photodiode, or other suit
able photodetector, appropriately filtered to exclude all energy above 385-nm wave
length, which shall be of compact size adequate for insertion into the concentrated beam 
of accelerated test instrumentation, may be employed to assess the ultraviolet irradiance 
level attained when employing accelerated test methods of natural and artificial irradi
ance. 

Test ApparatuS 

Procedure i-Natura], Real-'l'ime Expa;ure Testing (Including Optical Components): 
Adjustable exposure test racks such as described in the ASTM test methods listed in the 
Test Procedure for Natural Real-Time Exposure Testing shall be employed. Materials 
and components should be mounted with WI Hppropriate substrate to simulate, if possible, 
the intended end use. 

Procedure lA-(Alternate, tical eom ents onl ) Natural, Real Exposure Testi of 
~tical SJS!ems: An equatorial or other periodically adjustable sun- ollowmg test plat
orm eqwpped with a tracking device and water spray mechanism may be employed to 

expose mirror and lens specimens and assemblies at or near normal incidence throughout 
the test day. Provision may be made fur periodic depositions of distilled or deionized 
water for 8 min each hour of operation. This is particularly necessary when testing mir
rors. 

Procedure 2~Aeeelerated Natural Exposure Testing: Sunlight concentrating test equip
ment may be employed for accelerated exposure testing using natural solar irradiance as 
a source. This equipment shall provide for uniform illumination of test specimens (uni
formity of± 5% across the test specimen), provide cooling of test specimens between 
0° C and 15° C above the one-sum stagnation temperature under identical mounting and 
environmental conditions, and, optionally, ·provide periodic distilled/deionized water 

*World Meteorological Organization. 
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spray on the target specimen. A Fresnel reflecting concentrator test apparatus such as 
the one referred to in paragraph 4.3.2 of. ANSI Test Method Z 97.1-1975 has been found 
suitable for this test and meets these criteria*. This test is currently being developed as 
an ASTM standard by the ASTM Committee E44 Solar Energy Conversion. 

Procedure 3-Accel.erated, Artificial Expa;ure Testing: Apparatus required for exposure 
testing with artificial solar irradiance sources are described in the referenced test meth
ods presented in Procedure 3, Accelerated Artificial Exposure Testing. Suitable exposure 
apparatus meeting ASTM Standards G26 ~d 02565 is the 

• Xenon-arc type Weather-Ometer** 

Suitable exp·osure apparatus meeting ASTM Standard G53 are the 

• · QUV Fluorescent Weathering Cabinet,*** 
• UVCON Fluorescent.Weathering Cabinet.**** 

PREPARATION 

Step 1-

Step 2-

Step 3-

Step 4-

Step 5-

PROCEDURES 

Verify that an adequate number of test specimens of the appropriate size 
and shape are available. Note: Their number, size, and shape depend on 
the specific optical and physical properties to be determined. 

Clean test specimens with soap and water (mild detergents such as Lux 
or Alconox} and thoroughly rinse with deionized water before testing. 

Inspect test specimen ~o detect evidence of physical degradation. 

obtain pre-test optical and physical property data as appropriate. 

Mount materials and components in test frames in accordance with the 
requirements and guidance provided in the relevant test methods. 

General Consi.deratims 

Although natural, real-time exposure testing is the preferred method, the necessity of 
pet•forming accelerated testing to make materials and components decisions quickly is 
well. recognized. This is particularly true for tests in support of extended· lifetime 

*For gUidance purposes, such machines are used at DSET Laboratories, Inc., Phoenix, 
Arizona 85029. 

**Weather-Ometer™ is a Registered Trademark of the Atlas Electric Company, 
Chicago, Ill. 60613. 

***Quv™ is a Trademark of the Q-Panel Company, Cleveland, Ohio 44135. 

****UVCON™ is a Trademark of·the Atlas Electric Company, Chicago, Ill. 60613. 
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requirements. However, accelerated testing should be accompanied (preferably pre
ceded) whenever possible by natural, real-time testing in order to validate accelerated 
weathering by providing correlation factors for early exposure stages. 

Materials and components exposed to natural solar radiation, or simulated solar radia
tion, shall be weathered for an equivalent of 36 months in southern U.S. latitudes. For 
the purposes of these tests, 36 months at southern l~titud~s is define1~ rep{esenting an 
irradiance level, or a total deposition, of 2.39 x 10 J/m (3.23 x 10 J/m for optical 
components) of sunlight (equivalent to 570,000 langleys; 770,000 langleys for optical 
components). 

This expw.ure ~evel represents a total ultraviolet irradiance of 9.56 x 108 J/m2 

(1.29 x 10 J/m for optical components) of energy below 385-nm wavelength (or, an 
average of 4% of total sunlight on an annual basis). Ber.Ause of variations in natural sun
light from month to month and from site to site and the variations in total energy output 
by natural sunlight and artificial sources, it is recommended that exposure levels be 
timed on the basis of ultraviolet energy deposited rather than total solar energy. 

The determination of relevant optical and physical property measurements at intermedi
ate exposure levels is necessary if degradation-rate information is sought to establish a 
correlation between real-time and accelerated test procedures. Appropriate exposure
level information is presented in the following table (extended exposure levels are also 
given as guidance when testing for extended lifetime requirements). 

Table 81. OUTDOOR EXPOSURE VALU~OUTHBRN U.S. LATITUDESa 

Total Sunlightb · Total Ultravioletd 
Equivalent 

Yearsa langleysc J/m2 J/m2 

1 190k 9 3.19 X 10: 7.97 X 10
10 2 380k 1.59 X 10 lO 6.37 X 10

8 3 570k 2.39 X 10 lO 9.56 X 10
9 5 950k 3.98 X 10

10 
1.59 X 10

9 10 1900k 7.97 X lOll 3.19 X 10
9 15 2850k 1.20 X 10

11 
4.78 X 10

9 20 3800k 1.59 X 10 6.37 X 10 

~hese are not the average southern latitude values; the average is somewhat lower. 
These are weighted to the Southwest, where photovoltaics may find greater deployment. 

bAll wavelengths, global, measured in plane of specimen. 
c 1 langley = 1 g-cal/ em 2• 
~otal ultraviolet in the wavelength range 290-385 nm me~sured with an Eppley TUVR 

ultraviolet radior:neter, measured in the plane of the ~vice. 

Procedure !-Natural Real-Time Exposure Testing 

Step 1- Determine the most appropriate applicable ASTM test method from the 
following reference methods: 
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• 01006-73 Conducting Exterior Exposure Tests of Paints on Wood 

• 01014-66 Conducting Exterior Exposure Tests of Paints on Steel 
(1973) 

• 01425-75 Outdoor Weathering of Plastics 

• 01828-70 Atmospheric Exposure of Adhesive Bonded Joints and Structures 

• G7-77 Atmospheric Environmental Exposure Testing of Nonmetallic 
Materials 

• Gll-72 Effects of Outdoor Weathering on Pipeline Coatings 

• G24-73 Conducting Natural Light Exposure Under Glass 

Step 2- Mount the test specimens in an outdoor adjustable test rack in accor
dance· with the selected ASTM test method. 

Step_ 3- Expose specimens to a minimum irradiance level of 2.39 x 108 J/m2 
(570,000 langleys) •. Note: Timing exposures on the basis of ultraviolet 
deposited is preferred; see Table B-6 for guidance. 

Step 4-. (Optional) At intermediate exposure levels, remove specimens from test 
rack, record irradiance level, evaluate, and return specimens to test 
rack. ' 

Step 5- Inspect test specimens to detect evidence of physical degradation. (See 
guidelines under Evaluation.) · 

Step 6- Evaluate optical properties of test specimens in accordance with the 
guidelines under Evaluation. 

Procedure lA (Alternate for Optical Components)-Nat~ Real-Time Exposure Testing. 

Note: This procedure is ~he preferred method for real-time testing of optical 
compone~lf an~ requires 25% less 

9
time 

2 
to accumulate the required exposure of 

3.23 x 10 J/m of sunlight (1.29 x 10 J/m of ultraviolet). 

Step 1- Mount the mirrors and lenses, or specimens prepared from them, in the 
sun-following test device described in the Test Procedure lA. 

Step 2- Expose specimens ~o a '¥inimurn irradiance level of 3.23 x 10 10 J/m2 of 
sunlight (1.29 x 10 .J/m of ultraviolet) with the test device operated 
from sunup to sundown. 

Step 3- Carefully wash specimens each week with chamois and a dilute solution 
of a mild detergent such as Lux or Alconox, or an equivalent, and rinse 
with distilled water. 

Step 4- (Optional) Subject specimens to water spray for a period of 8 min during 
each 60 min of sunlight exposure, or to other regular, periodic spray 
cycles as agreed upon. 

Step 5_- (Optional) At intermediate exposure levels, remove specimens from test 
device, record fluence, evaluate optical characteristics, and return to 
the test device for the next exposure level requirements. 

Step 6- (Optional) For structural integrity determinations at intermediate expo
sure levels, remove specimens from test device, record fluence, and per
form structural testing as appropriate. 
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Step 7-

Step 8-

Inspect test specimens to detect evidence of physical degradation. (See 
guidelines under Evaluation.) 

Evaluate optical properties of test specimens in accordance with the 
guidelines under Evaluation. 

Procedure 2-Aeeelerated Natural Exp<lBure Testing 

Step 1-

Step 2-

Step 3-

Step 4-

Step 5-

Step 6-

Step 7-

Step 8-

Mount test specimens in an accelerated weathering machine in accor
dance with standard practice.· 

Expose specimens to concen\rlfted ~atural sol?f0 irra~ance for a total 
irradiance level of 2.89 x 10 J/m (5.37 x 10 J/m for components 
that track the sun). Note: The preferred method for determining expo
sure level is ultraviolet deposited; in this case, specimens shogdd b~ 
exposed to an ultraviol~t irradiation level of 9.56 x 10 J/m 
(2.15 x 109 J/m2 for components that track the sun). The minimum 
exposure when testing specimens of components that track the sun (mir
rors and lenses) under accelerated weathering is greater than for real
time exposure testing. Actually; while 5 years' equivalent of natural 
real-time weathering .would be an impractical mandatory requirement 
from an elapsed-time standpoint, it is nonetheless desirable. Conversely, 
the highly desirable mandatory accelerated exposure testing for an 
"equivalent" of 5 years of real-time testing does not impose a significant 
elapsed-time problem. 

(Optional) Adjust the cooling system to maintain the specimen tempera
ture. between 0° C and 15° C above the temperature it would reach if it 
were similarly mounted under one-sun intensity. 

(Optional) Subject specimens to water spray for a period of 8 min during 
oaoh 60 min nf sunlight exPosure, or to other regular, periodic spray 
cycles as agreed upon. Note: This step is recommended for materials 
and surface components that are exposed to dew and rainfall during ser- · 
vice. For components not exposed to exterior environment under normal 
operating conditions but subjected to sunlight illumination, the water 
spl'l:ty shall not be included in the pro~edure. 

(Optional). At intermediate expoSure levels, remove specimens from 
weathering machine,. record fluence, evaluate and return specimens to 
weathering machine. Note: Iritermediate exposure levelS· should be 
determined using Table B-6. 

(Optional, Alternate) A.t intermediate exposure levels, remove replicate 
specimens from weathering machine, record irradiance level, and evalu
ate. Do not return samples to weathering machine. 

Inspect test specimens to detect evidence of physical degradation. (See 
guideline under Evaluation.) 

Evaluate optical properties of test specimens in accordance with the 
guidelines -under Evaluation. 
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Procedure 3-Aeeelerated, Artificial ExpClSure Testing 

Step 1- Determine the most appropriate applicable ASTM test method from the 
following reference methods: 

• G25-70 Operating Light and Water Exposure Apparatus (Xenon arc-type) 
for Exposure of Nonmetallic Materials 

• G53-77 Operating Light and Water Exposure Apparatus (fluorescent UV
condensation type) for Exposure _of Nonmetallic Materials 

• D2565-75 Operating Xenon Arc Type (Water-Coole.d) Light and Water 
Exposure Apparatus for Exposure of Plastics 

Step 2- Mount the test specimens in the weathering machine in accordance with 
the selected ASTM test method. 

Step 3.:.... Expose specimens
8 

to si~ulated sol!9 irra<¥ance for a period sufficient to 
deposit 9.56 x 10 J/m (2.15 x 10 J/m for optics) of ultraviolet as 
defined iri Table B-6. Note: This step is recommended for materials and 
surface components that are exposed to dew arid rainfall during service. 
For components not exposed to the exterior environment under normal 
operating conditions but subjected to sunlight illumination, the water 
spray shall not be included in the procedure. 

Step 4- (Optional) Subject specimens to a water spray for a period of 5 min 
during each 60 min of the light exposure when employing Xenon arc-type 
exposure testing. 

Step 5- (Optional) At intermediate exposure levels, remove specimens from test 
rack, record fluence, evaluate, and return specimens to test rack. 

Step 5'- (Optional, Alternate) At intermediate exposure levels, remove replicatb 
samples, record fluence, and evaluate. Do not return samples to teft 
rack. · 

Step 6- Inspect test specimens to detect evidence of physical degradation. (See 
guidelines under Evaluation.) 

Step 7- Evaluate optical properties of test specimens in accordance with the 
guideUnes under Evaluation. 

EVALUATION 

The surfaces of components or materials shall be visually inspected before and after 
aging to ensure that no signs of excessive deterioration, such as dimensional changes, 
cracking, fiber bloom, or other visually ·detectable changes (that could significantly 
affect the performance of the components in the system) are present-. Evaluation 
techniques shall be selected to measure the effect of the aging procedures on important 
properties of the components or materials. Evaluation at intermediate exposure levels is 
suggested as a way to determine degradation-rate effects. 

The absorptance, transmittance, and specular reflectance of coated glass, polymeric 
cover, mirrors, Fresnel lenses, plate materials, and encapsulants shall be evaluated 
before and after aging in the relevant photovoltaic active spectrum, as appropriate, using 
the following ASTM method: 
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e E424-71 (Method A)* Solar Energy Transmittance and Reflectance of Sheet 
Materials (for Air Mass 1.5) 

The specular reflectance of mirrors and mirror specimens shall be determined before and 
after exposure testing, and at any intermediate expostire levels selected. Both spectral 
and total (all-inclusive wavelengths) reflectance techniques may be employed (spectral 
measurements are preferred). Applicable ASTM Standards (measurement) may be: 

• El67-77 Standard Recommended Practice for Goniophotometry of Objects and 
Materials 

• El79-77 Standard Recommended Practice for Selection of Geometric Condi
liuus for Measurement of Reflectance and TrAnsmittance 

• E429-78 Standard Method for M~z:tsw·ement and Calculating of Rt;'!flP.~ting 
Characteristics of Metallic Surfaces Using Integrating Sphere Instru
ments 

Instrumentation that combines classical V-W optics external to integrating spheres or 
other transfer optics associated with spectrophotometric devices, and external bidirec
tional optics attachments to 'these devices, is preferred to properly assess changes in the 
specular component of reflectance of mirror surfaces. The important consideration is 
that the field-of-view of the measuring device be as nearly matched as possible to the 
field-of-view of the focusing optics of interest. 

Other evaluation procedures shall be used as appropriate. The following ASTM proce
dures dealing with physical deterioration are illustrative of the types of proc~dures that 

· may be used. 

• D618 Conditioning Plastics and Electrical Materials for Testing 

• D638 Tensile Properties of Plastics 

• D794 Recommended Pra~tirA for Determining the Permanent Effect of Heat 
on Plastics 

• D882 Tensile Properties of Thin Plastic Sheeting 

• Dl042 Linear Dimensional Changes of Plasllcs Under Accelerated Service Con
ditions 

• Dll81 Warpag~ of ShP.P.t Plastics 

• Dl204 Linear Dimensional Changes of Nonrigid Thermoplastic Sheeting or Film 
at Elevated Temperature 

• Exxx Standard Practice for Delei'mining Resistance uf Solar Collector r-overs 
to Impact by Hail** 

• D897 Tensile Properties of Adhesive Bonds 

*Being revised by ASTM Committee E44 Solar Energy Conversion. 

**Being developed by ASTM Committee E44 Solar Energy Conversion. 
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TEST TE.AR .• D.2 

SOLAR RADIATION WEATHERING TESTS-MODULES AND MINIMODULES 

PURPOSE 

Solar radiation weathering tests for photovoltaic modules and minimodules are conducted 
to determine the .effects of extended outdoor exposure-induced stress that occurs during 
service life. The minimodule tests are qualification tests conducted before the 
construction of full-sized modules. 

COMMENTARY 

These tests are applicable to minimodules and full-sized modules. Small modules; or 
. minimodules, may be designed and constructed to verify the integrity of the sandwich 

construction method chosen for full-sized modules. Expected effects are stress-induced 
deterioration of the structural, optical, and electrical performance characteristics of 
modules and minimodules. Exposure testing of minimodules also has as one objective the 
early assessment of possibly harmful materials and components interactions that CC?uld 
affect the electrical performance, reliability, and durability of modules so constructed. 

Structural and optical deterioration here include discoloration of encapsulants and · 
transparent covers, delamination, moisture intrusion, cell cracking, carbonation, contact 
corrosion,· etc. 

Provision is made in this test method for use of both natural and artificial weathering 
tests. Both real-time and accelerated natural sunshine test procedures are included; the 
artificial weathering test procedures included are accelerated exposure test methods. 
The real~time and accelerated natural sunshine tests are suitable for exposure testing of 
both modules and minimodules. ·The artificial (simulated) weathering test procedures are 
suitable only for appropriately sized minimodules. 

APPARATUS 

Solar Radiation Measurements 

Suitable solar radiation measuring detectors shall be employed to determine the 
irradiance level (exposure amount) of modules and minimodules to the natural and 
simulated solar radiation sources represented by the three test procedures that may be 
employed to satisfy the requirements of this test method. All solar radiation measuring 
detectors exposed continuously shall, . for the purposes of these requirements, be 
calibrated traceable to nationally recognized reference no less frequently than every 6 
rnoillhs. 

Pyr&nometer: A WMO Class 1 pyranometer shall be mounted either coplanar 
with, or at the same tilt as, specimens exposed to natural weathering. 
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Pyrheliometet: A WMO Class 1 pyrheliometer having a field of view of 6° ± 1° 
shall be employed to assess the total fluence of sunlight deposited by the . 
accelerated weathering machines described later in Procedure 2, Accelerated 
N.atural Exposure Testing, under Test Procedure. A suitable instrument is an 
Eppley Model pyrheliom·eter. 

Total Ultraviolet Radiometer: A total ultraviolet pyranometer filtered to 
exclude all radiation above 385-:nm wavelength may be employed to assess the 
ultraviolet fluence of specimens exposed to real-time natural weathering. It 
shall be mounted either coplarlar with, or at the same tilt as, the test 
specimens. A suitable ultraviolet radiometer is the Eppley Model TUVR. 

Total Ultraviolet Radiometer fer Concentrated Ultraviolet: A photodiode, or 
other suitable photodetector, appropriately filtered to exclude all energy 
above 385-nm wavelength, which shall be compact enough for insertion into 
the concentrated beam of accelerated test 1nstrumenlltlluu, HIHY be u,ed to 
assess the ultraviolet exposure level attained when employing accelerated test 
methods Procedures 2 and 3. 

Test Apparatus 

Procedure 1-Nat~ Real-Time Exposure Testing: Adjustable exposure test 
racks such as described in the ASTM test methods listed in Procedure 1, 
Natural Real-Time Exposure Testing (see Test Procedures), shall. be 
employed. Materials and components should be mounted with an appropriated 
substrate to simulate, if possible, the intended end use. 

Procedure 2 (Method 'A)-Accelerated Natural Expu:;ure Testing: Sunlight 
concentrating test equipment may be used for accelerated exposure testing 
using natural sunshine as the source. This equipment provides for uniform 
illumination of test specimens (uniformity of ±5% across the test specimen), 
provide cooling of test specimens between 0°C to l5°C above the one sun 
stagnation temperature under identical mounting and environmental 
conditions, and optionally provide periodic distilled/deionized water spray on 
the target specimens. A Fresnel-reflecting concentrator test equipment such 
as referenced in paragraph 4.3.2 of ANSI Test Method 97.1-1975 has been 
found that is suitable for this testing and meets these criteria.* A test method 
entitled ASTM Exxx, "Standard Practice for Performing Accelerated Outdoor 
Weathering Using Concentrated Natural Sunlight," is currently being developed 
as an ASTM Standard in ASTM Committee E44 Solar Energy Conversion. 

Procedure 2 (Method B)-Accelerated Natural Exposure Testing: The Sunlight 
concentrating test equipment, except for size and target cooling, is identical 

*For guidance purposes, such machines are used at DSET Laboratories, Inc., Phoenix, 
Arizona 85029. 
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to that described in Method A above. This method is intended for accelerated 
solar radiation weathering of half-to-full-sized modules (45cm x 30cm to · 
15cm x 90cm). 

Procedure 3-Aeeelerated, Artificial ~ure Testing: Apparatus required for 
exposure testing with artificial sunlight sources are described in the 

. referenced test methods presented under Test Procedures. Suitable exposure 
apparatus meeting ASTM Standard G26 and 02565 is the: 

• Xenon-arc type Weathe~Ometer.* 

Suitable exposure apparatus meeting ASTM Standard G53 are the: 

• QUV™ !iJporescent Weathering Cabinet,** and 
• UVCON Fluorescent Weathering Cabinet.*** 

PREPARATION 

Step 1- Verify that an adequate number of test specimens of the appropriate size 
and shape are available. 

Step 2- Clean test specimens with soap and water (mild detergents such as Lux 
or Alconox) and thoroughly rinse with deionized water before testing. 

Step 3- Inspect test specimen to detect evidence of physical degradation.-

Step 4- Verify that pretest electrical performance data for the test specimens 
are available. 

Step 5- Mount modules and minimodules in test frames in accordance with the 
requirements and guidance provided in relevant test methods. 

PROCEDURES 

General Considerations 

Although natural, real-time exposure testing is the preferred method, the necessity of 
performing accelerated testing to make module design and construction decisions quickly 
is well recognized. This is particularly true when testing in support of extended lifetime 
requirements. However, accelerated testing should be accompanied (preferably 
precede~) whenever possible by natural, real-time testing in order to validate 
accelerated weathering by providing correlation factors for the early exposure stages. · 

Modules and minimodules exposed to natural solar radiation, or simulated solar radiation, 
shall be weathered for an equivalent of 36 months in southern U.S. latitudes. For 

*Weather-Ometer™ is a Registered Trademark of the Atlas Electric Company, Chicago, 
Illinois 60613. 

**QUV™ is a Trademard of the Q-Panel Company, Cleveland, Ohio 44135. 

***UVCON™ is a Trademark of the Atlas Electric Company, Chicago, Illinois 60613. 
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purposes of these tests, 36 months at south]l(p latitude is defined as representing an 
irradiance, or a total deposition, of 2.39 x 10 · J/m2 of sunlight (equivalent to 570,00~ 
langleys).

1
J'his ~xposure level represents total ultraviolet irradiance of 9.56 x 108 J/m 

(1.29 x 10 J/m for optical components) of energy below 385-nm wavelength (or an 
average of 4% of total annual sunlight). Because of variations in the amount of 
ultraviolet deposition by natural sunlight from month to month and from site to site and 
variations in total energy output by natural sunlight and artificial sources, it is 
recommended that exposure levels be timed on the basis of ultraviolet energy deposited 
rather than total solar energy. 

The determination of relevant structural and performance property measurements at 
intermediate exposure levels is necessitated if degradation-rate information is sought to 
establish a correlation between real-time and accelerated test procedures. Appropriate 
exposure-level information is presented in Table B-7 (extended exposure levels are also 
given as guidance when testing for extended lifetime requirements). 

Table B-7. OUTDOOR HXl'u::-;u.KH VALU~OUTHERN U.S. LATITUDESo. 

Total Sunlightb Total Ultravioletd 
Equivalent 

Yearsa langleysc J/m2 J/m2 

1 190k 9 8 7.97 X 10
10 

3.19 X 10
8 2 380k 1.59 X 10

10 
6.37 X 10

8 3 570k 2.39 X 10 9.56 X 10
9 5 950k 3.98 X 10 10 1.59 X 10
9 10 1900k 7.9'1 X 10~~ 3.19 X 10
9 15 2850k 1.20 X 10 ll 4.78 X 10
9 20 38001c 1.59 'lr 10 6.37 X 10 

~hese are not the average southern latitude values; the average is somewhat lower. 
These are weighted to the Southwest, where photovoltaics may find greater deployment. 

bAn wavelengths, global, measured in plane of specimen. 
cl langley= 1 g-cal/cm2. . 
~ot~l ultraviolet in the. wavelength range 290-385 nm measured w~th an Eppley TUVR 

ultraviolet radiometer, measured in the plane of the device. 

Procedure 1-Natural Real-Time Expo&ure Testing 

Step 1- Determine the most appropriate applicable ASTM test method from lht:! 
following reference methods: 

• 01006-73 Conducting Exterior Exposure Tests of Paints 

• 01014-66 Conducting Exterior Exposure Tests of Paints on Steel 
(1973) 

• 01425-75 Outdoor Weathering of Plastics 

• 01828-70 Atmospheric E~posure of Adhesive Bonded Joints and 
Structures 
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• G7-77 

e Gll-72 

• G24-73 

Atmospheric Environmental Exposure Testing of 
Nonmetallic Materials 

Effects of Outdoor Weathering on Pipeline Coatings 

Conducting Natural Light Exposure Under Glass 

Step 2- Mount the test specimens in an outdoor adjustable test rack in 
accordance with the selected ASTM test method. 

Step 3- Verify that the electrical leads from the module terminals are in the 
required configuration. 

Step 4- Expose specimens to a minimum fluence of 2.39 x 108 J/m2 (570,000 
langleys). Note: . Timing exposures on the basis of 'ultraviolet energy 
deposited is preferred. · 

· Step 5- (Optional) At intermediate exposure levels, remove specimens from test 
rack, record fluence, evaluate, and return specimens to test rack • 

. Step 6- Inspect test specfmens to detect evidence of physical degradation. (See 
guidelines under Evaluation.) · · 

Step 7- Evaluate electrical performance of test specimens in accordance with 
the guidelines under Evaluation. Note: Modules may be exposed to real
time natural weathering in the open-circuit, short-circuit or under-load 
condition. 

Procedure 2-Aceelerated Natural Expmure Testing (Methods A and B) 

Step 1-

Step 2-

Step 3-

Mount the test speecimens in an accelerated· weathering machine 
according to standard practice. For Method B, modules having large 
accelerated weathering equipment may have to be off-mounted to an 
extent that, when. combined with an adjusted high-speed air flow, the 
cooling system maintains the module temperature at or near NOCT. 

Verify that the electrical leads from the module are in the required 
configuration (i.e., open-circuited, short-circuited or under-load). 
Caution: Modules exposed to accelerated solar radiation weathering 
under load or in the short-circuit condition may experience excessive 
deleterious effects. 

Expose specimens to ~~centrt"ted natural sol~. radiation for a total 
irradiance of 3.98 x 10 J/m .• Note: The preferable method for 
determining exposure level is ultraviolet energy deposited; in this case, 
specime~ sh~uld be exposed to an ultravic:>let irradiance of 
1.59 x 10 J/m • The minimum exposure for testing modules and 
minimodules under accelerated weathering is greater .than for real-time 
exposure testing. 

Actually, while 5 years' equivalent of natural real-time weathering is an 
impractical mandatory requirement from an. elapsed-time standpoint, it 
is nonetheless desirable. Conversely, the highly desirable mandatory 
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accelerated exposure testing for an "equivalent" of 5 years of real-time 
testing does not impose a significant elapsed-time problem. · 

Step 4- (Optional) Adjust the cooling system to maintain the specimen 
temperature between 0° and 15° C above the temperature it would reach 
if it were similarly mounted under one-sun intensity. For testing in large 
accelerated weathering machines, adjust the cooling system to maintain 
the module temperature at or near NOCT. 

Step 5- (Optional) Subject specimens to water spray for a period of 8 min of 
sunlight exposure, or to other regular, periodic spray cycles as agreed 
upon. Note: This step is recommended for materials and surface 
components exposed to dew and rainfall during service. For components 
not exposed to operating conditions, but subjected to sunlight 
illumination, the water spray shall not be included in the procedure. 

Step 6- (Optional) At intermediate exposure levels, remove specimens from 
weathering machine, record fluence, evaluate, and return specimens to 
weathering machine. Note: Intermediate exposure levels should be 
determined using Table B-7. 

Step 6'- (Optional, Alternate) At intermediate exposure levels, remove replicate 
specimens from weathering machine, record fluence, and evaluate. Do 
not return samples to weathering machine. 

Step 7- Inspect test specimens to detect evidence of physical degradation. (See 
guideline under Evaluation.) 

Step 8- Evaluate electrical performance of test specimens in accordance with 
the guidelines under Evaluation. 

Procedure 3-Accelerated, Artificial Exposure Testing 

Step 1- Determine the most appropriate applicable ASTM test method from the 
following reference methods: 

• G26-70 Operating Light and Water .Exposure Apparatus (Xenon arc 
type) for Exposure of Nonmetallic Materials 

• G53-77 Operating Light and W.ater ·Exposure · Apparatus 
(fluorescent UV-condensation type) for Exposure of 
.Nonmetallic Materials 

• D2565-75 Operating Xenon Arc Type (Water-Cooled) Light and 
Water Exposure Apparatus for Exposure of Plastics 

Step 2- Mount the test specimens in the weathering machine in accordance with 
the selected ASTM test method. 
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Step 3-

Step 4-

Step 5-

Step 6---: · 

Step 7-

Step 8-

EVALUATION 

Verify that the electrical leads from the module are in the required 
configuration (i.e., open-circuited, short-circuited, or under-load). 

Expose specimen~ to s~mulated soJar r~diation for a period sufficient to 
deposit 9.56 x 10 J/m (2.15 x 10 J/m for optics) of ultraviolet. 

(Optional) Subject specimens to a water spray for a period of 5 min 
during each 60 min of the light exposure when using Xenon arc type 
exposure testing. 

(Optional) At intermediate exposure levels, remove specimens from test 
rack, record fluence, evaluate, and return specimens to test rack. 

Inspect test specimens to detect evidence of physical degradation. (See 
guidelines under Evaluation.) 

Evaluate optical properties of test specimens in accordance with 
guidelines under Evaluation. 

The surfaces of modules and minimodules shall be visually inspected before and after 
aging to ensure that no signs of excessive deterioration, (such as dimensional changes, 
cracking, fiber bloom, or other visually detectable changes which could significantly 
affect the performance of the module or minimodule) are present. 

Evaluation procedures shall be selected to measure the effect of the aging procedures on 
important properties of the modules or minimodules. Evaluation at intermediate 
exposure levels is suggested as a way to determine degradation-rate effects. 

The post-test electrical performance of each module or minimodule shall be measured 
using Test TE.AR.E.l. Excessive physical deterioration, electrical degradation below 
design levels, the presence of intermittent open circuits, or the occurrence of short 
circuits to .ground shall be cause to classify the test specimen as having failed. 
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PURPOSE 

TEST TE.AR.D.3 

HUMIDITY TEST-SOLAR CELLS 

The solar cell humidity test is used to determine if solar cells to be used in modules are 
capable of withstanding exposure to moisture without experiencing corrosion, power 
output degradation, or loss of contact strength. 

APPARATUS 

The apparatus consists of a humidity chiunber with temperature controller; auxiliary 
thermal and humidity sensors with associated recording instruments; and solar cell 
electrical performance measuring test equipment. 

PREPARATION 

Step 1- Verify that pretest electrical performance data are available for the 
cells to be tested. 

Step 2- Inspect cells visually for stains, missing areas of antireflection coating, 
·missing or stained contacts, or any delaminated contacts. 

Step 3- Set up humidity chamber to proper temperature and humidity and 
stabilize operation~ 

Step 4- Set solar cells to be tested vertically in clean, uncontaminated mounting 
fixture made from inert plastic material such as polyethylene or teflon. 

PROCEDURE 

Step 1- Fixture holding solar cells to be tested is inserted into humidity chamber 
.that has been stabilized and set to operate at 90% relative humidity and 
45°C. 

Step 2- Turn on temperature and humidity instrumentation and monitor through 
test. 

Step 3- Loavo eollll' cell& in humidity chamber for 30 days. 

Step 4- After humidity exposure test period is complete, remove solar cells from 
chamber, dry, then inspect cells for stains, delaminated contacts or 
delaminated antireflection coatings, and perform electrical performance 
.tests using Test TE.AR.E.l. 
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EVALUATION 

On completion of the humidity test, each cell shall be inspected to detect evidence of 
physical degradation of the antireflection' coatings and the metal contacts. In addition, 
the pa;t-electrical performance test data will be compared to the pretest data and 
excessive degradation of output beyond design limits shall be cause to disqualify cells. 
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TEST TE.AR.D.4 

HUMIJ)ITY TEST-ARRAY ELEMENTS* 

PURPOSE 

The humidity cycling test is conducted to determine the effects of humidity cycling 
stresses that could occur during use on flat-plate modules, concentrator modules, 
concentrator receivers, or concentrator optics. 

COMMENTARY 

This is an exaggerated environmental test, 8C!C!omplished by the continuous exposure of 
the equipment to high relative humidity at cycling elevated temperatures. These 
conditions impose a vapor preSsure on the tested equipment, which can be a major cause 
of moisture migration and penetration. 

Corrosion is one of the principal effects of humidity. Hygroscopic materials are 
sensitive to moisture and may deteriorate rapidly under humid conditions. Absorption of 
moisture by many materials results in swelling, which destroys their functional utility 
and causes loss of physical strength and changes in other important mechanical 
properties. Insulating materials that absorb moisture may suffer degradation of their 
electrical and thermal properties. Cycling temperature and humidity may cause 
condensation of moisture inside the equipment, which in turn could cause the equipment 
to malfunction because of electrical shorts, dull or obscure reflecting or transmitting 
optics; corrosion of terminals, or cell metallization. 

APPARATUS 

Equipment includes a humidity-temperature chamber and associated equipment; auxiliary 
thermocouples with associated recording devices; and a test frame. 

Chamber 

The chamber and accessories shall be constructed and arranged so as to prevent 
condensate dripping on the test item. The chamber shall be trap-vented to the 
atmosphere to prevent the buildup of total pressure. Relative humidity shall be 
determined from the dry bulb-wet bulb thermometer- comparison method or an equivalent 
method approved by the procuring activity. When readout charts are used, they shall be 
capable of being read with a resolution within 0.6°C (1°F). When the wet bulb control 
method is used, the wet bulb and tank shall be cleaned and a new wick installed at least 
every 30 days. The air velocity flowing across the wet bulb shall be not less than 
4.57 m/s (900 ft/min). Provisions shall be made for controlling the flow of air throughout 
the internal chamber test space where the velocity of air shall not exceed 0.76 m/s 
(ISO ft/min). Steam or distilled, demineralized, or deionized water having a pH value 

*Flat-Plate Modules, Concentrator Modules, Receivers, Concentrator Optics. 
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between 6.0 and 7.2 at 23°C (73°F) shall be used to obtain the specified humidity. No 
rust or corrosive contaminants shall be imposed on the test item by the test facility. 

PREPARATION 

Step 1-

Step 2-

Step 3-

Step 4-

Step 5-

.. 
Step 6-

Step 7-

PROCBD~RE 

(Flat-plate modules, concentrator modules, and receivers.) Verify that 
electrical performance data for the test item is available.· 

(Concentrator modules and concentrator optics.) Verify that optical 
performance data for the test item is available. 

Inspect the test item to detect evidence of physical degradation (such as 
delamination, corrosion, and cracked cells). 

Prepare and· provide programming devices to perform the humidity 
cycling program shown in Fig. B-12. 

Install at least one thermocouple on the test item. For flat-plate 
modules, install one thermocouple behind a solar cell on the back of the 
module at a point approximately one-third of the module width and 
one-third of the module length • 

Verify that the electrical terminals of the test item are short-circuited. 

Mount the test item in a test frame in accordance with manufacturer's 
installation instructions and recommended mounting hardware. The test 
frame shall be designed to simulate the support rigidity and differential 
thermal expansion likely to. occur in service between the item and its 
supporting structure. 

Step 1- Install the test items into the humidity chamber. If there ar-e more than 
one, install them so that all are exposed equally to the air supply. 
Connect the electrical leads from the thermocouples to· the temperature 
recording device. Note: Concurrent testing of several test items in the 
same chamber is permitted provided the test requirements for each item 
are identical. 

Step 2- Dry the test item at 54°C (129°F) for 24 hours (h). 

Step 3- Condition the test item at 23° C (7 3° F) and 50 ± 10 percent relative 
humidity for 24 h. 

Step 4- Subject the test item to five (5) 24-h humidity cycles in accordance with 
Fig. D-12. A humidi ly cycle consists of raising the internal chamber 
temperature to 40.5° C (105°F) and 90% relative ·humidity in 2 h, 
maintaining the internal chamber temperature at 40.5° C (105° F) and the 
relative humidity at 90%-95% for 16 h, decreasing the internal chamber 
temperature to 21°C (70°F) and increasing the relative humidity to 95% 
in 2 h, and maintaining the internal chamber temperature at 21°C (70°F) 
and the relative humidity at 95% for 4 h. · 
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Figure B-12. Humidity Cycling Test 
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Step 5- (Flat-plate modules, concentrator modules, and receivers.) Following 
removal from the test chamber, obtain post-test electrical-performance 
data for each test item. 

Step 6- (Concentrator modules and concentrator optics.) Obtain post-test 
electrical performance data. · 

Step 7- Inspect modules to detect evidence of physical degradation (such as 
delamination, obscuration of reflect or transmitting optics, corrosion of 
terminals or polished surfaces). 
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PURPOSE 

TEST TE.PC.E.l 

POWER CONDmONING UNIFIED TEST PROCEDURE 
FOR SOUD-STATE POWER INVERTERS 

This unified test procedure provides a method to test DC to AC inverters, which are to 
be used in both stand-alone and utility-interactive applications. These applications are 

·· discussed in the introduction to Section 4.0. 

Master Test Code for Electric!:tl Measurements in Power f;ircuits, IEEE Std 120-1955, 
provides a good introduction to the subject, although some of the test instrument 
referen~l='!~ Are obsolete because of th~ ~:tge of the specification. 

APPARATUS 

Digital Voltmeter. The basic measuring instrument to be used should be a digital 
·voltmeter with a 2000-count minimum full-scale and true RMS AC capability. The 
accuracy of the instrument should be verified before and after use by comparing it to 
standards traceable to the National Bureau of Standards. Ranges should ~e chosen so 
that readings fall in the upper half of the chosen range, with recorded data provided to a 
minimum of three significant digits. 

Current should be measured by measuring the AC to DC voltage drop across a 
temperature-stable· precision shunt. These shunts should have been compared to a 
standard traceable to the National Bureau of Standards, and adjusted to within 0.1% of 
each other at the nH:txiUJUiil currentG mealiiur~d. Ry usine- matched shunts and the same 
digitAl instrument for all measurements, the correlation between the input and outpul 
variable should be as accurate as the a.bSolule 111easurementfi. 

Oscillasco~ Both AC and DC currents should be observed with an oscilloscope 
furnished with clip-on DC-responding current probes. Alternatively, both AC and DC 
currents may be observed with an oscilloscope across precision shunts with connections 
that minimize inductive effect errors. The system bandwidth should be suitably 
restricted or high frequency spikes ·rejected visually, so that waveform deviations above 
2-5kHz are not considered to be ripple. 

Wattmeter. AC power should be measured with instruments capable of an overall 
accuracy of ± 1%. Various methods are available to measure real power, such as Hall 
Effect multipliers and precision wattmeters. Calibration should be checked at the 
maximum currents and voltages to be measured. 

Transformer Tl is a transformer or other low-voltage, high-current unit on which a 
custom secondary can be wound (see Fig. B-13). The variac is increased until a digital 
(RMS) voltmeter (which is used for all other test measurements and has been calibrated) 
indicates a voltage corresponding to the desired full operating current. Voltage and 
current are then recorded and observed simultaneously on an oscilloscope. Power is then 
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the product of volts, amps, and the cosine of the phase angle between them, which should 
be less than 5°. 

It can then be. assumed that the instrument is correct at nonunity power factor and 
harmonics if the construction and operating principle is inherently a multiplication 
function. If it is desirable to check nonunity power factor operation, the applied voltage 
can be easily phase-shifted. · 

DC power can be measured either by a Hall Effect multiplier or by multiplying DC amps 
by DC volts, provided that the AC component of the DC input voltage is less than 1% 
peak-to-peak. It can be shown that if the AC component of either voltage or current is 
zero, then no power, other than DC, can be transferred. See Note l to Test Procedure, 
p. B-76. . . 

Harmonie Anallzer. Harmonic analysis of the AC voltage or current can be done in 
several ways.· It ~.an be done directly from the current shunt or output voltage, but a 
more convenient method involves the use of a harmonic analyzer and an oscilloscope. 

The a;cilloscope provides the voltage waveform (from· a probe) or current waveform, 
either across a shunt or by using a DC wideband clip-on current probe. The high-level 
oscilloscope output (with no common mode problems) is then connected to a tunable 
harmonic analyzer. The fundamental is adjusted to indicate 100%, and the higher order 
harmonics are then recorded directly as a percentage of the fundamental voltage or· 
current flow. 

An oscillographic spectrum analyzer can also be used to provide Polaroid photographs for 
data analysis. Components less than 0.5% of the fundamental may be neglected. 

I 
PREPARATION 

Configuration 

The inverter to be tested must have both an appropriate power source and a suitable 
load. Any maximum power-point tracking capability must be temporarily disabled before 
testing. · 

· PV Array Simulation or Power. Supply. The ideal method of providing power to the 
inverter to be tested would be to employ an actual PV array, or a PV array simulator. If 
neither of these is available, power could be provided by means of a power supply with an 
output impedance low enough to reduce the peak-to-peak input voltage ripple (caused by 
injected current) to a value less than the ripple that would be obtained with an actual PV 
array. 

Suitable Load. The load must absorb the output power from the inverter to be tested 
without undue drift for the duration of the test. The load must be adjustable, both 
resistively and reactively, to required values. For three-phase inverters, each phase 
should be individually adjustable for unbalanced load measurements. For utility
interactive inverters, a suitable utility-line connection becomes the load. The line 
impedance should be measured over a range of determined frequencies and adjusted as 
required to provide a specified test impedance. 
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120 Vac 

60Hz 

Variac T1 I+ P+ 

II II 1- OUT P-

v+ v-
T2 

II 

DUT: Device under test. 
T1: 120V primary, secondary one or two turns of suitable wire. 
T2: 120V prima,Y, cooondary voltage to suit OUT. 
Hl: PrP.r.l!llnn t:IJrrAnr shunr. 

Figure B-13. Test Circuit 
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PROCEDURE 

Test Plan 

With the preparation completed, the inverter ~hall be tested by the use of a test ·plan 
which lists the complete range of input and output variables to be tested. The test plan 
shall state all the operating points required by the test data in an organized step-by-step · · 
sequence. Test voltages shall be chosen in convenient steps; for example, 160V, 18dV, 

. 200V, 220V, 240V. DC test powers shall be chosen in convenient steps, starting at zero 
· and ending in full or overload rated power/current in no less than five steps (0.0, .25, .5, 
.75, 1.0). If required, each test procedure of the test plan shall be repeated for operation 
at various temperatures, pressures, and humidity conditions. At each operating 
condition, transient load data shall be recorded where applicable • 

. Test Procedure 

The test plan shall be carried out by means of the proper test instrumentation. Voltages 
and currents observed by the oscilloscope should be noted for any signs of oscillation or 
unusual waveforms; · 

EVALUATION 

The following is a list of suggested measurements: 

• VDC, DC input voltage 

• VDCPP, input voltage peak-to-peak ripple 

• VDCR MS, input voltage R MS ripple 

• IDC, DC input current 

• IDCPP, input. current peak-to-peak ripple 

• IDCRMS, input current RMS ripple 

• PDC, input power (if measured) 

e VACRMS, AC output R.MS voltage 

• VACF, AC output voltage at individual frequencies (include fundamental) 

e IACRMS, AC output RMS current 

• IACF, AC output current individual frequencies (include fundamental) 

Steps (VACF) and (IACF) should be measured to frequencies at least 15 times the 
fundamental of 60 Hz. If DUT is pulsewidth modulation or high frequency link type, 
frequency components should be measured up to 4 times internal operating frequencies. 
Step (IACF) only applies to utility-interactive inverters. Utility-line harmonic voltages· 
will be recorded with DUT not operating if they are greater than 0.5% of fundamental 
line voltage. Step (1) is PAC, AC output power. 
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. DEB.IV1ID QUANTITI:mJ 

o PDC, DC input·power = VDC x IDC 

o IRF, current ripple factor= IDCPP/IDC. 

o VAT, volt amps total= VACRMS x IACRMS 

0 · PFT, power factor total= PAC/VAT 
o V ART, reactive power 'total = \}r-(V_A_T"""l)2~_ -(P_A_C....,)2..-

o EFT, efficiency total = PAC/PDC 

o Input current ripple if operated on solar array. Further explanation of this 
subject follows. 

Actual input
1 

current ripple can be measured only when the inverter to be tested is 
operated from an actual PV array or suitable simulator. 

Note 1 to Test Procedure: 

If v(t) = Voc + v AC (t) 

. i (t) = Inc + i AC(t), 

then P = pro- = lVoc + v AC(t)] Uoc + iAc<t)] 

= Vocioc + v Ac<t> iAc<t> 

=Poe+ p AC • 

The maximum value of PAC will occur if V and i are both square waves in phase. 

P AC(max) = l/4 V pp • Jpp , · 

where V PP and Ipp are peak-t<rpeak values. 

V I 
If . pp = pp = 10% , 

Voc Inc 

then the error is 

PAC 
p- 1/4% • 
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TEST TE.sT .E. I 

TI$ST PROCEDURE FOR MEASURING BATI'ERY CAPACITY 
AND ROUND-TRIP EFFICIENCY 

PREPARATION 

• The final discharge voltage, V ·n, final charge voltage, V m , and equalizing 
voltage, V e' shall be specifieJil~y the manufacturer in con~tation with the 
system designer. These voltages should fall within the voltage window specified 
by the PV system designer. 

• The charge and discharge rates shall be specified by the manufacturer in 
consultation with the user. These rates will depend upon the type of capacity 
test selected. The rates may be constant current (more common) or constant 
power, depending upon which one the PV system is capable of delivering and 
receiving. 

• The electrolyte ·temperature, Ta, must be read and recorded at the start of any 
test dischar§e· In general, cell temperature should be within the range of 22° C 
to 31° C (72 F to 87° F) at the start of the di,scharge, and within the range of 
l8°C to 46°C (65°F to ll5°F) during the test charge. During each 
discharge/charge, the temperature will increase and should be monitored. 

• The battery must be fully charged and equalized, as specified by the 
manufacturer, before the start of the test. The electrolyte level and specific 
gravities should be checked for uniformity at the end of the equalization as 
specified by the manufacturer. Cell voltage, temperature, and charging rate 
should alsq be recorded. 

PROCEDURE 

• The battery must be discharged at the specified rate until the battery terminal 
voltage equals the specified final voltage, V min· 

• · The cell voltages and the battery terminal voltage should be periodically 
recorded. The readings should be taken at the beginning and end of the discharge 
and at specified intervals. Attention must be given to any cell that is 
approaching 1.0 volt or less (polarity reversal). · For nickel-cadmium batteries, 
the lower voltage is 0.5 volt or less. 

• The battery must be fully charged at the specified rate to the specified end· 
charging voltage, V max· 

• The battery terminal voltage shall be periodically recorded throughout the 
charge. 

• The time taken to fully charge the battery, tc, shall be recorded. The amount of 
charge restored to the battery, Qc, is the product of the average charge rate in 
amperes and the time in hours taken to fully charge the battery to its end 
charging voltage.* The energy restored to the battery, Ec, is the product of the 
ampere-hourS restored (Qc) and the average charge voltage.* 

£t. it * 1 . For greater accuracy, use Qi = (l)dt or E·= 1 (V) (l)dt h . ~ 
. . • ' . 1 0 , w ere 1 - c or d. 
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• Repeat the fi'rst step (discharging the battery). Refer also to "Important," below. 

• Repeat the next step (recording cell voltages and battery terminal voltages). 

• The time taken to discharge the battery, td to its final voltage shall be 
recorded. The amount of charge removed from the battery, Qd, is the product of 
the average discharge rate in amperes and the time taken in hours to reach the 
final voltage.* The energy removed from the battery, Ed, is the product of the 
ampere-hours removed (Qd) and the average discharge voltage.* . 

• The actual battery ampere-hour capacity is Qd, and the energy capacity is Ed. If 
the cell temperature at the start of the discfiarge differs from 25° C (77°F), the 
ampere-hour capacity must be temperature corrected: 

·corrected Capacity at 77° F = Capacity at Temperature, T(°F) 
1 + 0.0025 (T-77) 

(Different for nickel-cadium batteries.) 

• The battery round-trip coulombic efficiency, l'J Q' is the ratio of the ampere-hours 
removed to the ampere-hours restored (QnfQc>· The energy efficiency, l'J E' is the 
ratio of the watt-hours removed to the watt-hours restored (Ed"Ec>· 

IMPORTANT: The second test discharge is not always necessary, depending upon 
whether or not the manufacturer or user deems it so. If it is not required, the 
battery capacity is calculated from the first discharge, and the efficiency is 
calculated from the first discharge and the following full charge. 

*See note on preceding page. 
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PREPARATION 

~TE.ST.E.2 

TEST PROCEDURE FOR MEASURING 
TOTAL BATTERY IN~UT EFFICIENCY 

• The important point in this test is that the starting and ending states-of-charge 
should be equal and should be·specified by the user. It is recommended that the 
end of an equalizing charge mark the beginning and end of the efficiency test. . 

• The ambient and cell temperatures over the period of the test should remain as 
constant as possible; for example, the ambient temperature should be within the 
range of 21°C to 35°C (70°F to 95°F). · 

• The length of time of the test shall be specified by the user, and might equal 
some weeks or months. 

PROCEDURE 

' 
• The starting and ending states of charges shall be clearly recorded by the 

tester. Ambient and cell temperatures, terminal voltage, specific gravities of 
pilot cells (generally, every sixth cell), and state-of-charge shall also be 
recorded. 

• The battery shall be cycled and operated normally, while the ambient and cell 
temperatures are recorded, for the specified length of time •. 

• The amount of ampere-hours removed and restored to the battery and the 
average charge and discharge voltages shall be monitored and recorded 
throughout the test. 

• In the last hour of the equalizing period, each cell voltage shall be taken and 
recorded. At the end of the equalizing charge, each cell's specific gravity and 
cell temperature shall be read and recorded. 

• A check shall be made of the readings for any large variations in specific 
graviiies and voltages: i.e., if the specific gravity variation is greater than 0.020 
g/cm or the voltage variation is greater than 0.100 V/cell, then the battery 
manufacturer should be notified, further checks or tests should be made on the 
suspect cell(s) and the equalizing period might have to be performed more often 
or for longer time periods. · 

• When the specified test time has been completed, the end of the test shall be 
marked by the reaching of a state-of-charge terminal voltage; and specific 
gravity equivalent to those 9:t the start of the test. 

• The total in/out ampere-hour efficiency of the battery is the ratio of the total 
number of ampere-hours removed within the specified test time to the total 
number of ampere-hours restored within the specified test time. The total in/out 
energy efficiency is the ratio of the total watt-hours removed (total ampere
hours removed times the average discharg~ voltage) to the total watt-hours 
restored (tot~ ampere-hours restored times the average charge voltage) to the 
battery within the specified test titne. 
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• If the average cell temperature (at the start of each discharge) throughout the 
test was not 25° C, then a temperature correction should be performed: · 

Corrected ampere-hours (Ah) removed at 77°F = 

(Different factor for nickel-cadmium batteries.) 

Ah removed at temp. T(°F) 
1 + 0.0025 (T-77) 

Note: Cycle Plus Equalizing Effieieney. To determine the average round-trip efficiency, 
including periodic equalizing charges, the following equation may be used; 

tl Q total = 

where tl Q' Qd and Qc are as in TE.ST.E.l. 

Qe =amount of charge returned to the battery during equalizing. 
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A 

AC 

Ah 

AM 

ANL 

ANSI 

AR 

ASME 

ASTM 

AA 
Ac 
AR 

ARC 

·ATA 
BOCA 

c 
DC 

DOE 

EIS 

EMI 

EPRI 

Ec 

Ed 

EE 
FF 

FCC 

HUD 

I 

lAS 

ffiEE 

IPC 

IPCEA 

1-V 

I . 
v 

NOMENCLATURE 

ampere or amperes 

alternating current 

ampere-hours 

air mass 

Argonne National Laboratory 

American National Standards Institute 

antireflection 

American Society of Mechanical Engineers 

American Society for Testing and Materials 

·concentrator module active aperture area 

illuminated cell area 

receiver area 

receiver active cell area 

module total aperture area 

Building Officials Congress Administration 

battery rated capacity 

direct current 

Department of Energy 

Environmental Impact Statement 

electromagnetic interference 

Electric Power Research Institute 

energy restored to a battery 

energy !'emoved from a battery 

energy to equalize a battery 

current-voltage curve fill factor 

Federal Communication Commission 

(U.S~ Department of) Housing and Urban Development 

current 

Industrial Application Society 

Institute of Electrical and Electronics Engineers 

Interim Performance Criteria 

Insulated Power Cable Engineers Association 

current-voltage 

output current at a specified voltage 
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Im 

Isc 

ic 

id 
J 

JPL 

LSA 

MIT/LL 

NASA 

NBS 

NEC 

NEMA 

NEPA 

NFPA 

NOCT 

NTE 

NTIS 

OSHA 

PCU 
PV 

PV/thermal 

Pm 

Qc 
Qd 

Qe 
R 

RIS 

RMS 

ns 
SA 

SAE 

Sandia 

·sacc 
SERI 

soc 

output current at maximum power 

output current at short circuit conditions 

battery or cell charging current 

battery or cell discharging current 

irradiance 

Jet Propulsion Laboratory 

Low Cost Solar Array Project 

Massachusetts Institute of Technology/Lincoln Laboratories 

National Aeronautics and Space Administration 

National Bureau of ~tRncbtrcis 

National Electrical Code 

National Electrical Manufacturers Association 

National Environm·ental Policy Act 

National Fire Protection Association 

nominal operating cell temperature 

nominal terrestrial environment 

National Technical Information Service 

Occupational Safety and Health Association 

power conditioning unit 

photovoltaics 

photovoltaics/thermal 

maxim urn power 

amount of charge restored to a battery 

amount of charge removed from a ba:ttery 

amount of charge to equalize a battery 

module geometric concentration ratio 

reference irradiance spectrum 

root me~n SC]URre 

cell t>erieti r·Etsistance 

stand-alone 

Society of Automotive Engineers 

Sandia National Laboratories 

Southern Building Code Conference 

Solar Energy Research Institute 

state of charge of battery or cell 
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·STD 

T 

TB 

tc 

td 

te 
UBC 

UI 

UL 

UPS 

v 
VAR 

ve 

vm 

vmin 

Vmax 

Yoc 
v 

WRIS 

Greek Symbols 

a 

fJ 

K 

l1 

'llAA 

Tic 
llcL 

Tin 
flEe 

TIFPM 
TIIM 

l1 MIS 

l1 NOCT 
'lp 

TIQ 

l1 RP 

standard 

temperature 

battery electrolyte temperature 

time interval to fully charge a battery 

time interval to discharge a battery to its final voltage 

recommended equalization interval 

Uniform Building Code , 

utility interactive 

Underwriters Laboratories, Inc. 

uninterruptible power supply 

· volts or volt 

volt-amperes-reactive 

battery equalizing voltage 

output voltage at maximum power 

battery final discharge voltage 

battery final charge voltage 

output voltage at open circuit condition 

wind velocity average 

weighted reference irradiance spectrum 

temperature coefficient for solar cell current 

temperature coefficient for solar cell voltage 

current-voltage curve correction factor 

electrical conversion efficiency 

concentrator module aperature area efficiency 

solar cell efficiency 

collector efficiency 

b.attery energy efficiency 

encapsulated cell efficiency 

flat-plate module efficiency 

cell illumination mismatch efficiency 

mismatch efficiency 

nominal operating cell temperature (NOCT) efficiency 

flat-plate module packing efficiency 

battery round trip coulombic efficiency 

receiver packing efficiency 
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SUBJECT INDEX FOR PERFORMANCE CRITERIA* 

Accessibility: SY .1.3 

Antireflection coating: CE.M.l 

Application-specific criteria/comments 
· central station: CA.I.2 · 
intermediate load center: CA.I.2 
stand-alone: SY.E.5; SY.E.6; SY.E.7; PC.E.l; PC.E.4; PC.E.6; PC.E.S; PC.E.lO; 

PC.E.l6; PC.E.l7; CA.I.2; 
utility interactive: SY .E.2; SY .E.3; SY .E.5; SY .E.G; PC.E.l; PC.E.5; PC.E.9; 

PC.E.ll; PC.E.l6; PC.E.l7; CA.I.2; PD.E.2 

Array /array field 
accessibility: SY .1.3 
capability for system (generic): SY .E.4 
cleaning tolerance: MO.M.lO 
concentrated light, damage by: AR.S.l 
design: SY.B.3; MO.M.l2; AR.S.l 
efficiency: AR.E.l; AR.E.2 
electrical output: AR.E.l; AR.E.2 
flammability: MO.S.2 
hail resistance: MO.M.S 
humidity stress: MO.D.3 .. 
installation hazard: SY.S.6; SY.I.l 
lightning protection:· SY .E.S 
loading (physical): AR.M.l; AR.M.2 
maintainability: SY.I.2 
manual: SY.I.2 
matching or modules and arrays: MO.E.4 
monitor and control, provisions for: AR.I.6 
rain: MO.D.4 
safety procedures: SY .S.l 
soiling: MO.M.9 
shadowing: SY .B.l 
tracking and control: ARJ.6 

Array subsystem (see also solar cell, module, receiver, array/array field) 
accessibility: SY .1.3 
capability for system (generic): SY .E.4 
design: SY .E.4; SY.E.S; SY.B.3 
handling: SY.M.2 
lightning: SY.E.S 
maintainability: SY.I.3 
output voltage range: ·PC.E.l 
PV /thermal design: SY .E.S 
shadowing: SY.B.l 
shipping: SY .M.l 

*For Performance Criteria Code: 
See Document Section: 

SY SM CE MO CH. AK PC MC ST CA PD 
2 2 3 3 3 3 4 5 6 7 ~ 

1-1 



$=~~~-~ -----------~--_____.;. ____ T_R_-6_54 

SUBJECT INDEX FOR PERFORMANCE CRITERIA* (continued) 

Battery 
' abuse: ST .D.l 

capability for system (generic): SY.E.6 
capacity: ST.E.l 
design: SY .E.6; ST .1.2 
discharge rate: ST.E.4 
efficiency: ST.E.2 
equalizing charge: ST .E.S 
fire protection: ST .S.4 
hazardous gas: ST.S.3 
life: ST.D.l 
m~intainabili ty: S'T'. T.?. 
manual: ST.I.l 
normalization: ST .E.S 
operating temperatures: ST .T.l 
plumbing: ST.B.l 
safety: ST .S.l; ST.S.2; ST .1.2; ST .B.l 
shelter: ST.S.5 
shock hazard: ST .8.2 
spills, protection against: ST.S.l 
temperature, operating and extremes: ST.T.l 
voltage window: ST .E.3 

Cabling 
clearance: CA.S.2 
design: SY .E.8 
fire codes and standards: CA.S.3 
flammability: CA.S.l 
grounding• SY.S.2 
installntfon: CA.I.2 
lightning• SY,E.S 
loading (physical): CA.D.2 
maintenance: SY.I.l; CA.I.3 
manual: SY.I.l; CA.I.l 
moisture resistance: CA.D.4 
ni~ing, wire: CA.E.l 
solar degradation: CA.D.3 

Cleaning tolerance: MO.M.lO 

Design aspects 
array/array field: SY.S.G; SY.B.3; MO.M.l2;-AR.S.l 
array subsystem: SY.E.4; SY.E.8; SY.B.3 
battery: SY .E.6; ST .1.2 
cabling: SY .E.8 
module: SY.E.8; SY.S.6; MO.E.2; MO.E.3; MO.E.4; MO.M.l; MO.M~S; MO.M.6; 

MO.M.S; MO.M.9; MO.M.l2; MO.M.l8 
monitor and control (power conditioning) subsystem: MC.E.7; MC.S.l; MC.I.3. 

*For Performance Criteria Code: SY SM CE MO CR AR PC MC ST CA .PD 
See Document Section: 2 2 3 3 3 3 4 5 6 7 8 
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power conditioning subsystem: SY .E.5; SY .E.8; PC.E.2; PC.E. 7 
PV system: SY .E.8; SY .1.4; SY .B.3; ST .E.3; ST .E.4 
PV system monitor and control: SM.E.l 
receiver: MO.E.3; MO.E.4; MO.M. 7; MO.M.l2 

Efficiency 
array/array field: AR.E.l 
battery: ST.E.2 
cell: CE.E.l; CE.E.2 
module: MO.E.l 
power conditioning: PC.E.l4 
receiver: CR.E.l 

Electromagnetic interference (EMI): PC.E.2 

Energy feedback (to utility): PD.E.2 

Environmental impact: SY.B.2 

Environmental/use stress 
general:· MO.E.2; MC.I.5 
hail: MO.M.8 
humidity: CE.D.2; MO.D.3 
lightning: SY .E.8 
moisture: CA.D.4 
rain: MO.D.4 
soiling: MO.M.9 

· solar weathering: MO.D.2; CA.D.3 
temperature cycling: CE.D.l; MO.E.2; MO.M.7; MO.D.l 
temperature-humidity cycling: CR.D.l 

Fire 
codes and standards: CA.S.3 
protection: ST .S.4 
safety: SY.S.5 

Flammability: MO.S.2; CA.S.l 

Grounding: SY.S.2; SY.S.3;. PC.S.4 

Hail resistance: MO.M.8 

Handling~ SY .M.2; CE.M.2; CE.M.3 

Harmonics: PC.E.lO; PC.E.ll 

Hazards 
bum: SY.S. 7; SY.I.3 
concentrated light: MO.M.ll 
gas: ST.S.3 
installation: SY .S.6; SY .1.1 
shock: PC.S.l; ST.S.2 

*For Performance Criteria Code: 
See Document Section: 

SY SM CE MO CR AR PC ·Me ST CA pn·· 
2 2 3 3 3 3 4 5 6 7 8 
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Hot spot heating: MO.E.3 

Insurability: SY.I.4; SY.B.3 

Interference susceptibility: MC.E.7 

Loading (physical): MO.M.l; MO.M.2; MO.M.6; AR.M.l; AR.M.2; CA.D.2 

Maintainability: SY.I.2; SY.I.3 

Manual (installation, operation, and maintenance): SY.I.l; PC.I.l; MC.I.l; ST.I.l 

Matching of cells, modules: MO.E.3; MO.E.4 

Material compatibility: MO.M.l2; CR.M.4; CR.M.5; CR.M.6;. CR.M. 7; CR.M.S 

Module 
accessibility: SY.I.3 
cleaning tolerance: MO.M.lO. 
concentrated light, damage by: MO.M.ll 
design: SY.E.8; SY .S.6; MO.E.2; MO.E.3; MO.E.4; MO.M.l; MO.M.5; MO.M.6; 

MO.M.8; MO.M.9; MO.M.l2; MO.M.l8 
efficiency: MO.E.l 
electrical insulation: MO.S.l 
electrical interconnects: MO.M.7 
electrical output: MO.E.l 
environmental stress: MO.E.2; MO.M.7; MO.M.8; MO.D.l; MO.D.2; MO.D.3; MO.D.4 
flammability: MO.S.2 · 
hail resistance: MO.M.8 
handling: SY .M.2 
hot spot heating: MO.E.3 
humidity stre~; MO.D.3 
matching of cells: MO.E.3; MO.E.4 
material compatibility: MO.M.l2; CR.M.4; CR.M.5; CR.M.6; CR.M.7; CR.M.8 
monitor and control, provisions for: SY.I.2; AR.I.6 
loading (physical): MO.M.l; MO.M.2 
PV /thermal: SY.E.8 
replacement: MO.I.l 
rain exposure: MO.D.4 
shipping: SY .M.l 
soiling:- MO.M.9 
solar weathering: MO.D.2 
support structure: MO.M.5; MO.M.6 
temperature control: MO.M.l8 
temperature cycling stress: MO.D.l 
terminals: MO.E.2 
twist capability: MO.M.6 

Monitor and control (power conditioning) subsystem 
accessibility: SY .1.3 
cabling: CA.D.l 

*For Performance Criteria COde: 
See Document Section: 

SY SM CE MO CR AR PC MC ST CA PD 
2 2 3 ·3 3 3 4 5 6 . 7 8 
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SUBJECT INDEX FOR PERFORMANCE CRITERIA* (continued) 

capabilities for system (generic): SM.E.l 
control panels: MC.I.2 
design: MC.E.7; MC.S.l; MC.I.3 
environment, tolerance to: MC.I.5 
interference susceptibility: MC.E. 7 
maintainability: MC.I.3 
manual: SY.I.l; MC.I.l 
power consumption: MC.E.6 
protective action: MC.E.4; MC.S.l 
shutdown: MC.E.3; MC.E.4 
software: M C.l.l 
startup: MC.E.l; MC.E.2 

Power conditioning subsystem 
accessibility: SY .1.3 
bum hazard: SY .S. 7 
capability for PV system (generic): SY.E.5 
design: SY .E.5; SY .E.8; PC.E.2; PC. E. 7 
efficiency: PC.E.l4 
electrical characteristics 

input: PC.E.l; PC.E.2; PC.E.3 
output: PC.E.4; PC.E.5 

fire safety: SY.S.5 
frequency output: PC.E.l2 
grounding: PC.S.4 
harmonics: PC.E.lO; PC.E.ll 
insulation: PC.S.4 
lightning: SY~E.8 
maintainability: SY .1.2 
monitor and control, provisions for: PC.1.4; PC.I.5; PC.I.6 
operating conditions: PC.M .1 
overload capability: PC. E. 7 
power factor: PC.E.8; ·pc.E.9 
protective action: PC.E.l5; PC.E.l6; PC.E.l7; Pf!.T.l 
ripple, input: PC.E.2 
shock-hazard: PC.S.l 
turn-ori characteristics: PC.E.l3 
unbalanced load: PC.E.6 
voltage regulation: PC.E.4 

Power distribution subsystem 
code conformity: PD.S.l 
electrical capability: PD.E.l 
manual disconnect: PD.S.2 
utility interface: PD.E.2 

Protective action: SM.E.4; PC.E.l5; PC.E.l6; PC.E.l7; PC.T.l; MC.E.4; MC.S.l 

*For Performance Criteria Code: SY SM CE MO CR AR PC MC ST CA PD 
See Document Section: 2 2 3 3 3 3 4 5 6 7 8 
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SUBJECT INDEX FOR PERFORMANCE CRITEluA * (continued) 

PV system 
accessibility: SY.I.3 
auxiliary energy subsystem: SY .E. 7 
bum hazards: SY .S. 7 
codes, building, and safety: SY.S.l; SY.I.5 
computer simulation programs: SY.E.2 
design: SY .E.S; SY.1.4; SY .B.3; ST.E.3; ST.E.4 
economic performance: SY.E.3 
electrical interrupts: SY .S.4 
energy performance: SY .E.2 
energy rating: SY .E.2 · 
environmental impact: SY .B.2 
fire safety: SY .S.5 
grounding: SY .S.2; SY .S.3 
handling: SY .M.2 
installation hazards: SY .S.6; SY .1.1 
insurability: SY.1.4; SY.B.3 
lightning protection: SY .E.S 
maintainability: SY .1.2 
manual: SY.I.l 
power performance: SY .E.l 
parts replacement: SY .1.2 
power rating: SY .E.l 
safety: SY .S.l; SY .1.1; SY .1.2; SY .1.3 
shadowing: SY.B.l 
shipping: SY.M.l 
test locations: SY .1.2 
WArrAnty: HY .1.1 

PV system monitor And control 
capabilities of: SM.E.l 
design: SM.E.l 
electrical disconnects: SM.E.4; SM.E.5 
load management: SM.E.3 
power flow controb SM.E.2 
protective action: SM.E.4 

Receiver 
concentrated light, damage by: MO.M.ll 
cleaning tolerances:. MO.M.lO 
design: MO.E.3; M0.E.4; M0.M.7: MO.M.l2 
efficiency: CR.E.l 
electrical interconnects: MO.M. 7 
electrical output: CR.E.l 
humidity: MO.D.3 
materials, compatibility of: MO.M.l2; CR.M.4; CR.M.5; CR.M.6; CR.M. 7; CR.M.S 
monitor and control, provisions for: AR.I.6 
rain: MO.D.4 

*For Performance Criteria Code: SY SM CE MO CR AR PC MC ST CA PD 
See' Document Section: 2 2 3 3 3 3 4 5 6 7 8 
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replacement: CR.M.l 
soiling: MO.M.9 
solar weathering: MO.D.2 
temperature cycling: MO.E.2; MO.D.l 
temperature-humidity cycling stress: CR.D.l 
terminals: MO.E.2 

Replacement: SY.1.2; MO.E.l; CR.M.l 

Ripple: PC.E.2 

Safety 
. acid spills: ST .S.l; ST .B.l 

bum hazards: SY .s. 7 
cable clearance: CA.S.2 
code conformance: SY.S.l; PD.E.2; PD.S.l; CA.S.3 
concentrated light: AR.S.l 
electrical interrupts: SY.S.4; SY.I.3; SM.E.4; SM.E.5; MC.S.l 
fire protection/safety: SY .S.4; ST.S.5; CA.S.3 
flammability: MO.S.2; CA.S.l 
grounding: SY .E.S; SY .S.2; SY .S.3; PC.S.4 
hazardous gas: ST .S.3 
installation hazards: SY .S.6; SY .1.1 
insulation: SY .E.8; MO.S.l; PC.S.4 
manual: SY.I.l; PC.I.l; ST.I.l 
manual/automatic disconnect: PD.S.2; MC.S.l 
plum bing: ST .B .1 
safety practices: SY.S.6; SY.I.l; SY.1.2; SY.I.3 
shock hazard: PC.S.l; ST.S.2 

Shadowing: SY .B.l 

Shipping: SY.M.l 

Software: MC.I.l 

Soiling: MO.M.9 

Solar Cell 
antireflection coating: CE.M.l 
efficiency: CE.E.l; CE.E.2 
electrical output: CE.E.l; CE.E.2 
handling: CE.M.2; CE.M.3 
humidity stress: CE.D.2 
metallization (contact): CE.M.3; CE.D.l 
temperature cycling stress: CE.D.l 

Storage subsystem (see battery) 

Terminals: MO.E.2 

Warranty: SY.I.l 

*For Performance Criteria Code: 
See Document Section: 

SY SM CE MO CR AR PC MC ST CA PD 
2 2 a a' a a 4 5 6 7 a 
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